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ABSTRACT

Advancement in science and technology demandsr4aidmle materials to satisfy various
requirements of the applications in industries. &t oxides are an important class of
compounds, among which, ferroelectrics and feraresmost prominent. The main driving force
for wide attention in ferroelectric and ferrite maals is their large number of electric and
magnetic applications. With the trend towards teeick miniaturization, there is ever increasing
interest in combining electric and magnetic prapsrin single materials to perform more than
one task and these materials are called magnetoelecaterials. In the last few decades,
extensive research work has been carried out ometaglectric materials. These materials have
attracted much attention from the researchers Isecthey have the properties of their parent

compounds (ferrite and ferroelectric phase) andusproperty-the magnetoelectric effect.

Magnetoelectric effect is a coupled two field efféc which application of either a
magnetic field or an electric field induces an giegolarization and magnetization respectively.
These magnetoelectric materials can be categoriméd two classes- Single phase
magnetoelectric and two phase magnetoelectric malte(composites). The single phase
magnetoelectric materials have temperature consiraand they show ME effect at low
temperature only. The value of ME coefficient shdwnthese materials are very low so these
materials are not suitable for any technologicailiaptions. This difficulty has been overcome
by two phase magnetoelectric materials (ferriteskedectric composites)These composites
show magnetoelectric coupling depending upon tta@mpositions and properties of constituent
phases. Due to presence of ME coupling, these csitepmaterials have various advantages
over single phase magnetoelectric materials anygl fihd a lot of technological applications in
radio electronics, optoelectronics, microwave etauts and transducers in instrumentation,
waveguides, phase inverters, rectifier, modulatamggral optics and fiber communication

technology.



Objectives

Objectives of the proposed work were the following:

1) Preparation and optimization of process parametePZT- CoFgeO, magneto electric
composites.

2) To investigate the effect of substitution in PZeFeO, ME composites.

3) To characterize the materials for structural, metractural, electrical and magnetic
properties.

In order to fulfill the objectives of the proposark, the following ceramic compositional

series were synthesized and characterized:

Series | (xX) CoR®,4 — (1-X) PbZg 55T 0.4503 (x=0-0.15in step of 0.05)
Series I (X) CeNioFeO4 — (1-X) PbZgssTi 04503 (x =0 - 0.15 in step of 0.05)
Series Il Series A Playz)LayZross TigaOs (X =0 -0.0075 in step of 0.0025)

Series B (X) G@Nig.FeO4 - (1-X) Py ggs2d-80.00010.55T10.4803
(x=0-0.15in step of 0.05)
Series C (X) G@NigF&04 - (1-X) Py gg2d-a0.00Zr0.55T 10.4503
(x=0-0.15 in step of 0.05)
Series D (X) G@Nio 2F&04 - (1-X) P 9gsd-a0.007%£r0.55T10.4503
(x=0-0.15in step of 0.05)
The Research work carried out for PhD thesis tit&didies on Modified PZT — Cok®,
Magnetoelectric Composites” has been divided iKalsapters.
Chapter I- Introduction
Chapter II- Synthesis of Material and their Chagazation Techniques
Chapter IlI- Synthesis and Characterization of PEZFO Composites
Chapter IV- Synthesis and Characterization of PZNFO Composites
Chapter V- Synthesis and Characterization of PLZNFO Composites
Chapter VI- Summary and Future Work
In the present work, an attempt has been made répape modified PZT-CFO
magnetoelectric composites and then characterize sfouctural, dielectric, ferroelectric,
piezoelectric and magnetic properties.

Chapters are summarized below:



Chapter 1: In this Chapter, the introduction of ferroelectiycimagnetism and significance of

individual phases and magnetoelectric compositesdecussed. A brief review of the research
and development work that has been carried ouetintly in this field has been described. The
objectives of the present work including the crgédior selection of constituent phases of the

composites and scope of these investigations Hagebaen discussed.

Chapter I11:  In this chapter, discussion on the method of sampteparation and
characterization techniques, used for studying wteuctural, dielectric, ferroelectric,
piezoelectric and magnetic properties of modifiemmposites has been given. Solid state
reaction method is opted for synthesis of ferraeleand ferrite materials. The detailed study of
experimental techniques, characterization equipsnand their detailed information are also

given in this chapter.

Chapter 111:  This chapter deals with synthesis of individual g% and optimization of
sintering temperature of 0.05CoRPg — 0.95PbZj55Ti0.4503 composite. On the basis of optimum
temperature (xX) CoR©®,4 — (1-xX) PbZg s5Ti0.4503 composites, where x = 0.05, 0.10 and 0.15 are
sintered conventionally. Effect of Cof® on structural, dielectric, ferroelectric, piezadie

and magnetic properties of PlgéTip 4803 is discussed.

Chapter 1V: In this chapter we discuss the Ni substituted GOkFeand PZT composites
synthesized by conventional solid state reactiothote Effect of CggNigFeO,4 on structural,
dielectric, ferroelectric, piezoelectric and magngiroperties of PbZrsTip 4503 is discussed
here.

Chapter V:  This chapter deals with four serie¥ series is purely ferroelectric; we discuss the
structural, dielectric, ferroelectric, piezoelectproperties of PRaylayZros5Ti0.4503 (series A)
for x = 0.0025 to 0.0075 in step of 0.0028? 2 4" series (B - D) are composite series in which
the effect of ferrite phase ggNioFeO,4 on structural, dielectric, ferroelectric, piezamtee and

magnetic properties of La substituted Rj34Fio 4503 is discussed.

Chapter VI:  This chapter includes the conclusion and summary tbé results.
Recommendations for the future work have also lggen in this chapter.
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| ntroduction

Magnetoel ectric composite materials are drawing attention of the researchers world over due to
their fundamental physics and their potential technological applications in multifunctional
devices, like magnetic field sensors, filters, oscillators, phase shifters, multiple state memory
elements, transducers and el ectro-optic devices etc. These materials also show unique property -
magnetoel ectric effect that is not shown by individuals phases (Ferroelectric and ferromagnetic).
Magnetoel ectric effect is a effect in which external electric field induces magnetization and vice -
ver sa.

The present work is mainly concentrated on the study of modified PZT-CoFeO,
magnetoelectric composites. This chapter includes the brief introduction about the

ferroelectricity, ferromagnetism and magnetoel ectric composites.



Chapter-1 Introduction

1.1  Multiferroic Materials

Multiferroics are materials which exhibit two or meoferroic properties such as
ferroelectricity, ferromagnetism and ferroelasyicfil]. If a material exhibits simultaneously
ferroelectricity and ferromagnetism, then mateisatalled magnetoelectric material. Figure 1.1
shows the schematic of multiferroic materials [R].such materials external magnetic field
produces an electric polarization or external elecfield produces magnetization. The
magnetoelectric materials are classified into tyjes: single phase materials and two phase

materials [3] (composites).

— Magnetically polarizable

== Ferromagnetic
Electrically polarizable

== Ferroelectric

= Multiferroic

7 Magnetoelectric

Figure 1.1 Schematic of Multiferroic materials

1.1.1 Single Phase Magneto-electric Materials

In single phase magneto-electric materials, mdseeahibit both electric polarization
and magnetization in single phase. This can rasuthe magneto-electric effect due to the
coupling of the magnetic and ferroelectric orderifidje magnetoelectric coupling in single
crystal is described by Landau free energy theogims of applied magnetic field and applied
electric field. The free energy can be written as
F(E,H) = 1/2¢q & EiEj + 1/2popij HiH; + o EiH; + 1/2B; E;HiHy + 1/2y 3 HiEEy ..1.1

Where the first term corresponds to the contributd electric field,s; is relative permittivity

and 29 term corresponds to the contribution of magnetsif i is magnetic permeability. The
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subscripts i, j and k are the three directions @aatesian coordinate systeny. is linear ME
coefficient that corresponds to induction of paation by a magnetic field or induction of
magnetization by an electric field. Other termsrespnt higher order magnetoelectric coupling
coefficients.

The magnetoelectric effect can be determined biyakere of F (E,H) with respect to; H;)
and with respect to ;) to determine polarization and magnetization.

. oF

Pl(H]) = _a_El = (Xinj’ ...................... 1.2
. oF

M] (E]) = —a—sz al]El ..................... 1.3

In the first half of 18 or 20" century, the ME effect on single phase systemswer
observed but the single phase materials showingcMpling were found to be rare. There were
some limitations which restrict the coexistencdenfoelectricity and magnetism in single phase
as given below:

0] Symmetry:

There are 122 Shubnikov point groups from whichp®int groups allow spontaneous
electric polarization and 31 allow spontaneous ratigation. However, there are only 13 point
groups (1, 2, 2, m, m', 3, 3m’, 4, 4m'm’, m'm2'mi@&, 6 and 6m'm’) that allows both
spontaneous electric polarization and spontane@gnatization simultaneously in single phase
[4]. Many materials which are not ferromagnetic dadoelectric exist in one of the allowed
symmetry. Therefore symmetry is responsible for@gtaof ferromagnetic and ferroelectric
materials.

(i)  d°ness

The coexistence of ferromagnetism and electricrp@ton in single phase is restricted
due to the empty d- orbital in B-cation. In feredlic materials like PZT, BaTietc., the
ferroelectricity is due to off center displacemehthe Ti ion having an empty d-orbital. As there
are no d-electrons, creating magnetic moments, there can be no magnetic ordering. For
magnetic ordering, d-orbital should be partialljlefi. Therefore, different mechanism of

ferroelectricity is required to obtain magnetoaieatoupling in single phase [5].



Chapter-1 Introduction

Materials exhibiting magnetoelectric effects are@gy BIMnOs; and BiFgO; etc. are
single phase. Experimental confirmation was doneAsyrov on CsOs; who measured the
electrically induced ME effect in the temperatuamge of 80-330K [6]. Since then there has
been a lot of papers reporting the observations rmadsurements of the ME effect in single
crystals [7-11]. All exhibit ME effect at low temgure, much below the room temperature and
their ME coefficient drops to zero as the transittemperature reaches the Curie temperature.
But ME effect is too small to be practically applide due to temperature constraints. So single
phase materials have not yet found any technolbgpalications. However research on
suitable single phase magnetoelectric materialseiag carried out by number of research

groups [12].

1.1.2 Two Phase Magnetoelectric Materials - Composites

To overcome the limitations of single phase maggletdric materials and to enhance the
magnetoelectric coupling at room temperature, W ghase materials were introduced [13]. In
two phase magnetoelectric materials or composibe® phase should be piezoelectric or
electrostrictive while other should be magnetic andgnetostrictive. The magnetoelectric
coupling between two phases is introduced or indubeough indirect coupling. This indirect
coupling takes place via stress and results in etagtriction induced deformation and the
generation of piezoelectric charge [14-15]. Thaistrmediated magnetoelectric coupling is

shown in Figure 1.2.

H Magnetostrictive [ ] Piezoelectric
. 0 £ N _ = 1 e /1
d. S aad
¥ . ! .
Magnetic field — Strain T Strain — Polarization

Direct magnetoelectric effect

b+ttt
7 H oy
F Y| o) ﬁ 1
¥ ——— v
(Strain/magnetic field) x (Polarization/strain)

Figure 1.2 Strain Mediated Magnetoelectric coupling effect
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The first discussion on synthesized composite medterwas proposed by Van
Suchtelen in 1972 [16]. When magnetic field is laggpto a composite, the ferrite material
change their shape because of magnetostrictiontldadtrain is passed to the piezoelectric
materials, resulting in an electric polarizationheT equation 1.1 shows the schematic

representation of ME effect in two phase systenesnfmsites) utilizing the product property

[17].
== (%) () 104

Where,

SE .
ar, =— = ME coefficient
E ~&sH

3E _ . .
5" Piezoelectric field generation

S—; = Magnetostriction deformation

For studying this effect, a combination of feremtic and ferrimagnetic materials are
been employed. The most widely studied systems liaae been reported correspond to
substituted CoR©®4, NiFe0s, MNFe0,, ZnFeO, ferrites with substituted BaT¥OPZT, PMN-
PT, BNT, BNT-BT and PVDF [18].

1.1.3 Necessary Condition to exhibit good ME Effesh the composites:

In 1978, Boomgard and Born outlined some requirdmém obtain better ME effect in
composites [22] which are summarized here:

. Two phases should be in equilibrium and no chenmeadtion should take place between
the constituent phases.

" Resistivity of the constituent phases should bé khigavoid the leakage of charges
developed in the piezoelectric phase and possiltditpole at higher fields to get higher
magnetoelectric output.

. Magnetostriction coefficient of magnetostrictive agk (ferrite) and piezoelectric
coefficient of piezoelectric phase should be higlathieve good ME.

" Sintering temperature should not be too high st @void diffusion between two phases
(results in an increase in defect concentrationschvileads to lower resistivity of

composites and makes the poling more difficult).

5
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1.1.4 Applications of Magnetoelectric (Ferrite-Ferpelectric) Composites

Today is day of device miniaturization, there igewmcreasing interest in multifunctional
devices which are based on magnetoelectric effElsese magnetoelectric composites are
promising candidate for technological applicatiofisese applications are given below:
> Magnetoelectric materials are used for transduases for converting electric and

magnetic fields. These materials can be used esuators, filters, data recording devices
based on electric control of magnetization and-vieesa [19].
> The coexistence of magnetization and electric pddon in a magnetoelectric material
allows the four-state logic states in a single devi
> Magnetoelectric composite materials can be usadia®- sensors in place of magneto
resistive read heads.

> Electrically tunable microwave devices such a®ffdf oscillators and phase shifters in
which magnetic resonance is tuned electrically.

> ME composites also find applications in memory desi due to hysteresis nature of
composites. ME coupling permits the data to betanitlectrically and red magnetically
in memory technologies.

Dong et al. [20] fabricated a transformer using d.erconate Titanate—Terfenol D
composite and predicted the possibility of an erely high magnetoelectric voltage gain. J.
Rhu et al. [21] fabricated magnetoelectric lamidatemposites of PZT-Terfenol for magnetic
field sensing applications.

As magnetoelectric materials are composed of twaseh — Ferroelectric and
Ferromagnetic materials so it is required to giviefbintroduction about ferroelectricity and

magnetism that are given in following sections.

1.2 Ferroelectricity

Ferroelectricity is a property of certain non cocithg crystals, or dielectrics that exhibit
spontaneous electric polarization which can bersmgkin direction by application of an electric
field [23]. Ferroelectricity was reported for thest time by ‘Joseph Valasek’, who worked at the
University of Minnesota in Minneapolis, in his wotRiezoelectricity and Allied Phenomenon in

Rochelle Salt” in 1920 [24-26]. Rochelle salt armtgssium di hydrogen phosphate were two
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known ferroelectrics before 1940. In the early@84the discovery of barium titanate (Bag)O
ceramic, first ferroelectric material has led tce tiscovery of a large number of similar
pervoskites viz. KNb@ LiNbOs, PbTiG; etc. A crystal is said to be ferroelectric whehas two
or more orientational states in the absence ofexniree field and can be shifted from one state to
another by the application of an electric field J[2Ferroelectricity is caused by asymmetries in
the lattice structuréso the ferroelectricity in crystals can be expldioa the basis of symmetry
operations. It is found that symmetry operations loa divided in to 32 different crystal classes.
These thirty-two point groups can be further diddeato two groups: (a) crystals with a center of
symmetry and (b) crystals without center of symmetr

Crystals with center of symmetry with 11 point gosuare known as centrosymmetric.
The remaining 21-point groups which do not haveeat@&r of symmetry are known as non-
centrosymmetric. Out of these, 20 point group giszoelectric effect i.e., generation of electric
charge on application of stress. Further, out of pdint groups, 10 point groups possess
spontaneous polarization and give rise to generatielectric charges on change in temperature
and are called pyroelectric materials some of tlagenals belonging to these 10 point groups
show reversible spontaneous polarization on agpmicaf electric field are called ferroelectrics.

There has been a continuous succession of newialstand technology developments
till now. The main applications of ferroelectric teaals are their use in high value capacitors,
piezoelectric sensors and actuators, ultrasoniesdiacers, radio and communication filters,
medical diagnostic transducers, stereo, buzzesstiym temperature coefficient (PTC) sensors,
switches, ultrasonic motors, thin-film capacitoasd ferroelectric thin film memories etc [28-
31].

1.2.1 Pervoskite Structure

The mineral name of pervoskite is calcium titan@aTiOs). The simplest structure of
perovskite is cubic. A typical ABOunit cell structure is shown in figure 1.4 (a)which the
larger A cations, monovalent or divalent metal B&*, C&*, B&*, La®* etc.) are on the corners
of the unit cell. The smaller B cations, tetravalenpentavalent metal (B: 4 zr**, Sri**, Nb™*,

Ta>'etc.) are at the body center of the unit cell. Bhggen atoms are at the face centers of the
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cube [27]. The arrows depict the stretching motioe to the electrostatic force. Ferroelectricity
is characteristics of compound with distorted Pskite structure.

= 3 2 >
T2 LaSl
« N /AN T or-anzue
§ . 0% = caygen
a /})4’ ‘ /?) YR i
a1
ot J

cubés Allicn, symmelric /

amangemant of positive and - o
nagalive chargas tatrmgonal (orthorhombich latice,
crysial has eheciric dipoke

Figure 1.4 Schematic of the ferroelectric effect for a perateska) Perovskite unit cell. (b)

Ferroelectric polarization of the crystal.

1.2.2 Ferroelectric Curie temperature and Phase Tnasitions

The important characteristics of ferroelectric en@s are ferroelectric transition

temperature (J) or Curie temperature. In general, ferroelectriatenials undergo a phase

transition on cooling from a paraelectric phaséetooelectric phase. This would happen when
temperature is lower than the Curie temperaturea Aémperature above;,Tthe crystal does
not exhibit ferroelectricity or unit cell becomegrametric and the material is in paraelectric
state; on the other hand, when the temperature el®owb T;, the crystal exhibits
ferroelectricity or unit cell becomes non-centrosyetric leading to ferroelectricity.

The ferroelectric behavior in barium titanate (Bag)iwas observed in 1945, due to its
perovskite structure, better ferroelectric progsitichemical and mechanical stability, barium
titanate (BT) became one of the most extensiveldistl ferroelectric materials. After that in
1950, Lead Zirconate Titanate (PZT) having peraeskiructure was found to be an attractive
ferroelectric. PZT compositions are now the mostelj exploited of all piezoelectric ceramics
both in research and industry.
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If there are more than one ferroelectric phases,témperature at which the crystal
transforms from one ferroelectric phase to anoihealled the transition temperature. Near the
Curie point or phase transition temperatures, pt@seincluding dielectric, elastic, optical, and
thermal constants show an anomalous behavior. @mgdrature dependence of the dielectric
constant above the Curie poidt>(T¢) in most ferroelectric crystals is described bg Qurie-
Weiss law [32-34].

.................. 15

E =&+ T—T)

Wheree is the permittivity of the materiad, is the free space permittivitg is the Curie
constant andl, is the Curie-Weiss temperature. The Curie-WeigsgptratureT, is, different
from the Curie pointT; For first order transitionsT, < T. while for second order phase

transitions,T, = T, [34].

1.2.3 Ferroelectric domains and Hysteresis Loops

Ferroelectrics possess regions with uniform paoddidn, known as ferroelectric
domains. All the electric dipoles are aligned ie 8ame direction with in a domain. There may
be many domains in a crystal separated by intesfaaled domain walls [35]. A single domain
can be obtained by domain wall motion, by the aapion of electric field. Strong fields could
lead to the reversal of the polarization in the domm known as domain switching. The
polarization reversal can be determined by meaguttiie ferroelectric hysteresis as shown

in Figure 1.5.
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Figurel.5 Ferroelectric (P-E) hysteresis loop
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The starting point is assumed to be at A (figurg).JAs the electric field strength is
increased, the domain starts to align in the pasitiirection, giving rise to rapid increase in the
polarization. If the field strength starts to dese, some domains will reverse but polarization
does not fall to zero when the external field imosed. At zero external fields, some of the
domains remains aligned in the positive directiamd ahe crystal will show a remnant
polarization P (AE). The field necessary to bring the polarizatto zero is called the coercive
field strength, E If the field is increased to more negative valine, direction of polarization
flips and hence a hysteresis loop is obtained. Vdlee of spontaneous polarization, %
obtained by extrapolating the curve of saturateldrpmtion at point D, onto the polarization
axis [36]. The coercive field, spontaneous andrasitin polarizations and shape of the loop are
affected by a number of factors including thickngas®sence of charged defects, mechanical

stresses, preparation conditions, pinning centaisv@easurement temperatures [37,38].

1.2.4 Introduction to Piezoelectricity and its Feaires:

In 1880, Jacques and Pierre Curie discovered pdieztoieity. They studied the effect of
pressure on the generation of electrical chargectygtals such as quartz and tourmaline.
Piezoelectricity (piezo means to press) is theegaion of electricity as result of a mechanical
pressureA piezoelectric material develops a potential agfits boundaries when subjected to a
mechanical pressure called direct piezoelectriectff Conversely, when an electric field is
applied to piezoelectric material, a mechanicalbdagtion takes place. This effect is called
converse piezoelectric effect. These materials @sed to make sensors and actuators.
Piezoelectric effect is linear effect which arigskse to displacement of ionic charges within a
crystal structureln the absence of the external stress, the chasgédtion within the crystal is
symmetric and the net electric dipole moment i®zBlowever, with the application of external
stress, the charges are displaced and asymmaedtitodtion of the charge is observed and a net
polarization develops which results in an intemlattric field.

When a piezoelectric material is subjected tosstrelectric charge generated per
unit force is called piezoelectric charge coeffitiand is represented bysi#l dss indicates the
polarization generated in the direction 3 when stress is applied in the™3 direction. In

addition to piezoelectric coefficient (d), piezatlec voltage coefficient (g); It is related with

10
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electrical field produced by mechanical stresss lised to measure the field produced by the

stress in piezoelectric ceramics. The ‘g’ constan¢lated to the ‘d’ constant using the relation

g:i ................. 1.6

E&p

Wheree and ¢, are the dielectric constant of the material andnittivity of the free space
respectively.Piezoelectric charge coefficient is measured byNo@hile piezoelectric voltage
coefficient @) is measured in meter volts / Newton.

There is also electromechanical coupling factowkich gives us the measure of the part
of the applied electrical energy converted into Inagdcal energy or vice-versa and measured by
resonance method [39]. It is also called efficientyhe material. It is defined as the square root
of the ratio of energy output in mechanical formthe total input electrical energy. These
electromechanical coupling factors are materialstanmts and they depend on degree of poling

for piezoelectric ceramic.

kz __ Mechanical energy converted into electrical energy

217

input mechanical energy
1.3 Magnetism in Materials

The magnetic nature of a material is determinedth® magnetic moments of the
electrons, atoms and ions in the material. The m@gmesponses of atoms, electrons and ions
can exhibit a variety of behaviors in materials doghe wide range of interactions that can
occur between the magnetic moments and their emwient. The magnetic moment of an atom
has three sources: Electron spin, electron orbitahentum about the nucleus and the change in
the spin and orbital momentum induced by an apphednetic field ). Magnetic moment per
unit volume defines the magnetization of the matefilagnetic Materials are classified into

different categories depending on the interacticth @xternal magnetic field.

1.3.1 Diamagnetic Materials

Diamagnetic materials are slightly repelled bypagnetic field and the material does not
retain the magnetic properties when the exteredd fis removed. In diamagnetic materials, the
electrons are paired so there is no permanent agnetic moment per atom. Diamagnetic

properties arise from the re- alignment of the tetec paths under the influence of an external

11
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magnetic field as shown in Figure 1.6. Diamagnetaterials have a weak, negative
susceptibility M/H) to magnetic fields and a magnetic permeabilithd) less than 0. Alkali
earth, Bismuth, superconducting materials and acgaampounds are examples of diamagnetic

materials.

w
R R
R R R
- = = = =
R R I
R R T

w

narral rmagnetic field applied rmagnetic field rermoved

| DIAMAGNETIC MATERIALS |

Figure 1.6 Diamagnetic Materials

1.3.2 Paramagnetic Materials

These materials are composed of atoms or molebaleisig permanent dipole moment
which arises from the orbital and spin motion o tklectrons.Figure 1.7 shows the
paramagnetic material in the absence and presémsagmetic field. Paramagnetic materials are
slightly attracted by a magnetic field and the matedoes not retain the magnetic properties
when the external field is removetihey obey Curie’s law (i.e. alignment of momentsaim
external field is opposed by the disordering effaxfttemperature)Paramagnetic materials have
a relative magnetic permeability greater or eqwaluhity and positive susceptibility. Alkali

metals, Transition metals, rare earths are the pkamof paramagnetic materials.

In Absence of Magnetic Field In Presence of Magnetic Field

Paramagnetism

Figure 1.7 Paramagnetic Materials
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1.3.3 Ferromagnetic Materials

Ferromagnetic materials exhibit a strong attractiormagnetic fields and are able to
retain their magnetic properties after the exterfidld has been removed. Ferromagnetic
materials have some unpaired electrons so themsatmave a net magnetic moment. They get
their strong magnetic properties due to the presesic magnetic domains. Ferromagnetic
ordering occurs when all the moments contributealtguo the spontaneous magnetizatitin
exists below a certain critical temperature calledrie temperaturel.. The alignment of
magnetic moment below the Curie temperature istdw@xchange interaction between magnetic
ions. It results in the parallel or anti parallejament of uncompensated electron spins as shown
in Figure 1.8 (a). Above Curie temperature, thertted effect disturbs the spin alignment and the
substance becomes paramagnetic. Ferromagneticiateateave a large, positive susceptibility to
an external magnetic field. The examples of ferrgmedic materials are the elements such as Fe,
Co, Ni, Gd etc.

parallel alignment 9595959 ?89%898

A A A 4 20 CROXTOXC
O hd B ZOI0EOF SRS

9;@50#9 OQ(%Q 5@@
o4y SBED SN0
| :) Antiferromagnetisn

CD CD C C Ferrimagnetism

A A A A
Ferromagnetisn
(i) (if) (iif)

Figure 1.8(a) Ferromagnetic materials (b) AntiferromagneticKRerrimagnetic materials

1.3.4 Antiferromagnetic Materials

Antiferromagnetism materials have structures casepoof two interpenetrating sub lattices

and their ordering is such that there is no nentpwous magnetization because half of the

13
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dipoles of one sub lattice are aligned in one timecand the other half of the other sub lattice in
the opposite direction. Figure 1.8 (b) shows th#femomagnetism. In the absence of external
magnetic field, neighboring magnetic moments caeeah other, therefore no magnetization;
however, when field is applied, small magnetizatappears in the direction of the field. They

have positive susceptibility and susceptibility id@&ses with further increase in temperature, i. e,
antiferromagnetism breaks down and material becqraemmagnetic.

1.3.5 Ferrimagnetic Materials

These materials have structures composed of tieadtices (A and B) separated by
oxygen’s. The magnetic moments of one sub-lattreeaatiparallel to that of another sub-lattice
and are of unequal magnitude resulting in a netntgp@ous magnetization similar to
ferromagnetic materials (shown in Figure 1.8(c))thNhcrease in temperature, the spontaneous
magnetization decreases and reaches to zero atieulza temperature called Neel temperature
(Tn). Ferrimagnetic materials are like ferromagnetic which they hold spontaneous
magnetization below Curie temperature and becomenpmgnetic above the Curie temperature.

Ferrites are the well known example of ferromaignematerials. Ferrites are
nonconductive ferrimagnetic ceramic compounds abthifrom iron oxide such as hematite
Fe,0O; or magnetite F©, as well as oxides of other metals. Ferrites are laad brittle like
ceramics. Ferrites crystallize into spinel struet(foohoo 1960, Smit & Wijin 1959), which is
named after mineral spinel MgA,. Unit cell of AB,O, spinel structurés shown in Figure 1.9.
Similar to mineral spinel, magnetic spinel haveagahformula ABO,, where A and B represent
various metal cations including iron (Fe). The spifattice is composed of closed packed
oxygen arrangement in which 32 oxygen ions frorné cell. Between the layers of oxygen
ions, there are interstitial sites that are ocalifmg the metal ions. In the unit cell of 32 oxygen
ions there are 96 interstitial sites having 64ateddral sites (A) and 32 octahedral sites (B).
These sites are occupied by metal ions either bpne +3 valance. Out of the 64 tetrahedral
sites, only 8 are occupied and out of 32 octahegied, only 16 are occupied.

14
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Oxygen

B-atoms
octahedral sites

A-atoms
tetrahedral sites

®

AB;Oyspinel The red cubes are also contained i the
back half ofthe unit cell

Figure 1.9  Unit cell of AB,O4 Spinel Structure
Depending on the ion position in tetrahedral aothloedral sites, ferrites can be divided into
following three categories.
1. Normal Spinel
2. Inverse Spinel
3. Mixed Spinel

Normal Spinel: In Normal spinel ferrites, tetrahedral sites (fesare occupied by divalent
ions and octahedral sites (B-site) are occupiedrilbglent ions. Examples of these ferrites are
Zinc Ferrites and Mg-Al ferrites with their formslaare given below: (ZH)a[Fe**5]s04
(Mg?Ha[Al®5]504 etc

Inverse Spinel Structure: The arrangement where divalent metal ions areghenB site
(octahedral position) and the trivalent ions asdributed over both A and B site (tetrahedral and
octahedral positions) is known as inverse spineicaire. For example: Cok@, and NiFgO,
(FE) A[CO*'Fe80,%, (FE)A[Ni?'Fe*]504% have inverse spinel structure respectively.

In mixed Ferrites: The arrangement of cations are such that thetsteitcs a combination of
both normal and inverse spinel structure, in whdoralent ions are distributed partially on both
A and B sites. A typical example of mixed ferrigeNickel Zinc Ferrite having chemical formula
Zny Ni.yFe0, as (ZEFe™ 1x)[Ni ¥4 Fe** 1 ]0%4 .In addition to spinal structure, several
other structures of ferrimagnetic material suchgasnet, hexagonal crystal structure; e.g.:
Barium Ferrite BaFe;2019).
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The preference of differenhgoto occupy the two types of sites in the spinel
structure is determined by various factors.
1. The ionic radii of the specific ions.
2. The size of interstices
3. Temperature
4. The orbital preference for specific coordination

1.3.6 Properties of Ferromagnetic/ Ferrimagnetic merials
1.3.6.1 B-H or M-H Hysteresis Loop

Ferromagnetic or ferrimagnetic materials exhibitsimportant characteristic knows as
hysteresis that is usable for memory storage dsvideerromagnetic material becomes
magnetized in the presence of external magnetid because of alignment of domains in the
direction of applied magnetic field. When externagnetic field is removed, domains do not
regain their original position and some magnetiratis retained by the materials due to
hysteresis effect. Typical B—H hysteresis loophigven in Figure 1.10.

B Flux Densit
v Saturation

Retentivity

N

Coercivity

N

H

Magnetizing Foree

-H
Magnetizing Force
In Opposite Direction

Saturation

In Opposite Direction -B Flux Density

In Opposite Direction

Figure 1.10M-H/ B-H Hysteresis loop
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1.3.6.2 Magnetostriction:

Magnetostriction is just like the electrostrictigeroperty of magnetic materials causing
to change their shape and dimension during theepsoof magnetization. This happens due to
spin-orbit lattice coupling. The change in the bdrientation due to alteration of spin direction
causes the change in lattice dimension as showhigare 1.11. This effect is known as
magnetostriction. The figure shows the magnetdginiceffect. Theeffect was first identified in
1842 by James Joule when observing a sample of[#0h Magnetostriction coefficienti,)
may be defined as the strain induced by a satgrdigid. The variation of magnetization of the
material by applying magnetic field changes the me#gstrictive strain until it reaches to
saturation valuelj. 1, may be positive or negative. If the field causes increase in the
dimension of the material in the direction of thppked field, then it is taken positive otherwise
it is taken as negative. For example: Cflzehave a magnetostriction coefficient of -110 Parts

per million (ppm) while NiFgO, has -26 ppm.

No Magnetic Field

Magnetic Field Applied
Figure 1.11Change in lattice dimension in the direction of laggpfield

1.4  Review- Literature Survey

During last 20-30 yeargn enormous research work has been carried out on
Multiferroic due to their potential feasibility. bt of work has been reported on observations
and measurements of ME effect in single phase m&¢d41-50] but all materials exhibited the
ME coupling effect at low temperature and weak MEponse, because of this it is difficult

to use these materials for device applications.
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To overcome the limitations of single phase matsrisnagnetoelectric composites
(ME composites) come in to picture. Van Suchteled972 and other researchers at Philips
Laboratories in the Netherlands on the compositibthe quinary system Fe-Co-Ti—Ba-0O
was done first work on ME composites [51-54]. Tleneeptual points for preparation of
good ME composites was given by Boomgard and Bari978 [22]. After that a lot of
works has been reported on magnetoelectric iniera@nd their phenomenons. From 2000
onwards, considerable research work has been donesimgle phase and two phase
magnetoelectric materials and reported by numbereséarch groups. The detailed literature

survey was collected from internet and INSPEC bHate and is summarized in tabular form.

Sr. Year Authors name Compositionstudied Properties reported
No.
1. 1994 M.1. Bichurin et al. YsFe(FeQ)s-PZT Comparision of

[55] experimental data and

theoritocal aspects of

magnetoelectric effect.

2. 1997 M.I. Bichurin et al. Ni-Co Ferrite-PZT Theortical study an
[56] magnetoelectric effect in

composites materials.

3. 2000 R.P. Mahajan et a|.CuFeQ,- BaTiO; e with v (100Hz-1MHz) and
[57] with temperature, o with

intensity of magnetic field.

4. 2000 K. Srinivas et al.CoFeO, — | Electromechanical coupling
[58] Py 96Sl.04T10.4Z105403 | constant
5. 2001 J. Ryu et al. [59] Cofe, - BaTiO; XRD, SEM, ¢ and tai with

v (100Hz-1 MHz) and
temperatureg with intensity

of magnetic field.
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D

7

6. 2001 J. Ryu et al. [60] Laminated compositesagneto-electric  voltag
of PZT and Terfenol-D coefficient of 4.84V/cm.Oe
Disk
7. 2002 M.B. Kothale et al.Cuy¢Coy JF60,- XRD, ¢ and tad with v
[61] Bay.sPhy 2TiO3 (100Hz-1  MHz)  and
temperatureg with intensity
of magnetic field.
8. 2002 Zhi Yu et.al. [62] NisZno 7€ 103 - | Maxwell-Wagner
BaTiOs polarization
9. 2003 Jun Yi Zhai et al.PbZs7Tig.4403 -| XRD, & and tad with v
[63] CoFeOq (100Hz-1 MHz), a with
intensity of magnetic field.
10. 2003 S.L. Kadam et al. | Nig75C0p 25F€0:- XRD, ¢ and tad with v
[64] Bay.gPhy o TiO 3 (100Hz-1MHz) and
temperatureg with intensity
of magnetic field.
11. 2004 B.K. Chougule etNipsdC0s5d-€0,- XRD, dc resistivity with
al. [65] Bay gPly oTiO3 temperature and;,, a with
intensity of magnetic field.
12. 2005 S. Narendra Babuayered composites afa with both in the presenc
et al. [66] Ni/PZT/Ni and| of AC and DC magneti
Fe/PZT/Fe. field
13. 2005 B.K. Chougule Nio.sCly oFe04- XRD, ¢ and ta@ with
et al. [67] Bag.oPly 1Tio.0Zrp.103 temperatureq with intensity
of magnetic field.
14. 2005 S.R. Kulkarni et al.NipsCoy 1Cuy 1Fe0,- XRD, & and tad with
[68] PbZip gTip 03 temperatureg with intensity
of magnetic field.
15. 2005 G. Srinivasan et alCo;.ZnFeO, (CZFO)| Comparison in ME effect o

[69]

(x=0-0.6) - PZT

Laminated and bulk
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16. 2006 Li et al. [70] Terfenol-D - PZT a with magnetic field.
17. 2006 N. Ortega et alPZT/CoFgO, composite o was reported by
[71] thin films measuring PE hysteres
loops in  presence ¢
magnetic field.
18. 2006 R.S. Devan et al.BaTiO;- XRD, dc resistivity ang
[72] Nig.92ZC00.08C W o604 thermo-emf with
temperature,c,c With v, ¢
and taw with v, o with
intensity of magnetic field.
19. 2006 M.E. Botello et al| CuFeO,- BaTiO; XRD, SEM, o with intensity
[73] of magnetic field,
20. 2007 Giap.V. Doung et CoFeQ,- BaTiOs XRD, o with intensity of
al. [74] magnetic field
21. 2007 K.K. Patankar et.alBay gPhy2TiO3- CuFeO, | XRD, SEM, o with intensity
[75] of magnetic field, impedeng
measurement.
22. 2008 P.D. Thang et.aCoFeO, — PZT| decrease in magnetizatic
[76] nanostructures around the ferroelectri
Curie temperature indicate
the magnetoelectric couplin
between the two phases
23. 2008 B.K. Nig 2Cp gFe04- XRD, dc resistivity with
Bammammavar Bag gPly 2Zr0.gTip 203 temperature, a  with
et al. [77] intensity of magnetic field
M-H loop
24. 2008 S.R. Kulkarni et al.NipgCy1Cuy.1F&0,- XRD, dc resistivity with
[78] PbZip 5Tips03 temperatureg with intensity
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of magnetic field, M-H loop

25.

2008

S.A. Lokare et
al. [79]

BaTiO; -
Ni.92C00.0MNg 05F€04

XRD, dc resistivity with
temperature, a  with
intensity of magnetic field,
M-H loop

26.

2008

S.S. Chougule et
[80]

AlNig.8ZNo Fe04 -
PbZfy52Ti0.4603

XRD, ¢ and tad with v
(100Hz-1 MHz) and
temperatureg with intensity

of magnetic field.

27.

2008

J.A.Matutes-
Aquino. et al. [81]

NiFeOs- BaTiO;

XRD, P-E, M-H, M-T, a
with magnetic field at room

temperature, €.

28.

2008

S.G. Lu et al. [82]

Cof, - PZT

e and tad with v (100Hz-1
MHz) and temperatureo
with intensity of magnetic
field. Piezoelectrig

coefficient and maximun

—

ME coefficient was observed
for 0.9PZT-0.1CFQ
composite. They als
reported that the ME

O

coefficient was linearly
increased with AC frequengy
upto 100 kHz.

29.

2008

R.A. Islam et aJ|.PbZIb_52Tio.4go3 — Ni(l_

[83]

X)an F6204.

The doping of PZN in PZT
affects the resistivity and
magnetoelectric coupling of
the composite. They

reported the maximum
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174

coefficient 187mV/cm.Oe
was observed for 0.85PZT-
0.15PZN NZFE

composite

and

30. 2009 B.K. Chougule etCoyCdyiFe204-PZT XRD, SEM,¢ and tai with
al. [84] v (100Hz-1 MHz) and
temperature, ac conductivity,
dc resistivity, a with
magnetic field,
31. 2009 C.M. Kanamadi etCoFeO, and strontium XRD, SEM, ¢ and taid with
al. [85] doped BaTiQ v (100Hz-1 MHz) and
temperature, o with
magnetic field
32. 2009 B.K. Bammannavamig Cay sFe04 + | Magnetic properties
et al. [86] PbZip.gTio. 203 magnetoelectric effect,
33. 2009 B.K. Nig Cop gFe0 4 - XRD, dc resistivity,a with
Bammammavar Bag gPly 2Zr0.gTip 203 magnetic field.
et al. [87]
34. 2009 M.Venkata Nip gC0p.1CUy 1FE0; - XRD, ¢ and tad with v
Ramanaa et al. [88] PbZip sTi 0503 (100Hz-1 MHZz) and
temperature. dc resistivity,
d33, o with intensity of
magnetic field.
35. 2009 Xiaobo Wu et al.CuFeOs-PbZisaTi 04603 | XRD, SPM, tad with
[89] temperatureg with intensity
of magnetic field, MH loop
P-E Hysteresis loop.
36. 2009 C.M. Kanamadi ¢tNiggCuyFeOq -| AC conductivity and DQ

al. [90]

Bay.sPhy 2Ti0.82r0.203

conductivity, a with

magnetic field at room temp.
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37. 2010 C. Miclea et al. [91] Cofa, - PZT XRD, SPM, tah with
temperatureg with intensity
of magnetic field, MH loop
P-E Hysteresis loop.

38. 2010 R.Rani et al. [92] Ni-Zng@, - BST XRD, SPM, tah with
temperatureg with intensity
of magnetic field, MH loop
P-E Hysteresis loop.

39. 2010 Abdul Samee Nig.sZNo 2Fe04 - | XRD, dielectric properties

Fawzi et al. Phyodap.0d{Zro.60Tin4Oz | P-E, M-H, a with magnetic
[93] field at room temp.
40. 2010 A. Guptaetal. [94] (X)PygbTio.d05— XRD, ¢ and tad with v
(1-X)Mng sCop eZNno.4F€1 7 | (100HZ-1 MHZz) and
O4 temperature, dc resistivity,
with intensity of magnetic
field.

41. 2010 J. Kulawik et al.CoFeOs,— XRD, SEM, ¢ and ta@d with

[95] Pb(Fe/2Ta12)0s v (100Hz-1 MHz) ang
temperature, dc resistivity,

42. 2011 | X. Chao et al. [96] | Pb[ZIy.23Tip36t0.02(Mg, | XRD, ¢ and tad with v

2W1/2)+0.39(NisNb/3)]O | (L00Hz-1 MHz) and

3 and| temperature, dc resistivity,

Nip.sCy.1Cly 1Fe0, with intensity of magnetic
field

43. 2011 Hong-fang Zhanga Pb(Zit 53Ti0.47) O3 - | P-E, M-H, a with magnetic|

et al. [97] (Nio.5ZNn0.5)F&04 field at room temp.

44, 2011 L.M Harib et al. CoMmnyFeqg04- BaTiO; | XRD, SEM,¢ and tad with

[98] v (100Hz-1 MHz) and
temperature, o with dc

magnetic field.
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45. 2011 Ying Pie et al. [99]] Cofe, - XRD, SEM, ¢ and taid with
Pb(Mgi/3Nb2/3)0.67Ti0.3803 | v (100Hz-1 MHz)and
temperature, o with dc

magnetic field

46. 2011 Subhasis Roy et aPhygd.ap 15T103- XRD, SEM, P-E loop, M-H
[100] CoFeO, loop at room tempge and

tamd with temperature.
47. 2011 Jiangli Chen et alNip ol oL oFe04- | XRD, & and tad with v
[101] PbZrTiO; (100Hz-1  MHz)  and

temperature, 4, o with dc

magnetic field

48. 2012 Sarmistha Basu |e®Pb(Zfp53Ti0.47)Os- XRD, SEM, ¢ and tad with
al. [102] CoFeO, v (100Hz-1 MHz) and

temperature,ac conductivity.

15 Selection of individual phases

As there are a number of ferroelectric and ferriteamals, our first aim is to select a
desired composition of ferrite phase and ferroelegthase that shows novel ferroelectric and
ferromagnetic properties and possess good ME effect

The solid solution of ferroelectric lead titanateébTiO;) and antiferroelectric lead
zirconate (PbZrg), known as PZT, with varying Zr/Ti ratio near MRBZT : 55:45), exhibits
significant behavior [103-106] due to higher rasist, stronger dielectric and ferroelectric
properties, easier to pole, high piezoelectric ficeht, higher electromechanical coupling
coefficients as compared to other ferroelecti®g, La, Ca and Ba are well known substituents
for PZT ferroelectric ceramics to modify them foestted properties [107-111]. It has been
found that L& substitutions in PZT increases the electrical stasiy and increases the
piezoelectric effect. This substituent in PZT résuh high dielectric constants, enhanced
coupling factors, high remnant polarization andasquhysteresis loops [112-113]. Cebgis
chosen as ferrite phase having high electricalstiegy, low eddy current losses and high

magnetocrysatalline anisotropy [114].
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From above literature review it was found that &db work was done on the PZT-
CoFeO, magnetoelectric composites. No study was done &h §5:45) - CoFgD, and
modified PZT (55:45) - CoR®, composites.This proposal is an attempt to study and
understand the novelty in the CFO-PZT based mageletciric composites and characterize

them.

1.6  Objectives of the Present \ark

Our aim is to prepare and characterize the fefeiteselectric composites by
conventional solid state reaction method. Solidestaaction method is the cheapest, simplest
and conventional way to synthesize bulk samples.

The main objectives are as follows:
1. Preparation & optimization of process parameteB4F- CoFgO, magnetoelectric
composites.

To investigate the effect of substitution on PZBF&0, composites.

3. To characterize the materials for structural, mistouctural, electrical and magnetic
properties.
In order to fulfill the objectives of the proposark, the following ceramic compositional

series were synthesized and characterized:

Series | (X) Coh®4 — (1-x) PbZs 55Ti 0.45803 (x=0-0.15 in step of 0.05)
Series I (X) CexNioFeO4 — (1-X) PbZgssTi 04503 (x =0 - 0.15 in step of 0.05)
Series Il Series A (Bayi2)LayZro 55T 0.4503 (x =0-0.0075 in step of 0.0025)

Series B (X) GaNio 2F€04 - (1-X) PR .99624-20.002£0.55T10.4503
(x=0-0.15in step of 0.05)
Series C (X) G@NigFe0; - (1-X) P .9g2d-80.0052r0.55T10.4803
(x=0-0.15in step of 0.05)
Series D (%) GNio 2F&04 - (1-X) Pl ggsda0 007 0.55T10.4503
(x=0-0.15in step of 0.05)
The structural properties using XRD and SEM, thededitric properties as a function of
temperature and frequency, piezoelectric and ferctéc properties were studied. Magnetic

properties using VSM and Magnetoelectric propentiese studied.
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Material Synthesis and Characterization Techniques

Sample preparation methodology and their characterization techniques for
magnetoelectric composites (Ferrite- Ferroelectric) are described in this chapter. The
performance of ME composites depends on the processing methodol ogy therefore, it is necessary
to understand the various processing methods for sample preparation. Here, processing of
samples using conventional solid state reaction method is described in detail. The details of
characterization techniques such as structural, electrical, ferroelectric, piezoelectric and

magnetic properties used for this study of various properties of samples are discussed here.



Chapter H Material Synthesis and Characterization Techni

2.1 Material Synthesis

The method of synthesis and various processingnpeteas plas a key role to attail
desired properties. Different processing technighase been developed to synthesize
ceramics, conventional solid state rout«co-precipitation, soffel processir, hydrothermal
synthesis, spraynd freeze dryir [1-4] etc. In the present studyproventionalsolid state
reaction routevas opted for synthesis magnetoelectric composites and their constitueasgt
such as ferrite and ferroelectrithis method is better to fabricate bulk samplas t their cos
effectiveness, ease tdbrication and better control of processing paranseThe step used in
the processing derroelectric, ferrite ancomposites of the above mentioned prodre given
in Figure 2.1 (a) and 2(b) respectivel.

Selection of Weighing and Wet Ball Milling
Composition ‘ Mixing of Raw q and Drying
(Ferrite and Materials
Ferroelectric)
Recalcination Wet Ball Milling

X — Calcination
and Drying

Wet Ball Milling Individual
and Drying ) Ferrite/
Ferroelectric
Prepared

Figure 2.1 (a)Synthesis and Processing Steps for Ferroelectritié-&has.
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Synthesis of Composites

Foppite /

Ferroelectric

1

Specimen

Preparation

2.1.1 Raw Materials and Ball Milling

1

i

}(:.-!:‘

Figure 2.1 (b)Synthesisand Processing Steps for Composites.

Y l
\_J

Weighing of aw material is the first step of material synthebisthe solid state meth,

the raw material is weighed accordito the stoichiometryof the compoun. Firstly, raw

materials are mixed mechanlly usingpestle mortato get the homogenous mixtulAfter
that, mixing 8 done by Ball millin. Figure 2.2 shows the processingptenetary ball milling
The ball mill consists of grinding bowls and rotafiplate. The direction of movement of

plate is opposite to that of the bowThe centrifugal fores, created by the rotation of the b

around its own axis together with the rotation leé rotating plate, are applied to the pow
mixture and milling balls in the grinding bovThe difference in the speeds of the grinding k

and bowl releases g dynamic energies resulting in better homogeraity fine particle size «

the mixture.The ball milling process helps in reducing partisiee (10 um) and eliminatin

aggregates by means of mechanical foDistilled water (nortoxic, inflammable)is used as

ball milling media and hard zirconia balls are ussdyrinding medium. Water reduces the |
produces by frictional force of zirconia be
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supporting disc

Ceantrifugal
force

Rotation of the grinding bowl
*—".-—ﬂ

Figure 2.2 Processing of Powder in Planetary Ball Mill

The raw materials used for the present work wei@,ir0,, TiO, , La0s, for modified

ferroelectric phase and Co(@QCobaltus Carbonate), NiO, f& for modified ferrimagnetic

phase and all were analytical grade (AR grade, 99 Burity). The ball mill used in the present

work with its various specifications is shown irgéiie 2.3. These starting raw materials were

weighed in desired stoichiometric ratio and ballledi in the planetary ball mill. High density

zirconia balls and distilled water were used adimgilmedia. The ball milling was done for 3 hrs

for all the samples. The wet slurry was then ketri oven at 12C for drying purpose.

Specifications:

» Type: Mini Ball Mill (Two
Bowls)

= Purpose: For grinding ray
materials for synthesis 0
ceramics

» Plate speed: 40 to 50
r.p.m.

* Bowl speed: Maximum

———

1000 r.p.m.

Figure 2.3Planetary Ball Mill for Mixing Purpose
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2.1.2 Calcination

Raw materials for the compound formation were mftirm of oxides or carbonates. But
oxides and carbonates do not react at room temyergb for a reaction to occur, preheat
treatment of raw materials in the presence of moxygen is required. This preheating process is
known as Calcination. Calcination causes the iotema of constituents by interdiffusion of their
ions. This process reduces the extent of diffusi@t must occur during sintering and results in
homogenous body, hence it can be considered ast afpne mixing process. Calcination is
done at a temperature lower by 200 —°8Dthan final sintering temperature.

For the present study, both Ferroelectric andrfeagnetic powder mixture were calcined
in alumina crucible in a programmable furnace witkeating rate of %minute. The
programmable furnace used in the present work itstispecifications is shown in Figure 2.4.
Calcination and recalcination temperature of fdacteic phase were 860 and 856C for 4 hrs

and for ferrimagnetic phase, the calcination amalgination temperature were $@and 956C

for 4 hours.

Specifications:

e Heating elements: Silicon carbide

e Working area (inside heating zone): 12"
Depth x 6" Height x 6" Width

e Maximum operating temperature:1560

e Thermocouple used: R-type

e Accuracy: +1°C

e Heating rate and soaking period are
programmable

Figure 2.4 Programmable Furnace used for Calcination

36



Chapter H Material Synthesis and Characterization Techni

2.1.3 Shaping

The dried powder (individual ferroelectric, ferraad mixture of bol) obtained after ba
milling and drying requires particular shapeThere are a number ofiolding methos which
include Lhiaxial Pressing, Isostatic Pressing, Extrusiofediion molding, Tape Casting, S
Casting, Gel Casting [5].

For shapingfirstly we have to increase the strength of powsimple. Nowo increase
the strength of powdglan organic binder added to the powddyefore compactic. For the
present work, dilute solution of polyvinyl alcoh@VA) was used as binder Added binder
should be such that would be able to removit from the compacted shapes without
disruptive effect.

The dried powder was mixed with a few drops of téitlipolyvinyl alcohol (PVA) binde
(3% by weight). Tie Uniaxial pressing meth was used for shaping the powinto green body.
The hydraulic press used in the present work wghvirious specifications is shown in Figt
2.5. The dimensionsf the pressed circular discs re 15 mm diameter and-2 mm thickness

after applying the pressure b® Ton (200 kg/cr?) for 2 min.

Specification:

e Maximum Pressur-10
Ton

e Dies are availablefor

pressing circular discs
various sizes and rir

shape

Figure 2.5 Hydraulic Press for shaping purpose
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2.1.4 Sintering

Sintering is the heat treatment process by whi@h green body is transformed to a
strong, dense body. Driving forces and atomic meisia is responsible for solid state sintering.
Due to driving force, there is reduction in the & energy associated with the surfaces. This
may be occurring either by coarsening or by deretifon. Reduction of total surface area by an
increase in the average size of the particle igamsible for the occurrence of coarsening or by
eliminating solid/ vapour interfaces and creatibigm@in growth leads to densification. Sintering
temperature, heating/cooling rate and soaking tlmes have considerable effect on the density
and properties of the material. In sintering atrappate temperature, the atomic motion is more
violent and the area between grains in contaceas®s due to the thermal expansion and finally
only one interface between two grains remains. Thisesponds to a state with much lower
surface energy. In this state, the atoms on tha grafaces are affected by neighboring atoms in
all directions, which results in densified cerani}. During grinding and shaping process,
internal strains in the form of lattice distorti@xist in the grains. The lattice distortion and
internal stress are reduced by atomic diffusione €hanges, which occur due to grain growth
and secondary recrystallizations, are related & grain size and shape. Grain growth is a
process where the average grain size (which castdain-free or nearly strain free) in the
material increases continuously during the heaatrment without change in grain size
distribution. As average grain size increases, sgmes must shrink and disappear. Then the
driving force for the process is the differencewssn the fine-grained and larger grain size
product resulting from grain boundary area and tb&al boundary energy. Secondary
recrystallizations is the process in which somgdagrains get nucleated which grow at the
expense of fine-grained but essentially strain fmegrix. These occur when the continuous grain
growth is inhibited by the presence of some impsibr pores. This commonly happens in the
case of oxides, titanates and ferrites ceramics.ffide energy changes by the elimination of the
solid vapor interfaces. This takes place with tbmcdental formation of new but lower energy
solid interfaces. On a microscopic scale, matdraisfer is affected by the pressure difference
and the change in free energy across a curvedcsurifigher sintering temperature and larger
soaking time would result in larger grains resugjtin highly dense ceramics [7]. There are many

factors that affect the sintering process; somberi are:
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Time and temperature

Composition

>

>

> Geometrical structure
> Density

2.

1.4.1 Conventional Sintering

In conventional sintering, energy is transferredhite material from the surface of the
material through conduction, convection and radragprocess. In the present work, the green
bodies were placed in closed alumina crucible éadl based samples; extra lead was taken to
compensate the lead loss during sintering. Theefgallvere sintered at suitable temperatures
according to composition of the samples (ferroelecterrite and composite) in a programmable

furnace with silicon carbide heating elements (Fég2.6). The heating rate was kept 4Cfmin

and soaking period of 4 hrs.

Specification:

» Heating elements : Silicon Carbide

» The working area (inside heating
zone) : 12 Depthx 6" Heightx 6"
Width

» Maximum operating temperature:
1550°C.

» Thermocouple Used: R-type
thermocouple.

» Heating rate and soaking time are

programmable

> Temperature accuracy: £

Figure 2.6 Programmable high temperature furnace for singewith its specification
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2.2 Characterizations

The samples prepared by solid state method wedgesttdior various properties such as
structural (XRD and SEM), dielectric, ferroelectrigpiezoelectric, ferromagnetic and
magnetoelectric properties. The various techniqusesi for different characterizations for the

present work are discussed here below.

2.2.1 Density

For bulk samples, experimental density was measirgdthe method based on
Archimedes’s Principle. Density measurement sefagetd on Archimedes Principle is shown in
Figure. 2.7. The ratio of\V, and the difference betweéN, and W, gives the experimental

density of sintered samples as given in equatidn 2.

W,
d - a
exp Wa_ WW

X d,, 22

In this equationl, is weight of the sample ait], is weight of the sample taken in waiéw is
water density taken at room temperature (which@® gm/cc).

Theoretical density d(gm/cc) was calculated using lattice parametensk6th phases

individually) using the relation

dep, = (1 — x)d;p(Ferroelectric) + g, (Ferrite) L 2.2
Where x is the concentration of fergtease. @ (ferroelectric) and g (ferrite) are the

theoretical densities of ferroelectric and ferptease respectively [9].

dp, =28 2.3

Na3

Where Z is the number of molecules per unit cell i value is different for both phases
(ferroelectric and ferrite phases)

Z = 8 for ferrite phase and

Z =1 for ferroelectric phase
M is the molecular weight, N is the Avogadro’s nwemi{6.023x 10%) andV = a3 is the
volume of the unit cell.

Relative density (%) was calculated by
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drgg = “22x100 . 2.4

th

Relative density is represented dyy,; Porosity (%) was calculated using relation
Porosity (%) = 1 —d,e crreennn. 2.5

For good properties, sample should have higherityesnsd lower porosity.

C 11 R L)

Volume of displaced water = volum

Figure 2.7 Density Measurements by Archimedes Principle

2.2.2X-Ray Diffraction (XRD)

The X-ray diffraction is characterization technigiee structure analysis in solid state
chemistry and material science. It provides thditpive as well as quantative analysis of XRD
data. XRD data can be used to determine the crgBtadture, lattice parameters and fingerprint
characteristics of crystalline materials [8]. X-sagre electromagnetic radiation having energy
greater than 100 keV and wavelength of the orded.bf. For the X-ray diffraction analysis,
wavelength of X-ray should be comparable to ingempl spacing which would be suitable for
probing the structural arrangement of atoms ancoudés in wide range of materials [9, 10].

The basic principle for X-ray diffraction analysssthat for a fixed wavelength.), the
constructive interference occurs for a fixed seamfinterplanar spacing (d) and incidence angle
(6) as shown in Figure 2.8. According to Bragg's atad of diffraction

2dsinf = n A 2 ¢
Where n is the order of the diffraction (normatiyXRD, only T order (n = 1) is observed).
From thed values, one can calculate the interplaner spdcing

For cubic system, the interplaner spacing (d) vegiby

41



Chapter —II Material Synthesis and Characteraiiechniques

— =@ +k2 41D/ 2.7
Where (h, k, I) are miller indices and are obtaiatd particular angle.

By combining the equation 2.6 and 2.7, we get

sin20 = £ (h%+ k% +1%) R X 2

4a°

Similarly, the relation for a tetragonal and rhorhedral system is given by the relation

2 2 2 2
sin2g =2 (MEE L5y 2.9
4 a? c?
i AZ 2 2 2
sin%0 = 7(%+%+i—2) ............. 2.10

For any set of planes, for a giver if the above condition is satisfied, we can cédtel the d-
values for different values éfand also we can find out the unit cell parameter.

For the present work, the structural analysis @& tonstituent phases and for the
composite was done by XRD using Bruker, D-8 Advammelel with Cu-K (A = 1.54056A')
radiations for capturing the diffraction patterrheTdiffraction angle, @was taken from 20to
70° for both calcined powder as well as for sinteredlepaAll the lattice parameters were
calculated using equation 2.6 and Powder X softwatie an accuracy of £0.002 degrees th 2
value. An XRD instrument measures the intensitglififacted radiation as a function éf

1n

2A

Figure 2.8 Geometry for Bragg X-Ray Diffraction
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2.2.3 Scanning Electron Microscope

The scanning electron microscope is a vital teamnigsed to determine the crystalline
size and surface morphology of sintered pallefprtivides the knowledge of distribution of
grains and average grain size. SEM measurementsagezl on the principle of irradiating the
sintered sample with a finely focused electron he&wacondary electrons, backscattered
electrons, characteristic x-rays, auger electronssgveral other radiations are released from the
specimen. Generally, SEM uses secondary electronsimhage formation with smaller
wavelength in comparison to light photons. Thisegates high resolution information.

For the present study, freshly broken pieces ofeswd pallet were used for SEM
micrograph. The broken pieces were placed in stubthin coating of gold was done with the
help of gold sputtering technique. The SEM imagésamples were obtained by Scanning
Electron Microscope (JEOL JSM 6510LV, Japan). Olersecondary image were taken to
observe the grains and grain growth. This helpsniterstand the porosity and uniformity of the

grain. Linear intercept method was used to detegrthie average grain size of the samples.

2.2.4 Polishing/Electroding

As ceramic samples are insulators. For studyingouarproperties, it is necessary to
make parallel plate capacitor. This can be possihlg by polishing the sample on both side of
the surface.

For the present work, electrical contacts were eriaglapplying the silver paste on both
sides of sintered pallets. The polished palletseveemealed in conventional furnace at 400

500°C for 1 hour to get good electrical contacts.

2.2.5 Dielectric Measurements

As ferroelectric and composite materials are goaedtrics, so these materials are
suitable for various applications which is based tba dielectric measurements. Study of
dielectric measurements provides essential infaomatbout the suitability of these materials for

capacitor applications. For this, dielectric consia) and tangent loss (t&hare most prominent
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parameters. Dielectric properties depend on thquéecy, temperature, moisture and other
external factors [11].

The dielectric constant) is the ratio of the capacity of a capacitor contey dielectric
to the capacitor capacity in free space. The ctpae (C) of a parallel plate capacitor
separated by vacuum is given by [12]

C= g.A/t 0211
Wheres, is the permittivity of free space and is equal #858x 10" F/m, A is the area of the
plates and t is the separation between two parnaléges. If a dielectric material is introduced
between the plates of the capacitor, then the dapae of the capacitor increases by a fagtor
(¢ is called the dielectric constant of the dielectmaterial). Therefore, for a parallel plate
capacitor with a dielectric between the capacitatgs, the capacitance (C) is given by:

C= ey A/t 2.12

When alternating field is applied, the dielectranstant can be expressed in terms of real and
imaginary quantities as
&=¢-1¢g”’ e 2,13

Wherec¢' is the real part of dielectric constant and withphase with applied electric
field. ¢" is the imaginary part of dielectric constant &l out of phase with respect to electric
field. The ratio of imaginary part of dielectricregiant to the real part is known as dielectric loss
(tard).

tand = &"/¢’ 2,14

Dielectric loss is also known as dissipation facWien the dielectric material between
the plates of capacitor is ideal (loss free), theant leads the voltage by ©9®owever, in real
dielectric materials (non-ideal), there exists ssl@urrent in addition to the charging current
associated with the storage of electric chargehey dipoles which arises due to DC ohmic
conduction and the dissipation of energy relateith Wie rotation or oscillation of dipoles [13].
So, the total current in the real dielectrics isomplex quantity and leads the voltage byd90-
wheres is called loss angle.

For the present study, measurement of dieleptaperties such as capacitance (dielectric
constant) and loss tangent @arof the samples (ferroelectric, ferrite and coni@s$ were

measured as a function of AC frequency (100Hz tediat room temperature and as a function
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of temperature (3T to 500C) at discrete frequencies carried aising Impedance analyz

(HIOKI, RS-353250) interfaced with a Pand programmableemperature controlleshown in

Figure 2.9.

Specification:

VV VYVYYVY

Y

Supplier : HIOKI 353-50

LCR HITESTEF

High Speed Measurement of 5
LCR meter

Source Frequency: 42 Hzto 5 M
Help in determining piezoelectr
parameters ()

Give good physics aboup, ds3 and
other paramete

From impedance analyzer we ¢
get a continuous spectra w
different resonare and anti-
resonance peaks which helps
calculating k and kand thus gives
more physics about piezoelectric

Figure 2.9 Hioki 3532-50 LCR Meter

The dielectric constant) of the materials at different frequencies werewdated using

the relation

................. 2.15

Whererequired parameters used are mentioned alC, is the capacitance meired in

parallel mode.

2.2.6 AC Conductivity

The AC conductivity is used to understand the performasfcthe dielectric material.

supports the information abotlte defects and loss mechanisms in the dielecisitenals. Mos

of the earlier investigations on ceramic materddscribe thecontribution of electrons (holes
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polarons, impurity ions, oxygen vacancies and inti@sr in electrical conductivity [14].
Conductivity of the ceramic samples may be give[l&k

Gac = Op + Aw 2 ¢

Whereag, term represents the contribution of dc condugtj\dt is constant and,. is the
ac conductivity. The termiw is frequency dependent and characterizes all thpersion
phenomena in the materials.

For the present work, the Ac conductivity of themgées was calculated from the
dielectric parameters using the standard relatiGix |

Oayc = megytand e 2217
Wherew is the angular frequency, (8.85E-12 F/m) is the permittivity of the free spacis the

dielectric constant and tais the loss tangent.

2.2.7 Ferroelectric (P-E) Measurement

The main feature ofierroelectricity is the polarization reversal (sshiing) with electric
field. This can be observed by measuring the pdéion vs electric field hysteresis loop (P-E
hysteresis loop). This is usually done by using y&awl ower circuit [17] as shown in Figure
2.10. An alternating voltagé is applied across the electrodes on the ferroatectaterial and a
capacitor Gwith high value of capacitance is connected inesewith the test samplé,() and
then studying the relationship between the stofetge and the instantaneous voltage for test

sample. The voltage across this capacitor measueesharge stored in the test sample.
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Figure 2.10Diagram of Modified Sawyer-Tawer Circuit

For the present work, the ferroelectric natureEjRof the ferroelectric and composite
samples was analyzed using an automatic PE looprtseystem shown in Figure 2.11. The P-E
loop tracer was based on Sawyer —Tower circuit @ard be operated at discrete frequencies
ranging 50 Hz to 100 Hz. The system consists ofde@ware, programmable voltage source (up
to 3 kV). For measurement, the sample was keptsiorimg-loaded jig and immersed in a silicon
oil bath (to avoid any sparking or breakdown) ahhvoltage. The PE loop was recorded by the
system at different applied electric field valuesl at room temperature. All the ferroelectric
parameters like saturation polarizatid®)( remnant polarizationP), coercive field Ec) and

maximum field Enay Were determined from P-E Loop.
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Figure 2.11P-E Hysteresis Loop Tracer

2.2.8 Poling

Poling is a process mhich applcation of large dc electric fielon the samp forces the
domains of piezoelectric material to reorient ie tirection of the applied electric field. e
ferroelectric ceramienaterial does n possess any piezoelectric properties owing todahdom
orientationof the domains in the ceramics so to exl the piezoelectric properties poling
necessary for sample. #eld higher than coercive field ;) must be applieto the sample at
higher temperature during poli for obtaining good piezoelectric propertidfie poling se-up
used for the present woik shownin Figure 2.12.

For the present work, electroded sanmwaskept in silicon oil and thewas heated to
150F°C and DC electric field (~1!KV/cm) was applied for 1 hour. After tl the sample was
cooled to room temperature in the jence of electric field and then electfield was removed.
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Specifications:

» High DC
voltage
power
supply
(2500V)

Figure 2.12Electrical Poling Setup with Specifications

2.2.9 Piezoelectric coefficients

The electrically poled samples are used to megsiemoelectric charge coefficient and
electromechanical coupling factor. The piezoeleatoefficient is defined by charge generated
per unit force both in the direction of polarizatiof piezoelectric material. The piezoelectric
charge coefficient is given using relation:

ds3=Q/F =CV/F 2.18
WhereQ = CV is the charge developed per unit electrode arg@eabelectric material, C is the
capacitance, V is the Voltage and F is the forqaieg in Newton (N).

Piezoelectric coefficient can be measured by dffemethods- (1) Static Method (2) Quasistatic
Method (3) Resonance Method.

For the present study, piezoelectric charge caefit of poled samples was measured
using Concord & meter (Model-2, Concord Electroceramics Indus}réssshown in Figure 2.13
which is a Quasistatic method. This is based otirBeourt principle. D-meter consists of force
head, electronic driver andzdread out. The force head has an electromagnetierdwhich
vibrates the internal calibration piezo elementwadl as the piezo test specimen which are

mechanically in series. It is so designed thatdilitates measurement ofsctoefficient for a
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variety of piezoelectric materials of varying sizesl shapes. The piezoelectric sample under test
is clamped within the jaws of the force head uaittesting. The oscillator and electromagnetic
driver provide ac voltage to the electromagnetiovadr in the force head and the charge
developed by the sample is measured and displagédlly in ds3 read out. The measurablg;d
range by D-meter is 50-1000 pC/N depends on theogample with accuracy up to +5.0%.

Figure 2.13Piezo d- meter for Measuring the Piezoelectricffiment

2.2.10 Magnetic hysteresis loop set up- Vibratingaple Magnetometer
(VSM)

The ferroelectric properties of composite samples characterized by P-E Hysteresis
loop; similarly magnetic properties are characetiby magnetic hysteresis loop. Magnetic
hysteresis loops can be obtained from various tqokes such as Vibrating sample
magnetometer, Superconducting Quantum InterferBrestce (SQUID) and B-H Loop tracer.

For the present study, VSM technique was emplogedbtaining the M-H hysteresis
loop. Lake Shore 735 VSM Controller, Model 662 wasd for measurement of M-H hysteresis
loops.VSM is based on the change in flux in a edlen a sample is made to vibrate. The
vibrating sample is placed in an adjustable unifonagnetic fieldto magnetize the samp(as
shown in Figure 2.14). Hysteresis curve of the mietés obtained by measuring the induced
voltage in pickup coils using lock-in amplifier anteasuring the intensity of field produced by
electromagnets. The magnetic moment of the sarapletected by pickup coils (induced voltage
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in pickup coils is directly proportional to the nmegic moment of the sample and does not
depend on the strength of the applied magnetid)fieThe vibrating sample magnetometer
measures the magnetization of a small sample ofneteg material placed in an external
magnetizing field by converting the dipole field tbie sample into an ac electrical signal. From
these loops, magnetic parameters i.e. saturatiognetization ¥s), coercive field ;) and

remnant magnetizatiomk,) were determined from graphs.

. Vikration wnit

!
\I

b

Pick-up coils

Magnet

Figure 2.14Schematic for Vibrating Sample Magnetometer

2.2.11 Magnetoelectric (M-E) Measurement

The magnetoelectric effect is a coupled two fiefieat in which induction of electric
polarization by applying an external magnetic fiakd induction of magnetic polarization by
applying an external electric field. The ME efféatcomposite is a result of the interaction of
magnetic and piezoelectric phases through strastress coupling. ME voltage coefficient
depends on mechanical coupling, resistivity andamotio of constituent phases and applied
DC magnetic field. ME coefficient was measuredamts of variation of the change in electric
field with respect to change in magnetic field agsuaction of dc magnetic bias field. ME
characterization in the ceramic was studied by omaas the voltage response of the ceramic
subjected to alternating and constant (bias) magfietd. The bias magnetic field ¢ was
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obtained using an electromagnet and the alternatiagnetic field was generated by Helmboltz

coil. ME effect was characterized by a ME voltagefficienta which is given by [19].

_ \'%
- Hyc xd

o ...2.19

Where V is the voltage generated due to magnetotrigleeffect, H. is the amplitude of
alternating magnetic field and d is the thicknesthe sample.

For the present study, ME coefficient has been aredsby dynamic method involving
simultaneous application of AC as well as DC maignietld [20]. ME measurement set up is
shown in Figure 2.15. Electric voltage was notedgi$ock in amplifier. Magnetoelectric (ME)
coupling coefficient (dE/dH) as a function of dc gnatic field (0- 5000 Oe), keeping AC
magnetic field constant at 1 Oe, was studied udiig setup consisting of lock in amplifier
(7265 DSP), electromagnets (10" poles) and sahqitkers.

Helmhaoltz Coil

h 4

HField Auks | | |

L (il Field Sewsor

A
-
.

i

Chovent Amplifier

|
? @ -
: : A4
DRIVE RETURN SENSOR 2 Uak to
host
Precision Tester

Figure 2.15 Magnetoelectric coupling measurement setup

52



Chapter —II Material Synthesis and Characterwafiechniques

References

1. P.Consinand R. A. Ross, Mater. Sci. and Enggl20,(1990) 119.

2. M. K. Naskar and M. Chattarjee, J. Am. Ceram. S(2005) 38.

3. C.R. Bickmore, K. F. Waldner and D.R. TreadwellAth. Ceram. SocZ9 (1996) 14109.

4. C.T.Wang, L.S. Linand S. J. Yang, J. Am. Ceraot. S5 (1992) 2240.

5. J. Moulson and J. M. Herbert, Electroceramics: Malg Properties and applications,
Chapman and Hall, New York, USA (1997).

6. M. W. Barsoum, Fundamental of Ceramics, (1997).

7. K. Uchino, Processing of Ceramics (1982).

8. O.P. Thakur, Chandra Prakash and D. K. Aggarw&gedam. Process. Re8.(2002) 75.

9. S. K. Chatterjee, X-ray Diffraction: It's Theory érpplications, Prentice Hall of India
Private Limited, New Delhi (1999).

10. B. D. Cullity, Elements of X-ray Diffraction, Addi&-Wesley Publication Company Inc.,
Massachusetts, Menlo Park, California (1978).

11. M. W. Barsoum, Fundamentals of Ceramics, The McGrail Companies Inc., New
York (1997).

12. W. F. Smith, Principles of Materials Science and@g&nMC Graw-Hill, U.S.A.

13. B. Jaffe, W. Cook and H. Jaffe, Piezoelectric CacammAcademic Press, London (1971).

14. R. C. Buchanan, Ceramic Materials for Electronibtgrcel Dekker Inc., New York
(1998).

15. A. K. Jonscher, J. Mater. SclL6 (1981) 2037.

16. S. S Choughle and B. K. Choughle, Mat. Chem. PAg&(2008) 408.

17. C. B. Sawyer and C.H. Tower, Phys. R&5(1930) 269.

18. C. M. Kanamadi, S.R. Kulkarni, K. K. Patankar, S.Ghougule, S. J. Patil and B. K.
Chougule, J. Mater. Scé42 (2007) 5080.

19. R. Grossinger, G.V. Dong and R. Sato-Turtelli, &gW. Magn. Mater320(2008) 1972.

20. J. G. Wan, X. W. Wang, Y. J Wu, M.Zeng, Y. Wang,Jding, W. Q. Zhou, G. H. Wang

and J.- M. Liu, Appl. Phys. Lett86 (2005) 122501.

53



-

Chapter — 3

Synthesis and
Characterizations

S

Of CFO-PZT Composites

N

J




Chapter-Ill

Svynthesis and Characterization of CFO-PZT Composites

In this chapter, details of composite samples pCEO — (1-x) PZT, x= 0.00, 0.05, 0.10,
0.15 and 1.0, prepared by solid state reaction wethare given. The processing parameter
eg:sintering temperature and time, heating and icgplrates, were optimized to get good
guality,dense ceramic samples and the details avenghere. The sintered samples were
prepared for characterization and all the propestief techniqual importance eg: structural,
physical, dielectric, ferroelectric, magnetic, pyetectric and magnetoelectric effect were

studied. The details are presented in this chapter.
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3.1 Synthesis of Samples

3.1.1 Synthesis of Individual Phases

Our first objectives was to select the individuadrite and ferroelectric phases to
obtain the good ferrite and ferroelectric propastikich was done by exhaustive literature survey
and finally to synthesize and study for propertidésnagnetoelectriccomposites. In this view,
PbZh55Ti0.4503 was chosen as ferroelectric phase and gofe&as chosen as ferrite phase.The
individual phases (ferrite and ferroelectric) werepared separately by conventional solid state
reaction method. AR grade Cof,@nd FegOs; for the ferritephase and PbO, zZr@nd TiQfor
ferroelectric phase were weighed in the requirethmaroportions for synthesis. The mixing and
grinding of raw material for both the phases indually were done by ball milling in distilled
water using zirconia balls as the milling mediaeTdried powder of ferroelectric phase was
calcined at 80GC for 4 hours while ferrite was calcined at 9D for 4 hours. The calcined
mixture was ball milled again, dried separately #meh recalcination was done at 8&Dfor 4
hours for ferroelectric phase and 860for 4 hours for ferrite phase. An excess of 2%°bD
was taken to compansate lead loss during sinteXagous steps involved in the synthesis of
individual phases are shown in Figure 2.1(a) (Cérafl). After synthesis, the samples were
characterized for various properties.

XRD analysiswas carried out for phase identifiaatad both phases. XRD patterns for
individual phases (PZT & CFO) are shown in Figure. Ihe patterns for PZT and CFO show
well-defined peaks with specific indices charastigei of both the phases,perovskite tetragonal
and spinel structures, respectively. This confirtims perovskite structure in the ferroelectric

phase (PZT) and the cubic spinel structure in ¢hneté phase (CFO).

3.1.2 Synthesis of Composites

After synthesis of individual phases, compositeemarepared (ferroelectric and ferrite)
by mixing 0.5% (by weight) ferrite phase with 95%y (weight) ferroelectric phase. The mixed

powder was ball milled and dried.
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Then dried powder was mixed with small amount &itdd polyvinyl alcohol (3% by weight) as

binder. Thepowder was compacted into pallet forrmgusiniaxial hydraulic press and was

conventionally sintered in a programmable furnace.
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Figure 3.1 XRD patterns for (a) PZT and (b) CFO

56



Chapter — 1lI Synthesis and Characterization of CFO-PZT Qasiies

3.2  Optimization of Sintering Temperature

As sintering temperature significantly influencée tsystem properties including phase
evolution, microstructure and density of the mailefi-3], particularly involving PZT due to
volatile nature of PbO. In order to obtain the optin temperature, green bodies of sampleswere
sintered at different temperatures from 1450 1250C in step of 58C for 4 hours. For the
present work, (0.05) CFO- (0.95) PZT sample wascsetl to optimize the sintering temperature

and time and sample was sintered at three diffesi@tgring temperatures from 188 1250C
in step of 56C for 4 hours.

— ()1156C
—— (21206C
. — (@1256C
>
S
=
(72}
g
IS
3
1

2n(deg)

Figure 3.2 XRD patterns for(0.05) CFO — (0.95)PZTcompositditierent sintering

temperatures

Figure 3.2 shows the XRD patterns for(0.05) CFM9Y) PZT composite prepared at
different sintering temperatures (1£80- 1256C). From figure, it is observed that XRD pattern
of samples sintered at 12&8Dshows some extra peaks other than constitueseph@hat may
be due to chemical reaction between the constitphases during high temperature sintering

process.No extra peaks other than the constitueaggs were observed for samples sintered at
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1150C and 1208C which shows that no chemical reaction takes plamtaeen the constituent
phases. All XRD patterns show well defined peakts wpecific indices of both phases. It is also
observed thatintensity for ferrite phase is lowgrcampared to ferroelectric phase due to small
concentration of ferrite content in the compositanple. So from the XRD patterns, the
optimized temperature could be 1260and 1208C but will depend on the other properties also.
Lattice Parameters of composite sample sinteretthrae different temperature are calculated

using X-Ray data and are listed in Table 3.1

Table 3.1Lattice parameters of (0.05)CFO — (0.95) PZT cositessample sintered at

Three different Temperatures

o Lattice parameters()
Sintering
a a c
TemperaturéC) _ _ _ c/a
(Ferrite phase)| (Ferroelectric) | (Ferroelectric)
1150 8.442 4.089 4.107 1.0044
1200 8.682 4.087 4.106 1.0046

The variation of dielectric constant and tangersslavith temperature for all samples
sintered at three different sintering temperatuseshown in Fig 3.2 at 100 kHz. All samples
show a dielectric peak at ferroelectric transittemperature.The value of ferroelectric Curie
temperature (J), room temperature dielectric constagitrf, maximum dielectric constant,(.y)
and loss tangent (tai)for all samples are given inTable 3.2. From Tahle,can say that room
temperature dielectric constank{) is higher for sample sintered at 136Gnd it decreases with

increase in sintering temperature.
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Figure 3.3 Variation of (a) Dielectric constant)(with temperature (PC)) (b) Dielectric Loss
(tarmd) with temperature measured at 100 kHz for (0.05p€(0.95) PZT composite at different
sintering temperatures

T(°C)

Dielectric parameters of (0.05) CFO- (0.95) PZT ghknat 100 kHz for different

Table 3.2
sintering Temperatures
Sintering ERT T(°C) Emax tarbgt tard max

Temperature
(C)
1150 980 462 12725 0.023 0.23
1200 605 415 12810 0.021 0.23
1250 540 448 5115 0.074 0.19

Figure 3.4 shows the room temperature P-E Hystelegps of (0.05) CFO - (0.95) PZT
sample sintered at different temperatures. Fercb@eparameters are given in Table 3.3.
Maximum saturation is observed for sample sintetld 56C and decreases with increase in
sintering temperature. Coercive field increaseshwiicrease in sintering temperature. To

confirm magnetic ordering, M-H hysteresis loopsevercorded and are shown in Figure 3.5.
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Figure 3.4 P-E Hysteresis loops for (0.05)CFO — (0.95)PZT posite at different sintering

Temperatures

Table 3.3erroelectric Parameters for (0.05) CFO — (0.95) Retorded at room temperature

Sintering Ps Ec Pr
Temperature®C) (nClcnt) (kV/cm) (uClen)
1150 17.34 8.15 6.45
1200 10.01 9.67 3.84
1250 11.30 11.31 5.66

From the above results, it can be concluded timé¢sng temperature affects the material
properties. Dielectric constantg{),Remanant polarization (P Saturation polarization {f
were observed to be optimum for the sample sintatedl56C as compared to other sintering
temperature and dielectric loss @anis also minimum. Hence, the 12P80 for 4 hours
temperature was chosen as the optimized sinteengpérature for further studies of the

composite samples.
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3.3 Synthesis and Characterization of(x) CoR©, - (1-X) PbZryssli0.4503

(xX) CoFeO, - (1-x) PbZpsslipsdOs, x = 0.05, 0.10 and 0.15 were prepared by
conventional solid state reaction method. All cosifm samples were sintered at optimized
temperature at 1156C for 4 hours. After sintering, samples were chi@m@med for various
properties.Existence of both phases was confirnyedRD. XRD patterns were recorded using
Bruker AXS D8 Advance computer controlled powderrXy diffractometerat room temperature
in a range of Bragg angles (2020 < 70°) with step size of 0.02°. The microstructuoés
samples were studied by scanning electron micresqdgOL JSM 6510LV, Japan). For
measuring electrical properties, the sintered tseligere mechanically lapped on the glass
surfacethoroughly cleaned and then electroded g wsiver epoxy and subsequently heated at
400°C for 30 minutes to ensure good ohmic contacts.dikectric properties of the samples as
a function of temperature at discrete frequencieeevwneasured by using HIOKI 3532-50 LCR
meter and room temperature measurement of dieemnstantf)and loss tangent (téhas a
function of ac frequency (100Hz to 1MHz) were meaduwsing same meter. The ferroelectric
nature (P-E) of the samples was analyzed usinguéomeatic PE loop tracer system (Marine
India Pvt. Ltd.). Electrical poling was done at 300-12CC in silicon oil bath by applying
electric field strength of ~15kV/cm for 1 hr. Themetsample was allowed to cool up to room
temperature by switching off the heater in appkdelttric field and after coolingthe field was
removed.

Magnetic properties were recorded using a Lake esh®85 Vibrating Sample
Magnetometer (VSM) Controller, Model 662, interfdogith a computer. The magnetoelectric
signal (voltage) was determined as a function ofegasing DC magnetic field (0—50000e€) using
7265 DSP lock-in amplifier in the presence of snAdll magnetic field. Electric voltage (V) was
noted from lock in amplifier and magnetoelectricupling coefficient (V/cm.Oe) or

(mV/cm.Oe) was calculated by using the relation:

o= \%
" Hpex d

....................... 3.1

Where d is the thickness of the sample apddthe ac magnetic field.
Here, we discuss the structural, dielectric, fdecteic, piezoelectric, ferromagnetic

properties of CFO- PZT magnetoelectric composites.
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3.3.1 X-Ray Diffraction

Figure 3.5 shows the X-ray diffraction (XRD) patterof all samples (x = 0.00, 0.05,
0.10, 0.15 and 1.00). The XRD patterns show thegmee of both the constituent phases:
perovskite tetragonal structure offerroelectric ggh&PZT) and cubic spinel structure of ferrite
phase (CF) and both phases in the composite samipiesdiffraction peaks are indexed with
specific indices of both the phases. In XRD patteoadditional peak other than the constituent
peak is observed which confirms that no chemicaktien between the constituent phases
occurred at high sinteringtemperature. The intgredithe major peak depend on their individual
phase fraction in the composiith increasinghe volume fraction of CFO content, number of
diffracting points corresponding to ferrite phasereases which in turn increases the intensity of
major peak.

Calculated values of lattice parameters for all glash (x = 0.00, 0.05, 0.10, 0.15 and
1.00) are given in Table 3.5he change in parameter may also be due to iffigsatin of ions
of individual phases at grain boundaries as theysartered at higher temperature which can not
be avoided or we can say that change in parametdue to stress exerted by one phase on
another. As observed from the lattice parameters, tetraggn@/a) goes on decreasing with
increase in ferrite content.The values of expertaleatensities, theoretical and relative density of
composites were determined from Archimedes princgrad X-Ray diffraction pattern (as
already discussed in Chapter-Il) and their values given in Table 3.4. From table, it is
observed that there is decrease in density wittease in ferrite content which may be due to
low density of ferrite phase (CFO) added in thedelectric phase [4]. The composite sample for
x = 0.15 has slightly higher density which may bee do better sinterability and better
compaction [5].
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Figure 3.5 X-Ray Diffraction Pattern for (x)CFO-(1-x) PZT ceusites; (1) x= 0.00
(2) x =0.05(3) x=0.10 (4) x =0.15 and (5) x.8Q

3.3.2 Scanning Electron Microscope

Microstructure features are basically governed taydport of matter during heating
process. SEM analysis is important because it enites the ferroelectric, dielectric,
magnetoelectricand piezoelectric properties ofoldactric as well as composites.Figure 3.6
shows SEM micrographs of freshly broken surfacesafiosamples. The Micrographs show the
closely packed and well oriented grains. The shape, and distribution of grains confirm the
polycrystalline nature. As seen in the microgramipfire PZT, grains are larger and rounded
shape. In composites, two types of grain are oleskiarger and smaller. Smaller or sharp edged
grainsmay be due to the ferrite phase. The avegagja sizeof the samples was calculated by
linear intercept method and is given in Table 3@nk Table, it is observed that average grain

size for pure ferroelectric phase is larger thanphre ferrite as clearly seen in picture. As the
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volume fraction of ferrite @antent in the composite sample much smaller as compared
ferroelectric, the ferrite (CFGndferroelectric (PZT) grains awdfficult to differentiate.

SEI 20kV T WDAOmm SS54 x10,000 Apm - —
Sample

NS 0.000 Ay
< 000g
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Figure 3.6 SEM Micrograph for (x)CFO-(1-x) PZT Composites) x& 0.00 (b) x = 0.05
(c)x=0.10 (d) x=0.15and (e) x = 1.00

Table 3.5Structural Parameters of (x) CFO-(1-x) PZT comigssi

Parameters-{ Ferrite | Ferroelectric | Ferroelectric | dexp din Relative | Average
a(A) a (A c (A) (g/cc) | (g/cc) | Density | Grain
(%) Size
X (rm)
0.00 - 4.081 4.129 7.56 8.006 94.39 4.7
0.05 8.422 4.089 4.107 7.33 8.02 94.36 1.5
0.10 8.414 4.085 4.099 7.05 7.78] 91.817 1.6
0.15 8.386 4.074 4.082 6.97 7.85 91.93 1.4
1.00 8.376 - - 4.72 5.294 89.11 1.0
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3.3.3 Dielectric Properties

The variation of dielectric constant and dielectoigs with frequency and temperature for
all samples are discussed here.

3.3.3.1 Frequency dependence of dielectric propees

The variation of dielectric constant with frequenéyr all the samples at room
temperature is shown in Figure 3.7(a). From Figiirés observed that all samples show
dispersion and it is also observed that dieleatnostant is higher at lower frequency then
decreases rapidly with further increase in freqiemnand remains constant at higher frequencies.
The higher value of dielectric constant at loweqfrencies is due to dislocations and defects for
pure phases.The dispersion can also be explainedVaywell Wagner type interfacial
polarization in agreement with Koop’s phenomenatagitheory [6-9]. However, in composites,
the higher value of dielectric constant at loweeqfrencies is attributed tothe fact that
ferroelectric region is surrounded by non ferrogleaegion [11]. At higher frequencies, the
dielectric constant decreases and remains confstafurther increase in frequencies. This may
be due to diminution of ionic and dipolar polarieat and for further increase in frequencies,
dipoles cannot follow the alternation of electrield, resulting into constant value of the
dielectric constant. From figure, it is also observhat there is random values of dielectric
constant which may be due to different permittiatyd conductivity of two phases resulting into
inhomogeneous dielectric structure. The inhmogerseipresent in composite system are
impurities, porosity and grain boundaries [10].

Figure 3.7(b) shows the variation of tangent lo&sv] with frequency for all the
samples. The dispersion in tangent loss is simdathe dispersion in dielectric constant. At
lower frequencies, the value of tais higher and it decreases rapidly with increasieaquency.

At higher frequencies, conduction losses get redl@s®l dipoles contribute to the polarization
[12]. The taof the composites increases with increase in &eodncentration. The tamf pure
ferrite phase is shown in inset of Figure 3.7(bxvhum dielectric loss is observed in pure
ferrite phase, which may be due to high condugtiuit ferrite phase. As seen from the inset
figure a peak is observed at lower frequenciesgédek appears when the hopping frequency of
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the electrons between the different ions, withed#ht valance state, is close to that of external
electric field.

Figure 3.8 shows the variation of lag. with frequency for all the samples. The AC
conductivity of the sampleswas calculated usingti@h:

Ogc = WEeE tand

Where o is the angular frequency, is the permittivity of the free space,is the
dielectric constant andtars the loss tangent.From this figure, it is obserthat for all samples,
conductivity increases with increase in frequeridye linear variation of ac conductivity with
frequency indicates that conduction occurs duertallspolaron hopping. Similar variation of Ac
conductivity with frequency has also been repoltgdarious researchers [13, 14].
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Figure 3.7Variations of (a) Dielectric Constant and (b) Tamigieoss with Frequency at Room
Temperature for (x) CFO-(1-x) PZT Composites 0.00, 0.05, 0.10, 0.15 and 1.00
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Figure 3.8variation of AC Conductivity with Frequency at 1RBz for (x) CFO-(1-x) PZT
Composites (x = 0.00, 0.05, 0.10, 0.15 and 1.00)
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3.3.3.2 Temperature dependence of dielectric propees

The variation of dielectric constand) @nd tangent loss (t&hwith temperature for all the
samples at 1 kHz, 10 kHz and 100 kHz is shown gufa 3.9. It is observed that for all the
samples, dielectric constant increases slowly witihease in temperature and attains maxima at
a particular temperature called Curie temperatligegnd then it decreases with further increase
in temperature. Dielectric constant and loss tahdgenx = 1.00 increases with increase in
temperature up to the particular temperature thatiqular temperature is known as dielectric
transition temperature 4T however, beyond this temperature dielectric amtsis found to
decrease continuously. This behavior is typicakvedr of ferrites. Similar variation of dielectric
constant with temperature for ferrites has alsonbeported earlier[15, 16]. In composites, a
dielectric dispersion is observed over a wide rasfigemperature around. &nd broad dielectric
peak are also observed.With increase in ferritdesandielectric peak also gets broadened. This
broadening of peak may be due to microscopic hgéreity in the composites i.e. presence of
two phases, ferrite and ferroelectric phase [17-19% also observed that at lower frequency (1
kHz), there is increase in dielectric constant witbrease in temperature (above 45®r in
paraelectric region) for x = 0.05, 0.10 and 0.1%.Bith increase in measurement frequencies
(10 kHz and 100 kHz), this behavior reduces showirag it could be related to lowfrequency
relaxation process [20]. This increase in dielectonstant at higher temperatures is due to
increase in dielectric polarization which arisesnir thermally activated electron hopping
between FE& Fe** and C6'& Co** ions present in ferrite phase. But at higher fesmies,

electron hopping is relaxed out.
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Table 3.5Variation of Dielectric Parameters at 100 kHz for

all values of x

Parameter ERT T.(°C) €max tandgt tand max
X
0.00 1010 430 34460 0.017 0.14
0.05 1055 373 12920 0.008 0.30
0.10 1235 387 20860 0.021 0.45
0.15 965 383 19385 0.030 0.55

The comparative study of dielectric constasjt énd loss (tag) with temperature for
samples except x = 1.00 at 100 kHz is shown in reig&110. Room temperature dielectric
constant€rt), Curie temperature €J, room temperature loss tangent fiaf), dielectric constant
at T (emay and loss tangent at; Ttammay at 100 kHz for all samples are given in Table. 3.5
Room temperature dielectric constant increases adttition of 5% and 10% ferrite phase into
95% and 90% of ferroelectric phase, but decreaseEsR6 composite. The variation of dielectric
constant with temperature is due to electron hopnGFO phase. The Curie temperature and
dielectric constant (at Curie temperature) are doua decrease in composite samples in
comparison to pure PZT. In composite sample (x FO)Y).Curie temperature and dielectric
constant (at Curie temperature) is found to in@eahkich is due to fact thatthe electric field
induced change in magnetization state depends ersttength of interaction between electric
and magnetic ordering, which in turn depends onntladar ratio of phases that is why, Curie
temperature of samples decreases [21]. The addfidarrite phase in the ferroelectric phase
dilutes the ferroelectric properties of the comf@ssiresulting in the reduction of the dielectric
constant and broadening of the peak.

The variation of dielectric loss (t&nhas a function of temperature for the composites i
shown in Fig. 3.10 (b).Dielectric loss is lower latver temperature and then increases with
further increase in temperature. The value of diele loss increases with temperature due to

space charge conduction,which is related with partsof defects such as oxygen vacancies to
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the electrode — dielectric interface [22]. Lossoalncreases with increase in ferrite content.
Higher value of loss tangent is observed in pacaeteregion, this may be due to thermal
electrical conductivity losses which occur due tesence of ferrite and similar behavior for

same materials has been reported by other resesidide 23].
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Figure 3.10Comparison of Variation of Dielectric Propertiea)((lielectric constant and (b)
tangent loss)with temperature at 100 kHz for (X)@BE) PZT Composites (x = 0.00, 0.05,
0.10 and 0.15)

3.3.4 Ferroelectric Properties

To study the ferroelectric behavior of the compesitP-E Hysteresis loops for all
samples were recorded at different electric fidthgs (15 kV — 25 kV) at room temperature as
shown in Figure 3.11. The ferroelectric hysterds@p confirm the existence of ferroelectric
structure. From this figure, Hysteresis loopsxor 0.05 and 0.10 confirmed the ferroelectric
nature while for x = 0.15 loops are not well satedaas compared to other composites (x = 0.05
and 0.10) which may be due to presence of higheruaimof ferrite resulting into increase in
leakage of charges as compared to ferroelectrisgpf4]. From the Figure, it is also observed
that with increase in field, ferroelectric paramstéremanant polarization, coercive field and
saturation polarization) increase. This arises tduglignment of domains with increase in field.
As applied electric field increases from 15kV/cm2® kV/cm, there is increase in ffom 2.3
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uClent to 6.4.Clent, Pfrom 6.3:Clent to 24.8C/cnfand E from 5.1 kV/em to 8.12 kV/cm
for x = 0.05 composite sample. Similarly for ottsamples, values of ferroelectric parameters
increase with increase in field. With increaselectic field, area under the loop increases. This

can be related to losses present in the sampleshvididue to the presence of ferrite content in

the composite.
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Figure 3.11Ferroelectric P-E Hysteresis loop for all sampiedifferent electric fields
(15kV — 25kV)
A comparative study of ferroelectric hysteresispo@t 25 kV as shown in Figure 3.12.
Ferroelectric parameters for all samples are gimehable 3.6. It is observed that in composite
samples, value of polarization,@nd R) increases with increase in the value of x. Feiphase

(CF) has higher dielectric loss in comparison teepBZT as we have already observed in
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dielectric properties. Due to high tangent loss apdce charge polarization in composites
increases the polarization value of the samples.lbbserved that the loops for composite
samples are slightly asymmetric and this asymmetmeases with increase in ferrite content (x)
which may be due to internal bias field developedthe ferroelectric phase, electrode/PZT
interface or due to defects present in the sangdgThe coercivity of composites increases with
increase in ferrite content. That may be due tofdwt ferrite acts as obstacle to domain wall

motion. Thus domain wall motion of the ferroelectregion becomes difficult as the ferrite

content increases[23].
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Figure 3.1Zomparisons of P-E Hysteresis Loops &ifor (x)CFO-(1-x) PZT Composites
(x =0.00, 0.05, 0.10 and 0.15)
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Table 3.6Ferroelectric Parameters,(E; and R) forall values of x

Parameters P, Ps Ec
(nClcm?) (nClcm?) (kV/cm)
X
0.00 15.65 44 .67 3.76
0.05 3.20 17.35 6.45
0.10 16.12 29.68 11.11
0.15 23.33 34.57 12.44

3.3.5 Ferromagnetic Properties

Figure 3.13 shows the Magnetic hysteresis loopalbfcomposite samples at room
temperature. All samples show well defined ferrimetge behavior confirming the existence of
magnetic ordering in the composites [26]. The vabiieremnant magnetization, saturation
magnetization and coercive field determined fronHMwysteresis loops are given in Table 3.7.
In case of pure ferrite phase, saturation magreiizds 63.38 emu/g, while for composite
samples, values of magnetiozation is very low. Ti@gnetic properties of composites are
smaller due to small content of ferrite phase.T$ikie to the fact that magnetic properties are
affected by the presence of non- magnetic ions. [2T]Composite samples, PZT particles act as
obstacle thus reducing elastic interaction betwherparticles which in turn dilutes the magnetic
properties in comparison to pure ferrite phase (CF)

The saturation magnetization {Mand remnant magnetization (Mire found to increase

with increase in ferrite content
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Figure 3.13erromagnetic M-H Hysteresis Curve for (X)CFO-(1P4T Composites (a) (x =
0.00, 0.05, 0.10 and 0.15) and (b) x = 1.00

3.3.6 Piezoelectric Properties

The values of piezoelectric charge coefficient ofgpPZT and composite samples are
given in Table 3.7. The piezoelectric property defgenot only on the dopant concentration but

also on the homogeneity, grain size and densithe@fsamples. To determine the piezoelectric
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charge coefficient of samples, each piece of comgwasamples was electrically poled at
15kV/cm in silicon oil bath for 1 hour and then zelectric coefficients was measured. The
maximum ds value for pure PZT ceramic is 130 pC/Nand withréase in ferrite contentgl
decreases. This may be due to decreasein ferroeleontent (PZT) [28].This is due to the
reason thatresistivity of ferrite phase (CF) is musmaller than that of the ferroelectric
phase(PZT) resulting into increase in leakage atnmich leads to the loss of induced voltage
which in turn makes the poling difficult. Hence th&ezoelectriccharge coefficient decreases
[29].

3.3.7 Magnetoelectric Properties

Magnetoelectric effect is a product property ofzpiglectric and piezomagnetic phase.
The ME effect depends on the mechanical coupliegistivity and mole fraction of ferrite
(CFO) and ferroelectric phase (PZT) phases in tmaposites [30].The ME output in ferrite-
ferroelectric composites by applying magnetic fisldlue to the strain induced in ferrite phase
(magnetostriction) which results in generation lndige in ferroelectric phase (piezoelectricity).

To determine the magnetoelectric(ME) coupling fioeint (a), the variation of ME
coefficient as a function of applied dc magnetaddiwas studied and shown in Figure 3.14 for x
= 0.05 and 0.15. In the present case, AC magnetat 6f amplitude 1 Oe and 1 kHz is applied
along with DC magnetic field of varying magnitudp to 5 kOe. The ME coefficient] was

measured using relation [31].

a=— 3.2

- HgeXd

Where d is the thickness of the sample apddthe ac magnetic field.

It is observed that as the applied magnetic fislancreases, M-E output increases slowly for
lower values of magnetic field due to initial inase in strain in magnetic material and attains a
maximum value and then decreases with further asereén field for all samples because After a
certain value of applied magnetic field, there asugation instrain induced lattice distortions
resulting in almost constant values of electriddfien piezoelectric phase and hence ME
coefficient decreases. Similar behavior has beported by a number of researchers [32-34].The
ME values of 298V/cm.Oe, 38uV/cm.Oe were observed for composite samples withOx05

and x = 0.15, respectively. Increase in value of ddEfficient for x = 0.15 as compared to x=
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0.05 is due to higher ferrite content. The valuedg coefficient @) for composite samples is

given in Table 3.7.
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Figure 3.14variation of ME coupling coefficient with DC magiefield for (a) x = 0.05 and (b)
x =0.15
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Table-3.7 Magnetic parameters (HVl, andM;), Magneto-electric Coefficientf and
Piezoelectric coefficient for (x)CFO-(1-x) PZT Coaosites (x = 0.00, 0.05, 0.10 and 0.15)

Magnetic Parameters Piezoelectric
Coefficient
Parameter Hc M, Mg a dss3
(Oe) (emu/qg) (emu/q) (uVv/cm (pC/N)
X .0e)

0.00 - - - - 130
0.05 195 0.356 2.56 298 90
0.10 206 0.715 5.29 - 72
0.15 241 0.962 7.49 389 68
1.00 918 22.78 63.38 - -
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Chapter-IV

Synthesis and Characterization of CNFO-PZT Composites

The studies on structural, micro-structural, dielectric, ferroelectric, ferromagnetic and
magnetoelectric properties of (X) CNFO - (1-x) PZT composites are discussed in this chapter.
PZT and Ni doped CoFeO, were prepared by solid state reaction route. Formation of the
phases was confirmed by XRD analysis and microstructure was studied by recording SEM
micrographs of the broken samples. Dielectric properties were studies as a function of frequency
and temperature and Curie temperature was determined from ¢ vs. T plots. In order to study
ferroelectric and ferromagnetic behavior, P-E and M-H hysteresis loops were recorded.
Magnetoelectric coefficient was determined from measurement of electric signal via applied
magnetic field. The results are discussed in detail in this chapter.



Chapter-1V Synthesis and Characterization of CNFO-PZT Composites

4.1 Synthesis of Composites

The composite samples were synthesized by convexttieolid state reaction as per
details given in section 3.1 (chapter Ill). For tegnthesis of ferrite phase, §&bligFe0,
(CNFO), AR grade CoGpNIO and FgOs; were used as raw materials and weighed in required
molar proportions. The mixing process was carriatlly ball milling using distilled water as
milling media and Zirconia balls as grinding medédter ball milling and drying, the powder
mixture was calcined at 980 for 4 hrs. After calcination, the powder was aghall milled
followed by drying. The dried powder mixture wasakeined at 95U. Details of synthesis of
ferroelectric phase, PZT are given in Chapter 3.

(X) Cap.gNipFeO4 — (1-X) PbZg 55Tip.4503 with x = 0, 0.05, 0.10, 0.15 were prepared by
mixing the two phases in desired ratio. Powder umxtwas ball milled in ball mill using
distilled water and zirconia balls. After dryindiet powder was mixed with small amount of
diluted polyvinyl alcohol (3% by weight) as bindéihis dried mixture was uniaxially pressed
into pellets having 15 mm diameter and 1 mm thiskndhe pellets were finally sintered in a
programmable furnace at optimized temperature 1il&FC for 4 hrs with heating rate of
5°C/min.

After sintering, experimental density of the sarspleas determined using Archimedes
principle. Theoretical density of the samples wakwdated using the lattice parameters. XRD
was done using Bruker AXS D8 Advance computer atledl powder X- ray Diffractrometen
a range of Bragg angles (2020 < 70°) with step size of 0.02 The micro structures of freshly
broken sintered samples were studied by scanniegireh microscope (JEOL JSM 6510LV,
Japan). For measuring electrical properties, theesed pellets were mechanically lapped on the
glass surface and then electroded using silver yepoxl subsequently heated at 4Ddor 30
min to ensure good ohmic contact. The dielectriopprties of the samples as a function of
temperature at discrete frequencies were measwiag HIOKI 3532-50 LCR meter and room
temperature measurement of dielectric constgnaifd loss tangent (t&has a function of ac
frequency (100Hz to 1MHz) were measured by samesmdie ferroelectric nature of the
composite samples was analyzed using an automBtiodp tracer system (Marine India Pvt.
Ltd.). Electrical poling was done at 1@-120°C in silicon oil bath by applying electric field of

~15kV/cm for 1 hr. Then the samples were allowedadnl up to room temperature by switching
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off the heater in applied electric field and thibe field was removed. Magnetic properties were
recorded by using a Lake shore 735 Vibrating Sarvfagnetometer (VSM) Controller, Model
662, interfaced with a computer. The magnetoeledignal (voltage) was measured as a
function of increasing DC magnetic field (0-5000)@eing 7265 DSP lock-in amplifier in the
presence of small AC magnetic field (4 10e). Electric voltage (V) was noted from lock i

amplifier and magnetoelectric coupling coeffici@nt/cm.Oe) was calculated using formula:

_ \%
_Hacxd

o ...4.1

Where d is the thickness of the sample apddthe AC magnetic field.

4.2 Effect of Ni Substitution in Co-Ferrite

In this section, comparative studies on DC reststistructural and magnetic properties of

CoFeO,and Ni doped Cok©, are discussed.

4.2.1 Characterization of CoFeO,and Cao, gNigFe,04
4.2.1.1 XRD

Phase analysis of both samples was done using Xfilysas. XRD pattern of both
samples i,e. Cor®, and Ni doped Cok©, is shown in Figure 4.1. The analysis shows that
XRD patterns for samples have well defined diffi@ttpeaks with specific indices confirming
cubic spinel structure. Both samples show all tharacteristic peaks of ferrites with most
intense peak (311). Most intense peak of Ni dopegD, shift towards lower angle side due to
lower ionic radii of Nf* (0.69 A) as compared to €q0.74 A) as shown in inset of Figure 1.
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Figure 4.1 XRD pattern of CoF£®, and Ni doped Cok©®, samples.

4.2.1.2 DC Resistivity:

The temperature variation of DC resistivity of CgBgand Ni doped Cok©®, sample is
shown in Figure 4.2. Both samples show decreasesistivity with increase in temperature which
corresponds to semiconducting behavior of the nad$erThe decrease in resistivity with increase
in temperature may be due to increase in drift fitglof the charge carriers [1]. The resistivity of
ferrite can be explained on the basis of catiortridigtion in spinel structure (Af,). The
resistivity of ferrite is controlled by the Feconcentration at B-sitéVith substitution of Ni in
CoFe0,, Ni** ions occupy the octahedral site B, while’Cand F&" ions occupy both the A and B
sites. When N is substituted at A site, €oion concentration decreases which causes thénshift
of ion from B to A site. As a result, the numberR#* and Fé' ions at the B sites decreases
resulting in increase in resistivity [2]. From tHigure, it is also observed that Ni doped Cgbe

has high resistivity as compared to Cgb.gvhich results in high magnetoelectric properties.
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Figure 4.2 Variation of DC resistivity with temperature fooEeOsand Ni doped CoR©,

samples.

4.2.1.3 Magnetic Properties:

The M-H hysteresis loops for both the samples &@va in Figure 4.3. The magnetic

properties of the inverse spinal structure canxdpgagned in terms of the distribution of cationslan
the magnetization. In case of Ni doped GaleNi** ions occupy octahedral sites in place of Co
while Cc* and F&" ions occupy both octahedral as well as tetrahesitas [3]. The magnetic
moment per ion for N (2uB) is smaller than that for bion (3uB) which results in the reduction
in the magnetization of Ni doped Cobg sample. From M-H hysteresis loops, it is also oles®

that remnant magnetization and coercive field ofddped CoFg, sample decreases which are

suitable for recording media.
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Figure 4.3  M-H Hysteresis loops of Cok®, and Ni doped CokL®,samples.

From above results it can be concluded thiasubstitution in CoFR€, not only increases
the resistivity of the sample but also helps to sneathe magnetoelectric properties of composites

as discussed in following section.

4.3 Characterization of CNFO-PZT Composites

The properties of magnetoelectric composites depmndhe molar ratio of constituent
phases and resistivity of the both the phases.,Hbeceffect of CNFO on structural, electrical,

ferroelectric, piezoelectric and magnetic propero€PZT is discussed.

4.3.1 X-Ray Diffraction

Figure 4.4 shows XRD diffraction patterns for aktsamples with x = 0.00, 0.05, 0.10, 0.15
and 1.00. The XRD patterns for x = 0.00 (PZT) and £.00 (Ni doped Cok®,) shows well
defined peaks of perovskite tetragonal structure spinel structure respectively. In composite

samples (x = 0.05, 0.10 and 0.15) these XRD pattenfirm the co-existence of both perovskite
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structure (ferroelectric phase) and spinel cubrccstire (ferrite phase). No extra peaks were
observed in XRD pattern which confirms that no cloafreaction has taken place between the two
constituent phases during sintering. Intensity ifffattion peaks depends on the amount of ferrite
and ferroelectric content in the composites. Thensity of ferrite peak increases with increase in
ferrite content in the composite [4].

Calculated values of the lattice parameters fdh ltlke phases are given in Table 4.1. The
ferroelectric phase has lattice constant a = 488&hd ¢ = 4.129 A and ferrite phase with lattice
parameter a = 8.375 A. From table, we have sedrttibee is slight variation in lattice parameters
of both phases of composite samples. This may ket@stress exerted on each other by the two
phases [5].

Experimental, x-ray and relative density for ak ttamples were calculated and given in
Table 4.1. From table it is observed that the nefatlensity of composite samples is lower as
compared to PZT. This is due to low density of CNX& 1.00) in the composite. However, the

composite with x = 0.10 has slightly higher valder@ative density and that may be due to
better compaction and sinterability [6].
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Figure 4.4 X-Ray diffraction for x CNFO + (1-x) PZT (1) x =@ (PZT) (2) x =0.05 (3) x =
0.10 (4) x =0.15 and (5) x = 1.00 (CNFO)

Table 4.1Structural Parameters of (xX) CNFO-(1-x) PZT coniigss

Parameters~| Ferrite | Ferroelectric | Ferroelectric | dexp din Relative | Average
(@) (A) a (A c (A (g/cc) | (g/cc) | Density | Grain
(%) Size
(um)
0.00 - 4.081 4.129 7.56 8.01 94.4 4.7
0.05 8.409 4.042 4.067 7.12 8.00 88.9 0.99
0.10 8.390 4.0542 4.073 6.99 7.81 89.5 0.92
0.15 8.377 4.0585 4.081 6.85 7.64 89.5 0.88
1.00 8.375 - - 4.280 5.26 80.8 1.2
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4.3.2 Scanning Electron Micrograph (SEM)

Since electrical and magnetic properties of bota donstituent phases ferrite and
ferroelectric strongly depend on the microstructseeit is necessary to observe the scanning
electron microscope and to determine the averagi@ gize. Scanning electron micrograph of
freshly broken surfaces for all the sintered sasmple shown in Figure 4.5. The shape, size and
distribution of grains confirm the polycrystallimature. As seen in the micrograph, for pure
PZT, grain size is larger in comparison to comgosimples. The average grain size of the
samples were calculated using linear intercept ateind the values are given in Table 4. 1. As
observed from the Table that the average grainddiZerroelectric phase is larger as compared
to ferrite phase. The average grain size decreagksaddition of ferrite which may be due to
difference in grain size of the constituent phasesins of the constituent phases cannot be
distinguished individually due to low concentratioirferrite phase.
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- NI

Figure 4.5 SEM Micrographs for x CNFO - (1-x) PZT (a) x =0.(°PZT) (b) x =0.05 (¢c) x =
0.10 (d) x = 0.15 and (f) x = 1.00 (CNFO)

4.3.3 Dielectric Properties

The variation of dielectric constant and dielectoiss with frequency and temperature for

all samples are discussed here.
4.3.3.1 Frequency Dependence of Dielectric propees

Dielectric measurements (dielectric constant arsg8 langent) of constituent phases and
composites as a function of frequency (100 Hz — KI98) at room temperature were done and
are shown in Figure 4.6(a) and 4.6(b). It is clieam the figure 4.6(a) that dielectric constant
decrease rapidly with increase in frequency and tieaches a constant value for all samples.
The large values of dielectric constant at lowegtfrencies are associated with space charge
polarization and inhomogeneous dielectric structliiee inhmogeneities in the samples are
impurities, grain structure and pores [7]. In casifes, higher value of dielectric constant may
be due to the fact that ferroelectric grains areosunded by non ferroelectric grains which give
rise to interfacial polarization [8]. Dielectric gfiersion is also observed at lower frequencies.
The dispersion at lower frequencies can also béameun by Maxwell Wagner type interfacial
polarization in agreement with Koop’s phenomenatafjtheory [9-11]. The values of dielectric
constant rapidly decrease with further increasdr@guency and remain constant at higher
frequencies. At higher frequencies, ionic and dagon polarization decreases. Beyond the

external field, the electron exchange betweefi/Fee®* cannot follow the alternating field and
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hence reaches a constant value. Similar type oéweh has also been reported by various

researchers [12-14].

Further in composites, it is observed that the emlof dielectric constant at room
temperature increase up to x = 0.10 and afteritltcrease. The increase in dielectric constant
may be due to increase in interfacial polariza@rgrain boundaries. With increase in ferrite
content, resistivity of the composite sample (x 45) decreases resulting into decrease in

polarization hence dielectric constant decreasgls [1

Figure 4.6 (b) shows the variation in loss tangeith frequency for the composites at
room temperature. Variation in @&ror all composites is similar to the variation énwith
frequency. Loss tangent is higher at lower fregiesn@nd it decreases with increase in
frequency. High value of loss factor is observed da domain wall resonance at lower
frequencies. It is also observed that loss increasth increase in ferrite content. This may be
due to low resistivity of ferrite CNFO in compansdo ferroelectric which would produce

leakage path for stored charge carriers [16].
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Figure 4.6 (a)Variation of Dielectric Constant with frequencyrabm temperature for all

samples (b) Variation of dielectric loss with freqey for all samples.

AC conductivity is an important property of matérighich reveals the conduction
mechanism, types of polaron responsible for conducAC conductivity at room temperature
was determined in the frequency range (100 Hz-kt¥) from measured dielectric data. Figure
4.7 shows the variation of AC conductivity with dreency at room temperature. The plots are
almost linear indicating that conductivity increaseith frequency. From this figure it is clear
that conductivity of composite samples is high asnpared to ferroelectric phase due to
presence of ferrite phase. The conduction mechamigerrite, ferroelectric and their composites
can be explained by polaron hopping process [1fig¢ donduction in the composites is due to

small polaron hopping [18, 19].
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Figure 4.7 Variation of AC Conductivity with Frequency at 1RBz for x CNFO-(1-x) PZT
Composites (x = 0.00, 0.05, 0.10, 0.15 and 1.00).

4.3.3.2Temperature dependence of dielectric properties

Figure 4.8 (a-e) shows the variation of dielectaonstant and loss tangent with
temperature (3&« - 500C) at different frequencies (1 kHz, 10 kHz and 1Mz) for all
samples. Dielectric Constant was calculated usihegrelatione = Ct / g0A, where C is the
capacitance, t is the thickness of the pallet, thésarea of the electrode surface of the palldt an
g0 is the permittivity of free space (8.85%¥0F/m). From these figures, it is observed that the
dielectric constant increases with increase in eapre up to particular temperature and after
that decreases. With increase in temperature, thieility of charge carrier increases, hence
conductivity and polarization of samples also iases with increase in temperature resulting in
increase in dielectric constant [20]. It is alss@tved that the region around dielectric peak get
broadened in composites, which may be due to tloeosgopic heterogeneity of the composites
due to presence of two phases [21]. From figures &lso observed that in paraelectric region,
there is an increase in the dielectric constarth wtrease in the temperature for all samples but
with an increase in the measurement frequency,esgalof dielectric constants gradually

decreases. This may be due to a low frequencyattaxprocess [22]. This increase in dielectric
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of thermally-activated electron hopping betweei’e Fe™ ions as well as Nf < Ni*®ions

constant at high temperatures is due to an incrieabe dielectric polarization which is a result

present in the ferrite phase.
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Table 4.2Variation of Dielectric Parameterssf, Tc (°C), emax tarbrr, tadmay) at 100 kHz for

all values of x

W ERT T:(°C) €max tandrT tandmax
X

0.00 1025 430 34460 0.01 0.14
0.05 930 373 1275 0.02 0.47
0.10 895 370 7595 0.04 0.58
0.15 760 393 10240 0.04 0.99

A comparative study of dielectric constant and I@issd) with the temperature for all
samples at 100 kHz is shown in Figure 4.9. Theeslf room temperature dielectric constant
(er7), Curie temperature J, room temperature loss tangent {af), dielectric constant at.T
(emay and loss tangent at. Ttammay at 100 kHz for all samples are given in Table. 44s
observed from table that room temperature dielecionstant decreases with increase in ferrite
content. This decrease in dielectric constant maattributed to Ni substitution in Cofe,
phase. It is reported that Ni is well known for moying electrical resistivity of soft ferrites and
dielectric constant decreases when resistivityofifferrites increases. It is also observed that th
Curie temperature of composites changes with tla@gh in ferrite content. This may be due to
the fluctuation in the compositions in the micr@ioms [23]. Curie temperature is found to
decrease with increase in ferrite content up toxXf and then increases for x = 0.15sHifts
towards the higher temperature side with ferritatent (x = 0.15). This may be due to the
presence of two types of charge carriers (p angba)t The presence of Ni/ Ni** and C3* /
Co?* ions give rise to p- type charge carriers. Sifeerhobility of p type carriers is smaller than
that of n type carriers, then it is assumed thair tbontribution to polarization appears only at
high temperatures [24]. The dielectric constarCatie temperaturesfay) decreases with ferrite
content (x = 0.05) [25] and then increases witligase in ferrite content. This may be due to the

reason that the conduction in ferrite due to eteciexchange and polarization in ferroelectric
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influences the dielectric polarization of composit¥alue of dielectric loss also increases with
temperature. Due to the presence of ferrite phaigler value of loss tangent is observed in
paraelectric region. This loss is higher due taortta conductivity losses at higher temperature
and similar behavior of these materials has begorted by other researchers [26, 27].
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Figure 4.9 Comparison of Variation of Dielectric Properti€a)(dielectric constant and (b)
tangent loss) with temperature at 100 kHz for x ONE-x) PZT Composites (x = 0.00, 0.05,
0.10 and 0.15)
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4.3.4 Ferroelectric Properties

To study the ferroelectric nature of compositeg Rysteresis loops of (x) CNFO - (1-x)
PZT composites were recorded at different elefigld as shown in Figure 4.10. P-E Hysteresis
loops for all samples were taken at room tempegaati50 Hz. The hysteresis loops of x = 0.00,
0.05 and 0.10 confirm the well defined ferroelectyehavior while sample with x= 0.15 shows
lossy loop. This may be due to presence of highmeoumt of ferrite phase having high
conductivity resulting into leakage current in temple [28]. It is also observed that the P-E
loops are not symmetrical about the origin. Thisyrba due to internal bias field caused by
defects present in the sample and electrode intfi20]. As the applied field increases from 20
kV/cm to 35kV/cm for pure PZT (x = 0.00). Therdnsrease in R Ps and E, no further increase
is observed at 30 kV and 35 kV while in composaenples as seen from the figure; there is

continuous increase in the values of ferroelegaiameters and no saturation is observed.

A comparison of P-E hysteresis loop of (x) CNFQxJ PZT composites are shown in
Figure 4.11. The values of remnant polarizatioy), (Paturation polarization {Pand coercive
field (E;) are given in Table 4.3. There is a significaetr@ase in the value of, i’ and E of
composites in comparison to pure PZT as seen fhentable. There is decrease in the values of
ferroelectric parameters in composites due to eerksistivity of ferrite content which causes
increase in the leakage current, so the samplenotaget fully polarized. There is increase in the
values of B Ps and E with increase in ferrite content. This increaseatarization may be due
to space charge effect whose contribution to threodédectricity increases as ferrite content
increases in the composites [30]. Similar behawias been reported in various multiferroic
systems [31, 32]. The value of coercive field atsreases with increase in ferrite content; this

indicates restricted motion of ferroelectric domaall in the presence of ferrite phase [33, 34].
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Figure 4.10P-E hysteresis loop at different electric fieldsx CNFO- (1-x) PZT ((a) x = 0.00,

(b) 0.05 (c) x = 0.10 (d) x = 0.15
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Figure 4.11Comparisons of P-E Loops for all samples at 25 kV

Table 4.3Ferroelectric Parameters,(E; and R) at 25 kV for all values of x

Parameter P Ps Ec
/ (nClem?) (nClem?) (kV/cm)
0.00 14.61 30.03 5.83
0.05 3.17 8.96 8.10
0.10 6.38 13.05 11.22
0.15 9.50 15.52 14.32

4.3.5 Magnetic Properties

The magnetic hysteresis (M-H) loops of (xX) CNFO x] PZT composites were
investigated at room temperature using VSM withagplied magnetic field of 6 kOe and are
shown in Figure 4.12. All samples show well defifedomagnetic behavior confirming the
existence of magnetic ordering in the compositéesyd35]. The values of magnetic parameters
of composite samples (x = 0.05, 0.10 and 0.15karaller than the pure ferrite (x = 0.00). This
may be due to the fact that magnetic propertiesafiected by the presence of non- magnetic
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ions (PZT) [22]. Comparison of M-H loops shows thatferrite content increases from x = 0.05
to 0.15, saturation shifts towards high field gd6]. The values of magnetic parameters of (x)

CNFO - (1-x) PZT samples are smaller than the KDG- (1-x) PZT which may be due to

Synthesis and Characterization of CNFO-PZT Composites

incorporation of Ni in ferrite phase.

The values of remnant magnetization,Msaturation magnetization gMand coercive
field (E:) are determined from M-H hysteresis loops andyaren in Table 4.4. The Mand H of
composite samples increase linearly with increaséeirite content. This may be due to that
individual ferrite grain acts as center of magratan and the saturation magnetization is the

vector sum of these entire individual grains ofites. This increase in magnetic contacts with

ferrite content, results in the increase in magadéion [24, 37].
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Figure 4.12 M-H Hysteresis curve for x CNFO + (1-x) PZT corsjte (a) x = 0.05, 0.10, 0.15
(b) x = 1.00 measured at room temperature (c) Medds for Electrically Poled Sample and
Unpoled Sample for x = 0.05 and (d) x = 0.10.

4.3.6 Piezoelectric Properties

The values of piezoelectric charge coefficient ofepPZT and composite samples are
given in Table 4.4. To determine the piezoeleatharge coefficient of samples, each piece of
composite samples were electrically poled at 15&Wife silicon oil bath tub for 1 hour and then
piezoelectric coefficients were measured. Thevdlues are found to be composition dependent
because the composition influences the dielectaomytivity, electrostriction constant and
spontaneous polarization [38]. These parameterg alaimportant role in determining the
piezo—coefficients and are directly related tg abefficients [39]. The maximumzglvalue for
pure PZT ceramic is 133pC/N. The decreasesivdlues with increase in ferrite content is due
to decrease in ferroelectric phase (PZT) [40]. Tikislue to the fact thaesistivity of ferrite
phase (CNFO) is much smaller than that of the &earic phase (PZT) resulting into increase
in leakage current which leads to the loss of iedugoltage which in turn makes the poling

difficult. Hence the piezoelectric charge coeffitieecreases [41].
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4.3.7 Magnetoelectric Properties

To confirm the magnetoelectric coupling betweenmiteiferroelectric phases, two pieces
of single pallet were taken. One piece from eaghpmmsite sample was electrically poled at 15
kV/cm. and other was unpoled. M-H hysteresis loopsoth poled and unpoled composite
samples were taken using VSM. Figure 4.12 (c-dwshhbysteresis loop of both poled and
unpoled pieces of sample x= 0.05 and 0.10. Froords it is observed that there is increase in
both saturation and remnant magnetization of etadly poled samples. This increase in
magnetization values of electrically poled sampies/ be due to poling of sample which may
result into aligning of individual dipole momentdtiin different electric domains along the
magnetic field direction. The increase in magnéitiracan also be attributed to change in

magnetic anisotropy and movement of domain wal$.[4

Magnetoelectric coupling between PZT and CNFO phas¢he interaction between the
electric and magnetic dipoles. ME effect is themmenon of inducing magnetic polarization in
a material in an external electric field and vie¥sa. Magneto- electric effect in composites
having ferrite and ferroelectric phases dependherapplied magnetic field, mole percentage of
constituent phases, resistivity of the phases aadhanical coupling between the two phases
[43]. Figure 4.13 shows the variation of the ME couplaugfficient ¢ = dE/dH) with applied
DC magnetic field up to 6 kOe keeping ac magnetddfconstant (1 Oe) at 1 kHz for
composites at room temperature. The ME effect eleskein samples is due to strain induced in
the CNFO phase when a magnetic field is appliedkwts mechanically coupled to induce stress
in ferroelectric due to piezoelectric effect theads to change in polarization in PZT phase. From
this figure, it has been observed thatincreases with increase in magnetic field, readbes
maximum value and then decreases for the highernetigfield. This increase in ME
coefficient is due to the increase in magnetostricinduced strain in ferrite phase. The decrease
in o with the increase in DC magnetic field may be twehe fact that the magnetostriction
coefficient to ferrite phase reaches its saturatialue at certain value of magnetic field [44].
Beyond a particular value of magnetic field, theduced magnetostriction and strain induce
constant electric field in the ferrite phase resglinto decrease in the value of ME coefficient.
The values ofi = (dE/dH) obtained for composites are given inl&ah4. The value of the ME
coupling coefficient for 5% of CNFO in PZT is 894/ (cm. Oe). The ME coefficient is related
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to magnetostriction coefficienk), piezoelectric coefficient (d), magneto mechahaceefficient

(km) and dielectric constant)([45] as

AXdXk
Q= ——
&

piezoelectric coefficient (d) increases and dielectonstant decreases) (in case of

PZT—-CNFO sample which in turn increases the MEfaoeht.

From the Figure 4.13, decrease dnis also related with piezoelectric coefficient.
Piezoelectric coefficient ¢g decreases with increase in CNFO content. Theedserin ME
output is also due to the low resistivity of CNF@ape which leads to leakage of charges
developed in the PZT grains through the low reswstaof the surrounding CNFO grains [45].
The values of ME coupling coefficient obtained fiven PZT-CNFO composite system are

higher and comparable than those reported in éerrferroelectric bulk composites [46, 47].

100
1 —=8—(1)x=0.05
8004 ﬁh —e—(2) = 0.10
8 6004
5
S 4004
2
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200{ %

0 1000 2000 3000 4000 5000
H (Oe)

Figure 4.13Variation of ME Coupling Coefficient with a DC magnetic field for x = 0.05 and
x =0.10
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Table-4.4Magnetic parameters (HV, and M), Magneto-electric Coefficientf and
Piezoelectric Properties for (xX) CNFO-(1-x) PZT Gmosites (x = 0.00, 0.05, 0.10 and 0.15)

Magnetic Parameters

Piezoelectrig

Coefficient
Parameter Hc M, Ms o ds3
(Gauss) (emu/q) (emu/q) (uv/cm.Oe) (pC/N)
X
0.00 - - - - 130
0.05 265 0.45 2.26 855 77
0.10 334 0.83 4.23 498 70
0.15 424 2.063 8.78 - 60
1.00 724 13.08 49.45 - -
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Chapter -V

Synthesis and Characterization of La Substituted PZT-CNFO
Ccomposites

This chapter includes studies on the structural, dielectric, ferroelectric, ferromagnetic
and magnetoelectric properties of La substituted PZT and Ni doped CoFeO, composite.

Following material series were synthesized and the details are presented here.

Series A - Pla.ayo)LayZross Ti 0.4803 (y=0-0.0075 in step of 0.0025)

Series B - (X) C@sNio 2F&04 - (1-X) PR.ogs24-80.002#10.55T 10.4503

Series C - (x) CaNig.2Fe04 - (1-X) PR .gg2d-a0.005Zr0.55T10.4603 (x =0 -0.15 in step of 0.05)
Series D (x) Coy.aNig 2F&04 - (1-X) PR .ggsd-a0.007#r0.55T10.4503

In series A, we have studied effect of La on various properties of Pb.
ayi2)LayZrossTio.4s0s, where y = 0.000 - 0.0075 in step of 0.0025. In series B, C, and D, we have
studied the effect of different concentration of CNFO on PLZT keeping La fixed at y = 0.0025,
0.005 and 0.0075, respectively. Influence of La>* substitution at Pb?* site is found to be most

effective substituent and is seen to yield significant improvement in properties of composites.
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5.1 Synthesis of Individual Phases and Composites

The ferrite and ferroelectric phase are synthesizeddiy state reaction method. The
synthesis method for GeNipFeO, has already been discussed in chapter 4. Foreteniic
phase, Pl.ay2layZrosslioss0s, AR grade of PbO, L®s; ZrO, and TiQ were used as raw
materials. These oxides were weighed in requirethmroportion after that ball milled for 4
hours using distilled water and zirconia balls alimg media and followed by drying. Dried
powder of PLZT was calcined at 8@ for 4 hours, so that constituent oxides can reattt
each other and form a compound. The calcined poeafdetZT was ball milled again and dried.
Dried powder of PLZT was recalcined at 860for 4 hours in order to make homogenous
powder. For phase identification, XRD analysis wamsried out. XRD pattern for Rb
sy)LayZrossliossOs, y = 0.0025, 0.005 and 0.0075 are shown in fighé and for
Caop.sNig Fe0,, it has already been discussed in chapter-4.

Composites of ((x) GaNigFeOs - (1-x) Ph-syslayZrossTio.as03) where x = 0.05, 0.10
and 0.15 for y = 0.0025, 0.005 and 0.0075 weregregpby mixing both the phases. The mixing
was done by ball milling followed by drying. Afteirying, powder was mixed with small
amount of diluted PVA (poly vinyl alcohol) as bindéried mixtures were pressed in form
pallet of diameter 15 mm and thickness of 1 mm gisiniaxial pressing. The pallets were

sintered at 125 for 4 hours in programmable furnace followed lbyious characterizations.
5.2 Characterization of (x) C@ gNigFe,0, - (1-X) Pbyi.aylayZr g 557104503
5.2.1 X-Ray Diffraction

Figure 5.1(a) shows the XRD pattern foraRpolayZrossTios0s where y = 0.0000,
0.0025, 0.005 and 0.0075 (Series A). The XRD patstiows well defined peaks and confirms
the single phase compound with Perovskite tetrdgginacture. The lattice parameters (c and a)
were determined using Bragg’s Law. It is obsened tlue to substitution of Eaat PB” site (as
ionic radius of L& is smaller as compared to#) there is slight decrease in lattice parameters
of PLZT.

Figure 5.2 (b-d) shows the XRD pattern for all carsife samples for (x) G@Nio FeO4
- (1-x) Ph.ayalayZrossTio.ss0s where x = 0.05, 0.10 and 0.15 for y = 0.0025, 0.868 0.0075
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(series B, C and D). The XRD pattern shows the dedined peaks indexed with specific indices
of both ferrite and ferroelectric phase. This cong the co-existence of both the phases (cubic
spinel structure in ferrite phase and perovskiteag@nal structure in ferroelectric phase). The
XRD patterns of composite samples do not show attsa g@phase other than the constituent
phases which confirms the no chemical reaction fgake between two phases. From figure 5.2
(a-c), it is observed that the intensity of peakds aumber of peaks corresponding to ferrite
phase as compared to ferroelectric phase is snvdlieh is due to small concentration of ferrite
phase in the composites. It is also observed flafigure that intensity of ferrite peaks increase

with increase in ferrite content which shows thasent composite follow the rule of mixture.

The lattice parameters of both ferrite and ferrcieie phase were calculated and are
given in Table 5.1. It is observed that random atson in lattice constant is observed for
ferroelectric phase for all the three series (Bard D) which may be due to stress induced by

ferrite phase on ferroelectric phase [1].

The experimental density, x — ray density and nedatlensity were determined for all
samples and are given in Table 5.1. It is obsethatl in composite samples for y = 0.0025,
relative density decreases with increase in ferdatent, While for y = 0.005 and 0.0075,
relative density initially decreases with ferritentéent then increases for x = 0.15. Lower density
for small concentration of substituent has alrebdgn reported in for similar ceramics [2, 3].
This variation in density can be explained by thenher of PB" vacancies which affect volume

diffusion during densification for different condeattions of substituent’s [4].
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Table 5.1: Lattice Parameters and relative density for (x) £y JFe0, - (1-x) Ph-
ay2layZro ssTio.4503 for all values of x of all values of y

Series A (x = 0.00)

Parame}| Ferrite Ferroelectric phase Exp. X-ray Relative
er phase Density | Density Density
a (A) dexp(g/c dth (g/CC) drel(%)
aAd) | c(A) cla c)
y
0.0000 - 4.048/ 4.105 1.0138 7.223 7.929 91.096
0.0025 - 4.056| 4.108 | 1.0127|, 7.165 8.113 88.331
0.005 - 4.063| 4.107 | 1.0108| 6.936 8.079 85.850
0.0075 - 4.042| 4.082 | 1.0099| 7.425 8.231 90.221
Series B (y = 0.0025)
X Ferrite Ferroelectric Exp. X-ray Relative
phase Density | Density Density
a (A) a (A) C (A) cla dexp(g/C dth (g/CC) drel(%)
c)
0.05 8.368 4.053| 4.108 1.0135 7.79 7.22 92.7
0.10 8.382 4.062| 4.121 1.0144 7.42 7.15 96.3
0.15 8.427 4.038| 4.105 1.0165 7.64 7.04 91.9
Series C (y = 0.005)
0.05 8.359 4.053] 4.104 1.0126 7.95 6.97 87.802
0.10 8.368 4.052| 4.103 1.0124 7.81 6.43 82.3b3
0.15 8.389 4.054| 4.100 1.0115 7.66 6.80 88.7|77
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Series D (y = 0.0075)

31

0.05 8.386 4.066| 4.081 1.0036  7.7108 6.0714 76.1
0.10 8.393 4.079| 4.126 1.0113  7.7015 6.8542 88.9
0.15 8.414 | 4.057| 4.107 1.0109 7.6777 6.8969 89.§

98

30

5.2.2 Scanning Electron Microscope

Figure 5.2 (A) shows the SEM micrograph for sampdésseries A (PLZT). The
Micrographs show the closely packed and well ogdrgrains and shape, size and distribution of

grains confirm the polycrystalline nature. The ager grain size was calculated by intercept

method. The average grain size as seen from thgeisna in the range ofufin — Zum.

Figure 5.2 (A)SEM micrograph foSeries A PLZT) (a) y = 0.0025 and (b) y = 0.005
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Figure 5.2 (C) SEM images foBeries C(a) x = 0.05 (b) x = 0.10 (c) x = 0.15

Figure 5.2 (B) and 5.2 (C) shows the SEM microgragghcomposites samples of series
B and series C. SEM images of series B were redordéack scattered mode. It can be seen
from the micrograph that there is a mixture of wrand black grains confirming the presence of
two individual phases. As ferrites are conductiedégectrons have path to go through that surface
causing darkness while ferroelectrics are less wctinte in comparison to ferrite, when an
electron beams falls on the surface, beam is abdobly that ferroelectric region resulting to
charging effect i.e. accumulation of charges onstinidace of the sample causing the brightness.
This confirmed that the white grains are for felea&wic (PLZT) and black grains are for ferrite
(CNFO) as per composition. The volume fraction latck grains, corresponding to ferrite phase,
is lesser than that of white grains, correspondimgerroelectric phase. As ferrite content

increases, volume fraction of black grains alsoaases.

SEM images of series C also show well defined doskety packed grains. Average grain
size of the composites of series C was determir@d finear intercept method. With increase
the ferrite content in the composites, averagengsiie of the composites increases with increase
in ferrite content. The values of average grair sizth x = 0.05, 0.10 and 0.15 are 0.94, 0.97
and 1.02m respectively. Individual phases of compositedd oot be distinguished because of
small concentration of ferrite content in the cosif®
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5.2.3 Dielectric Properties

The variation of dielectric with frequency and fgsrature for all series (Series A and
series B, series C and series D) are discussed here

5.2.3.1 Frequency dependence of dielectric propees € and tano)

Frequency dependence of dielectric constant andatlie loss at room temperature were
studied for all series. Figure 5.3 (A-D) depicte frequency dependence of dielectric constant
and loss with frequency (100 Hz — 100 kHz). In gaheit is found that dielectric constant
decreases with increase in frequency for all sasaglbe higher value of dielectric constant at
lower frequencies may be due to presence of akgypf polarizations such as space charge,
ionic, dipolar, electronic polarization [5]. The ntabution of these polarizations ceases to
respond at higher frequencies because of highakagbn time which result into decrease in
dielectric constant. At higher frequencies, onlgcédonic polarization is dominant and other
polarizations become ineffective. Similar type oédquency dependent dielectric behavior is
found in many ferroelectric ceramics and ferriterdelectric composites [6-9].

From Figure 5.3 (A), it is observed that dielectonstant increases with increase in La
content. A small decrease in dielectric constanbbserved at higher frequencies for all the
samples and after that values of dielectric consbetome constant at 10 kHz - 100 kHz.
Dielectric dispersion is observed at lower frequesidn both variations (dielectric constant and

dielectric loss). Similar behavior is observedangent loss of PLZT samples.

In composite samples, large dielectric dispergarbserved which may be due to mixing
of two different materials having different conduity and permittivity. This can also be
explained by Maxwell- Wagner Polarization with Ké®gphenomenological theory [10-12].
From Figure 5.3 (B), it is observed that dielecttmnstant increases with increase in ferrite
content up to x = 0.10 after that it decreasex fe10.15. From Figure 5.3 (C), it is also observed
that values of dielectric constant decreases withegse in ferrite content for series C while in
series D, values of dielectric constant varies oamg. This may be due to the fact that ferrite
and ferroelectric having different permittivitiesearandomly mixed together. It can also be
observed that tanof all samples of composite shows peaking behaatolower frequencies
which may represent relaxation procédse peaking behavior in taroccurs when frequency of

electrons between Feand F&" is equal to the frequency of the applied field, [14].
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Figure 5.3 (D) Frequency dependence of (a) dielectric constgrdidbectric loss foSeries D

5.2.3.2 Temperature dependence of dielectric propees (€ and tand):

Figure 5.4 (A-D) shows the variation of dielectoonstant §) and loss tangent (t&n
with temperature (3T -500C) measured at three frequencies (1 kHz, 10 kHz1&0dkHz) for

all samples for series A, series B, series C ands®. Values of dielectric parameters such as
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dielectric constant at room temperatuggr}, Curie temperature (), dielectric constant at Curie

temperature gnay, l0SS tangent at room temperature qtah and loss tangent at Curie
temperature (taina Were determined from these graphs and are listefiable 5.2. In all
samples (pure ferroelectric and composites), dbserved that dielectric constant increases with
increase in temperature, reaches a maximum valyarétular temperature and after that it
decreases with further increase in temperature. t&€hmgperature at which maximum dielectric
constant is observed is known as Curie temperaflge The mobility of charge carriers
increases with increasing temperature which leadmdrease in polarization of the samples,
hence increase in dielectric constant. The welineef peaks correspond to the transition from
ferroelectric phase to paraelectric phase [15-17].

With substitution of La in PZT (Series A), Cur@niperature of the samples is found to
decrease. This decrease yisTobserved due to decrease in crystal tetraggnahich results in
the reduction of the internal stress and whictuim teduces the transition temperature [18]. The
results are well reported in literature [19, 2@]isl observed that dielectric loss decreases with
substitution of La in PZT. This may be due to daseein domain wall contribution.

Variation of dielectric constant with temperatdioe composite samples (Figure 5.4 (B-
D)) also shows similar behavior (ferroelectric -gmectric phase transition) as shown by
ferroelectrics (Series A). It is observed from tigaires (5.4 (B-D)) that in the paraelectric region
dielectric constant increases with increase in tmatpre while for higher frequencies (10 kHz
and 100 kHz), it follows decreasing trend in alinpnsite samples. This can be related with low
frequency relaxation process [21]. This increasgiéhectric constant is observed due to increase
in dielectric polarization which is a result of lopg of ions in CNFO phase [22]. Dielectric
dispersion and broadening at dielectric maximaalaa be seen in all composite samples. This
may be due to microstructural heterogeneity in damgdue to incorporation of ferrite phase in
ferroelectric phase [23, 24].

Comparative study of variation of dielectric comsétand dielectric loss with temperature
for all samples of series (A, B, C and D) are shawrFigure 5.5. It is observed that from
comparative study, room temperature dielectric taomsof all composite samples decreases as
compared to pure ferroelectrics as per composifidnis may be due to addition of (CNFO)
ferrite (having low dielectric constant) in ferreetrics. The decrease in dielectric constant with
increase in ferrite content is well reported ierdtture [25]. It is observed that Curie temperature
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Chapter V
of composite samples (all Series- Series B, C anth@eases with increase in ferrite content.

Similar behavior has been reported in (x) CFO-RBLT multiferroic system and in (1-x) BST

— (x) CFO [26, 27].
The value of dielectric loss is low near room terapre and it increases with increase in
temperature as observed from samples of all cortgsosThis may be due to the space charge

polarization and thermal conductivity losses whmfise as a result of thermally activated
electron hopping between the ions present in thE@Nhase. Loss peaks is observed at lower
temperature as observed from the Figure. Thesespstak towards higher temperature side with

increase in frequency, shows thermally activatéakegion process.
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Figure 5.5Comparative study of (a) dielectric constantgnd (b) dielectric loss (tah
measured at 100 kHz for (a) Series A (b) Series)EBéries C and (d) Series D.

Table 5.2Variation of dielectric parameterssf, Tc (°C), €max tarbrr, tabmay Measured at 100
kHz for (x) Ca.aNioF&O, - (1-x) Ph.syslayZrgssTio.ss03 for all values of x of all values of y.

Series A (x = 0.00)

Paramete €RT T:(°C) €max tandrT tandmax
y
0.0000 1028 385 11342 0.019 0.30
0.0025 965 376 13376 0.009 0.134
0.0050 927 352 10342 0.027 0.178
0.0075 985 364 12420 0.002 0.151
Series B (y = 0.0025)

X ERT Te (OC) Emax tandgr tandmax
0.00 965 376 13376 0.009 0.134
0.05 774 370 14010 0.029 0.49
0.10 915 380 8845 0.031 0.76
0.15 900 394 9930 0.043 0.90
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Series C (y = 0.005)
0.00 927 352 10342 0.027 0.178
0.05 906 327 7950 0.038 0.382
0.10 976 337 9305 0.040 0.781
0.15 782 365 9199 0.060 0.948
Series D (y = 0.0075)
0.00 985 364 12420 0.002 0.151
0.05 942 343 6946 0.03 0.364
0.10 855 332 9061 0.04 0.672
0.15 760 388 11762 0.06 1.09

5.2.4 Ferroelectric Properties:

The ferroelectric nature of samples (PLZT and CNHQT) was studied by the P-E
Hysteresis loops. Figure 5.6 (a) shows the P-Eehgsis loops at room temperature for La doped
PZT samples (Series -A) and Figure 5.6 (b-d) shibshysteresis loops for Series B, Series C,
and Series D (i.e., Composites samples), respégtivecorded at 50 Hz frequency. The values
of ferroelectric parameters such as coercive f(&lg, remnant polarization (Pand saturation
polarization (B were determined from the P-E Loops for all sam®eries A- D) and are
given in Table 5.3.

It is observed from Series A (PLZT), the valuegerhnant and saturation polarizations
(P, and R) are found to increase with increase in La conter?ZT. This may be due to the
softening effect of La substitution at Ptsite. Also La substitution makes domain switching
because La ion substitute Pb site at A-site andpteeence of multiple ions (Pband L&"
results in higher multi domain polarization resudtiinto increase in;Rand R These results are
well reported in literature [28-34]. It is reportidliterature that donor substituent gL.@r Snt")
result in decrease in coercive field;\Hn the present case, Increase in coercive figljl with
increase in La substitution (x) is seen. This caratiributed due to the decrease in grain size
with La substitution [35].

For composite samples of Series B, C and D, thehiysieresis loops were also recorded
at room temperature. As seen from the figure thatHysteresis loops of composite samples are
not well saturated like pure ferroelectrics. Thaaynbe due to the presence of ferrite phase
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(CNFO) which acts as non-ferroelectric in the cosifgosamples. The values of ferroelectric
parameters are listed in Table 5.3. For all sesfesomposite samples, the P-E hysteresis loop
for x= 0.15 shows lossy loop (which are shown igeinof the figures). This may be due to the
presence of higher amount of ferrite content. Asteehave higher conductivity as compared to
ferroelectrics resulting into leakage of chargesingl rise to higher value of saturation
polarization in composite samples. The values afo@ectric parameters are not symmetric
about their original points (i.e, Bnd E values at positive and negative quadrants arsamoe).
This phenomenon may arise from the internal eledieid that is caused by short- distance, off
center, inherent movement of bound traces of elast[36]

In all composite Series (Series B, C and D), tladues of remnant and saturation
polarizations (Pand R) decreases with addition of small amount of ferabntent (x = 0.05) and
then increases with further increase in ferriteteon(x = 0.10 and x = 0.15). The increase in
polarization is due to higher value of éamhich creates the space charge across the fesctoele
phase which dilutes the ferroelectric propertied.[®-E loop area of composites increases with
increase in ferrite content which is due to dedrgpghe resistivity of composite samples.
Similar behavior has also been reported in liteeaf@8, 39]. It is observed that coercive field is
found to increase with increase in ferrite contdiftis is observed due to hindered and pinned

domain wall motion of ferroelectric regions duehe existence of ferrite phase [40].
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Figure 5.6 (a-d)P-E Hysteresis loops for all Serig@g Series A (b) Series B (c) Series C and (d)
Series D

5.2.5 Piezoelectric Properties

The piezoelectric coefficients ) for all samples (ferroelectrics as well as conies}
are measured and are listed in Table 5.3. For measunt of piezoelectric charge coefficient, all
samples are electrically poled with DC electriddief 15 kV for 1 hour in silicon oil bath at
10°C-12C0°C. It is observed that with increase in La substitu (y) in PZT (in series A),
increase in charge coefficientsgidfrom ~110pC/N to120pC/N is observed. This increases;
may be due to increase in domain wall contributigith substitution of La. Piezoelectric
coefficients are composition dependent because gsitign affects the dielectric permittivity,
spontaneous polarization etc [41]. In series B,dtaual decrease in value afds observed
with increase in ferrite content. The high valuedgffor x = 0.05 in all series is due to smaller
amount of ferrite. The i values observed for all samples of series B anés€ are in the
range of 96-54 pC/N, 111-86 pC/N. The values fffdr series D is 116 pC/N for x = 0.05 and

decreases for x = 0.10 and increases for x= 0.15.
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Table 5.3Ferroelectric Parameters,(E; and R) at 30 kV and piezoelectric charge coefficient

for (X) Ca.gNio F&04 - (1-X) Ph.sylayZrg ssTio.4s05 for all values of x of all values of y

Series A (x = 0.00)

Parameter P, (nCl/cm?) Ps (nC/cm) E. (kV/cm) P/ Ps O3
/y/ (PC/N)
0.0000 13.26 22.78 12.80 0.582 130
0.0025 8.11 16.20 8.83 0.501 110
0.005 8.75 17.84 9.37 0.489 113
13.33 24.56 10.61 0.542 120
0.0075
Series B (y = 0.0025)
X P, (nClcm?) Ps (nClcm) E. (kV/cm) P/ Ps das
(pC/N)
0.00 8.11 16.20 8.83 0.50 110
0.05 2.56 9.19 6.76 0.278 96
0.10 5.35 11.89 15.56 0.449 72
0.15 Lossy Lossy Lossy - 54
Series C (y = 0.005)
0.00 8.725 17.841 9.37 0.489 113
0.05 4.925 12.532 10.65 0.329 111
0.10 11.63 20.734 14.77 0.561 86
0.15 Lossy Lossy Lossy - 65
Series D (y = 0.0075)
0.00 13.33 24.55 10.15 0.543 120
0.05 4.24 11.7 9.895 0.363 116
0.10 10.65 19.00 13.96 0.561 56
0.15 Lossy Lossy Lossy - 80
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5.2.6 Magnetic Properties: M-H Hysteresis loops

The magnetic nature of composites is studied by Mmnsteresis loops. The M-H
Hysteresis loops at room temperature for serie€ Band D with varying ferrite content are
shown in Figure 5.7 (a-c), respectively; with insétowing M-H loop for pure CNFO. All
samples show ferromagnetic behavior which confitinesexistence of magnetic ordering in the
composite system. Magnetic parameters such as dhes/ of remnant magnetization M
coercive field (H) and saturation magnetization Mwvere determined from M-H hysteresis
loops and are given in Table in 5.4. All M-H looase well saturated. With increase in ferrite
content, the magnetic field at which saturatiomliained, increases. The observed values for
remnant magnetization (Mand saturation magnetization {Mare found to increase with
increase in ferrite content. This is due to the metig nature of ferrite and number of domain
contributing to magnetization resulting into ingeain magnetizations. The values of
magnetizations (Mand M) and coercive field in composite samples are smalan that for
pure CNFO (Saturation magnetization{M9.45 emu/g) and Coercive field{H7240¢e)). This
is observed due to presence of PLZT (ferroeleghase) in the composite which act as non
magnetic phase, resulting in reduction of magnetimponent [42]. The ferroelectric grains of
PLZT separate the magnetic grains of CNFO phasdtireg into weakening of the exchange

coupling between them [43].
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Table 5.4Magnetic Parameters (MM and H) and magnetoelectric coupling coefficiea} {or
(X) Can.gNig2Fe0s - (1-x) PhaylayZrgssTio 4503 for all values of x of all values of y

Series B (y = 0.0025)
Paramy/ M, (emu/g) Ms(emu/qg) H:(Oe) a(mV/cm.Oe)
X

0.05 0.58 2.47 312 1.2
0.10 1.14 5.02 349 1.0
0.15 1.79 7.85 421 -
1.00 13.08 49.45 124 -

Series C (y = 0.005)
0.05 0.47 2.26 267 0.18
0.10 1.24 5.48 347 -
0.15 1.98 8.33 374 -
1.00 13.08 49.45 724

Series D (y = 0.0075)
0.05 0.49 2.40 246 0.5
0.10 0.95 5.30 268 -
0.15 1.44 8.19 303 0.15
1.00 13.08 49.45 724 -
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Figure 5.7 (a)M-H Hysteresis loops dberies B
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Figure 5.7 (c)M-H Hysteresis loops dberies D

5.2.7 Magnetoelectric measurement

For magnetoelectric measurement, composite sampés electrically poled at 15
kV/cm for 1 hour. Effect of La substitution on magoelectric coupling coefficient is also
studied hereThe logic behind doping La in PZT is to increase tbsistivity of ferroelectric and
their piezoelectric coefficient which helps to iease the ME coefficienThe variation of ME
coupling coefficient ¢) as a function of DC magnetic field in the preserad applied ac
magnetic field of 1 Oe at 1 kHz frequency for alhples of series B, C and D is shown in
Figure 5.8 (a-c). Initially ME coupling coefficierit) increases with increase in magnetic field,
reaches to maximum value and the start decreadihgfuvther increase in magnetic field. The
initial increase in the ME output is due to therease in magnetostriction induced strain in
CNFO phase. The decreaseaitwith increase in DC magnetic field is due to thetfthat the
magnetostriction coefficient of ferrite phase reschts saturation value at certain values of

magnetic field as already discussed in previouptena

The value of ME coefficient for series B, Seriea@ series D are given in Table 5.4.
From this it is observed that the maximum valudafynetoelectric coefficient is obtained for x
= 0.05 of y = 0.0025 and its value is 1.2 mV/cm.Dee value of ME coefficient decreases with

increase in ferrite content for x= 0.10 of sameeseWVith further increase of La in PZT phase,
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ME coefficient decreases. This may be due thabhamay diffuse in ferrite phas€he value of
ME coefficient for x = 0.05 of y = 0.075 is higha&s compared to value for x = 0.05 of y = 0.005.

This can be related to piezoelectric charge cdeffic Explanation is already given in chapter 4.
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Figure 5.8 (a)Variation of magnetoelectric coupling coefficienj (vith DC magnetic field for
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Figure 5.8 (b Variation of magnetoelectric coupling coefficiéaj with DC magnetic field for
x = 0.05 ofSeries C
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Figure 5.8 (c)Variation of magnetoelectric coupling coeffici¢a) with DC magnetic field for
(i) x = 0.05 (ii) x = 0.15 ofSeries D
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Chapter — VI

Summary and Recommendations for Future Work

This chapter summarizes the conclusions drawn from the present work and highlights the most
significant results. The marked effect of Ni substitution in ferrite phase and La substitution in
ferroelectric phase on various properties of modified PZT - CFO composites is concluded. This
chapter also includes some suggestions related to future investigations for basic and applied

research point of view.



Chapter-VI Summary and Recommendations foafeutVork

The present work focuses on the synthesis and aeawation of modified PZT-CFO
composites. The samples were synthesized by cdowmahtsolid state reaction method@he
modification was carried out by substituting?Nin ferrite phase (CFO) and t'ain ferroelectric
(PZT) phase. This substitution was undertaken inieav to know the suitability of the
substituting elements for the enhancement of magtesttric properties. The substitution of Ni

and La was expected to give rise to improved maghettric properties.

6.1 Summary of the Results:

The important outcomes of the work are summarizzd:h

% Individual phases PbdgsTio 403 (PZT) and CoFg®, (CFO) were synthesized by solid
state reaction method. XRD diffraction patternsgrafividual phases confirm their phase
formation. Composites having composition (x) Cgbe- (1-X) PbZp 551194803, X = 0.05,
0.10 and 0.15 (by weight) were synthesized by ngixof these individual phases.
Optimization of sintering temperature was done lo@ sample (0.05) Cok@, - (0.95)
PbZ ssTi0.4403. For optimization, the sample was sintered atethdéferent temperature
1150C, 1200C and 1258C for 4 hours. X-ray patterns, relative densityelelttric
properties (dielectric constant with temperatured @angent loss with temperature),
ferroelectric P-E hysteresis loops were studied dibrsamples. Optimum results were
observed for sample sintered at 1%50dor 4 hours. So, all samples were conventionally
sintered at optimum temperature 13G0for 4 hours. XRD diffraction patterns of
composite sample confirm the coexistence of bothiccispinel and tetragonal phase
respectively. Relative density was found to de@ewgish increase in ferrite content. Larger
grain size of ferroelectric phase and smaller gsame of ferrite phase was observed by
SEM analysis. SEM analysis of composite sampledircos the presence of both the
phases. Grains of both phases could not be dissingd because of smaller content of
ferrite. Room temperature dielectric constant desee with increase in frequencies and
also decreases with increase in ferrite contemhil& behavior has been observed for
tangent loss. Increase indhd R with increase in ferrite content is also obsentedrease

in M, and M, with ferrite content suggests that composites othey rule of mixture.
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Maximum value of magnetoelectric coupling coefiiti®f 298(uv/cm.Oeyas observed
for (0.05) CoFgO4— (0.95) PbZ§55Ti0.450s.

«»  Samples with composition (x) G@eNigFe0, - (1-xX) PbZp s5Ti0.4403 were synthesized by
solid state reaction method to study the effedilio$ubstitution in ferrite phase on various
properties of composites. Phase formation of bbth ghases was confirmed by X-Ray
analysis. Room temperature dielectric constanbusd to decrease with increase in ferrite
content. Relaxation peak at £G0— 200°C are observed in variation in tangent loss with
temperature. These peak shifts towards the higimpérature with increase in frequency.
Increase in ferroelectric parameters suchaBsRnd E with increase in ferrite content are
observed which is due to space charge effect wilbstgution of ferrite content. Ni
substitution in ferrite phase increases the resigtiand piezoelectric coefficient of
composite samples which in turn affect the magrettegc coupling of the composite
samples. Maximum value of magnetoelectric couptingfficient of 855 (uv/cm.Oeayas
observed for 0.05G@Nig Fe04-0.95PbZg 55T 10.4503.

%  Samples with composition RgsLa,Zro s5T10.450s with y = 0.00, 0.0025, 0.005 and 0.0075
were prepared by solid state reaction method tdysthe effect of La substitution in
ferroelectric ceramics. Composite samples with amsitpn (x) C@gNigFeOs - (1-X)
Phy.ayplayZrossTio.4s03 with 'y = 0.0025, 0.005 and 0.0075 were preparedttmly the
effect of different concentration of ferrite phase various properties of composites. All
samples were synthesized by solid state reactidhade The structural, microstructural,
dielectric, ferroelectric, ferromagnetic and mageétctric properties were studied.
Random values of lattice parameters are observed iseries due to stress induced by
ferrite phase on ferroelectric phase. More dieiealispersion is observed in composite
series as compared to pure PLZT series. Curiegmtyre (T) was found to increase with
increase in ferrite content in all series. For pggges, Pand R are found to increase with
increase in La content in PZT. While in compositanples, P-E loops are not well
saturated. Increase in the value pfaRd Rin all composite series with addition of ferrite
content that may be due to increase the spaceelpaigrization effect and tangent loss in

the composite samples. La substitution in ferrdaleghase increases the piezoelectric
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®
L X4

coefficient which increases the magnetoelectricffoment. Magnetoelectric coupling
coefficient of series B for x = 0.05 is 1.2 mV/cmre.@bserved and then decreases with
increase in ferrite content. While for series C amlies D, value of magnetoelectric
coupling coefficient is 0.15 mV/cm.Oe and 0.05 my/©e for x = 0.05 respectively.

Ni Substituted composite samples and La substitséaples show improved piezoelectric
and magnetoelectric properties as compared to stitutbd PZT-CFO. Hence these
modified composites can be used for memory devisessors, waveguides, transducers

and actuators etc.

6.2 Recommendations for Future Work:

The thesis explored several aspects of ferrite reddgctric composite materials in

modified PZT-CFO composites. As these materialsvshoique property i.e, magnetoelectric

properties thus they have received continuous tadteras potential sensors for magnetic field

measurements and transducers for magnetoelectmerion and actuators. These composites

are of interest for a variety of device applicationcluding electrically controlled electro-optic

or piezoelectric devices, actuators and memorycgsviAccordingly, it is quite interesting to

explore the ways and means to improve the varioosapties in our future research work,

Following are the few suggestions for future exiem®f this work:

1.

As microwave sintering is environment friendly afast technique as compared to
conventional method. So synthesis and their charaation of PZT- CFO and modified
PZT- CFO can be done by Microwave sintering tecaidrhis sintering technique may
lead to the improvement in properties of the contpss

In the present wok, PZT-CFO composites were studidlal particular ratio. With change

in ratio of Zr/Ti in PZT and Ni in CFO and otherbstituent’'s may improve the properties
of composites.

Solid state reaction method was adopted for syigthefspresent composites. Different
technigues such as sol-gel, co-precipitation mettamdbe adopted for the synthesis. These
techniques may offer improved properties.

Laminated composites and thin films of these contp@amples may also be studied.

*kkkkkkkk
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