
 

 

Structural, magnetic and dielectric properties of 

NiFe2O4 – BaTiO3 magnetoelectric multiferroic 

composites 

Prakash Bongurala 

 

School of Physics 

University of Hyderabad 

Telangana, India 

November, 2020 

 

Ph.D.  Thesis 



UNIVERSITY OF HYDERABAD

DOCTORAL THESIS

Structural, magnetic and dielectric
properties of NiFe2O4−BaTiO3

magnetoelectric multiferroic composites

A thesis submitted in partial fulfillment of
the award of the degree of
Doctor of Philosophy

in
Physics

by
Mr. Prakash Bongurala

[Reg. No.: 14PHPH10]

School of Physics
University of Hyderabad

Hyderabad 500 046
Telangana, INDIA

November, 2020

http://www.uohyd.ac.in/
http://sop.uohyd.ac.in/~gv/
http://sop.uohyd.ac.in/
http://sop.uohyd.ac.in/
http://sop.uohyd.ac.in/
http://sop.uohyd.ac.in/




iii

CERTIFICATE

This is to certify that the thesis entitled, "Structural, magnetic and dielectric proper-
ties of NiFe2O4−BaTiO3 magnetoelectric multiferroic composites", submitted by
Mr. Prakash Bongurala bearing the registration number: 14PHPH10 in partial ful-
fillment of the requirements for the award of Doctor of Philosophy in Physics at the
School of Physics is a bonafide work carried out by him under my direct supervision.

This thesis is free from plagiarism and has not been submitted previously in
part or in full to any other University or Institution for the award of any degree
or diploma.

Further, the student has the following publications and conference proceedings
before the submission of the thesis for adjudication.

Papers in Refereed Journals

(2) Correlation between size, shape and magnetic anisotropy of CoFe2O4 ferrite
nanoparticles.
Avisek Das, Kranthi kumar Bestha, Prakash Bongurala and Venkataiah Gorige
Nanotechnology 31, 335716 (2020).

(1) Structural, magnetic and electric properties of multiferroic NiFe2O4−BaTiO3

composites
Prakash Bongurala and Venkataiah Gorige
J. Magn. Magn. Mater. 477, 350 (2019).

Manuscripts under preparation

(2) Temperature dependent structural and magnetic properties of NiFe2O4−BaTiO3

magnetoelectric multiferroic particulate composites.
Prakash Bongurala and Venkataiah Gorige.

(1) The dielectric and ESR properties of ferrite−ferroelectric magnetoelectric mul-
tiferroic composites.
Prakash Bongurala and Venkataiah Gorige.

Conferences attended

(9) Internatinal Conference on Magnetic Materials and Applications (ICMAGMA-
2018) held at School of Physical Sciences, National Institute of Science Educa-
tion and Research (NISER), Bhubaneswar, Odisha, India, during 9th - 13th De-
cember 2018.
Poster presentation "Low temperature Raman spectroscopy of NFO−BTO compos-
ites".



iv

(8) Functional magnetic materials workshop held at UGC-NRC, School of Physics,
University of Hyderabad, Telangana, India, during 9th February - 3rd March
2018.
(Participated).

(7) International symposium on integrated functionalities (ISIF-2017) held at Shangri
− La’s Eros Hotel, New Delhi, India, during 10th - 13th December 2017.
Poster presentation"Magnetoelectric multiferroic behavior in ferrimagnetic - ferro-
electric composites "

(6) National conference on Physics at small scales and advanced materials (PSAM-
2017) held at School of Physics, University of Hyderabad, Telangana, India,
during 8th - 9th September 2016.
Poster presentation "Magnetoelectric coupling in NiFe2O4−BaTiO3 composites "

(5) Frontiers in Physics (FIP-2016) held at School of Physics, University of Hyder-
abad, Telangana, India, during 9th February - 3rd March 2016.
(Participated).

(4) CSR lecture series, UGC-DAE Consortium for scientific research, Indore, Mad-
hya Pradesh, India, during 14th - 25th September 2015.
(Participated).

(3) Recent advances in smart materials and probing techniques (RASMPT-2015)
held at Department of Physics, Telangana University, Bhiknur, Nizamabad,
Telangana, India, during 21st - 22nd August 2015.
(Participated).

(2) 25th National symposium on cryogenics (NSC-2014) held at School of Physics,
University of Hyderabad, Telangana, India, during 8th - 10th December 2014.
(Participated).

(1) Frontiers in Physics (FIP-2014) held at School of Physics, University of Hyder-
abad, Telangana, India, during 17th - 18th October 2014.
(Participated).





vi

ACKNOWLEDGEMENTS

I am pleased to express my deepest gratitude and sincere thanks to my men-
tor and supervisor Dr. Venkataiah Gorige for giving me an opportunity to join his
research group and for supporting me in carrying out different experiments to ac-
complish my dream. My work was benefited greatly from his immense knowledge
and commitment while I learned so much through our numerous discussions. More-
over, I would like to thank him for his caring attitude and concern. I never felt under
pressure, which was not only important for me in terms of my research, but also for
me personally, especially during the hard times that I had to endure.

I would like to take this opportunity to thank my doctoral review committee
members Prof. K. C. James Raju, Prof. S. Srinath for their valuable suggestions and
useful questions.

I am thankful to the present Dean, Prof. Ashok Chatterjee and former Deans,
Prof. V. Seshubai, Prof. Bindu A. Bambah, Prof. Rajender Singh and Prof. S.
Chaturvedi.

I am obliged to Professor-in-charge, Center for Nanotechnology, University of
Hyderabad, for allowing me to use Physical Property Measurement System for car-
rying out the magnetic measurements and scanning near-field optical microscope for
Raman measurements. I wish to thank Mr. G. Pranshanth for Raman measurements.
I wish to thank Mr. Sudhakar, Mr. Balakrishan and Ms. Jyothi for x-ray diffraction
measurements. I thank Dr. L. Venkatesh, International Advanced Research Centre
for Powder Metallurgy and New Materials (ARCI), Hyderabad for Field Emission
Scanning Electron Microscopy measurements. My special thanks to Mr. T. Abraham,
Mrs. Shailaja, Mr. Prasad, Mrs. Deepika, Mr. Sudarshan, Ms. Vijaya Lakshmi, Mr.
Mukunda Reddy, Mr. Srinivas (gaddam) and other non-teaching staff at the School
of Physics.

I would like to thank Dr. J. Arout Chelvane and Dr. A. R. James scientists, De-
fence Metallurgical Research Laboratory, Hyderabad for allowing me to perform
magnetic and ferroelectric hysteresis (P−E) loop measurements in their labs, respec-
tively.

A big thanks also go to the lab members Mr. Avisek Das, Mrs. B. Praneetha,
Mr. A. Sridhar and Mr. B. Kranthi Kumar and others, infact, their love affection and
timely help made me to enjoy in the lab. I am very much appreciate all their coop-
eration during my study in lab. I express my gratitude to my friends and research
scholars at the School of Physics, Mr. Pundareekam, Mr. Mahender, Mr. Rajesh, Mr.
Joshi, Mr. Arun, Mr. Pandu Sunil Kumar, Mr. Sandeep Sharma, Mr. Naveen, Mr.
Andrews, Dr. Ravibabu and Dr. Byram Chandu.

I thank my family members for their unfailing cooperation and support during
my PhD thesis work.



vii

Dedicated

to

Family Members



viii

List of Abbreviations

AFM Antiferromagnetic
BFO BiFeO3

BSE Back scattered electron
BTO Barium titanate
CCD Charge coupled device
CFO Cobalt ferrite
CME Converse Magnetoelectric
DME Direct Magnetoelectric
EDXS Energy dispersive X-ray spectroscopy
EPR Electron paramagnetic resonance
ESR Electron spin resonance
FC Field cooled
FE Ferroelectric
FESEM Field emission scanning electron microscopy
FM Ferro(ferri)magnetic
FW Field warming
FWHM Full-width at half-maxima
ICDD International center for diffraction data
GOF Goodness of fit
LSMO La0.67Sr0.33MnO3

ME Magnetoelectric
M−H Magnetic hysteresis loop
M−T Temperature dependent magnetization
NFO Nickel ferrite
NMR Nuclear magnetic resonance



ix

List of Abbreviations

P−E Polarization verses electric field
PE Paraelectric
PMN-PT Pb(Mg1/3Nb2/3)O3–PbTiO3

PPMS Physical property measurement system
PZT PbZrTiO3

SE Secondary electrons
SNOM Scanning near field optical microscopy
SSR Solid state reaction
TC Curie temperature
TGA Thermal gravimetric analysis
VSM Vibrating sample magnetometer
XRD X−ray diffraction



x

List of Figures

1.1 Schematic representation of multiferroics . . . . . . . . . . . . . . . . . 2
1.2 Schematic representation of magnetic thin film on ferroelectric sub-

strate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Schematic representation of laminate composites. . . . . . . . . . . . . 6
1.4 Schematic representation of particulate composites formation from in-

dividual phases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Schematic representation of spinel ferrite structure. . . . . . . . . . . . 10
1.6 Schematic of perovskite (ABO3) structure. . . . . . . . . . . . . . . . . . 11
1.7 Schematic representation of structural phase transitions of BTO . . . . 11

2.1 Schematic representation of solid-state reaction method. . . . . . . . . 21
2.2 Photograph of x-ray diffractometer. . . . . . . . . . . . . . . . . . . . . . 23
2.3 Representation of basic principle of field emission scanning electron

microscope. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4 Schematic representation of electron interaction with the atom. . . . . . 27
2.5 Schematic representation of vibrating sample magnetometer . . . . . . 28
2.6 Photograph of physical property measurement system. . . . . . . . . . 29
2.7 Schematic representation of splitting of spectral line in the presence of

magnetic field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.8 Schematic representation of ESR signal. . . . . . . . . . . . . . . . . . . 32
2.9 Photograph of electron spin resonance spectrometer. . . . . . . . . . . . 32
2.10 Dielectric constant instrument photograph. . . . . . . . . . . . . . . . . 34
2.11 Schematic representation of Raman spectroscopy. . . . . . . . . . . . . 35

3.1 The thermal gravimetric analysis plot of NFO and BTO compounds. . 40
3.2 A flow chart for the preparation of single phase BTO and NFO samples. 41
3.3 A flow chart for the preparation of composite (x)NFO+(1-x) BTO com-

posite materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.4 The pellets of NFO−BTO composites for x = 0 to 1, sintered at 1350 ◦C. 42
3.5 The x-ray diffraction patterns of (a) NFO and (b) BTO annealed at

different temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.6 X-ray diffraction patterns of NFO - BTO composite samples. . . . . . . 44
3.7 Typical x-ray diffraction pattern of x = 0.5 composite sample. . . . . . . 45
3.8 The variation of lattice parameters of NFO and BTO phases in com-

posites as a function of NFO content (x). . . . . . . . . . . . . . . . . . . 47



xi

3.9 The variation in tetragonality of BTO phases in composites as a func-
tion of NFO content (x). . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.10 Volume of BTO and NFO in NFO−BTO composites. . . . . . . . . . . . 48
3.11 The back scattered scanning electron micrographs of NFO - BTO com-

posite samples for different x (=0-1). The inset shows the grain size
distribution histogram and the solid curve represents Gaussian fit to
the data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.12 The average grain size values of NFO and BTO in composites. . . . . . 52
3.13 The EDXS spectrum of BTO (bright) phase and NFO (dark) phase in

the 0.5NFO+0.5BTO composite. . . . . . . . . . . . . . . . . . . . . . . . 53

4.1 (a) XRD patterns of BTO measured at 150, 230, 300 and 570 K temper-
atures and (b) enlarged view of the peak present at 2θ∼ 45◦. . . . . . . 56

4.2 The Rietveld refinement XRD patterns of BTO (x = 0) at four different
structural phases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.3 The variation lattice parameters of BTO with respective temperature. . 57
4.4 The XRD patterns of NFO at obtained 150, 230, 300 and 570 K temper-

atures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.5 The variation of lattice parameter of NFO with temperature. . . . . . . 59
4.6 The Rietveld refinement patterns of NFO (x = 1) at measured different

temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.7 The XRD patterns of NFO−BTO for x= 0.2, 0.4, 0.6 and 0.8 composites

at 150 K, 230 K, 300 K and 570 K temperatures. . . . . . . . . . . . . . . 60
4.8 Rietveld refined XRD patterns of NFO−BTO for x = 0.2 composite at

different temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.9 The rietveld refined XRD patterns of NFO −BTO for x = 0.4, 0.6 and

0.8 composite at different temperatures. . . . . . . . . . . . . . . . . . . 62
4.10 The schematic representations of possible vibrational Raman modes

of atoms in BTO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.11 The vibrational Raman spectrum of BTO (x = 0) sample at differ-

ent temperatures and the solid red line represents the deconvoluted
specral peaks fitted with Lorentzian curve. . . . . . . . . . . . . . . . . 66

4.12 The schematic representation of the possible Raman mode vibrations
of single phase NFO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.13 The Raman spectrum of NFO (x = 1) sample at different temperatures
and peak fittings are done with Lorentz curve. . . . . . . . . . . . . . . 70

4.14 Raman spectra of NFO − BTO composites at 150 K, 230 K and 300 K. . 71
4.15 The Raman spectra along with Lorentz fitting of NFO− BTO samples

for (a) x = 0.2 and (b) x = 0.8 at different temperatures. . . . . . . . . . . 73

5.1 The temperature-dependent magnetization of NFO - BTO composites
for different x values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79



xii

5.2 The temperature-dependent magnetization of NFO−BTO composites
for different x values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.3 The variation of Curie temperature of NFO with x in NFO−BTO com-
posites. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.4 (a-c) Magnetic hysteresis loops of NFO−BTO composites at 300 K, 230
K and 150 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.5 (a-c) Variation in the HC, MS, MR with respect to x in NFO-BTO com-
posites. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.6 The magnetic hysteresis loops of NFO sample at 5 K and 300 K. . . . . 85
5.7 The variation of magnetic moment with x for NFO-BTO composites

at 300 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.8 The magnetic hysteresis loops of NFO-BTO composites for different x

values at 300 ◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.9 The variation of remanence magnetization and coercive field values

for different x values at 300 ◦C of NFO-BTO composites. . . . . . . . . 87
5.10 The electron spin resonance spectra of NFO-BTO composites for dif-

ferent x values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.11 The variation of g - factor and spin−spin relaxation time values with

x of NFO-BTO composites. . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.1 The temperature-dependent dielectric constant of single phase BTO
measured at 1 kHz frequency. . . . . . . . . . . . . . . . . . . . . . . . . 94

6.2 The temperature-dependent dielectric constant of NFO−BTO com-
posites for x = 0.1 to 1 measured at 1 kHz frequency. . . . . . . . . . . . 95

6.3 The variation of Curie temperature of NFO−BTO composites with
respect to x (NFO content). . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.4 The variation of dielectric constant of NFO−BTO composites with
NFO content (x) at 1 kHz frequency. . . . . . . . . . . . . . . . . . . . . 96

6.5 The temperature−dependent dielectric constant of x = 0.2 composite
at different frequencies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.6 The frequency−dependent dielectric constant plots of NFO−BTO com-
posites for x = 0 to 1 at RT, 100, 200, 300 ◦C, (b) magnified plots of
figure (a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.7 (a) Frequency−dependent dielectric constant of x=0−1 composite sam-
ples at resonance (b) Variation in the resonance and dielectric constant
of composites with respective x (NFO content). . . . . . . . . . . . . . . 100

6.8 Variation in the resonance frequency and dielectric constant of NFO−BTO
composites with respective temperature. . . . . . . . . . . . . . . . . . . 101

6.9 The variation of dielectric loss with temperature of NFO−BTO com-
posites for x = 0 to 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6.10 The frequency dependent dielectric loss of the x = 0.0 to 1.0 compos-
ites at 30 ◦C, 100 ◦C, 200 ◦C, 300 ◦C. . . . . . . . . . . . . . . . . . . . . 103



xiii

6.11 The ferroelectric hysteresis loops of NFO−BTO composites for x = 0 -
0.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104



xiv

List of Tables

1.1 Requirements for the magnetoelectric materials . . . . . . . . . . . . . . 3

2.1 List of frequency, wavelength and magnetic field of various ESR spec-
trums . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.1 Refined crystallographic parameters of single phase (NFO, BTO) and
NFO - BTO composite samples. . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 The phase percentage (PB,PN), x-ray density (ρxrd), experimental den-
sity (ρexp), percentage of density (ρ%) and percentage of porosity (P%)
values of NFO - BTO composites for different x values. . . . . . . . . . 49

4.1 The Rietveld refined crystallographic parameters of BTO. . . . . . . . . 57
4.2 The Rietveld refined crystallographic parameters of NFO sample at

different temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.3 The Rietveld refined crystallographic parameters of NFO−BTO com-

posites for x = 0.2, 0.4, 0.6 and 0.8 at different temperatures. . . . . . . 61
4.4 The lattice strain (× 10−4) values of NFO−BTO composites for x = 0,

0.2, 0.4, 0.6, 0.8 and 1 samples at different temperatures, correspond-
ing to different ferroelectric phases of BTO. . . . . . . . . . . . . . . . . 63

4.5 The possible Raman mode positions (cm−1) of BTO in NFO−BTO
composites at different temperatures. . . . . . . . . . . . . . . . . . . . 67

4.6 The FWHM (cm−1) of BTO in NFO−BTO composites at different tem-
peratures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.7 The Raman mode position and FWHM of the NFO in NFO−BTO
composites at different temperatures. . . . . . . . . . . . . . . . . . . . 72

4.8 The cation distribution, magnetic moment per formula unit and the
effective force constant values for x = 0.8, 0.9 and 1 samples. . . . . . . 75

5.1 The resonance field (Hr), peak to peak line width (∆Hpp) and ratio
between positive and negative intensity(A/B) of NFO-BTO composite
samples for different x values. . . . . . . . . . . . . . . . . . . . . . . . . 88



xv

Abstract
The thesis entitled “Structural, magnetic and dielectric properties of NiFe2O4−BaTiO3

magnetoelectric multiferroic composites" presents the experimental research work
done during the last five years. It consists of seven chapters viz., Introduction, Ex-
perimental methods, Preparation and characterization, Structural properties, Mag-
netic properties, Dielectric properties of NiFe2O4−BaTiO3 particulate composites
and finally the Summary and future scope of the present research work. The main
contents and the discussion pertaining to them are systematically presented in the
following paragraphs as chapters wise.

The first chapter gives an overview of multiferroics focusing on magnetoelectric
(ME) phenomena, particularly in ferrite and ferroelectric (FE) materials. The chapter
begins with the importance of ME coupling in composites for a fundamental under-
standing of basic physics. The essential basic information like crystal structure and
phase transitions of the single phase materials were presented. This chapter also
gives a thorough literature review and the existing gap between the past research
and present work. The motivation and main theme of the work were discussed
along with the specific objectives of the thesis.

The second chapter starts with importance of the solid state reaction (SSR) method.
The appropriate experimental strategies adopted to fulfill the objectives of the re-
search work were mentioned in the thesis. The phase purity and structural char-
acterization were carried out by x-ray diffraction (XRD) along with rietveld refine-
ment. The microstructural and morphological analysis was done by the field emis-
sion scanning electron microscopy (FESEM) in the back scattered electron (BSE)
mode. The Archimedes principle was used to determine the density of the sam-
ples, and it was explained clearly. The temperature-dependent structural properties
of the ferrite−ferroelectric composites were measured by the XRD and Raman spec-
troscopy. The magnetic properties of the composites were measured by the physical
property measurement system (PPMS) in the low-temperature regime (T < 300 K)
and the vibrating sample magnetometer (VSM) was used in the high-temperature
regime (T > 300 K). The electron spin resonance (ESR) data were measured for the
prepared composites. The dielectric properties, ferroelectric hysteresis loops of the
composites were obtained as a function of temperature and frequency. In this chap-
ter, all the working principles of the instruments used in the present work were
discussed with schematic diagrams and with photographical pictures.

The third chapter deals with the preparation of ferrite and ferroelectric individ-
ual and composite phases and their characterization. The policrystalline materials
of ferrite, NiFe2O4 (NFO), and ferroelectric, BaTiO3 (BTO) composite pellets were
prepared by SSR method by sintering at 1350 ◦C. The primary structural character-
ization was done by the XRD; this result confirms single phase formation of indi-
vidual phases; no third phase was present in the composite samples. The XRD data
were analyzed by using Rietveld refinement, and the variation of various crystallo-
graphic parameters were discussed. The BSE micrographs show the coexistence of
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two phases in composites. The measured density of the samples was found to be
approximately 90% with the theoretical density.

The fourth chapter deals with the XRD and Raman measurements carried out at
different temperatures, corresponding to different FE phases of BTO. The BTO ex-
hibits FE to paraelectric phase transition along with structural phase transition at
393 K. Therefore, the Raman and XRD measurements were expected to give signif-
icant changes in structural and vibrational modes of the molecules of samples due
to strain-mediated ME coupling. Therefore, XRD and Raman measurements were
carried out at the four structural phases of the BTO. The temperature-dependent
XRD, and Raman measurements enable one to see the variation of crystallographic
and vibrational phonon mode parameters as a function of phase content. The results
obtained in this chapter indirectly established the strain-mediated ME coupling in
NFO−BTO particulate composites. The magnetic moment per formula unit was cal-
culated from the XRD and Raman measurements based on the cation distribution in
sample, and it was found to be approximately 2.1 µB/ f .u. These values matches well
with mangetic moment per formula unit calculated from magnetic measurements.

The fifth chapter deals with the magnetic properties of NFO−BTO composite
samples. The temperature-dependent magnetization measurements were done in
the low-temperature (100 K - 300 K) range and high-temperature (30 ◦C - 700 ◦C)
by applying the magnetic field of 250 Oe. In these measurements, the jumps in
the temperature-dependent magnetization curves were observed at structural phase
transitions of the BTO. It is due to the transferred strain from BTO to NFO across the
hetero-grains of NFO-BTO. The Curie temperature of single-phase NFO is found to
decrease with an increase of BTO in composites. The magnetic hysteresis loops were
measured at four different temperatures corresponding to the different FE phases of
BTO. The ESR measurements were measured in the magnetic field range, 0 - 8000 Oe
at room temperature. The variations in peak to peak line width, g-factor, peak inten-
sity, and resonance field were observed with respect to composition, and underlying
mechanisms were explained.

The sixth chapter explored the dielectric properties of NFO−BTO composite
samples. It describes the variation of dielectric parameters such as dielectric con-
stant, dielectric loss as a function of temperature and frequency. The dielectric con-
stant values were found to be maximum for the samples for equal weight percent
of phase contents. It gives an indication that the high ME coupling is possible for
maximum interfaced sample. The Curie temperature of BTO was found to increase
with increase in NFO content in the composite. The frequency-dependent dielectric
constant measurements were done at different temperatures in FE phase and para-
electric phase of BTO. In the frequency-dependent dielectric measurements, the res-
onance was observed for both single-phase as well as composite samples and data
were interpreted. The electric hysteresis loops for some of the samples in the series
were measured and underlying physics was discussed.
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The final chapter, seventh chapter of the thesis deals with summary and conclu-
sions made out of the present work. This chapter also presents the future prospects
and scope for further investigations in line with the present work.
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Chapter 1

Introduction

1.1 Multiferroics

The multifunctional materials are having a huge demand for various device applica-
tions for the ongoing technology, such as memory devices, magnetic sensors, tunable
electronic devices, resonators, filters, transformers, and gyrators [1]. The functional
materials such as ferroelectric (FE), ferromagnetic (FM), ferrotoroidic, and ferroelas-
tic with their spontaneous order parameters i.e., spontaneous "polarization", "mag-
netization", "toroidicity", and "elasticity", respectively, are of current interest in the
field. However, if the material or the material system exhibit two or more ferroic
orders in it and if it becomes possible to manipulate these order parameters by their
cross-coupled fields, then the material or material system is said to be a multiferroic
material or multiferroic material system [1]. As per this definition, if the material
exhibits spontaneous "polarization" and "magnetization" simultaneously and ma-
nipulation of these order parameters viz., the electric "polarization" by an applied
magnetic field and the "magnetization" by an applied electric field, then such mate-
rials are said to be the magnetoelectric (ME) material and the phenomena associated
with these manipulations are called "direct magnetoelectric" (DME) and "converse
magnetoelectric" (CME) effects, respectively [2]. Similarly, one can discuss the rela-
tions between magnetic and elastic, electric and elastic parameters, and associated
phenomena. Due to the unavailability of spontaneous "elasticity" in many materi-
als, the research on the material is very much limited. The order parameters, field
combinations, and associated phenomena of multiferroics are schematically shown
in Fig. 1.1. In view of the wide range of applications due to the availability of a
variety of room temperature FE and FM materials, the research on the ME materials
has flourished a lot. The origin of ME multiferroics has been presented here in the
following sections.



2 Chapter 1. Introduction

FIGURE 1.1: Schematic representation of multiferroics, reprinted
from [3] (2015, Institute of Physics).

1.2 Magnetoelectrics

As discussed in the previous section, the MEs are the subclass of multiferroics. The
free energy equation can explain the origin of the effect for a given ME system, [4, 5],

F(E, H) = Fo − Ps
i .Ei −Ms

i .Hi −
1
2

εoεijEiEj −
1
2

µoµijHi Hj − αijEi Hj − ... (1.1)

where, F0 is the ground state free energy, Ps and Ms are the saturation "polarization"
and "magnetization", respectively. The H and E are the magnetic and electric fields.
The ε , µ, and α are the "permittivity", "permeability", and "ME coupling coefficient",
respectively. The partial differentiation of F with respect to electric field gives the
"polarization", and similarly, the partial differentiation of F with respect to magnetic
field gives the "magnetization", as given below,

− ∂F
∂Ei

= Ps
i +

1
2

εoεijEj + αijHj + ... (1.2)

P = Ps
i +

1
2

εoεijEj + αijHj + ... (1.3)

− ∂F
∂Hi

= Ms
i +

1
2

µoµijHj + αijEi + ... (1.4)

M = Ms
i +

1
2

µoµijHj + αijEi + ... (1.5)

In the above partial derivative equations of free energy concerning electric and mag-
netic fields, particularly the third term, gives an impression that both DME and CME
coefficients can be easily obtained. The partial derivative of "polarization" with re-
spect to magnetic field provides the ME with a coupling coefficient, which quantifies
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the DME coupling effect. Similarly, the coefficient which originates due to the par-
tial derivative of the magnetization with respect to electric field quantifies the CME
effect.

∂P
∂H

= αDME (1.6)

∂M
∂E

= αCME (1.7)

Therefore, from the above equations, the applied magnetic field can manipulate po-
larization, and the magnetization can be changed by the applied electric field.

Based on the above discussion, it is understood that the ME phenomena can be
observed only when material exhibits spontaneous order parameters. Therefore, the
material must be at least ferro(ferri) magnetic (FM) and FE in nature in the detectable
range of temperature with reasonable coupling between these order parameters. In
general, the individual FM and FE materials should possess the following require-
ments, as given in Table 1.1 [6].

TABLE 1.1: Requirements for the magnetoelectric materials

Requirements Ferromagnetism Ferroelectricity
1 d orbital partially filled fully filled or empty
2 symmetry breaking time reversal space inversion
3 conductivity metallic insulating

However, to obtain a reasonably good value of the ME coefficient, the material
should have reasonable high electric and magnetic susceptibilities.

There exist two types of ME multiferroics based on the underlying mechanism
responsible for ME coupling; viz., (1) Type-I multiferroics (2) Type-II multiferroics
[7].

1.2.1 Type-I ME multiferroics

Suppose the FE and magnetic order parameters are originated from two distinct
sublattices or different regions of the lattice. Such type of ME multiferroic materials
comes under the category of type-I ME multiferroics. The ferroelectricity breaks
the "spatial-inversion" symmetry in these materials. Similarly, the ferromagnetism
breaks the "time-reversal" symmetry. Since the different order parameters originate
from different sub-lattices, the ME coupling is feeble in type-I multiferroics [8].

1.2.1.1 Perovskites (displacement type)

The materials with perovskite-type structure with compositional formula, A(B
′
B
′′
)O3

will come under this category. Here, "polarization" originates from the B
′
-sublattice,

and B
′′
-sublattice is responsible for magnetic order. In general, this type of materials
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will be synthesized by the substitution of FM ion in the FE lattice. The example for
this type of materials are: PbFe1/2Nb1/2O3 and PbFe1/2Ta1/2O3 [9].

1.2.1.2 Perovskites (lone pair type)

The perovskite materials have the compositional formula, ABO3, here, B is the mag-
netic atom, and A contains the electron pair in outer "s-orbital", which is not a part
of the bond formation (lone pair). Interestingly, these electrons polarize easily. The
ferroelectricity is produced by theses polarized "s-electrons" and the ferromagnetism
by the magnetic ion with partly filled "d-orbitals". For example, Bismuth and Lead-
based perovskites, in addition to BiFeO3 (BFO) [10, 11].

1.2.1.3 Hexagonal rare earth manganites (geometric type)

This type of ME multiferroics are the hexagonal "manganites" with compositional
formula, RMnO3, where R is a "rare-earth element" [12]. The magnetism in these
materials arises due to the Mn ion, and the ferroelectricity is caused by the geometri-
cal distortion of the Oxygen octahedra. The examples of these types are YMnO3 and
HoMnO3. The ME coupling between two hetero-domains is found in YMnO3 [13].
Interestingly, the FM behavior in HoMnO3 was shown to be switchable reversely
"on" and "off" by an applied electric field [14].

1.2.1.4 More complex structures

In some materials, magnetic ordering is due to magnetic ion, and ferroelectricity is
due to the rest of the ion complex in the lattice. The examples include "boracites",
M3B7O13X, here, M is the "transition metal" and X = Cl, Br, I [15, 16]. The "boracites"
are FE antiferromagnets, in which the magnetism originates from the "transitional
metal" atoms and the "polarization" from the "X-O-octahedron". The "fluorites" of
BaMF4, where M is a "transition metal", also shows cooccurring FE and antiferro-
magnetic (AFM) [17, 18].

1.2.2 Type-II ME multiferroics

The type-II category of materials were discovered recently, in which the "magnetic
ordering" breaks both the "spatial" and "time inversion" symmetries. In these mul-
tiferroics, the applied magnetic field induces the ferroelectricity, and hence the ME
coupling, certainly bigger than type−I materials [19] . A serious issue of this class of
ME multiferroics is that the minimal polarization compared with many established
FEs.
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1.2.2.1 Spiral type

The materials with compositional formula, TbMnO3 or TbMn2O5; the ground mag-
netic state is due to long-range "spiral" ordering [20, 21]. In this type, the "polariza-
tion" arises in conjunction with the magnetic phase owing to the "spin–orbit interac-
tion", given by τ = rij × (si × sj), here, rij is a vector joining the adjacent spins si and
sj [22, 23]. This process allows the "polarization" to rotate by 90◦ in TbMnO3 and
changes its sign in an applied magnetic field, in a certain direction [20, 21] .

1.2.2.2 Collinear type

When two different magnetic atoms are coupled with exchange coupling, the "polar-
ization" may originate in the material. Such a type of materials come under collinear
type multiferroics. Example: Ca3CoMnO6. In this compound, the exchange occurs
along 1-D links of Co and Mn atoms [24]. The magnetic ordering deforms the bonds
by breaking the "space inversion" and allows the "polarization" to emerge [6, 7].

1.2.3 Single-phase magnetoelectrics

If a single material consists of two or more ferroic orders, then it is called single-
phase multiferroic. In these materials, the magnetic and electric order parameters
are inherently coupled and exhibit the ME effect intrinsically. It is very difficult to
realize the two ferroic orders simultaneously in materials due to their contradictory
properties, as given in Table 1.1. However, there are few single-phase multiferroics
available, for example: Mg3B7O13Cl, Cr2O3, BiFeO3, TbMnO3, TbMn2O5, YMnO3,
LuFe2O4, HoMnO3 and DyFeO3. In these materials, some of them were discovered
naturally, and some are synthesized artificially [6]. In these single-phase multifer-
roics, the ME coupling is very weak and confined to much below room temperature.

1.2.4 Two-phase magnetoelectrics

When a tailor-made material system with two different materials with ferroic order
without any chemical reaction becomes possible, the material system comes under
the two-phase multiferroic systems. It is necessary to prepare two-phase multifer-
roics for the improved ME coupling when compared to single-phase multiferroics.
These two-phase multiferroics can be prepared in different forms; thin films, lami-
nate composites, and particulate composites. The responsible ME coupling between
the FM and FE phases with suitable examples are presented here.

1.2.4.1 Thin films

A thin FM layer is to be deposited on the thicker FE substrate/thin film in the
present context. The schematic representation of a thin film is shown in Fig. 1.2.
In this case, the FM and FE interface becomes crucial in obtaining the required ME
effect. Principally, there exist three mechanisms taking place at the interface, viz., (a)



6 Chapter 1. Introduction

"charge-mediated" ME coupling, (b) "strain-mediated" ME coupling, and (c) "orbital-
mediated" ME coupling. These mechanisms depend on the probe’s location and the
thickness of the film deposited on the FE substrates. The thin-film optimization is
crucial in this case, and sample preparation is expensive and challenging. Although
several connectivities are possible, the 2-2 connectivity is prominent in these mate-
rial structures.

FIGURE 1.2: Schematic representation of magnetic thin film on ferro-
electric substrate.

1.2.4.2 Laminate composites

The laminate composites are the bulk amount of layers attaching with a suitable
chemical binder. The schematic diagram of laminate composites is shown in Fig.
1.3. The binder is designed to carry the strain efficiently from one layer to the
other. The best-laminates available today are the strong "piezoelectric" materials
such as Pb(Zr,Ti)O3 and "magnetostrictive" materials such as ferrites (NiFe2O4), al-
loys (TbDyFe2 (Terfenol-D)) [25, 26, 27]. These laminates are having 2-2 connectivity
in between ferrite and FE materials. The proper connectivity between the two mate-
rial laminates is challenging in the case.

FIGURE 1.3: Schematic representation of laminate composites, modi-
fied after [28] (2008, American Ceramic Society).

1.2.4.3 Particulate composites

The particulate composites are the two hetero−ferroic powders, which are physi-
cally mixed. A schematic representation of particulate composite is shown in Fig.
1.4. In particulate composites, 0-3 connectivity exists between magnetic and electric
phase. It also depends on the preparation techniques. The particulate composites
have several advantages, such as their economic viability and technical feasibility. It
does not require sophisticated equipment and does not involve any complex proce-
dure to produce the sample materials. Remarkably, in particulate composites, one
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can have the freedom to select the starting particle size and the processing param-
eters. Moreover, these composites can be sintered in an open air atmosphere. Ad-
ditionally, it allows for combining the different crystal structures [1]. With a view
to obtain the promising ME coupling between the FM and FE phases, the following
conditions need to be ensured during the preparation [29].

FIGURE 1.4: Schematic representation of particulate composites for-
mation from individual phases, modified after [30] (2005, Springer).

• Individually, the FE and FM materials should in a single phase.

• The mixed single-phase materials should not react chemically in composites.

• There should not be any dead layer (either crystalline or amorphous form)
between the grains of two single-phase materials.

• The contact interface between the hetero-grains should be as high as possible.

• The magnetic material should posses a high "magnetostriction" and high "per-
meability".

• Similarly, the FE material should have a high "dielectric constant" and high
"piezoelectric coefficient".

• Finally, the FM and FE materials should have minimum lattice mismatch at
heterograin interface.



8 Chapter 1. Introduction

1.3 ME coupling mechanisms

1.3.1 Strain-mediated effect

A widely observed phenomenon by transferring the strain across FM/FE bilayer
interface and causes a significant change in the FM’s magnetic properties. In this
case, the strain generation in FE material is due to the "inverse piezoelectric effect"
either by the electric field or by the FE material’s structural phase transition. The
strain-mediated ME coupling was commonly detected in thin films [2, 31, 32, 33]. In
the particulate composites, this effect is rarely observed, i.e., the strain-mediated ME
coupling phenomena [34], it is possible only with high-quality single-phase materi-
als in composites without reaction between them, and there should not be any dead
layer in between these single-phase materials.

1.3.2 Charge-mediated effect

An electric field could cause the aggregation of charges at the hetero-interface, which
produces a change in (interface) magnetization. The charge-mediated ME coupling
has the advantage of a manganite based ultrathin film for competing electronic
ground states. The charge mediated ME was demonstrated in Fe3O4/BaTiO3 (BTO),
and La0.67Sr0.33MnO3 (LSMO) /PbZrTiO3 (PZT) thin films [35, 36].

1.3.3 Exchange bias-mediated effect

This effect ensures the exchange bias between the uncompensated interfacial AFM
spins and the spins of the FM layer. This was employed for voltage controlled mag-
netism in thin films. The utilization of this effect in the multiferroic ME composite
nanostructures are derived from single-phase MEs. The exchange bias-mediated ME
coupling was demonstrated in permalloy/BFO, LSMO/BFO [37, 38].

1.3.4 Orbital-mediated effect

The external applied electric field changes the interfacial orbital occupancy; ulti-
mately, ME material’s magnetization will be changed. Hence, it is said to be an
orbital-mediated ME coupling effect. This effect was rarely observed, and it is domi-
nated by the major strain-mediated, charge-mediated exchange-bias mediated mech-
anisms. For example, in the LSMO/BTO heterostructural thin films, interfacial or-
bital occupancy was partially changed by the applying electric field, and resultant
variation in the magnetization was observed [39, 40].

1.4 Applications of ME materials

Although the mechanism behind the ME coupling and the coupling schemes be-
tween the different ferroics are of primal importance, the recent flooded interest in
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ME materials on account of the hope they hold for various device applications are
also equally important. These promising applications are based on their intriguing
physical properties for the present and future technology and are listed below [41].

1.4.1 Magnetic memories

The magnetization switching of the magnetic material with applying the electric
field is useful in ME devices. In general, the magnetic medium storage device uses
the magnetic field to write the data with two orientations of magnetization (±M),
in the form of "0" and "1" bits. The high coercivity (hard) magnetic materials are
required to write the data. However, the high coercivity materials will consume high
power and low writing speed. Therefore, the ME material gives an opportunity to
avoid this, i.e., the data will be written "electrically" and read "magnetically" [42, 43].

1.4.2 Random access memories and logic devices

In ME multiferroics, "polarization" and "magnetization" are used to store the data in
the form of binary digits as "ferroelectric random access memories" and "magnetic
random access memories", respectively. If "polarization" and "magnetization" are
together used to store the data, then it is called ME random access memory, i.e., it
is a four-state logic device. These devices will work with magnetization switching
in 90◦ and 180◦. Therefore, the logic gates (AND, NOR, OR, NAND, etc.) could be
performed based on ME materials [44].

1.4.3 Electrically tunable microwave devices

The magnetic bias fields are used to tune the magnetization for microwave mag-
netic devices. The ME coupling shows excellent hope in achieving electrically con-
trolled magnetization and it has resulted in entirely new devices such as "filters",
"resonators", and "phase shifters" based on the ME composite films [45, 46].

1.4.4 Magnetic sensors

The ultra-sensitive magnetic field sensors can be devised by employing the ME com-
posites having high ME coefficients. The magnetic sensors are low-cost than super-
conducting quantum interface devices. These sensors are used to sense the AC and
DC magnetic fields. These sensors depend on the signal to noise ratio, i.e., electric
noise, vibrating noise, and thermal noise [47].

1.4.5 Energy harvesters and conversion devices

The ME material can be used as an energy harvester for developing electricity from
weak energies. In the harvesters, available sources will be used to produce the re-
quired energy. The energy harvesting devices based on ME should have sufficient
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robustness to accept prolonged exposure to different environments and also to have
a wide range of dynamic sensitivity [48, 49, 50].

1.5 Literature review

1.5.1 Ferrites

The ferrites are ceramic ferrimagnetic materials having spinel structure with com-
positional formula AFe2O4; here A is Fe, Ni, Co, Zn, etc. The spinel structure of
ferrite with octahedral and tetrahedral site occupancy is shown in Fig. 1.5. The
first ferrite (FeFe2O4) was invented in the year 1930 [51], later many ferrites with
compositions, NiFe2O4 (NFO), ZnFe2O4, MnFe2O4 and CoFe2O4 (CFO) etc. were
discovered. These ferrites were explored in thin-film, nanoparticles, core-shell struc-
ture, laminate composites, particulate composites, etc. Based on these ferrites’ coer-
civity, they were classified into two classes, viz., soft-ferrites and hard-ferrites [52].
The hard-ferrites are alternatives for permanent magnets because of the difficulty in
demagnetizing them. The hard-ferrite materials have applications in refrigerators,
loudspeakers, and electric motors, etc. The best example for the semi-hard ferrites
is CFO. Similarly, the ferrites with magnetic coercivity less than 50 Oe come under
the soft-ferrites category. The examples are NFO, ZnFe2O4, MnFe2O4, and FeFe2O4.
The soft-ferrites have applications in inductors, antennas, transformers, etc.

FIGURE 1.5: Schematic representation of spinel ferrite structure,
reprinted from [53] (2020, Elsevier).

Among all room-temperature ferrimagnetic oxide materials, Nickel ferrite (NFO)
is the most appropriate material to consider one of the constituent phases in two-
phase ME composite. The NFO shows room-temperature ferrimagnetism with an
inverse spinel structure. The Curie temperature of the NFO is about 870 K [54]. In
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addition, the NFO is soft magnetic material having high "permeability" (µr = 20) and
reasonable "magnetostriction coefficient" (27 ppm), which are essential requirements
for promising ME coupling in two-phase ME multiferroics [28].

1.5.2 Ferroelectrics

The phenomenon of ferroelectricity was discovered in 1920 [55]. The ferroelectricity
is a characteristic feature of certain materials that have a spontaneous "polarization",
and it can be switched by the application of electric field. The BTO and PZT are
the well known FE materials. Also, the dopants in BTO and PZT at A and B sites
resulted several perovskite-based FE structures [56]. These FEs have applications in
capacitors, batteries, sensors, etc. [57].

A

B

O

FIGURE 1.6: Schematic of perovskite (ABO3) structure.

a = b = c = 4.00 Å

α = β = γ ≠ 90 

a = 3.98 Å, b = 4.013 Å 

c = 4.019 Å

α = β = γ = 90 

a = b = 3.99 Å, 

c = 4.03 Å

α = β = γ = 90 

a = b = c = 4.01 Å 

α = β = γ = 90 

393 K278 K190 K

Rhombohedral Orthorhombic Tetragonal Cubic 

FIGURE 1.7: Schematic representation of structural phase transitions
of BTO, modified after [58] (2019, Springer)

.

Among all the existing FEs, the BTO is well known and established FE mate-
rial, and it is having a perovskite (ABO3) structure, in which A is at the corners
with "divalent cation", B is at the center of the unit cell with "tetravalent cation"
and "oxygen" (O) will be at the faces of the unit cell in the perovskite structure.
The schematic representation of perovskite is shown in Fig. 1.6. Most importantly,
the BTO has structural phase transitions from "rhombohedral" to "orthorhombic"
to "tetragonal" to "cubic" structures at temperatures 190 K, 278 K, and 393 K, re-
spectively. The schematic representations of these structures are shown in Fig. 1.7.
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While changing "tetragonal" to "cubic" structure, the materials undergo the FE phase
changing to the paraelectric phase at 393 K. The BTO exhibits a high dielectric con-
stant (i.e., ε =1200), which is very much useful in charge storage capacitors or power
storage battery applications. The BTO has a reasonable "piezoelectric" coefficient of
191 pC/N. It is having saturation "polarization" of 26 µC/cm2 [28]. These intrigu-
ing properties makes BTO one of the suitable constituent phases for ME multiferroic
composites.

1.5.3 Ferrite−ferroelectric MEs

The research on multiferroics materials is an ongoing process for more than a decade,
mainly in the ME materials, which was a sub-class of multiferroics. Among all
other forms of ME multiferroic materials, thin films prominently show ME behav-
ior. In the LSMO/PZT thin films, ME coupling was observed via charge-mediated
mechanism [35]. In the LSMO /BFO thin films, ME coupling was observed via the
exchange bias-mediated mechanism [37]. In the Fe3O4/Pb(Mg1/3Nb2/3)O3-PbTiO3

(PMN-PT), thin-films ME coupling was observed via strain-mediated mechanism
[45]. The magnetoelastic coupling with different underlying mechanism was ob-
served in Fe3O4 /BTO, CFO/BTO thin films [36, 59]. In Fe3O4/BTO core-shell nano
particles were explored for magnetoelastic coupling [60]. Also, CFO/BTO core-shell
structure were presented with underlying mechanism [61]. Several reviews were re-
ported on the underlying mechanisms of these ME multiferroics by several authors
for the last couple of years [3, 35, 37, 38, 45, 62, 63].

It has been found from the reported literature from various sources that the dif-
ferent authors have explored the ME coupling by different physical properties. For
example, Umashankar et al., have used Raman data to explore the ME coupling in
NFO−BTO nano composites [64]. Similarly, Gorige et al., have used magnetization
and microstructure analysis to demonstrate ME coupling in NFO−BTO multiferroic
composites [65]. Manjusha et al., have reported strain mediated ME coupling in
Bi0.5Na0.5TiO3 - MgFe2O4 multiferroic composites by measuring the dielectric con-
stant and ME coupling coefficient [66]. The ME coupling was also established by
measuring piezoelectric resonance in NFO−PZT and CFO −Pb0.988(Zr0.52Ti0.48)0.976

Nb0.024O3 composites [67, 68]. Ting et al, have measured electron spin resonance
in Polyaniline − BaFe12O9 [69]. The core-shell structures of NFO−BTO composites
were studied by analyzing the magnetic, dielectric, and ME coupling coefficient.
In this case, the analysis was done by varying the NFO content in the composites
[70]. The magnetic and dielectric studies were performed on the NFO−BTO mul-
tiferroic composites [71]. The effect of the FE phase on magnetic properties and
vice versa were studied on NFO−BTO particulate materials and established the
strain-mediated ME coupling [72]. The strain-induced ME coupling was also mani-
fested by Tian et al., in magnetite and BTO thin films by measuring the temperature-
dependent magnetic measurements [73].
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Among all the fore-mentioned, FM materials and FEs, the ferrimagnetic CFO,
NFO and FE BTO, PZT are well known parent compounds. Of course, many other
elemental substitutions were also used for composites. While the "magnetostric-
tion" of CFO is higher than that of NFO, the composites having magnetically hard
CFO show a weak strain-mediated ME coupling, due to high magnetocrystalline
anisotropy of CFO. Some times, the slight interface diffusion between ferrite and
PZT is one of the possible reason to weaken the ME coupling [67]. Therefore, com-
pared to CFO, NFO is much better to see substantial changes in magnetic properties
in ME composites due to the strain changes in ferroelectric phase. Additionally,
the BTO is better room-temperature FE compared to PZT. The PZT is having a lead
(toxic element) in it. Most importantly, among the available reports on NFO−BTO
particulate composites, no clear demonstration of strain-mediated ME coupling in
bulk particulate composites was established yet. It has been felt that there is a need
to explore the ME phenomena by studying the physical properties of NFO−BTO
particulate composites. A comprehensive study on NFO−BTO bulk particulate ME
composites was undertaken in the present thesis.

1.6 Aim

The present thesis’s main aim is to establish the strain-mediated ME coupling by
measuring the structural, magnetic, electric, and dielectric properties. The measure-
ments were performed as a function of temperature, phase content, frequency, etc.
to ensure the different strain states of FE material and corresponding physical prop-
erties changes in magnetic phase. With a view to realizing this aim, the specific
objectives are mentioned below.

1.7 Objectives

• To prepare the high-quality ferrite−FE composites without any inter-diffusion
between these phases.

• To understand the ME coupling via temperature-dependent Raman and x-ray
diffraction (XRD) measurements.

• To study the magnetic properties of composites in different FE phases of BTO
and observe the substantial changes in NFO that are driven by strain.

• To explore the magnetic phase’s effect on FE material by evaluating the dielec-
tric properties by varying the temperature, frequency, and composition.

• Finally, to correlate the structure and physical property relations in the context
of ME coupling in ferrite−FE composites.
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These specific objectives were systematically implemented by considering a strategic
work plan and suitable equipment. The obtained results were thoroughly analyzed
and interpreted appropriately, as described below.

1.8 Thesis organization

• The first chapter deals with the introduction, different types, and applications
of ME multiferroics. A thorough literature survey on ME materials and the gap
between the present work and reported literature was given. The theme of the
research work, along with specific objectives of the thesis was mentioned.

• In the second chapter, the working principles of experimental techniques and
mechanisms responsible for particular measurement protocols were presented.

• The third chapter deals with the preparation procedure, structural and mor-
phological analysis of the prepared samples for the present work.

• The fourth chapter addresses the temperature-dependent XRD and Raman
data analysis in different structural/FE phases of the FE material. A clear cor-
relation of structural and spectroscopic properties with magnetic properties
was established.

• The fifth chapter, explains the magnetic properties of samples as a function
of temperature and magnetic field. This chapter is crucial in the thesis to es-
tablish the strain mediated ME coupling between NFO and BTO particulate
composite.

• In the sixth chapter, the dielectric properties of the samples with varying tem-
perature and frequency were explored. This chapter also presents the FE hys-
teresis loops as a function of NFO content.

• Finally, the seventh chapter presents the summary of the thesis along with the
future scope.
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Chapter 2

Experimental techniques

To understand ME phenomena in ferrite and FE composites, particularly in NFO−
BTO particulates, the required samples were synthesized by using a SSR method.
The synthesized samples were characterized by several physicochemical character-
ization techniques. The physical properties of these particulate composites were
undertaken by using appropriate instruments and adopting suitable measurement
techniques. In this chapter, the basic principles involved in preparation, character-
ization, and physical property measurements were discussed. This chapter also in-
cludes strategies and protocols adopted for various characterization tools and mea-
surement techniques.

2.1 Material preparation

In the present context, to demonstrate the ME effect by measuring different physi-
cal properties of particulate composites, the quality of samples is very crucial. Ob-
viously, the signatures of ME effects can be seen clearly in single-crystalline het-
erostructures, whereas it becomes difficult to observe the ME effect in poly-crystalline
samples due to various reasons [1]. Therefore, the phase purity and distinct hetero-
grain coupling in composites are critical. Also, for the chosen set of oxide materials,
the composition, density, and coexistence of two individual phases in the composite
form are the major concerns. In view of these reasons, even though several methods
such as "sol-gel" [2], "co-precipitation" [3], "Pechini method" [4, 5], "hydrothermal
method" [6], "SSR" method [7] and "microwave-hydrothermal" method [8] are avail-
able. Out of these methods, the SSR method is the best-suited method for preparing
NFO, BTO, and BTO−NFO composites samples. The SSR technique was optimized
for single-phase and composite samples to ensure data quality, which was acquired
from various physical properties measured in the present investigation.

2.1.1 Solid-state reaction method

The SSR method is one of the most straightforward and primary preparation tech-
niques to synthesis the ceramic materials in single-phase and composite forms. In
this technique, a sufficiently high temperature is required for the chemical reaction
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to occur among the solid ingredients. It is the best-suited to make bulk polycrys-
talline materials.

There are several advantages with this method, particularly in the present con-
text; the materials prepared in this method are chemically stable, structurally pure,
and non-toxic at room temperature as they are heat-treated at high-temperatures [9].
It is a physically viable method to prepare bulk quantities of polycrystalline samples
with a low-loss of ingredients. However, the SSR method is a time-consuming pro-
cess compared to other techniques. In general, once the single phase of material is
formed, it will not react with any other chemical or decompose until it reaches at its
melting point temperature. Therefore, in the case of materials prepared by the SSR
method, the physical properties can be measured in the range of higher tempera-
tures based on the requirement. Mainly, for estimated results of physical properties
in ME particulate composites (a) there should not be any chemical reaction in be-
tween single-phase materials, (b) high "magnetostriction" coefficient for magnetic
phase and the large "piezoelectric" coefficient for FE material, (c) there should be
less lattice mismatch between the hetero-grains for optimal strain from one phase to
the other phase and (d) there should be a clear contact interface between the hetero-
grains [10, 11]. Therefore, SSR is a unique method for preparing the particulate
composites because the issues mentioned above will be taken care of.

In this method, after weighing the individual ingredient solid materials in the
stoichiometric ratio, the proper mixing will be done by either "pestle and agate mor-
tar" or "ball milling" process. The ball milling is used to mix the powder in larger
quantity whereas the pestle and agate mortar will be used for the small quantities.
In these techniques, unlike wet chemical reaction techniques, the ingredient will not
react at room temperature due to insufficient activation energy. Therefore, it re-
quires high temperature i.e. 1000 ◦C to 1500 ◦C with suitable heating and cooling
rates [12, 13]. During the grinding, acetone can be added to the powder for proper
mixing.

2.1.2 SSR reaction mechanism

The mechanism involved in SSR was proposed by Randall M. German [9]. The for-
mation of the required phase comes to form the proper mixing (grinding) and heat-
ing processes of solid ingredients. During the grinding process, the components
were facilitated to be nearby with a fresh surface of its own phase, and as a result,
relatively low external energy is required for SSR to occur. As shown in Fig. 2.1, the
ingredients A and B will be activated to come nearby to form C when the sufficient
temperature is provided, and the corresponding reaction is given by,

A + B −→ C (2.1)

here, A and B are initial ingredients, and C is the final product. During the heating
process, the temperature will act as a driving force for the individual ingredients to
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react and form the required phase. Also, thermal energy will enable the ingredients
to undergo microscopic geometrical change followed by atomic motion. Here, the
motion of atoms will follow the Arrhenius relation given by,

N
No

= e−
Q
RT (2.2)

here, N is the number of atoms in motion, No is the total number of atoms, Q is the
"activation energy", R is the "gas constant", and T is the absolute temperature.

During heating, the temperature will cause the interaction between the surfaces
of two adjacent grains, thereby reducing the average surface area. The shrinkage in
volume and increment in the density of the material takes place. Therefore, grinding
and subsequent heating of the sample helps in forming the required phase progres-
sively, thereby eliminating the pores in the sample. In general, the grain size of the
final material (C) will be 1.26 times that of grain sizes of initial ingredient materi-
als (A and B) [9]. The smaller grains of the ingredient will react easily to form the
required phase due to the components’ high contact interface. In each intermediate
grinding and heating process, the required phase (C) formation needs to be checked
using XRD measurement.

FIGURE 2.1: Schematic representation of solid-state reaction method,
modified after [14] (2014, Springer).

In the present investigation, the single-phase materials of NFO and BTO were
synthesized by using the SSR method, and then the stable single-phase materials
were further co-sintered to form the composites of NFO and BTO. The complete
details of the preparation method are given in chapter 3.

2.2 Characterization

Characterization of the prepared materials is very important to ascertain the qual-
ity of the samples. The quality of the materials can be known by employing several
characterization techniques. Before proceeding to any of the physical properties, one
needs to know the basic information about the structure of the material, elemental
composition, morphology, and microstructure of the samples. The commonly em-
ployed characterization and analysis techniques for the particulate composites are
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XRD, Rietveld refinement, field emission scanning electron microscope (FESEM),
and energy dispersive x-ray spectroscopy (EDXS).

2.2.1 X-ray diffraction

Rontgen discovered x-rays in 1895, and these are a part of electromagnetic radiation,
having the wavelength range 1-100 Å with energies 100 eV-1000 keV. The x-rays with
energy range 1-120 keV comes under hard x-rays and mostly used for diffraction
studies. In order to study the structure, composition, and physical properties of
the solid materials, x- rays are used extensively. When the incident beam of x-rays
interacts with any material, a part of it gets transmitted, some part of it scattered, and
a part of it gives rise to fluorescence. If the material is crystalline, the x-rays scatter
from different sets of planes. The scattered wave undergoes either constructive or
destructive interference based on the path difference of the interfering waves. If θ is
the incidence angle of the x-rays concerning the plane of the crystal and d is inter-
planar spacing, constructive interference occurs when the path difference

nλ = 2dsinθ (2.3)

W. L Bragg first formulated this relation and known as Bragg’s law [15]. Since sinθ

cannot exceed 1, then the above equation can be written as

nλ

2d
= sinθ < 1 (2.4)

The above equation clearly states that nλ must be less than 2d. Here the possible
lowest value of n for the occurrence of diffraction is 1, then equation becomes

λ < 2d (2.5)

For the most set of crystal planes, d is the order of 3 Å. This clearly indicates that λ

cannot exceed the order of 6 Å.
The photograph of x-ray diffractometer is shown in Fig. 2.2, the x- rays emitted

from the source are directed to the sample mounted on the sample stage or holder.
The x-rays, which are scattered from the different planes of the sample, are detected
with the x-ray detector. An electronic system which converts the charge into voltage
pulse is attached to the detector. A voltage pulse is proportional to the intensity of
the diffracted beam. Each peak in the XRD pattern corresponds to one set of parallel
planes. In general, each set of parallel planes will be indicated above the peak with
their corresponding Miller indices.

The XRD characterization was carried out in the powder method at room tem-
perature on pelletized samples in 2θ range from 10◦ to 90◦ and step size of 0.02◦ with
scan rate 0.7◦/min. by using a Bruker D8 Advance diffractometer.
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FIGURE 2.2: Photograph of x-ray diffractometer.

2.2.2 Rietveld refinement

The Rietveld refinement was developed by H. M. Rietveld to refine the magnetic
and crystal structure from powder neutron diffraction data in the year 1967 [16]
and it was improved further in 1969 to accomplish for XRD data [17]. Rietveld re-
finement makes us refine the structural parameters such as atomic position, bond-
length, bond-angle, lattice parameters, and angles. Rietveld refinement of XRD pat-
tern can be done using different software Fullprof, MAUD, Rietica, GSAS, BGMN,
BRASS, High score plus, Topas, Autoquan, PDXL, and JADE, etc. The best fits were
decided based on the fitting parameters of "profile" factor (RP), "weighted profile"
factor (RWP), "expected weighted profile" factor (Rexp), and "goodness of fit" (GOF),
the equations corresponding to these parameters are given in equations 2.6, 2.7, 2.8
and 2.10 respectively.

Rp =
Σ|yobs

i − ycal
i |

Σyobs
i

(2.6)
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Rwp =

√
Σ(yobs

i − ycal
i )2wi

Σwi(yobs
i )2

(2.7)

Rexp =

√
N − P

Σwi(yobs
i )2

(2.8)

where, wi represents the statistical weight of the ith point, yobs refers the whole ob-
tained ith point intensity. The N and P represent the total number of points in the
patterns and refined parameters, respectively. The final evaluated intensity,

ycal
i = A · p · s · η ∑ Phkl · Lhkl · Fhkl

2 · pro f ile · 2(θhkl − θi) + B (2.9)

here, A, B, s, p, and η are representing the "absorption", "background noise", "scale-
factor", "polarization", and "extinction" of the experiment, respectively. The Lhkl and
Phkl represent the "geometry" and "preferred orientation" parameters. While refin-
ing, all these parameters may vary consistently in order to obtain the synergy be-
tween calculated and experimental diffraction patterns. In the process of evaluation,
several numerical parameters can be taken into account to judge the GOF. In the
process of fitting, several parameters viz., "unit cell", "background", "peak-profiles",
"scale", "full-width at half maxima" (FWHM), "occupancies", "shape", and "atomic
positions" are changed systematically by employing successive iterations, until the
best possible fit is arrived. The best-fit patterns are affirmed by "GOF" (χ2), and the
corresponding best-fit term is given as

GOF =
Rwp

Rexp
(2.10)

Ideally, the GOF value is 1. If the GOF value is less than 1, standard uncertainties are
overestimated, and more parameters are introduced to fit the data while refining. If
GOF value is large (GOF� 1) indicates the bad fitting. Acceptable value for GOF is
less than 5 [18]. The most important thing is that difference should be less between
observed data and calculated data, which is given by

Sy = ∑ (yobs
i − ycal

i )
2
wi (2.11)

In the present investigation, High score plus software was used for refining the
XRD patterns of the prepared samples. While employing the High score plus soft-
ware, the following procedure was followed to refine the single-phase and compos-
ite materials.

Step 1 : The background was fitted carefully without affecting the peaks using granu-
larity and bending factors.

Step 2 : Identified all the peaks present in the observed pattern to calculated pattern
with peak search option. The identified number of peaks can be modified by
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insert/delete peak options.

Step 3 : Profile fitting was done by refining the background parameters manually. Global
parameters were refined manually, i.e., zero shift, specimen displacement, and
wavelength. The "Pseudo-Voigt" function was used as a profile function, it is
a semi function of Gaussian and Lorentzian functions, and this function was
considered as the best suited for XRD pattern.

Step 4 : Profile fitting was done in automatic mode by default profile fitting. The re-
peated fitting were performed until the observed pattern matches with the cal-
culated pattern.

Step 5 : The right side of each peak in the pattern looks like a shoulder; these belong
to Kα2 peaks. After confirming the profile fitting is perfect, then strip the Kα2

wavelength from the pattern.

Step 6 : Select the suitable international centre for diffraction data (ICDD) file, which
can match with the measured XRD pattern.

Step 7 : Refine the scale factor and B-overall for each phase in the composite; these pa-
rameters are multiplication factor for fitting the calculated and observed data
and thermal factor, respectively.

Step 8 : One by one, refine the lattice parameters (i.e., a, b, c) of each phase’s unit cell in
the composite. Initially, lattice parameters will be taking from the ICDD file,
and these parameters were used to modify the relevant data while refining.

Step 9 : Atomic coordinates, B-isotropic, and occupancy were fitted systematically. Here,
in the case of atomic coordinates, the integers values were not refined, and dec-
imal numbers were refined.

Step 10 : The FWHM of each peak was fitted by using U, V, and W parameters. Here
U and W should be positive while V is negative. The shape parameters were
refined separately for better profile fitting.

This procedure was followed by checking the refined parameters and different
patterns with each cycle of the fitting. The data was refined in several processes until
the GOF value is nearly unity or less than two.

2.2.3 Field emission scanning electron microscopy

In this technique, the electrons are fired from the field emission source. The elec-
trons will reach the sample after passing through several lenses and coils in a high
vacuum. These electrons will interact with the sample and scatters. Suppose the
scattered electrons are secondary electrons (SE); in that case, these electrons will be
detected by the SE detector, and if scattered electrons are backscattered electrons
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FIGURE 2.3: Representation of basic principle of field emission scan-
ning electron microscope, modified after [19] (1992, Manning publi-

cations Co.).

(BSE), then it will be detected by the BSE detector. The schematic representation of
the interaction of electrons with the sample is shown in Fig. 2.3.

Since the energy of SE electrons is less than 50 eV, the SE detector will give the
sample’s surface morphology information. The energy of BSE electrons is more than
50 eV, and the corresponding detector will give the surface morphology and con-
trast between different phases present in the composite. In BSE images, the heavier
(molecular weight) atom may lead to a brighter image, and the lighter (molecular
weight) atom may give a dark image. It is because the more significant atomic num-
ber of the larger atom has a more cross-sectional area; consequently, the BSE detector
will get more electrons and looks brighter in the image [20].

The FESEM is a useful technique to know the surface morphology of the mate-
rial. It will give information about grain size, grain shape, and contact interface in
between grains. Particularly in BSE mode, color contrast may give the information
about the phases present in the sample, and the contact interface will be clearly fig-
ured. For significant ME coupling, the contact interface should be sharp and large
enough. This information can be given only by FESEM in BSE mode. So, it is nec-
essary to characterize the particulate composite with the FESEM technique in BSE
mode. The FESEM images of prepared samples were carried out in BSE mode using
the Gemini 500 microscope.

2.2.4 Energy dispersive x-ray spectroscopy

The EDXS technique is used for the elemental analysis of grains in the sample. Us-
ing the EDXS, it can be label each grain present in the sample. Usually, EDXS is
attached to the FESEM instrument, and it will be working based on the principle
of FESEM. When bombarding the primary electrons on the sample, these primary
electrons will kick out an electron from the K-shell of the atom in the sample, and
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one electron vacancy will create in K-shell. An electron jumps from the L-shell for
filling the electron vacancy in K-shell by releasing a photon. This released photon
will have the characteristics of x-rays, and it is called Kα x-rays. The schematic rep-
resentation of the interaction of the electron with the atom is shown in Fig. 2.4. If
an electron will jump from the M-shell to fill the electron vacancy in K-shell with
releasing a photon or x-rays (K β x-rays). The released energy of x-rays is unique for
each element to characterize the elemental analysis and chemical composition of the
sample. The compositional and elemental analysis of prepared samples were done
by using EDXS, which was attached to the FESEM.
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FIGURE 2.4: Schematic representation of electron interaction with the
atom, modified after [19] (1992, Manning publications Co.)

2.3 Magnetic Properties

Magnetization and magnetic susceptibility can be measured in several ways: "in-
duction method", "force method", "electrical method", and "magneto-optic" meth-
ods. The vibrating sample magnetometer (VSM) comes under the induction method,
which is being widely used nowadays. The ME coupling in ferrite and FE compos-
ites is done by measuring the magnetic measurements. The magnetic measurements
were done by using suitable instruments such as VSM and physical property mea-
surement system (PPMS) for the higher than room temperature and lower than room
temperature, respectively.

2.3.1 Vibrating sample magnetometer

The VSM works based on the principles of Faraday’s law and Ampere’s law. Am-
pere‘s law says that electric current (I) flowing in the wire generates the magnetic
field (H) around the wire i.e. electromagnet. Electromagnets are used in VSM for
generating the magnetic field. Here, sample is magnetized by using electromagnets
and magnetized sample is moving in between pick up coils. During the measure-
ment, sample will be vibrating in between pickup coils with a fixed frequency and



28 Chapter 2. Experimental techniques

amplitude. The electromotive force will induce in the pick up coil based on Fara-
day’s law of induction, given by the equation 2.12 and developed magnetic moment
is given by the equation 2.13. The schematic representation of VSM is shown in Fig.
2.5.

em f = −N
dφ

dt
(2.12)

Here, em f , N, φ and t are the electromotive force, number of turns, magnetic flux
and time, respectively.

m = IA (2.13)

Here, m, I and A are the magnetic moment, electric current, and area of the coil,
respectively.

The VSM is a useful technique to measure the magnetization as a function of
temperature and applied magnetic field. It can measure very sensitive and accuracy
as 10−6emu. The VSM can be used to measure the magnetization at high tempera-
ture and low temperature. The low-temperature setup can measure liquid nitrogen
temperature (80 K to 400 K), whereas a high-temperature setup can be used from
room-temperature to 1273 K. Maximum error in the temperature scan will be ±0.2
K.

Base

N S

Magnetic Field

Reference Coil 

Cryogenic system
Vibrating unit

ElectromagnetsPickup coils
Sample holder

Sample 

FIGURE 2.5: Schematic representation of vibrating sample magne-
tometer , modified after [21] (2014, Ijournals).

The Curie temperature (TC) of nickel ferrite is at 593 ◦C in the prepared compos-
ites. The effect of FE material on Curie temperature of ferrite will be known from
the temperature-dependent magnetic measurements of composites with the VSM
technique at high temperatures. Magnetic field dependent measurements will give
the information of magnetic parameters variations when FE material changes from
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"tetragonal" to "cubic" phase. The temperature-dependent magnetic measurements
are measured in the range of 30 ◦C −700 ◦C at an applied magnetic field of 250
G. Magnetic hysteresis loops are measured in the range of ±12 kG at a ferromag-
netic phase of NFO (or cubic phase of BTO), i.e., 300 ◦C on the cubic shape samples
2×2×2 mm3 dimensions. These magnetic measurements are done by using a VSM
(Lakeshore).

2.3.2 Physical properties measurement system

The PPMS is a powerful system to measure the physical properties such as AC
susceptibility, magnetic anisotropy, electric resistivity, Hall effect, I-V characteris-
tic thermal conductivity, Seebeck coefficient, and differential resistance as a function
of temperature and magnetic field. It can measure the measurements in the form of
thin-film, powder, pellet, and liquid. The PPMS is a unique system for measuring
the magnetic properties at lower temperatures, such as at 2 K with sensitive mag-
netization and high magnetic field ±16 Tesla. The NbTi/Nb3Sn superconducting
magnets are used in the PPMS system; these superconductors generate a magnetic
field when they are cooled in liquid helium, which is surrounded by liquid nitro-
gen. During the measurement, the sample will be vibrating with 40 Hz frequency.
Measurements are carried out on the PPMS-VSM system with the help of automated
programmable control with auto centering the sample.

FIGURE 2.6: Photograph of physical property measurement system.

The magnetic field dependent measurements will give the information of mag-
netic parameters, and their variations when FE material varied from "tetragonal"
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to "orthorhombic" to "rhombohedral" phase. In the present case, ME coupling phe-
nomena cannot be explained by measuring the ME coupling coefficient (α), due to
leakage presence in it. The ME coupling phenomena can be explained by measur-
ing the temperature-dependent magnetic measurements with the PPMS technique.
The magnetic measurements are carried out on PPMS system shown in Fig. 2.6 on
2×2×2 mm3 samples. The temperature-dependent magnetic properties were per-
formed by cooling the system from 330 K to 100 K, and heating 100 K to 330 K at
a constant applied magnetic field 250 Oe. The magnetic hysteresis loops were mea-
sured in the range ±3 Tesla at three phases of BTO, i.e., 150 K, 230 K, and 300 K.

2.3.3 Electron spin resonance

The "electron spin resonance" (ESR) or "electron paramagnetic resonance" (EPR) is
one of the spectroscopic techniques, and Zavoiskii discovered it in 1944 in MnSO4

using 47.60 G dc magnetic field and 133 MHz rf-magnetic field [22]. This technique
is an extension of the famous Stern-Gerlach experiment. It is used for studying the
materials having unpaired electrons. The ESR concepts are similar to those of nu-
clear magnetic resonance (NMR) except that in ESR, electron spins are excited. In
contrast, in NMR, the spins of atomic nuclei are excited. The ESR spectrometers are
made available commercially with wide range of frequency, as shown in Table 2.1.
The most common choice of ESR spectrometer is the X-band microwaves with a fre-
quency of 9-10 GHz; the corresponding wavelength is in the range of 3.0-3.3 cm, and
in the middle of X-band, the "free electron resonance" is found at 3390 G.

TABLE 2.1: List of frequency, wavelength and magnetic field of vari-
ous ESR spectrums

Designation Frequency (GHz) Wavelength (cm) Magnetic field (G)
S 3.0 10.0 1070
X 9.5 3.15 3390
K 23.0 1.30 8200
Q 35.0 0.86 12500

2.3.3.1. Origin of the ESR signal

If the electron is in a magnetic field, the degeneracy of spin energy levels of electron
will be lifted, which can be represented by spin Hamiltonian [23],

Hs = gµBBSz (2.14)

Where, g is the "Lande g-factor" (g = 2.002), and µB is the "Bohr magneton", B is
the "magnetic field strength", and Sz is the z-component of the "spin angular mo-
mentum operator". The energy eigenvalues of the electron spin energy levels can
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be calculated by applying Hs to the electron spin eigen functions representing to
magnetic component ms = ± 1

2

Hs| ±
1
2
>= ±1

2
gµBB = E±| ±

1
2
> (2.15)

From this, energy eigenvalues can be written as

E± = ±1
2

gµBB (2.16)

Thus, the difference in energy between two levels can be given as

∆E = E+ − E− = gµBB (2.17)

The movement of an electron takes place between the two energy levels by either
absorption or emission of a photon with energy hν, where h is the Plank constant,
and ν is the photo’s frequency .

Hence, the above equation takes the form

∆E = gµBB = hν (2.18)

This is the fundamental equation in ESR spectroscopy. The splitting of energy
levels in magnetic field are shown in Fig. 2.7.

FIGURE 2.7: Schematic representation of splitting of spectral line in
the presence of magnetic field, modified after [24] (1967, Springer).

As the ESR sample is consisting of a collection of many paramagnetic species, so
that the following equation can write its statistical distribution according to Maxwell-
Boltzmann distribution,

N+

N−
= exp(−E+ − E−

kT
) = exp(− gµBB

kT
) = exp(− hν

kT
) (2.19)

In the above equation N+ and N− denote the number of paramagnetic centers oc-
cupying upper energy state and lower energy state, respectively, k is the "Boltzmann
constant" and T is the temperature.

For an X-band ESR spectrometer, the microwave frequency ν = 9.70 GHz is used.
The substitution of ν value in the above equation gives N+

N−= 0.99. This indicates
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that the upper state has a lower population than the lower state, which mean the
transition from the lower level to the higher level will happen more likely, and this
occurs via absorption (Fig. 2.8) of energy.

FIGURE 2.8: Schematic representation of ESR signal, modified after
[24] (1967, Springer).

As we know that N+= N− = N
2 , the population difference can be written as

N− − N+ =
NgµBB

2kT
(2.20)

This equation gives the information that the ESR sensitivity increases with the
total number of spins, N, increasing magnetic field strength, and decreasing tem-
perature. An absorption field is proportional to microwave frequency, which means
that the higher frequency band spectrometers have more sensitivity.

FIGURE 2.9: Photograph of electron spin resonance spectrometer.

The photograph of ESR spectrometer is shown in Fig. 2.9. It consists of a mi-
crowave source, cavity, magnet, sample holder, and detector diode. The microwaves
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are generated by a Klystron oscillator and passthrough a rectangular waveguide
to the attenuator. The power level is adjusted with the attenuator. The attenua-
tor transfers its output to the resonator in which the sample is placed. When the
radiation from the cavity has reflected the detector containing a diode that covers
the microwave power into electric current, it is then amplified and fed to a suitable
recorder. The circulator acts as a traffic circle through which microwaves are passed.
The magnetic field is swept across the resonance condition by varying the current
using the modulation coils mounted on the cavity walls. The amplified ESR signal
appeared as absorption and first derivative curves, as shown in Fig. 2.8.

2.4 Dielectric properties

The dielectric spectroscopy is used for the observation of electric dipoles present in
the sample. The dielectric spectroscopy can measure the permittivity as a frequency-
dependent at constant temperature and temperature-dependent permittivity at a
constant frequency. The dielectric spectroscopy is used for the bulk materials, de-
vices, thin-film analysis. These measurements can give information on permittivity,
conductivity, impedance, activation energy, and charge mobility. The same infor-
mation can be obtained from the LCR meter like dielectric spectroscopy, but the
frequency range is less, and some advanced parameters can be seen with dielectric
spectroscopy. The dielectric materials are basically non-conductors, and these are
two kinds that are relaxors and non-relaxors. The dielectric spectroscopy is sensitive
to dipolar as well as localized changes in the material; it finds their intensity, kinet-
ics, and interactions. The dielectric measurements will give the accurate transition
temperature in the material. The relative permittivity (εr or ε′) is ratio of permittivity
of a material ε(ω) to the permittivity of a free space(εo).

When applying the voltage to the sample, charges will accumulate at interfaces,
current will be measured, and it will convert as capacitance. The relative permit-
tivity will give as output by considering the sample’s thickness and area using the
mentioned equations 2.21, 2.22, and 2.23.

εr =
C
εo

d
A

(2.21)

C =
q
V

(2.22)

I =
q
t

(2.23)

Here, C is the capacitance, d is the thickness of the sample, A is the area of the
sample, t is the time, q is the accumulated charges, and V is the voltage applied to
the sample.

In the prepared composites, the TC of FE material is at 120 ◦C and the vari-
ation of ferrite material in FM−FE composites gives its effect on FE, which indi-
rectly explains the ME phenomena in composites. It can be explained by measuring
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FIGURE 2.10: Dielectric constant instrument photograph.

the temperature-dependent dielectic constant measurements at high temperatures
(range 30 ◦C - 1200 ◦C). The frequency dependent dielectric measurements can give
the information about the effect of ferrite on dipole moment of FE material.

The frequency dependent dielectric data were collected in the range of 1 Hz -
35 MHz at room temperature. The temperature-dependent dielectric measurements
were done in the range of 30 ◦C - 225 ◦C while heating, at the frequencies 1 kHz,
10 kHz, 50 kHz, 100 kHz, 500 kHz and 1000 kHz with 1 V applied ac voltage. The
dielectric measurements were done by using the Novocontrol impedance analyzer,
shown in the Fig. 2.10. These measurements were done on the circular shape pellets
with two sides painted by silver paste with the 15 mm diameter and 2 mm thickness
dimensions.

2.5 Raman Spectroscopy

Sir Chandrashekhara Venkata Raman has discovered Raman spectroscopy in the
year 1928. Raman effect occurs when light interacts with a molecule, atoms will
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vibrate symmetrically, and light wavelength will change. After interacting with the
sample with the laser, if the wavelength increases, then it is called "stokes," and if
it decreases, it is called "anti-stokes." Generally, the Raman spectrum measures the
stokes in the form of Raman shift ( 1

λ ) due to the intensity of the stokes is higher than
anti-stokes.

1
λ
=

1
λincident

− 1
λscattered

(2.24)

The number of vibrating modes for linear and nonlinear molecule are 3N-5 and
3N-6, respectively. While the atoms are vibrating in the molecule, if dipole moment
changes, then it is an IR active mode, and if polarizability changes, then it is a Raman
active mode. The Raman spectrum returns in symmetric vibrations of molecules. In
the Raman spectrum, each peak corresponds to one kind of vibration of a molecule
in the material.
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FIGURE 2.11: Schematic representation of Raman spectroscopy, mod-
ified after [25] (2003, Elsevier).

The Raman spectroscopy is used to see the molecular structure of a material. In
the composites, ferrite material vibrations may be affected by ferroelectric material,
and vice versa; these effects will be studied by Raman spectroscopy.

In the present work, the Raman spectrums of single-phase NFO, BTO, and com-
posites were seen using the instrument Scanning Near field Optical Microscopy
(SNOM) made by the Renishaw inVia micro-Raman microscope. In the SNOM Nd:
YAG, 532 nm laser was used with a back scattering geometry equipped in the confo-
cal Raman microscope spectrometer. The scattered rays were detected with a charge-
coupled device (CCD) detector (model alpha 300 of WiTec, Germany) using a 100X
objective lens (Olympus). A schematic representation of the Raman instrument is
shown in Fig. 2.11.

The Raman measurements were carried out for single-phase and composite sam-
ples. The Raman data were collected at different temperatures pertaining to different
FE phases of BTO, i.e., "tetragonal" (300 K), "orthorhombic" (230 K), and "rhombohe-
dral" (150 K).
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2.6 Ferroelectric properties

It is a well-known fact that FE materials have spontaneous "polarization", and it will
be polarized by applying sufficient electric field. While using the electric field, the
domain orientation and switching happen in the individual grains of material. A
continuous application of the electric field at a specified frequency by measuring
the "polarization" will give the electric hysteresis loop. From the hysteresis loop,
"remanent polarization" (PR), "saturation polarization" (PS), and "coercive electric
field" (EC) parameters were extracted, and these parameters give the information of
FE domains, domain boundaries, domain orientation, domain switching, etc.

The polarization versus electric field (P-E) loops were obtained using an ad-
vanced FE test system of aixACCT system GmbH, Germany on circular pellets (slabs)
of diameter 10 mm thickness 1 mm, approximately. The prepared samples were
taken for hysteresis loops by applying the electric field at 1 Hz frequency.



37

Bibliography

[1] Y. S. Koo, K. M. Song, N. Hur, J. H. Jung, T. H. Jang, H. J. Lee, T. Y. Koo, Y. H.
Jeong, J. H. Cho and Y. H. Jo, Appl. Phys. Lett. 94, 032903 (2009).

[2] M. Veith, S. Mathur, N. Lecerf, V. Huch and T. Decker, J. Sol–Gel Sci. Technol.
15, 145 (2000).

[3] G. Vaidyanathan, S. Sendhilnathan and R. Arulmurugan, J. Magn. Magn.
Mater. 313, 293 (2007).

[4] M. Deluca, C. A. Vasilescu, A. C. Ianculescu, D. C. Berger, C. E. Ciomaga, L. P.
Curecheriu, L. Stoleriu, A. Gajovic, L. Mitoseriu and C. Galassi, J. Eur. Ceram.
Soc. 32, 3551 (2012).

[5] M. P. Pechini, Method of preparing lead and alkaline earth titanates and nio-
bates and coating method using the same for a capacitor, U.S. Patent No.
3330697; (1967).

[6] W. J. Dawson, Am. Ceram. Soc. Bull. 67, 1673 (1988).

[7] G. H. Haertling, J. Am. Ceram. Soc. 82, 797 (1999).

[8] Y. Xie, S. Yin, T. Hashimoto, H. Kimura and T. Sato, J. Mater. Sci. 44, 4834
(2009).

[9] R. M. German, Powder metallurgy and particulate materials processing, 2005.

[10] Y. Liu, Y. Wu, D. Li, Y. Zhang, J. Zhang and J. Yang, J. Mater. Sci.: Mater.
Electron. 24, 1900 (2013).

[11] V. Gorige, R. Kati, D. H. Yoon and P. S. Anil Kumar, J. Phys. D: Appl. Phys. 49,
405001 (2016).

[12] M. T. Buscaglia, M. Bassoli and V. Buscaglia, J. Am. Ceram. Soc., 88, 2374
(2005).

[13] Z. Zhang, Y. Liu, G. Yao, G. Zu, X. Zhang and J. Ma, Physica E 45, 122 (2012).

[14] A. Aytimur, S. Kocyigit and I. Uslu, J. Inorg. Organomet. Polym. 24, 927 (2014).

[15] M. F. C. Ladd and R. A. Palmar, Structure Determination by X-ray Crystallog-
raphy, New York: Plenum Press (1985).

[16] H. M. Rietveld, Acta Cryst. 22, 151 (1967).



38 BIBLIOGRAPHY

[17] H. M. Rietveld, J. Applied Cryst. 2, 65 (1969).

[18] P. Singh , A. Sil, M. Nath and S. Ray, Physica B 405, 649(2010).

[19] C. R. Brundle, C. A. Evans and S. Wilson, Encyclopedia of materials character-
izations, Manning Publications Co. (1992).

[20] J. Shen, Y. Bai, J. Zhou and L. Li, J. Am. Ceram. Soc. 88, 3440 (2005).

[21] E. Gupta, R. R. Yadav and M. Sharma, Int. J. Softw. 2, 124 (2014).

[22] C. S. Sunandana, Bull. Mater. Sci. 21, 1 (1998).

[23] P. H. Rieger, Electron Spin Resonance: Analysis and Interpretation, The Royal
Society of Chemistry, (2007).

[24] T. H. Wilmshurst, Electron spin resonance spectrometers, Springer, (1967).

[25] J. R. Ferraro, K. Nakamoto and C. W. Brown, Introductory Raman spec-
troscopy, 2nd edition, Elsevier, (2003).



39

Chapter 3

Preparation and characterization of
NFO−BTO composites

The sample’s phase purity, density, and microstructure are essential characteriza-
tions for observing the promising ME coupling in composites. The physical prop-
erties (viz., structural, magnetic, electric, dielectric etc.) of the sample are highly
influenced by ME coupling’s strength between the two ferroic component materials.
The minute impurity may act as a dead layer at the hetero-grain interface and can
significantly modify the mentioned physical properties. Therefore, it is essential to
characterize the samples structurally by analyzing the phase of the individual com-
ponents as well as composites. Also, ME coupling strength between magnetic and
FE grains will not be promising if porosity is present in the composite. Therefore,
ME coupling depends on the microstructure of the composite. Hence, it is necessary
to examine the grain growth of the prepared samples. Certainly, the ratio of the con-
stituent phases in the composite and their percolation is also a vital issue to ascertain
the ME coupling.

In this chapter, the preparation of the single-phase materials and composites was
discussed. The prepared samples were characterized by XRD to know the phase pu-
rity of the single-phase as well as composites. The refinement was done for the XRD
patterns to see the variation in structural parameters in the composites. The density
of the prepared samples was measured. The morphological characterizations were
carried out using FESEM in the BSE mode to know the phase separation in compos-
ites. The variation in the lattice parameters, density, and grain size was observed
and underlying mechanisms behind the variation of these parameters as a function
of phase content was explained.

3.1 Sample preparation

The polycrystalline single-phase NFO and BTO were prepared by the standard SSR
technique using ("Sigma Aldrich chemicals") NiO (99.99% purity), Fe2O3 (99.98%),
BaCO3 (99.98%),and TiO2 (99.99%) respective components as starting compounds.
The ingredients of BTO and NFO were mixed separately with the stoichiometric
ratios. The mixed constituent powders were ground for several hours and measured
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the thermal gravimetric analysis (TGA) to know the reaction temperatures of the
ingredients.

Figure 3.1 shows the TGA plots of mixed NFO and BTO ingredients, measured
in the range of 50 ◦C to 950 ◦C. In the mixed powders, ingredients will react and
form the NFO and BTO phases, shown in the chemical equations 3.1 and 3.2. In
these plots, it was observed that decreasing the weight of the sample with respective
temperatures. It indicates that some chemical reaction between ingredients took
place. In the case of NFO ingredients, the chemical reaction taking place starting
from room temperature and becoming constant beyond 700 ◦C. It indicates the for-
mation of NFO at 700 ◦C. The NFO will form from the ingredients without any gas
evaporation [1]. In the case of BTO ingredients, a hump was observed at 700 ◦C. The
hump in the TGA plots indicates weight loss in the constituents [2]. The chemical re-
action was taking place in the BTO, starting from room temperature, and the hump
is observed at 700 ◦C, which corresponds to the carbon dioxide gas release. In the
case of BTO, decrement in the weight is continuing till 950 ◦C. It was confirmed that
it is necessary to heat the sample beyond 950 ◦C to form the single phase BTO.

BaCO3 + TiO2 −→ BaTiO3 + CO2 ↑ (3.1)

Fe2O3 + NiO −→ NiFe2O4 (3.2)
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FIGURE 3.1: The thermal gravimetric analysis plot of NFO and BTO
compounds.

The mixed component powders were ground for several hours and then made
subsequent calcinations at various temperatures starting from 1000 ◦C to 1250 ◦C. At
each intermediate grinding and heating, the samples were characterized by the XRD
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to know the phase formation. Finally, BTO and NFO single-phase materials were ob-
tained at 1200 ◦C for 8 hours and 1100 ◦C for 4 hours annealing, respectively. These
single-phase materials were further ground and heated at higher temperatures 1250
◦C, and 1300 ◦C for better purity and density. The preparation process of single-
phase materials was shown in Fig. 3.2 as a flowchart.

Mixing in agate mortarBaCO3/NiO TiO2/Fe2O3

Calcination 1000 ◦C, 4 h

Calcination 1100 ◦C, 4 h

Calcination 1200 ◦C, 8 h

Calcination 1250 ◦C, 8 h

Calcination 1300 ◦C, 8 h

BaTiO3/NiFe2O4

grinding, 4 h

grinding, 2 h

grinding, 1 h

grinding, 1 h

grinding, 0.5 h

FIGURE 3.2: A flow chart for the preparation of single phase BTO and
NFO samples.

After confirming the single-phase materials by XRD, composites were prepared
by considering the single-phase materials as per (x)NFO + (1-x)BTO; x = 0 to 1 with
0.1 difference (here, x is a molecular weight ratio). The samples were made into
circular shape pellets by applying 2.5 tons pressure for 5 minutes and sintered at
1350 ◦C. Before pelletizing the samples, 2% polyvinyl alcohol, a binding reagent,
was added to the powders. After pelletizing, the samples were heated at 300◦ for
20 minutes to evaporate the binder. The preparation process of composite samples
was shown in Fig. 3.3 as a flowchart. The prepared pellets of x = 0 to 1 composite
samples sintered at 1350 ◦C is shown in Fig. 3.4. The characterization of composites
is given in the next section.
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(x)NFO+(1-x)BTO
x = 0 to 1 with 0.1 difference

BaTiO3 NiFe2O4

add PVA 2%

Sintering 1350 ◦C, 8 h

Composite
(x)NFO+(1-x)BTO

grinding, 0.5 h

grinding, 0.5 h

FIGURE 3.3: A flow chart for the preparation of composite
(x)NFO+(1-x) BTO composite materials.

FIGURE 3.4: The pellets of NFO−BTO composites for x = 0 to 1, sin-
tered at 1350 ◦C.

3.2 X-ray diffraction

Figures 3.5 show the XRD patterns of NFO and BTO samples, annealed at 1000 ◦C,
1100 ◦C, 1200 ◦C, 1250 ◦C and 1300 ◦C temperatures. While preparing the single-
phase materials, characterization was done at each intermediate heating. It was ob-
served that peaks corresponding to ingredients phases gradually found to decrease
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and completely disappear at certain heating temperatures; finally, the peaks cor-
responding to the single-phase were present. The single-phase NFO and BTO are
formed at heating temperatures of 1100 ◦C and 1200 ◦C, respectively, from the re-
spective ingredients. The single-phase of compounds were confirmed from the XRD
pattern without any secondary phase peaks. Basically, XRD can measure the 95%
phase purity of the sample. The single-phase materials (heated 1200 ◦C) were re-
acting in composites, which means that the ingredients do not react completely to
form the single-phase materials. This problem was overcomed by heating the single
materials at higher sintering temperatures. Also, the sample heated at higher tem-
peratures will give a higher density. For the observation of ME coupling phenomena
in the composites, it is necessary to have single-phase materials without any reaction
between them.
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FIGURE 3.5: The x-ray diffraction patterns of (a) NFO and (b) BTO
annealed at different temperatures.

The XRD patterns are shown in Fig. 3.6 of NFO−BTO composites, which are
sintered at 1350 ◦C, these measurements were carried out on a circular shape pellets
at room temperature. The data were collected by taking the ratio of FWHM of the
diffraction peak and step-size. This ratio is found to be 5, which is an agreement
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FIGURE 3.7: The x-ray diffraction (experimental, Rietveld refined)
patterns of a typical (x = 0.5) composite sample.

parameter for quality data acquisition by any diffractometer. Nevertheless, in com-
posites, the third phase’s scope is certainly possible. Also, a systematic variation
of intensity of the XRD peaks of individual with increasing NFO content (x) ensures
the existence of clear phase separation between constituent phases. The single-phase
BTO crystallizes P4mm space group with perovskite "tetragonal" crystal structure
and was confirmed when it is compared with ICDD file No. 98-015-4343. In the
single-phase BTO, all the diffraction peaks were splitted into doublets other than
(111) and (222) peaks. These doublets in the "tetragonal" structure of BTO are corre-
sponding to the a, c− domains. The single-phase NFO crystallizes Fd3c space group
with inverse spinel cubic crystal structure and was confirmed when it is compared
with ICDD file No. 98-019-5820. In the single-phase NFO and BTO, all peaks corre-
spond to the NFO and BTO, respectively, and there is no third phase peak, and all
corresponding phase diffraction peaks are represented with (hkl) planes. In the com-
posites, ratios between unknown peak intensities and the known phase’s maximum
peak intensity are less than 1%. Therefore, it confirms that there is no third phase
exists in the composites.

3.2.1 Rietveld Refinement

Rietveld refinement was employed to refine all the samples XRD data using the High
score plus software. The pseudo-Voigt profile fitting function was used to fit the
peaks. The GOF and weight profile (Rwp) parameter values for all the samples was
found to be less than 2 and 10, respectively, which are acceptable ranges for a good
profile fitting. The refined parameters were given in Table 3.1.
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3.2.2 Lattice parameters
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FIGURE 3.8: The variation of lattice parameters of NFO and BTO
phases in composites as a function of NFO content (x) (dotted line

is the guide to eye).

The single-phase material’s lattice parameters are found to be a = b = 3.9938 Å,
c = 4.0330 Å and a = b = c = 8.3357 Å for BTO and NFO, respectively. The obtained
values are found to match well with reported values [3, 4]. The variation in the lattice
parameters as a function x are shown in Fig. 3.8 and are tabulated in Table 3.1. The
unit cell of the BTO was found to be expanding along a, b directions and reduction
in c direction. Ultimately, the tetragonality (c/a ratio) of BTO was suppressed with
ferrite phase increment in composites as shown in Fig. 3.9, whereas Verma et al [5]
showed the enhancement in tetragonality with ferrite phase. The unit cell of the
NFO was found to expand in all directions. Finally, it is clear for 3.10 the volume
of BTO was decreased, and the volume of NFO was enhanced. While NFO content
is increasing in composite, NFO unit cell is expanding by suppressing the BTO unit
cell.
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FIGURE 3.9: The variation in tetragonality of BTO phases in compos-
ites as a function of NFO content (x) (dotted line is the guide to eye).
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FIGURE 3.10: Volume of BTO and NFO in NFO−BTO composites
(dotted line is the guide to eye).

The lattice mismatch values between NFO and BTO grains at the grain interface,
when c, c + a and a-domains were found to be 3.2%, 3.7% and 4.2%, respectively.
Since the BTO changes its structure from "tetragonal" to "cubic" at 120 ◦C and con-
tains only "a-domains" in cubic phase. Above 120 ◦C, the lattice mismatch between
NFO and BTO grains is found to be around 1.1%. Therefore, the lattice mismatch
between NFO and BTO cannot exceed 4.2% in any case. This lattice mismatch value
is found to be sufficiently small for an efficient strain transfer across the hetero-grain
interface [6].

3.2.3 Phase percentage

The phase fractions in the composites were calculated by considering the maximum
intensity peaks of each phase, i.e. (101) and (311) planes for BTO and NFO, respec-
tively, using the equations 3.3 and 3.4 [5];

PB% =

[
IB
101

IB
101 + IN

311

]
× 100 (3.3)

PN% =

[
IN
311

IB
101 + IN

311

]
× 100 (3.4)

where, PB and PN are the percentage of phases in composites. The IB
101, IN

311 are the
intensities of the BTO (101) and NFO (311) diffraction peaks, respectively. The cal-
culated phase percentages are given in Table 3.2. The calculated phase percentages
for the BTO and NFO were found to almost in agreement with the nominal phase
percentages. This further confirms the phase purity and accuracy in maintaining the
percentage of constituent phases in the composites of the present investigation.
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TABLE 3.2: The phase percentage (PB,PN), x-ray density (ρxrd), exper-
imental density (ρexp), percentage of density (ρ%) and percentage of
porosity (P%) values of NFO - BTO composites for different x values.

x PB(%) PN(%) ρxrd (g/cm3) ρexp(g/cm3) density(%) porosity(%)
0 100 0 6.019 5.283 87.8 12.2

0.1 95 5 5.957 5.510 92.5 7.5
0.2 86 14 5.893 5.437 92.3 7.7
0.3 76 24 5.828 5.305 91.0 9.0
0.4 67 33 5.763 5.229 90.7 9.3
0.5 55 45 5.700 5.014 88.0 12.0
0.6 46 54 5.634 5.056 99.7 10.3
0.7 31 69 5.569 5.046 90.6 9.4
0.8 25 75 5.504 5.057 91.9 8.1
0.9 10 90 5.440 4.973 91.4 8.6
1 0 100 5.376 4.898 91.1 8.9

3.3 Density

The density of the samples will depend on the preparation method and sintering
temperature used. For ME composites, the quality of the samples is to be at least
85% [7, 8]. The density of the prepared samples was in the acceptable range, and
hence the transfer of the strain between heterograins is expected and resulting in a
promising ME coupling. Additionally, the dielectric property is also required ade-
quate density for the samples.

3.3.1 The theoretical x-ray density

The theoretical x-ray density (ρxrd) was calculated using the formula,

ρxrd =
mw × Nm

V × NA
(3.5)

here, mw, Nm, V and NA are the molecular weight, number of molecules per unit
cell, volume of the unit cell and Avagadro’s number, respectively. The calculated
ρxrd values are given in Table. 3.2. It is interesting to know that the density value of
BTO and NFO were found to be in agreement with the data mentioned in ICDD files
(BTO :98-015-4343) and (NFO : 98-019-5820), respectively [9, 10]. The values were
found to decrease with increase of NFO content (x) in the composites, which is quite
logical and expected based on the density values of BTO and NFO.

3.3.2 The experimental (bulk) density

The experimental density (ρexp) of the samples are measured by the Archimede’s
principle,

ρexp =

[
Wdry

Wdry −Wwet

]
× ρl (3.6)
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here, Wdry and Wwet are the weights of the sample in air and water, respectively. The
room temperature water density (ρl) is taken as 0.994 g/cm3 [11]. The measured
ρexp values are given in Table. 3.2 and these values were found to be decrease with
increment of NFO content (x) in the composites. The measured bulk density varia-
tion with x was found to be in agreement with the x-ray density values. The values
of ρexp were found to be less compared to ρxrd. It gives a hint that the porosity is
existing in the samples.

3.3.3 The percentage of density

The percentage of density (ρ%) was calculated by the formula given below,

ρ% =
ρexp

ρxrd
× 100 (3.7)

The calculated ρ% values are given in Table. 3.2 and these values are found to vary
randomly with increment of NFO content (x) in the composites. However, ρ% values
of the prepared samples were found to be approximately 90% to theoretical density.

3.3.4 The percentage of the porosity

The percentage of the porosity (P %) was calculated by the equation,

P% =

[
ρxrd − ρexp

ρxrd

]
× 100 (3.8)

The calculated P% values are shown in Table. 3.2. The prepared samples have pores
in between the grains, and the porosity was found to be approximately 10%. This
porosity was also evidenced by the FESEM images, will be discussed in the next
section.

3.4 Scanning electron microscopy analysis

The surface morphology, microstructure, and composition of the samples will be in-
vestigated by FESEM in the BSE mode. Figure 3.11 shows the BSE images of all the
composites. In the BSE images, FE material grains were seen as bright, and FM ma-
terial grains are dark. In the previous reports [12, 13], the FESEM images were taken
in BSE mode for ferrite−FE composites to know the distribution of individual grains
in composites. The atomic number of Ba atom in the FE material is 56; the atomic
number of Ni and Fe atoms present in the FM material is 26 and 28, respectively. A
well-known fact that the number of backscattered electrons reaching to the detector
is proportional to the atomic number [12]. Ultimately, BTO shows bright and NFO
revealing a dark contrast difference in the prepared NFO−BTO composite samples.
The NFO grains were agglomerated forming clusters in composites. The BTO grains
were found to be well separated and smaller in size compared to NFO grains.
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FIGURE 3.11: The back scattered scanning electron micrographs of
NFO - BTO composite samples for different x (=0-1). The inset shows
the grain size distribution histogram and the solid curve represents

Gaussian fit to the data.
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FIGURE 3.12: The average grain size values of NFO and BTO in com-
posites (dotted line is the guide to eye).

In x = 0.1 to 0.4 composites, NFO clusters are surrounded by BTO grains, that
means NFO clusters and BTO grains are connected with 0-3 connectivity in com-
posites. The average grain sizes of BTO and NFO were calculated in composites,
including single-phase materials. The average grain sizes were taken from fitting of
Gaussian function to the histogram of grain size values. These values were found to
be 1.5 to 0.8 µm and 1 to 0.5 µm of NFO and BTO, respectively. The grain size values
found to be decreasing with an increment of NFO content in composites, shown in
Fig. 3.12. This is due to lighter constituent atoms of NFO than BTO, thereby hin-
dering its grain growth. Moreover, increasing NFO content in the composite may
obstruct the atoms of BTO to form larger grains. The clustering ability of the NFO
is also increasing with the increment of NFO in composites. In the composites, a
clear contact interface between NFO and BTO hetero-grains was observed. This con-
firms that there is no chemical reaction between NFO and BTO grains in composites
during the sintering. It enables us to observe the promising ME coupling effect on
composites’ structural, magnetic, and electric properties thereby transferring strain
from BTO to NFO.

3.4.1 Energy dispersive x-ray analysis

It was confirmed from EDXS measurements that brighter grains correspond to BTO,
and darker grains represents the NFO. A typical plot in the case of x = 0.5 composite
is shown in Fig. 3.13. The EDXS gives the information that measured atomic weight
percentages are in close agreement with nominal atomic weight percentages of NFO
and BTO phases in composites and single phases.
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FIGURE 3.13: The EDXS spectrum of BTO (bright) phase and NFO
(dark) phase in the 0.5NFO+0.5BTO composite.

3.5 Chapter summary

The single-phase BTO and NFO samples were prepared successfully without any
impurity phases by heating at 1200 ◦C. The BTO and NFO phase formation was
started from 700 ◦C onwards. The XRD data confirms that the composite samples
are having no extra peak other than BTO and NFO. The composite samples were
prepared successfully with a negligible chemical reaction between them. A system-
atic lattice parameter variation was observed with NFO/BTO content variation in
composites. The bulk density values of the samples were found to be 90%. There
is a clear contact interface between NFO and BTO phases, which was confirmed
by FESEM measurements. The negligible chemical reaction, less lattice mismatch,
clear contact interface, and no dead layer between grains were established from the
present investigation to ensure the ME coupling phenomena in composites.
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Chapter 4

Structural properties of NFO−BTO
composites

The BTO has three different structures in FE phase with transitions from "rhombohe-
dral" to "orthorhombic" to "tetragonal" to "cubic" at 190 K, 280 K, and 393 K, respec-
tively [1]. The change in the structure of BTO in the FE phase will have an influence
on the NFO structural parameters and vice versa. These interdisciplinary structural
changes of the constituent phase, on the other, can be experimentally observed by
the XRD and Raman spectroscopy techniques by varying the temperature.

In this chapter, XRD and Raman measurements were carried out in different
structural phases of BTO. It was observed that changes in the structure of BTO in-
duce the lattice strain on the NFO structural parameters, cation distribution, and
magnetic properties, and the underlying mechanism was discussed.

4.1 Temperature-dependent x-ray diffraction

4.1.1 BaTiO3

The XRD measurements were carried out for single-phase BTO ( x = 0 ) at four dif-
ferent temperatures of BTO, viz., 150 K, 230 K, 300 K, and 570 K for "rhombohe-
dral", "orthorhombic", "tetragonal", and "cubic" structures, respectively. The XRD
patterns corresponding to the mentioned phases of BTO are shown in Fig. 4.1. At
first, the measured XRD data and peak positions at different temperatures were
compared with ICDD files. Remarkably, it was found that all the diffraction pat-
terns were found to match well with the corresponding phase ICDD files (with Nos:
98 - 009 - 5437, 98 - 007 - 3646, 98 - 006 - 6482, and 98 - 031 - 0174, respectively
for "cubic", "tetragonal", "orthorhombic" and "rhombohedral" phases of BTO). It is
also clear from the patterns that except 150 K (rhombohedral) data, no other XRD
patterns show secondary peaks. The XRD pattern measured at 150 K consist of ad-
ditional peaks other than BTO peaks and were marked with the # symbol in Fig.
4.1. The identified second phase corresponds to the crystalline ice (H2O) formed at
low-temperature (< 200 K). The secondary phase peaks were well analyzed by com-
paring the reported literature [2]. In the present investigation, the mentioned phase
arises due to vacuum-related issues in the instrument’s measurement chamber.
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FIGURE 4.1: (a) XRD patterns of BTO measured at 150, 230, 300 and
570 K temperatures and (b) enlarged view of the peak present at 2θ∼

45◦.

A careful observation of Fig. 4.1(b) reveals that the splitting of diffraction peaks
observed for the "tetragonal" and "orthorhombic" phase of BTO. The observation
clearly indicates the coexistence of lattice domains with different orientations (eg.,
a-domain and c-domains in tetragonal phase) [3].

10 20 30 40 50 60 70 80 90

(Rhombohedral)150 K
 Observed
 Calculated
 Difference
 Peak position

In
te

ns
ity

 (a
rb

. u
ni

ts
)

2  (degree)

(a)

10 20 30 40 50 60 70 80 90

(Orthorhombic)
(b)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

2  (degree)

230 K

10 20 30 40 50 60 70 80 90

(Tetragonal)
(c) 300 K

In
te

ns
ity

 (a
rb

.u
ni

ts
)

2  (degree)
10 20 30 40 50 60 70 80 90

(Cubic)
(d) 570 K

In
te

ns
ity

 (a
rb

. u
ni

ts
)

2  (degree)

FIGURE 4.2: The Rietveld refinement XRD patterns of BTO (x = 0) at
four different structural phases.

The Rietveld refinement was done for the measured XRD patterns of BTO by
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using High score plus software, and the refined patterns are shown in Fig. 4.2. The
refined structural parameters are given in Table 4.1. The refinement was done by as-
suming Pm3̄m, P4mm, Pmm2 and R3̄m space groups for the data measured at tem-
peratures 570 K, 300 K, 230 K, and 150 K, respectively. Residual indices and the
factor χ2, which is an indication of how good the fitted model accounts for the ex-
perimental data, are found to well within the acceptable range. The refined lattice
parameters from XRD analysis are shown in Fig. 4.3. The lattice parameters in the
four phases are in good agreement with literature [4, 5]. While cooling the sample
from above room temperature (570 K) to lower temperatures, cubic (a = b = c) BTO
structure undergoes structural change at 393 K thereby transforming into tetragonal
structure by elongating in c−direction and suppressing in a, b−directions, result-
ing in a = b 6= c. On further cooling the sample, the tetragonal structure under-
goes an orthorhombic structure as per the relation between the lattice parameters
a 6= b 6= c. Further cooling, makes the sample to transform from orthorhombic
structure to rhombohedral structure with a = b = c and α = β = γ 6= 90◦.
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FIGURE 4.3: The variation lattice parameters of BTO with respective
temperature (dotted line is the guide to eye).

TABLE 4.1: The Rietveld refined crystallographic parameters of BTO.

Temp.(K) a (Å) b (Å) c (Å) Rexp Rp Rwp GOF
150 4.00364 4.00364 4.00364 5.49 17.19 24.93 4.5
230 3.98685 4.01339 4.01904 5.61 11.69 15.51 2.8
300 3.99445 3.99445 4.03339 9.83 10.22 13.23 1.4
570 4.01005 4.01005 4.01005 9.28 08.90 10.90 1.2
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4.1.2 NiFe2O4

The XRD measurements were carried out for single-phase NFO (x = 1) at four dif-
ferent temperatures viz., 150 K, 230 K, 300 K, and 570 K for "rhombohedral", "or-
thorhombic", "tetragonal", and "cubic" structures, respectively. The XRD patterns
corresponding to the mentioned phases of BTO are shown in Fig. 4.4. The XRD
pattern was measured at different temperatures, and their peak positions were com-
pared with the ICDD file with number 98-024-6894. It was found that the measured
XRD data matches well with the cubic in structure. There are no secondary peaks
other than corresponding NFO peaks. The XRD patterns measured at 150 K con-
sist of secondary peaks corresponding to crystalline ice and are marked with the #
symbol in Fig. 4.4. The Rietveld refinement of the XRD data was done for the NFO
sample, and corresponding plots are shown in Fig. 4.6. The refined structural pa-
rameters are given in Table 4.2. The NFO crystallizes in "cubic" structure with Fd3̄m
space group. The variation of the lattice parameter of NFO with increasing temper-
ature is shown in Fig. 4.5, and it was found that the lattice parameter increases with
an increase in temperature. The increase in lattice parameters with an increment of
temperature is attributed to tensile stress [6, 7, 8]. The obtained lattice parameter
values are in concurrence with the reported values [5].
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FIGURE 4.4: The XRD patterns of NFO at obtained 150, 230, 300 and
570 K temperatures.
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TABLE 4.2: The Rietveld refined crystallographic parameters of NFO
sample at different temperatures.

Temp.(K) a (Å) Rexp Rp Rwp GOF
570 8.34738 2.57 1.62 3.38 1.31
300 8.33744 2.59 1.83 3.38 1.30
230 8.33478 2.60 1.79 2.78 1.1
150 8.33103 1.39 1.90 3.77 2.7
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FIGURE 4.5: The variation of lattice parameter of NFO with tempera-
ture (dotted line is the guide to eye).
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FIGURE 4.6: The Rietveld refinement patterns of NFO (x = 1) at mea-
sured different temperatures.
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4.1.3 BaTiO3 − NiFe2O4 composites

The XRD measurements of x = 0.2, 0.4, 0.6 and 0.8 composites were carried out at
four temperatures viz., 150 K, 230 K, 300 K and 570 K. The obtained patterns are
shown in Fig. 4.7. No diffraction peaks other than BTO and NFO were detected in
the patterns. With a view to obtaining more structural and lattice strain information
of these composites, the data were refined by using High score plus software. The
refined patterns are shown in Figs. 4.8 and 4.9 and the refined crystal parameters are
given in Table 4.3. The values of residual parameters were found to be within the
acceptable limit. The refined lattice parameters for BTO and NFO phases in com-
posites at four different temperatures were obtained and are tabulated in Table 4.3.
The lattice parameters of BTO and NFO in composites were found to be higher com-
pared to end compounds (individual phases). The lattice parameters were found to
increase with an increase in temperature for both BTO and NFO phases in compos-
ites. The observed behavior may be attributed to the enhanced tensile stress in the
samples [6, 7, 8]. In fact, due to the same reason, the unit cell volume of these phases
is increasing.
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FIGURE 4.7: The XRD patterns of NFO −BTO for x= 0.2, 0.4, 0.6 and
0.8 composites at 150 K, 230 K, 300 K and 570 K temperatures.
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TABLE 4.3: The Rietveld refined crystallographic parameters of NFO
−BTO composites for x = 0.2, 0.4, 0.6 and 0.8 at different tempera-

tures.

x T(K) BTO NFO Rexp Rp Rwp GOF
a (Å) b (Å) c (Å) a (Å)

0.2 570 4.0107 4.0107 4.0107 8.3459 6.84 6.59 9.97 1.5
300 3.9985 3.9985 4.0264 8.338 7.20 4.84 7.10 1.1
230 3.9901 4.0086 4.0194 8.3340 3.74 6.22 8.49 2.3
150 4.0049 4.0049 4.0049 8.3319 3.73 7.18 13.24 3.5

0.4 570 4.0111 4.0111 4.0111 8.3467 5.62 4.86 7.16 1.3
300 3.9981 3.9981 4.0284 8.3389 5.71 4.25 6.40 1.1
230 3.9903 4.0102 4.0201 8.3361 3.01 4.01 5.70 1.9
150 4.0057 4.0057 4.0057 8.3337 3.02 6.25 11.15 3.7

0.6 570 4.0105 4.0105 4.0105 8.3449 4.27 3.06 4.93 1.2
300 3.9978 3.9978 4.0275 8.3374 4.31 2.94 4.62 1.1
230 3.9904 4.0100 4.0193 8.3348 2.27 2.60 3.71 1.6
150 4.0047 4.0047 4.0047 8.3318 2.29 4.42 7.91 3.4

0.8 570 4.0108 4.0108 4.0108 8.3452 3.32 2.12 3.67 1.1
300 3.9985 3.9985 4.0275 8.3378 3.34 2.17 3.75 1.2
230 3.9909 4.0106 4.0192 8.3350 1.76 1.78 2.52 1.4
150 4.0051 4.0051 4.0051 8.3321 1.77 2.25 3.53 2.0
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FIGURE 4.8: Rietveld refined XRD patterns of NFO−BTO for x = 0.2
composite at different temperatures.
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FIGURE 4.9: The Rietveld refined XRD patterns of NFO −BTO for x
= 0.4, 0.6 and 0.8 composite at different temperatures.
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4.1.4 Lattice strain

With a view to invest the effect of lattice strain from BTO on the NFO phase, the
volume strain of the BTO and NFO was calculated by using unit cell volumes for
the distinct structural phases of BTO. The Vc, VT, VO, and VR are the unit cell vol-
umes in "cubic", "tetragonal", "orthorhombic", and "rhombohedral" phases of BTO,
respectively. The following formula gives the percentage of volume strain,

Strain% =
∆V
Vc

=
Vc −V

Vc
× 100 (4.1)

The calculated strain values in percentage were given in Table 4.4. The percentage
of strain generated in BTO was found to increase with a decrease in temperature,
i.e., the structure of BTO changes from "cubic" to "tetragonal" to "orthorhombic" to
"rhombohedral". The percentage of lattice strain in BTO is small compared to the
NFO phase. That means, a considerable strain from BTO influences the NFO lattice
and hence considerable change in physical properties of NFO are expected.

TABLE 4.4: The lattice strain (× 10−4) values of NFO−BTO compos-
ites for x = 0, 0.2, 0.4, 0.6, 0.8 and 1 samples at different temperatures,

corresponding to different ferroelectric phases of BTO.

HH
HHHHT(K)

x
0 0.2 0.4 0.6 0.8 1

BTO BTO NFO BTO NFO BTO NFO BTO NFO NFO
150 16.0 14.5 16.8 13.6 15.6 14.0 15.9 14.3 15.7 19.6
230 9.1 11.5 14.2 10.6 12.6 9.4 12.0 9.9 12.2 15.1
300 6.5 7.2 9.5 7.3 9.3 6.6 9.0 6.7 8.8 11.9

4.1.5 Cation distribution

To understand the effect of the lattice strain of BTO on the physical properties of
NFO, the cationic arrangement between "tetrahedral" and "octahedral" sites of NFO
is crucial. Therefore, the cation distribution of NFO has been estimated from the in-
tensities of the XRD pattern of the selected reflections. In this case, (220), (400), and
(440) planes were considered to calculate the cation arrangement in NFO [9]. These
planes’ intensity ratios were calculated theoretically and compared with experimen-
tally measured intensity ratios based on the following relation.

Iexp
hkl

Iexp
h′k′ l′

=
Ical
hkl

Ical
h′k′ l′

(4.2)

Here, Iexp
hkl , Ical

hkl are the experimental and theoretical intensities of corresponding (hkl)
plane. Theoretical intensities were calculated by following procedure [9, 10, 11].

Ical
hkl = |Fhkl |2NLp (4.3)
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Here, |Fhkl |, N and Lp are the "structure factor", "multiplicity factor" and "Lorentz
polarization factor". The multiplicity factor values were taken from the literature
[12]. Lorentz polarization factor was defined as

Lp =
1 + cos22θhkl

sin2θhklcosθhkl
(4.4)

Here, θhkl is XRD angle of corresponding (hkl) plane. The structure factor can be
define as

Fhkl = ∑ f .e−M (4.5)

Here, e−M is the Debye–Waller factor, f is the scattering factor and it is defined as

∑ f =
3

∑
i=1

aie
−bi sin2θhkl

λ2 + c (4.6)

Here, a, b and c are considered from the international crystallographic tables [13]. λ

is a wave length of x-rays. In the Debye−waller factor, M can be defined as

M =
6h2T
mkθ2

D
[ψ(x) +

x
4
]
sin2θ

λ2 (4.7)

Here, h, T, k, θD, x, are the Plank’s constant, temperature at which the measurement
is made, Boltzmann constant, Debye temperature and x = θD

T , respectively. The m
can be defined m = A

NA
, A, NA are atomic weight and Avagadro’s number, respec-

tively. In the above equation, ψ(x) + x
4 was calculated by using the procedure given

by James in his book [10]. The Debye temperature values were taken as 378 K and
357 K for A and B sites, respectively [14].

The cation distribution (y) of the prepared samples was calculated using the mea-
sured XRD data at different temperatures [9, 10, 14]. It was found that the value of
y is found to be zero. It indicates that the Ni ion percentage in the tetrahedral site
found to be zero in the NFO crystal structure. That means the Ni ions are present
only in the octahedral site.

[NiyFe1−y]T[Ni1−yFe1+y]OO4 (4.8)

Ni ion percentage at tetrahedral site has zero (i.e. y = 0)

[Ni0Fe1−0]T[Ni1−0Fe1+0]OO4 (4.9)

[Fe]T[NiFe]OO4 (4.10)

The calculated magnetic moment based on the above cation distribution is 2 µB/ f .u.,
which is in concurrence with reported in the literature [9]. The magnetic moment
value calculated from XRD will be compared with the magnetic moment calculated
from magnetization measurements in the next chapter of the thesis.



4.2. Raman spectroscopy 65

4.2 Raman spectroscopy

4.2.1 BaTiO3

The Raman spectroscopic analysis is an excellent technique to study the structural
and vibrational phononic information of atoms, thereby predicting the nature of
the physical properties. The single-phase BTO exhibits fifteen Raman vibrational
modes. Seven vibrations are infrared active (3A1 + 4E) and eight vibrations are Ra-
man active (3A1 + B1 + 4E) [15]. In the present investigation, the possible Raman
modes are schematically represented and are shown in Fig. 4.10.

A1(TO1) A1(TO2)
A1(TO3) B1

E(TO1)
E(TO4)E(TO3)E(TO2)

y

z

x Ba Ti O1 O2

FIGURE 4.10: The schematic representations of possible vibrational
Raman modes of atoms in BTO, modified after[15](2015, Chinese

Chemical Society).

The A1(TO1), B1 modes represent the atomic vibrations in z−direction and E
mode represents in x, y−directions. The A1(TO1) mode refers that the Raman shift
arising due to the vibration of six oxygen atoms and titanium atom when the barium
is fixed [15]. The A1(TO2) mode refers to the Raman shift arising due to O1 atom and
titanium atom vibrations with respect to O2 atoms [15]. The A1(TO3) mode refers
to the Raman shift arising due to the vibration of six oxygen atoms; titanium atom
is vibrating opposite to the barium atoms [15]. The B1 mode refers to the perpen-
dicular plane of O2 atoms are vibrating against each other [15]. The E(TO1) mode
refers to the Raman shift arising due to six oxygen atoms, and the titanium atom is
vibrating opposite to the barium atoms in y−direction [15]. The E(TO2) mode rep-
resents the Raman shift due to oxygen atoms and titanium atom vibrating opposite
to the barium atoms in the x−direction. The E(TO3) and E(TO4) modes arise due to
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two of the O2 atoms that are vibrating concerning O1 atoms in the y, x−directions,
respectively [15].
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FIGURE 4.11: The vibrational Raman spectrum of BTO (x = 0) sample
at different temperatures and the solid red line represents the decon-

voluted specral peaks fitted with Lorentzian curve.

In the present investigation, the Raman spectrum of BTO was obtained at three
different FE phases of BTO at the temperatures 150, 230, and 300 K, shown in Fig.
4.11a. The single-phase BTO exhibits the seven Raman active modes, which are
E(TO2), A1(TO1), B1, E(TO3), E(TO4), A1(TO2) and A1(TO3) at 190, 251, 310, 351, 486,
529 and 717 cm−1 respectively. The observed peak positions of the Raman modes
are in concurrence with the earlier reported data [16]. Generally, the peak position
represents the energy associated with the vibrating atom with corresponding fre-
quency (Raman shift), which is supplied here in the form of photon energy [17]. The
A1(TO1) mode is showing a shift in the frequency towards the lower frequency side
with decreasing the temperature, which indicates the decrease in tensile stress in the
mode direction [18, 19]. The B1 and A1(TO2) modes are showing a shift in the fre-
quency for the higher frequency with decreasing the temperature, which attributes
the compressive stress in the mode direction. In the E(TO2), E(TO4), and A1(TO3)
modes, there is no significant shift in frequency with temperature. The E(TO4) mode
is not present in the Raman spectrum measured at 300 K; however, it appears for 230
K and 150 K temperatures. This observation is signifying a clear structural change
in the BTO with a change in temperature [20].

A small and broad peak observed at 650 cm−1 originates from the hexagonal
phase of BTO, which was observed at the 230 K and 150 K temperature. It becomes
significant with the decrease in temperature [20, 21]. A negligible percentage of the
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BTO has the hexagonal structure; high sensitivity Raman spectroscopy detects the
small percentage hexagonal structure of BTO.

With a view to understand the different vibrational modes in different FE phases
of BTO, Raman spectrums of BTO are deconvoluted with the Lorentzian curve fit-
ting. The best-fit curves for the data measured at 150 K, 230 K, and 300 K are pre-
sented in Figs. 4.11b, c, and d, respectively. The best-fit parameters, such as mode
frequency and FWHM are given in Tables 4.5 and 4.6, respectively. The FWHM of
a mode represents phonon lifetime, i.e., FWHM varies inversely with the phonon
lifetime [22]. The FWHM of E(TO2), A1(TO1), B1, E(TO3), and A1(TO2) modes are
decreasing with cooling the sample to the "rhombohedral" phase. There is no sig-
nificant change in FWHM of A1(TO3) mode with varying the temperature. A1(TO2)
and A1(TO3) modes are splitting, and these splitted peaks have a slightly higher fre-
quency than original modes. These splittings are because of local symmetry break-
ing due to strain at the domain boundaries [23].

4.2.2 NiFe2O4

The single-phase NFO exhibits the ten different modes of atomic vibrations. Five vi-
brations are infrared active (5T1u) and remaining five are Raman active (Ag+Eg+3T2g)
[24]. The Ag mode refers to the "symmetric" stretching of oxygen atoms along Fe-O
in the "tetrahedral" site [25]. The Eg refers to the "symmetric" bending of oxygen ions
in the "tetrahedral" site [25]. The 3T2g(1) mode refers to the translational motion of
metal atom along with oxygens in "tetrahedral" sites. The 3T2g(2) mode refers to the
"symmetric" stretching of oxygen atoms along Fe-O in the "octahedral" site. Finally,
the 3T2g(3) mode refers to the symmetric bending of oxygen atoms in the "octahe-
dral" site. The schematic representations of these modes and corresponding atomic
vibrations in NFO are shown in Fig. 4.12 [25, 26].

FIGURE 4.12: The schematic representation of the possible Raman
mode vibrations of single phase NFO, idea adapted from [25] (2012,

International Institute for the Science of Sintering).
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In the present investigation, the Raman spectrum of NFO was measured at three
different structural (FE) phases of BTO at 150 K, 230 K, and 300 K, to follow the
same protocol as it was done for BTO to compare the BTO and NFO−BTO com-
posites data, shown in Fig. 4.13a. The single-phase NFO exhibit five Raman active
modes, which are T2g(1), Eg, T2g(2), T2g(3) and A1g at 271, 332, 486, 576 and 703 cm−1,
respectively. The Raman spectra of NFO at different phases of BTO were deconvo-
luted by Lorentzian fitting [27], and best-fitted curves are shown in Figs. 4.13b, c,
and d, respectively. The best-fit Raman mode positions and FWHM values are given
in Table 4.7. In the single-phase NFO, FWHM and peak position was not varying
significantly. However, the T2g(2), Eg and A1g modes are showing a shift to a higher
frequency with cooling the sample, which corresponds to the compressive stress.
Some of the researchers explored similar behavior in nanoparticles and bulk NFO
[28]. The shoulder like behavior in (left side) T2g(2), A1g modes and in (right side) Eg

mode were attributed to the "octahedral" site occupancy of Ni2+ and Fe3+ ions [25].
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FIGURE 4.13: The Raman spectrum of NFO (x = 1) sample at different
temperatures and peak fittings are done with Lorentz curve.

4.2.3 BaTiO3 − NiFe2O4 composites

The Raman spectra of composites were obtained for different FE phases of BTO and
the corresponding plots are shown in Fig. 4.14. It was found that up to x = 0.6, the
Raman peaks corresponding to the NFO phase were not visible, and for x = 0.8 and
0.9, the Raman peaks corresponding to both NFO and BTO phases are visible. With
a view to know more insight into these measurements, the data were fitted with
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Lorentzian function, and best-fit curves for the compositions (x = 0.2, 0.8) are shown
in Fig. 4.15.
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The fitted curves corresponding to NFO and BTO modes are represented with
green and violet color peaks, respectively. In the composites, A1(LO3), A1(TO3),
E(TO1) modes were found to show a shift towards the lower frequency side with
increased NFO content in composites, whereas A1(TO2) peak shows a shift towards
higher frequency side. However, the Raman modes corresponding to NFO were
found to show no variation in the peak positions. The observed variations in peak
positions were attributed to the tensile and compressive strains released by the coun-
terpart phase in these composites [29, 30].
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FIGURE 4.15: The Raman spectra along with Lorentz fitting of NFO
− BTO samples for (a) x = 0.2 and (b) x = 0.8 at different temperatures.

4.2.4 Cation distribution

With a view to knowing the effect of lattice strain from BTO on the cation distri-
bution of NFO, the following analysis was done. Also, the obtained results were
corroborated the cation arrangement estimated from XRD data and the Raman data.
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It is known that the intensity ratio relation of A1g(3) and A1g(2) modes give the in-
formation about cation distribution between the "tetrahedral" and "octahedral" sites
in NFO. The cation distribution, in turn, will affect the magnetic properties [9],

y =
I(A1g(3))

I(A1g(3)) + I(A1g(2))
(4.11)

here, y represents the cation arrangement between the "tetrahedral" and "octahedral"
sites of mixed spinel ferrites.

[NiyFe1−y]T[Ni1−yFe1+y]OO4 (4.12)

Since the Raman modes corresponding to NFO are visible for x = 0.8, 0.9, and 1
samples, the data was analyzed only for these samples. Based on the estimated
cation distribution, the magnetic moment per formula unit was calculated for the
x = 0.8, 0.9, and 1 samples and are given in Table 4.8. The calculated values are
matching well with the magnetic moments calculated from magnetic measurements
in chapter 5.

Further, the peak shift can be realized quantitatively by calculating the vibrating
cation’s effective force constant. The effective force constant of the ions pertaining
to "tetrahedral" and "octahedral" sites of NFO was estimated for x = 1, 0.9, and 0.8
composite samples by the following equations [9],

kT = 7.62×MT × ν2
T × 10−3 (4.13)

kO = 10.62×MO × ν2
O × 10−3 (4.14)

here, kT, MT and νT are the force constant, molecular weight and frequency of A1g of
tetrahedral site, whereas the kO, MO and νO are the force constant, molecular weight
and frequency of Eg of "octahedral" site of NFO in composites.
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TABLE 4.8: The cation distribution, magnetic moment per formula
unit and the effective force constant values for x = 0.8, 0.9 and 1 sam-

ples.

x Temp. y µ νO νT MT MO kT kO
(K) (µB/ f .u.) (cm−1) (cm−1) (g/mol) (g/mol)

0.8 150 0.0313 2.19 335.77 705.66 55.929 114.444 2.122 1.370
0.8 230 0.0289 2.17 333.99 704.14 55.922 114.451 2.113 1.356
0.8 300 0.0230 2.14 332.97 701.67 55.906 114.467 2.097 1.348

0.9 150 0.0184 2.11 338.35 709.58 55.892 114.480 2.144 1.392
0.9 230 0.0200 2.12 335.75 705.38 55.897 114.476 2.119 1.337
0.9 300 0.0221 2.13 334.35 704.57 55.903 114.470 2.115 1.359

1 150 0.0594 2.36 332.65 703.40 56.009 114.364 2.112 1.344
1 230 0.0364 2.22 327.87 701.31 55.944 114.429 2.097 1.306
1 300 0.0154 2.09 329.94 699.64 55.884 114.489 2.084 1.324

The obtained parameters are given in Table. 4.8. It was observed that the "tetra-
hedral" site’s force constant values were increasing with temperature and were vary-
ing randomly with NFO content. The constant force values of the "octahedral" site
were not varying systematically. Since the constant force value is inversely propor-
tional to atoms’ bond length, it was understood that the cation distribution is not
sufficient to see the substantial changes in the parameters related to Raman data. A
detailed and deeper analysis with better sensitivity is required to see the substantial
changes in the present investigation.

4.3 Chapter summary

The variation of crystallographic parameters of the constituent phases, BTO and
NFO, was attributed to the strain that is pertaining to different FE phases of BTO in
composites. The Raman data shows the significant changes in peak positions, and
FWHM was also attributed to the structural changes of BTO. The estimated cation
distribution in "tetrahedral" and "octahedral" sites of the NFO phase supports the
results obtained from temperature-dependent x-ray diffraction data. The magnetic
moment per formula unit calculated from XRD and Raman was in correlation with
each other and in agreement with the values measured from magnetization data.
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Chapter 5

Magnetic properties of NFO−BTO
composites

The study of ME coupling phenomena in the two-phase particulate multiferroic ma-
terials by measuring ME coupling coefficient, particularly in NFO−BTO particulate
composites is a complicated process because of the leakage current caused by the
NFO. For measuring the ME coupling coefficient in these multiferroics, applying the
electric voltage to the sample for polling is unavoidable. Therefore, to circumvent
these difficulties, it will be interesting to obtain the same information alternatively.
It is believed that the temperature-dependent magnetic measurements of these sam-
ples would give the signature of strain-induced ME coupling phenomena [1].

This chapter demonstrates the significance of the strain-mediated ME coupling
phenomenon by performing the temperature-dependent magnetization and electron
spin resonance measurements. Also, magnetic hysteresis loops measured at differ-
ent temperatures representing to the different FE phases of BTO give a hint of the
ME coupling effect at the interface of ferrite−FE in composites. Also, to understand
the effect of BTO on the magnetic transition temperature of NFO, the temperature-
dependent magnetization measurements over a temperature range, 300-700 K was
performed. Also, to complement the magnetization measurements, the room - tem-
perature electron spin resonance measurements were carried out for all the samples,
and data were analyzed. The underlying mechanism responsible for "ME coupling"
in the NFO−BTO composites has been explained by analyzing composites’ magnetic
data.

5.1 Temperature dependent magnetization

5.1.1 Low-temperature regime (100 < T < 330 K)

Figure 5.1 shows the variation of magnetization with temperature (M-T) measure-
ments of NFO−BTO composites for x = 0.1 to 1 samples in the range, 100 - 330 K
with field cooling (FC) and field warming (FW) modes at 250 Oe applied magnetic
field. The M-T curves were found to show an enhancement in magnetization with
decreasing temperature, and the reason may be the reduction in spin fluctuations
in the NFO phase of composites at lower temperatures [1]. It is a well-known fact
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FIGURE 5.1: The temperature-dependent magnetization of NFO -
BTO composites for different x values.
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that the BTO exhibits structural transitions from "tetragonal" to "orthorhombic" and
"orthorhombic" to "rhombohedral" at 278 K and 190 K temperatures, respectively
[2]. Interestingly, the M-T curves show jumps for composite samples around 190 K
and 278 K, but no jumps in x = 1 sample, signifying the effect of BTO on the M-T
measurements. The observed jumps are found to match with the structural phase
transitions of BTO. The BTO possesses different strain states corresponding to the
different FE phases. During the phase transition, the strain generated in the BTO
will transfer from the FE phase to the magnetic phase via a hetero-grain interface.
Here strain acts as a driving force to reorient the magnetic moments present in the
magnetic grains. The strain transfer across the NFO−BTO interface becomes possi-
ble because of ME coupling that is present at the interface between BTO and NFO
grains.

The jumps are found to be significant in FC curves than the FW curves due to
irreversible thermal relaxation of the magnetic moments induced by temperature.
These jumps are gradually decreasing with a decrease in BTO content in the com-
posite; this indicates that the strain transfer across the heterograin is reduced. Usu-
ally, these jumps are very much prominent in heterostructured thin films [3], but
it isn’t easy to observe in polycrystalline materials, particularly in particulate com-
posites. It has become possible due to high-quality samples with a clear contact
interface without any dead layer in between NFO and BTO grains. Here, coupling
phenomena depends on the amount of strain generated in BTO transferred across
the hetero-grain. In the M-T curves, a hysteresis behavior was observed in between
FC - FW curves, a hysteric behavior increases with NFO concentration in the com-
posite due to the "magnetic anisotropy" caused by the different domain orientation
configurations with minimum energy [1].

5.1.2 High-temperature regime (30 < T < 700 ◦C)

Figure 5.2 shows the M−T measurements for x = 0.1 to 1 at an applied magnetic field
of 250 Oe. The data was collected in heating mode. It is quite visible from the figure
that the hump was observed at around 420 ◦C temperature in all the composites
(marked with dotted line in Fig. 5.2). This hump was found to be significant in
NFO rich composites, which ensures that the hump is originating from the NFO and
it is due to the thermally activated electron hopping between Fe+2 and Fe+3 in the
"octahedral" sites of NFO unit cell [4, 5, 6]. Subsequently, when the temperature is
decreased further, a kink was observed at 120 ◦C in some samples (marked with
arrow symbol in Fig. 5.2), which corresponds to the structural phase transition of
BTO from "tetragonal" to "cubic" phases. However, this kink was not significant in
NFO rich composites. The M−T curves were found to have different magnetization
values with increased x values. However, the values were found to be consistent
with x values beyond 400 ◦C. The applied magnetic field (250 Oe) is probably not
sufficient to orient the magnetic moments in the applied field direction.
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The ferri to paramagnetic transition temperature, TC was obtained from the dM/dT
versus T plots. The TC of single-phase NFO was found to be at 604 ◦C, and the values
for composites were found to increase with the increase of the NFO phase in sam-
ples, and the variation is shown in Fig. 5.3. The obtained TC value is in agreement
with the reported literature [7, 8], and this shows the quality of the samples in the
present investigation. It is a known fact that the grain size is directly related to the
TC; that is, the TC will increase with an increase in grain size [9]. The present work
found that the NFO grain sizes are increasing with increasing NFO content. There-
fore, the observed behavior conforms with the observations made via microstructure
analysis in the previous chapter.

5.2 Magnetic hysteresis loops

5.2.1 Low-temperature regime (100 < T < 330 K)

Figure 5.4(a-c) shows the magnetic hysteresis (M − H) loops of samples for x = 0
to 1, measured at 300 K, 230 K and 150 K, respectively. All the key magnetic pa-
rameters such as "coercivity" (HC), "remanence magnetization" (MR) and "saturation
magnetization" (MS) were obtained from the M− H data and the variation of these
values as a function of NFO content (x) are shown in Fig. 5.5. The saturation mag-
netization of single-phase NFO was found to be 48 emu/g at 300 K, and it is in good
agreement with the reported values [1, 10]. The MS values were found to increase
with decreasing temperature for a given x in the composites. The observed behav-
ior is due to the alignment of magnetic moments in the applied field direction at
low temperatures [11]. Similarly, the increased MS values with an increase in NFO
content is understandable. The linear increment in MS values with x indicates en-
hanced NFO content. The MR values of composite samples were found to increase
up to x = 0.5 sample and decrease for further increase of x values. The observed
variation is attributed to the maximum interface contact between the magnetic and
FE domains. That means, beyond x = 0.5 composition, the contact interface starts
breaking, and spin canting effects may take place at the surface of the NFO grains,
thereby decreasing MR values.

Figure 5.5(a) shows the variation of HC values with x. The HC values for the
composites were found to decrease with an increase in NFO content except for x = 0
and 0.1 samples. This particular observation is in agreement with the earlier report
for similar systems [7, 8]. The variation of the observation is mainly attributed to
the pinning of magnetic moments of NFO with BTO grains at NFO−BTO interface
during the process of domain switching [1]. Here, the BTO grain acts like a defect
and dead layer in between the NFO grains.

Figure 5.6 shows the M−H loop measured at room temperature for single-phase
NFO in an applied magnetic field of ± 90 kOe. The sample was found to show no
saturation behavior even at 90 kOe applied magnetic field due to the ferrimagnetic
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FIGURE 5.4: (a-c) Magnetic hysteresis loops of NFO−BTO composites
at 300 K, 230 K and 150 K.
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nature of the ferrite. However, magnetization value (at 90 kOe) was found to be 53
emu/g and 48 emu/g at 5 K and 300 K, respectively, which are in agreement with
reported values [10].
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FIGURE 5.6: The magnetic hysteresis loops of NFO sample at 5 K and
300 K.

The outermost d electronic configuration of "Fe3+" and "Ni2+" are 3d5 and 3d8,
respectively. The magnetic moments of "Fe3+" and "Ni2+" ions were found to be
5 µB and 2 µB, respectively. Therefore, the ferrites are antiferromagnetic materials
with unequal magnetic moments in the "tetrahedral" and "octahedral" site. The net
magnetic moment (µ) will be the difference between these two sites as given,

µ = µo − µt (5.1)

here, µo and µt are the magnetic moment in "octahedral" and "tetrahedral" site, re-
spectively. If NFO has a normal spinel structure, then the Ni2+ ion will be in the
"tetrahedral" site, and two Fe3+ ions will be in the "octahedral" site. The net mag-
netic moment comes out by 8 µB/f.u. If NFO has an inverse spinel structure, then a
fraction of Fe3+ ions will be in "tetrahedral" sites, Ni2+ and remaining Fe3+ ions will
be in "octahedral" sites. Then the net magnetic moment will be 2 µB/f.u.

In the present case, µ values were obtained from experimentally measured data
by using the following formula,

µ f .u.(µB) =
M×Wm

µB × NA
(5.2)

here, M, Wm, µB and NA are the magnetization (emu/g), molecular weight (g), Bohr
magneton (9.274 × 10−21 emu) and Avagadro constant (6.022 × 1023 mol−1), respec-
tively.

The variation of experimentally measured µ values with x is shown in Fig. 5.7.
The experimentally observed saturation magnetic moment of single-phase NFO (at
300 K) is found to be 2.01 µB/f.u. The experimentally measured magnetic moment
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values were found to be in good concurrence with the theoretically obtained values.
This observation confirms that the NFO in composites has an inverse spinel struc-
ture. A small deviation of experimental values from the theoretical values is due to
the variation in nickel ferrite.
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FIGURE 5.7: The variation of magnetic moment with x for NFO−BTO
composites at 300 K (dotted line is the guide to eye).

5.2.2 High-temperature regime (30 < T< 700 ◦C)

Figure 5.8 shows the M−H loops of composite samples measured at 300 ◦C. As
mentioned in the previous section, the parameters such as HC, MR, and MS were
obtained, and their variation with NFO content x were given in Fig. 5.9. From the
figure, it has been found that the variation is almost similar to that of the variation
observed for low temperature.
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5.3 Electron spin resonance

The room-temperature ESR or EPR measurements for all the composite samples
were measured in the magnetic field range, 0 - 800 mT, and the derivative of the
microwave absorption versus magnetic field plots are shown in Fig. 5.10. The pa-
rameters such as "g-factor", "resonance field" (Hr), "peak to the peak" line width
(∆HPP), and the ratio between positive and negative absorption intensity ( A

B ) were
obtained, and the values are given in Table 5.1.

0 200 400 600 800

-1000

0

1000

2000

3000  x = 0.6
 x = 0.7
 x = 0.8
 x = 0.9
 x = 1.0

 x = 0.0
 x = 0.1
 x = 0.2
 x = 0.3
 x = 0.4
 x = 0.5

dP
/d
H

Magnetic field (mT)

FIGURE 5.10: The electron spin resonance spectra of NFO-BTO com-
posites for different x values.

It is clear from Fig. 5.10 that the single-phase BTO was found to show straight-
line behavior of ESR signal with varying applied magnetic field due to nonmagnetic
in nature. Except for the x = 0 sample, all the composites showed magnetic spin
resonance with positive and negative peaks with varying the applied magnetic field.
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TABLE 5.1: The resonance field (Hr), peak to peak line width (∆Hpp)
and ratio between positive and negative intensity(A/B) of NFO-BTO

composite samples for different x values.

x Hr (mT) ∆Hpp(mT) A/B
0.0 - - -
0.1 260.87 145.87 1.56
0.2 252.16 158.35 1.70
0.3 245.85 212.50 1.64
0.4 237.88 189.91 1.82
0.5 228.89 253.63 1.76
0.6 218.61 178.23 2.15
0.7 204.56 217.92 2.26
0.8 198.46 250.08 2.37
0.9 191.07 207.25 2.88
1.0 195.93 224.14 2.49

It is known that the unpaired electrons present in the ferrite phase of composites are
responsible for the ESR. The g-factor was obtained based on the following equation
[12],

g =
hν

µBHr
(5.3)

here, h, ν, µB and Hr are Plank‘s constant, applied microwave frequency, Bohr mag-
neton and spin resonance field, respectively. The variation in g-factor with x is
shown in Fig. 5.11. The g−factor values were found to increase with an increase
of x values. The reason for the observed behavior is explained as follows: In the case
of BTO rich composites, the magnetic moments are randomized at magnetic grain
boundaries, which in turn results in reduced net magnetization per NFO phase [12].
In order to resonate the spins present in the compound, a higher magnetic field is
required. Therefore, resonance field increases with decreasing in x in the compos-
ites. As the non magnetic material (BTO) present in the composite will reduce the
net magnetization of the composite and hence, the resonance magnetic field is in-
creased. It is clear from the above equation, g−factor is inversely proportional to the
resonance field. Therefore, g−factor is increases with NFO content (x). Generally,
the g-factor will be 2 for a free electron. However, in the present case, the "spin-orbit"
interaction is not negligible, and it might have contributed to the obtained g-factor
of more than 2 [13]. The g−factor of single-phase NFO was found to be 3.42, which
is in agreement with the earlier reports [14, 15].

Another interesting observation one can make out from figure that the ESR spec-
tra contain asymmetric signal variation. This asymmetry in spectra arises due to
the existence of weak "inter-cluster" interaction of magnetic atoms [16]. This slight
"asymmetry" in the shape of the spectrum also suggests the non-equivalent positions
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of the Fe3+ ions in the ferrite [16].
The "peak to peak" line width (∆HPP) values of the composites are in the range,

145 mT− 224 mT, and are given in Table. 5.1. These values were found to be smaller
than those for the NFO bulk compounds reported in the literature [15, 17], which
clearly indicates that the non-magnetic BTO in the composite makes the samples
show decreased line widths compared to single-phase bulk NFO. The ∆HPP values
were increasing with NFO content (x). The high peak to peak line width values
indicate the clustering behavior of the grains in the sample [15]. The FESEM im-
ages (chapter 3) shows the clustering behavior of NFO grains in composites and
this clustering behavior increases with NFO content (x). Another interesting param-
eter, "spin-spin relaxation" time (T2), has been considered, which is related to the
line width of the ESR spectra, which is caused by the influence of the surrounding
magnetic ions. The "spin-spin relaxation" time (T2) was calculated from the obtained
parameters ∆HPP and g-factor by the following equation [18],

T2 =
h̄√

3gβ∆HPP
(5.4)

where, h̄ is the "Plank constant" (6.626 × 10−34 J s) and β is the "Bohr magneton"
(9.274 × 10−24 J T−1). The calculated T2 values are in concurrence with the reported
values for similar compounds [18] and were found to decrease with increase in x
(shown in Fig. 5.11). The BTO present in the compound may act as a potential
pinning source for the spins at the hetero-domain interface, thereby reducing the
spin-spin relaxation time [19].

The ratio of the intensities positive to negative peaks (A/B ratio) of the ESR spec-
tra is given in Table 5.1. If the A/B ratio is unity, then the resonating spin corre-
sponds to the free electron [19]. In the present samples, the A/B ratio was found
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to be larger than unity, which indicates that the resonating spins are highly interact-
ing in nature, probably with other spin, lattice and defects. The A/B ratio values
were increasing at x due to increased magnetic phase content. That means the in-
creased BTO found to enhance the destabilization of magnetic moments and their
interactions.

5.4 Chapter summary

The observed jumps in temperature-dependent magnetization curves of NFO−BTO
composites confirm the strain-mediated ME coupling between NFO and BTO. The
Curie temperature of the NFO was found to increase with NFO content (x) in com-
posites. The observed hump in the temperature-dependent magnetization curves at
420 ◦C was ascribed to the thermally activated electron hopping between two cations
in the octahedral site of the NFO unit cell. The remanence magnetization was found
to be maximum for x = 0.5 sample; it hints that the maximum contact interface be-
tween ferrite and FE is crucial for observed behavior. The magnetic coercivity of the
composites was decreasing with ferrite content (x) due to the pinning of spins at the
hetero-interface. The calculated magnetic moment values at saturation magnetiza-
tion for all the composites samples, including single-phase NFO, was found to be
around≈ 2 µB/ f .u., indicating the inverse spinel structure of NFO in the samples of
the present investigation. The g−factor of composites was increasing with x and the
underlying reasons were discussed. The A/B ratio of the ESR resonance spectra was
close to unity in composites and increased with an increase in x. The observed be-
havior was due to enhanced destabilization of magnetic interactions with increased
BTO in the composites.
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Chapter 6

Dielectric properties of NFO−BTO
composites

The ME coupling between ferrite and FE materials enables us to observe the substan-
tial changes in the physical properties of the individual materials [1, 2]. Notably, the
effect of electric/magnetic properties on FM/FE materials, respectively. In similar
lines, an effort has been made to explore the possibility of measuring the dielectric
and FE properties of composite and ferrite phase impact on them. It is known that
the high dielectric constant materials as one of the constituent phases exhibit the
high ME coupling in composites [3]. Therefore, the measurement of dielectric con-
stant and FE properties for the ME multiferroic composites are worth performing to
explore the underlying mechanism behind these physical properties. In the process,
several properties such as permittivity, electric resonance, dielectric loss, impedance,
and FE polarization, etc. will be analyzed; furthermore, underlying mechanisms will
be discussed.

In this chapter, the dielectric constant variation of temperature measurements
were performed in temperature range, 30 − 225 ◦C. The frequency-dependent di-
electric constant and dielectric loss over different temperatures (30 ◦C, 100 ◦C, 200
◦C, and 300 ◦C) were measured over a frequency range, 20− 40 MHz. The room-
temperature ferroelectric hysteresis (P− E) loops were measured for BTO and BTO
rich composite samples in the applied field range ± 40 kV/cm. The variation of
dielectric constant, dielectric loss, Curie temperature, piezoelectric resonance, FE
coercivity, and FE remanence with NFO content (x) were analyzed; furthermore, the
related mechanisms were discussed in the light of ME coupling.

6.1 Dielectric constant

6.1.1 Temperature-dependent dielectric constant (BaTiO3)

Figure 6.1 shows variation of dielectric constant with temperature measurement of
a single-phase BTO sample. The data were collected while heating the sample over
the temperature range, 50−225 ◦C at 1 kHz frequency. The dielectric constant was
increasing with increase in the temperature until it reaches the Curie temperature
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and decreases for further increase in the temperature. The increase in dielectric con-
stant is attributed to the thermally activated electric dipoles [2, 4]. Also, the width
of the domain increases as it approaches to phase transition temperature [5]. At 122
◦C a sharp peak in the temperature-dependent dielectric constant was noticed. The
maximum dielectric constant was found to be around 10500, and it is consistent with
the reported literature [6, 7]. The obtained high dielectric constant values infer the
prepared BTO sample’s high quality in the present investigation.

50 100 150 200
0

2000

4000

6000

8000

10000

50 100 150 200
0.0

0.1

0.2
1 kHz

 

D
ie

le
ct

ric
 c

on
st

an
t

Temperature (°C)

BaTiO3

FIGURE 6.1: The temperature-dependent dielectric constant of single
phase BTO measured at 1 kHz frequency.

6.1.2 Temperature dependent dielectric constant (NFO−BTO compos-
ites)

The temperature-dependent dielectric constant of composite samples for x = 0.1−1,
measured at 1 kHz frequency were shown in Fig. 6.2. The single-phase NFO sample
showed almost straight line behavior with an increase in the temperature [8] and
was showing less dielectric constant due to the conducting nature of NFO [9]. The
increased dielectric constant of NFO with temperature is attributed to the delocaliza-
tion of dipoles with increased thermal energy, and in fact, these dipoles will align in
the direction of applied electric field [10, 11]. The composite samples (x = 0.1 to 0.9)
were shown to be showing a peak around 120 ◦ C temperature, which corresponds
to the phase transition temperature of BTO from FE to paraelectric (PE) phase, i.e.,
Curie temperature of BTO in composites. The variation in Curie temperature of the
composite samples with x at 1 kHz frequency is shown in Fig. 6.3. The single-phase
BTO shows Curie temperature at 122 ◦C and was found to increase with increase of
BTO in composites from x = 0 to 0.5 and becomes constant for the values beyond
x = 0.5. The increase in Curie temperature with increased FE material is due to the
lattice deformation in BTO with the addition of NFO [12].
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FIGURE 6.2: The temperature-dependent dielectric constant of
NFO−BTO composites for x = 0.1 to 1 measured at 1 kHz frequency.
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The obtained dielectric constant values from the temperature-dependent dielec-
tric constant measurements were plotted as a function of x and are shown in Fig. 6.4.
The dielectric constant value of single-phase BTO was found to be higher than the
values obtained for composite samples. The dielectric constant values were found
to be increasing initially up to x = 0.4 and decreased thereafter for a further increase
of x from 0.5 to 0.9. The observed variation is inconsistent with the variation of mag-
netic parameters with x. The reason for the observed behavior is mainly because of
the enhanced interface contact between the ferrite and FE domains. Around x= 0.4
compositions, the NFO grains start breaking the electric circuit of BTO grains, and
this may increase with an increase in x. Therefore, the high dielectric constant is sus-
ceptible to show high ME coupling in the composites [3]. In the prepared composite
samples, the dielectric constant was found to increase with the contact interface, and
it is maximum for equal ratios of individual phases in the composites. Therefore, in
the present case, the x = 0.4 composite sample is showing the high ME coupling.
Moreover, it was established in the literature that the high ME coupling coefficient
was observed with 50% of the ferrite phase in NFO−PZT particulate composites
[13].
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FIGURE 6.4: The variation of dielectric constant of NFO−BTO com-
posites with NFO content (x) at 1 kHz frequency (dotted line is the

guide to eye).

6.1.3 Dielectric constant of NFO−BTO composites at different frequen-
cies

The temperature-dependent dielectric constant measurements were done for all the
samples at 1, 10, 50, 100, 500, and 1000 kHz frequencies. A representative of x = 0.2
sample’s dielectric constant variation with the temperature at different frequencies
is shown in Fig. 6.5. In fact, similar behavior was noticed for all other samples in
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FIGURE 6.5: The temperature−dependent dielectric constant of x =
0.2 composite at different frequencies.

the series. From the figure, it is clear that the TC is found to be the same for all fre-
quencies. It is a fact that the "Curie temperature" is independent of frequency in the
case of non-relaxor FEs [14, 15, 16]. In the present composites, one of the constituent
phase BTO is a non-relaxor FE material. The Curie temperatures obtained at differ-
ent frequencies for all the samples were found to remain constant. The reason may
be due to the fact that in the case of non-relaxor materials, the electric dipoles may
easily respond to the applied external field for a wide range of frequencies. In fact,
there is no energy loss in these dipoles, and can able to follow the externally applied
frequencies. Because of this reason, the FE domain sizes are more in non-relaxor FE
compared to relaxor FE materials [17]. While in the case of relaxor FE, the energy
loss of dipoles due to relaxation may lead to smaller domains than non-relaxor FEs.
Further, the dielectric constant values at transition temperature were found to be
higher at lower frequencies. The details of these observations will be explained in
the next section.

6.1.4 Frequency−dependent dielectric constant

Figure 6.6 shows the dielectric constant as a function of frequency measurements of
composite samples for x = 0 to 1 measured at different temperatures 30 ◦C, 100 ◦C,
200 ◦C and 300 ◦C in the range of 20 Hz to 40 MHz. The dielectric constant values
are found to decrease continuously with increasing frequency. The observed high
values of dielectric constant for all the samples at lower frequencies (below 1 kHz)
may be attributed to the space charge or interfacial polarization contribution to the
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net dielectric constant [7]. At high frequencies (above 1 kHz) dipolar or orientational
polarization may contribute to the dielectric constant [7]. On further increase in
frequency, the dielectric constant was found to be constant due to the inability of
dipoles to respond with applied ac electric field [7].

Mainly, at lower frequencies (below 1 kHz), dielectric constant values of compos-
ites were found to vary randomly with x, and this behavior is common in ferrite−FE
particulate composites [3, 7, 9, 18] and the possible reason could be as mentioned:
As it was known from the FESEM images (chapter 3) that the ferrite and FE grains
were randomly arranged with different connectivities. Therefore, it is very difficult
to expect a systematic variation of dielectric values with x values [3]. An assembly
of space charges present in an inhomogeneous dielectric medium requires a finite
time to line up in an axis parallel to the applied electric field. Hence, the dielectric
constant naturally decreases with increasing frequency [20].

A small kink was observed in the temperature-dependent dielectric constant at
around 50 Hz frequency in all the composites samples. This is due to the power
line frequency. In the present investigation, the NFO is a non-dielectric material;
however, it is showing response in dielectric measurements due to the following
reasons: (i) "space charge polarization" and "interfacial polarization" at the grain
boundary and at the electrodes, (ii) "dipolar polarization" by Fe2+/3+ ion pair for-
mation, (iii) "atomic polarization" with strain and vacancies and (iv) "electronic po-
larization" [21].
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FIGURE 6.6: The frequency−dependent dielectric constant plots of
NFO−BTO composites for x = 0 to 1 at RT, 100, 200, 300 ◦C, (b) mag-

nified plots of figure (a).
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The occurrence of piezoelectric resonance in FE and ferrite-FE composites was
explained in the literature [26, 27, 28, 29]. In fact, the charged particles in the FE
phase are driven to move with the external electric field; in the process, when the
frequency of the applied electric field equals the natural frequency of charged parti-
cle in motion, then the dielectric resonance takes place [26].
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FIGURE 6.7: (a) Frequency−dependent dielectric constant of x=0−1
composite samples at resonance (b) Variation in the resonance and di-
electric constant of composites with respective x (NFO content) (dot-

ted line is the guide to eye).

Figure 6.7 shows the resonance observed for composite samples in the present in-
vestigation at different temperatures. The values of resonance frequency were found
to increase with an increase of x. The observed behavior is quite common in mag-
netodielectric composites [26, 27, 28, 29]. The reason may be attributed to the effect
of the electromagnetic environment on dielectric response. In the present case, the
increased NFO in the composite shows increases in the magnetic domain influence
on the dielectric permittivity; additionally, the material requires a higher frequency
to resonate with it. Therefore, the resonance frequency is increasing with x values
[26].

The dielectric constant values were obtained at resonance, and its variation with
x is shown in Fig. 6.7. The dielectric constant (at resonance) values were found
to decrease with an increase of x. In the present case, the BTO content is being
suppressed by the magnetic content as x increases. The overall dielectric nature of
the samples decreases; hence the dielectric constant is decreasing with x.

Similarly, the resonance frequency and dielectric constant (at resonance) values
were obtained for different temperatures (from 30 ◦C− 300 ◦C), and the correspond-
ing plots are shown in Fig. 6.8. The values of resonance frequency were found to
increase with an increase in frequency up to x = 0.6, and thereafter it is showing
opposite behavior. The reason may be due to increased natural frequency of the
dipoles in BTO with increased thermal energy, thereby resulting in the resonance at
higher frequencies [26, 29]. In the case of x = 0.6 samples, due to the high concentra-
tion of NFO, the piezoelectric resonance frequency is decreasing with temperature
because of the more leaky nature of the dipoles. Therefore, the decrease in resonance
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FIGURE 6.8: Variation in the resonance frequency and dielectric con-
stant of NFO−BTO composites with respective temperature (dotted

line is the guide to eye).

frequency with temperature was noticed. In fact, the variation of dielectric constant
with temperature is varying oppositely with the resonance frequency. The trends
are matching with variation in x. A similar reason may be attributed to the observed
behavior [26, 29].

6.2 Dielectric loss

6.2.1 Temperature-dependent dielectric loss

Figure 6.9 shows temperature-dependent dielectric loss factor of NFO−BTO sam-
ples for x = 0 to 1, in the temperature range, 25 - 225 ◦C. The small peak was ob-
served in the dielectric loss at around 120 ◦C corresponds to the phase transition of
BTO from FE/tetragonal to PE/cubic phase. The dielectric loss of the single-phase
BTO was found to be 0.23 at room temperature, and this value is gradually decreas-
ing with increasing temperature. Similarly, the dielectric loss values for single-phase
NFO was found to be 17 at room temperature, and this value increases with the in-
crease of temperature for 1 kHz frequency. Here, in the present investigation, com-
posites’ dielectric loss values were systematically increased with an increase in NFO
content (x) in the composites. The reason may be due to increased conducting chan-
nels that are being facilitated by NFO in the composites. Therefore, the low dielectric
loss composite samples may be useful for battery and energy storage applications
[22].
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NFO−BTO composites for x = 0 to 1.

In all the samples, the dielectric loss was found to increase with temperature. The
dielectric loss factor rises rapidly, which is attributed to the "space charge conduc-
tion". The transport of defects such as "oxygen vacancies" to the dielectric-electrode
interface is responsible for "space charge conduction" [2]. In summary, the dielectric
loss was found to increase with increasing ferrite content in the composites as well
as the temperature.

6.2.2 Frequency-dependent dielectric loss

In general, the FE materials are having a high dielectric constant with low dielectric
loss, whereas ferrites show a low dielectric constant with high dielectric loss [7, 23].
As discussed in the previous section, the origin of the dielectric loss in the present
case is the relaxation of dipoles and the leakage current. It is clear from Fig. 6.10 that
the high dielectric loss was observed at lower frequencies and decreases for further
increase of frequency. The reason for the observed behavior is due to the losses in
"space charge polarization" at the interface of NFO and BTO grains [3].

Generally, ferrites have a high dielectric loss due to it’s conducting nature [10].
In the present case, as expected, the dielectric loss was found to increase with an
increase in the ferrite content (x) in the composites. Similar to the dielectric constant,
the variation of dielectric loss with x can be explained by "Koop’s phenomenological
theory" [19], based on the underlying conduction mechanism in the composites. As
per the "Rezlescu model" [24], the dielectric losses will be less for higher frequencies
due to inhibition of domain wall motion. It is a well-known fact that the dielectric
loss arises when polarization lags behind the applied ac electric field due to its "grain
boundaries", "impurities", and "imperfections" in the crystal lattice [25].
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FIGURE 6.10: The frequency dependent dielectric loss of the x = 0.0
to 1.0 composites at 30 ◦C, 100 ◦C, 200 ◦C, 300 ◦C.

Beyond a 1 MHz frequency, the dielectric loss was found to resonance behavior
with an applied external field. At resonance, the dielectric constant and dielectric
loss factor were found to show fluctuating behavior. The dielectric loss factor was
found to increase with temperature (30 ◦C to 300 ◦C) as well as with frequency. Fur-
ther, the ferrite rich composites were showing humps at around 1 kHz frequency
at the temperatures 200 ◦C and 300 ◦C. These humps are mainly arising due to the
variation of cation distribution (Ni2+ and Fe3+) that was occurring due to phase
transition of BTO at 120 ◦C. Therefore, the phase transition might have resulted in
electron hopping between the A- and B-sites of mixed spinel structures [20].

6.3 Ferroelectic hysteresis loops

The P − E loop measurements were measured at room temperature for x = 0 – 0.3
samples at 1 Hz frequency and the plots are shown in Fig. 6.11. The x = 0 sample
(BTO) shows almost saturated P − E loop with large remanent polarization (Pr =
7.7 µ C/cm2 ). The Pr values for x = 0.1 and 0.2 were found to be 2 µC/cm2 and
6.6 µC/cm2, respectively. Also, the abnormal hysteresis loop observed for x = 0.3
composite sample attribute the lossy behavior mainly arises due to higher content
of NFO, which lead to increase in charge leakage in composite [30]. The composite
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FIGURE 6.11: The ferroelectric hysteresis loops of NFO−BTO com-
posites for x = 0 - 0.3.

samples with x > 0.3, the P− E measurements were not performed due to leakage
current issue arising from NFO. The electric coercivity values of composite samples
are found to be 7.2 kV/cm, 18.1 kV/cm and 34.4 kV/cm for x = 0.1, 0.2 and 0.3
samples, respectively. The value of Ec for x = 0 is found to be 4.5 kV/cm, the value
is in good concord with reports for single crystal BTO [31] and it assures the sample
quality in the present work. The increase of Ec values with increase in NFO content
of composite samples surely attributes the pinning effect arising due to NFO phase
[20].

6.4 Chapter summary

The variation of dielectric constant with temperature, frequency of NFO-BTO com-
posites clearly revealing the increase in the FE Curie temperature with NFO content
(x) and is independent of frequency. The observed high dielectric constant values for
some of the composites were attributed to maximum interface contact between the
ferrite and FE hetero-grains. The frequency-dependent dielectric constant is clearly
revealing that the values are decreasing with frequency, and dispersion behavior
was observed at a lower frequency regime. The observed piezoelectric resonance
frequency and dielectric constant values with x were explained by considering dif-
ferent portions of constituent phases. The same parameters (piezoelectric resonance
frequency and dielectric constant) variation with temperature was attributed to the
stiffness of the FE dipoles. Further, the electric hysteresis loops measured at room
temperature for few samples clearly indicating the significant effect of NFO on the
FE polarization of BTO.
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Chapter 7

Summary and future scope

7.1 Summary

The ME multiferroics with room-temperature magnetic and FE order parameters
have drawn substantial interest from the "scientific community" in the recent past
due to their promising device applications [1, 2, 3]. Due to the scarcity of single-
phase, ME multiferroics, the two-phase materials, composed of FM and FE materials
with room-temperature ordering, strong ME coupling become important candidate
materials in the form of particulate composites with different connectivity and het-
erostructured bilayer, multilayer thin films, and laminates. In the present thesis, an
attempt was made to study the ME coupling in NFO and BTO bulk composites by
correlating the structural, morphological, magnetic, and FE properties.

The research findings were presented in the form of a thesis consisting of seven
chapters. In summary, the chapter 1 consists of an overview of the thesis and some
basic understanding of the topics needed as a background study. This chapter also
presents a thorough literature survey on ME multiferroics in general and NFO-BTO
in particular. The gap between the work done by others and the present work was
explained. A clear motivation behind this present thesis was described. Finally,
the chapter also consists of specific objectives of the research work. The chapter 2
summarizes the basic principles involved in the preparation, characterization, and
physical property measurements of the NFO-BTO composite materials. Chapters 3
− 6 describe the results obtained in the present work, and chapter 7 summarizes the
work with future prospects.

The single-phase NFO, BTO and composites with the formula, (x)NFO + (1-
x)BTO with 0 ≤ x ≤ 1, were successfully prepared by using SSR method, sinter-
ing at 1300 ◦C. The XRD clearly reveals the required phase formation without any
detectable impurity. The Rietveld refinement of XRD data was analyzed, and a sys-
tematic variation of lattice parameters with NFO−BTO was observed. The measured
bulk densities of the samples were found to be 90%. The FESEM measurements both
in FE and backscattered modes clearly reveals the clear grain growth with uniform
distribution of the phases. The negligible chemical reaction, less lattice mismatch,
clear contact interface, and without dead layer in between grains were confirmed
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from the present investigation to ensure the promising ME coupling phenomena in
these composites.

The temperature-dependent XRD data of the composite samples ensures the
structural phase transitions of BTO both in constituent phases and composite sam-
ples. The Rietveld analysis of the data depicting the different strain states pertaining
to different FE phases of BTO. A significant change in lattice parameters of NFO was
noticed in accordance with the phase transitions of BTO. This ensures the significant
strain transfer between BTO and NFO phases across the interface. With a view to
finding the impact of this strain on cation distribution in NFO, cation distribution
from XRD data was analyzed, and found a significant change in the cation distri-
bution. With a view to corroborating these composites’ structural properties, the
temperature-dependent Raman measurements were done, and data were analyzed.
The significant changes in Raman peak positions, the area covered under the peaks
revealing the considerable strain transfer across the heterograins of NFO and BTO.
The cation distribution in NFO was estimated from Raman data and correlated with
XRD data. Finally, the XRD and Raman measurements were clearly showing the
signatures of "strain-mediated ME coupling" between NFO and BTO in the present
study.

The prominent jumps noticed in M−T curves of composites at the structural
phase transitions of BTO clearly indicates the strain-mediated ME coupling in NFO
− BTO composites. This is one of the important findings from the present thesis
work and a signature of "strain-mediated ME coupling" in NFO−BTO multiferroic
composites. The Curie temperature of composites, which corresponds to the NFO,
was increasing with an increment of NFO content (x). Magnetic coercivity values
were found to decrease with respective NFO content (x) in the composites due to
the pinning of magnetic moments with nonmagnetic grains. The magnetic coer-
civity values were found to be maximum for the equal mole ratios of ferrite−FE
materials. The calculated magnetic moment values of the composite samples were
corroborated with the magnetic moments calculated from XRD and Raman data.
The resonance field of composites was decreasing with the increase in NFO con-
tent in composites because of enhanced SE interaction in NFO content. The peak
to peak linewidth values of the composites are smaller than single-phase NFO; it
indicates the localization of magnetic moments with increasing NFO content. Fi-
nally, the impact of strain generated in BTO due to structural phase transitions on
magnetic parameters clearly confirms the strain mediated ME coupling in NFO-BTO
composites.

With a view to understanding the impact of NFO on the physical properties of
BTO, the dielectric and FE polarization measurements were carried out. The TC of
the BTO was increasing with NFO content (x) in the composites. The dielectric con-
stant was found to be maximum in composites due to the maximum contact interface
between ferrite and FE materials. The TC of BTO was found to be independent of fre-
quency in single-phase and composite samples. The frequency-dependent dielectric
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constant values were decreasing with frequency, and dispersion behavior was ob-
served at lower frequency region. The piezoelectric resonance frequency increased
with the increase of NFO content in composites, whereas the dielectric constant (at
resonance) was found to decrease. The high dielectric loss was observed for NFO
rich composites, mainly at a higher frequency. The P−E loops measured at room
temperature for x = 0 to 0.3 samples clearly indicating the impact of NFO on the
physical properties of BTO. Due to leakage issues, electric polarization measure-
ments could not be performed for other samples in the series (x = 0.4 to 1 ).

7.2 Future scope

It is believed that the work carried out in the present thesis is very much useful for
expanding the research in the ME multiferroics, particularly in particulate compos-
ites, make them for promising applications at room temperature. The new develop-
ments are happening in the field at a rapid pace, giving a scope for further probe
onto these materials. The advanced material synthesis/growth and characterization
techniques are the key enablers to realize new discoveries and futuristic ultra-low
power consumption application devices. In fact, the ME multiferroic materials be-
come material candidates to explore new fundamental science due to the complexity
involved in coupling between the "order parameters" via the interactions between
"spin", "charge", "orbital", and "lattice" degrees of freedom. The new dimensions
in fundamental science lead to different pathways to have a new design and create
devices structures, these devices lead to different architectures, and these architec-
tures become a part of new technologies; of course, new technologies will impact
the consumer markets. Therefore, there is a promising future for the field of ME
multiferroics to explore.

In the future, the present ferrite-FE composite system can be extended to explore
the magnetic response in the applied electric field, at least for electrically poled com-
posites to establish ME coupling. This particular demonstration will enable the re-
searcher to realize the magnetization switching under the externally applied field to
make the materials suitable for ultra-low power consumption applications.

The synthesis of ME multiferroics itself is a challenging task; optimization and
the standardization of preparation methodology enable the researchers to realize
new ME materials with promising coupling at room temperature. Therefore, differ-
ent synthesis techniques need to be explored.

With a view to understanding the underlying ME coupling in this system, the
thin film bi-layer and multilayer heterostructures of NFO−BTO are the best candi-
dates. The magnetic response of these heterostructures in the applied electric field
and thermal field may be useful for memory and switching applications in devices.

It was noticed from the thesis work that the uniform distribution of grains cor-
responding to single-phase materials remains a challenging issue. The uniform dis-
tribution may give promising ME coupling. Of course, the density of the samples is
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also an important issue one needs to focus on it. One can see some focus on these
aspects in the future for these particulate composites.

Applications based on domain wall dynamics in the multiferroics materials can
be explored for "spintronics", which enumerates new pathways to novel multi - func-
tional devices. Therefore, domain wall dynamics and its manipulation in the applied
fields will be an interesting area to explore further.

The ME in nanoscale compounds may be an exciting aspect of the fundamental
science viewpoint. It is interesting to explore the underlying ME coupling mecha-
nism in nanoscale materials.

In the end, the progress made in multiferroics has propelled MEs to the cutting
edge areas of "condensed matter physics". These material’s diverse functionalities
may drive the research towards many major scientific queries that exist today-from
kitchen to aircraft and beyond.
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