
+ Synthesis and Charactet'tzation of Eu doped M-$pe Barium
Hexaferrites

By:

Anum T,afar
(317-BAS/1USPEY/F14)

t suPerison

Dr. Shafqat Karim

Head Nammaterials Research Group

PINSTECII, Pakistan

Co-Supervimn

Dr. Shaista Shahzada

A$istsnt Pmfessor, Ihpt ofPhysics, IIUI

Ilepartment of Physfos

Faculty of Basic end Applicd Sciences

Intemationd IsIEmic Unfuersity, Ishmabad

df"*"'"h

*f

I-!r^ Qotq



Accersion rrfrll&#
^^

ry}5

53 o
4Ns

Mr6n.1t 1vo(ov6'+'t'

Ay+un*r,' uNtq

5r h" *J't YoyYn so' ^LJisY

+

.r-



*
International Islamic University, Islamabad

X'aculty of Basic and Applied Sciences

Ilepartment of PhYsics

Synthesis and Chanctenration of Eu doped M-type Barium Hexaferrites

By

Anum Tafar

(3 r 7/XBAS/}ISPHYIF'- 1 4)

Thesis submitted to

Dcpartment of Physics' IIUI

forthe award ofthe degree of

1.4 - A)s.-(
Signature:

(Dem FBAS, [U, Islamabad]

.lF

v

(Acting Chairperson, Departrent of Physics)



If'
Dated: 09'02A0fi

Final APProval

It is certified that the work presented in this thesis entitled "synthesis and characterization of

Eu doped M-type Barium Hexaferrites" by Anum zglfar, Registration No' 317-

rBAS/Il[SpHy/F14 is of suffrcient standard in scope and quality forthe award of degree of MS

Physics from International Islamic University, Islamabad'

Committee

>

Extemel Examiner:

Dr. Iftikhar Hussain Gul,

School of Chemical and Materials Engineering,

National University of Science and Technology'

Islamabad

Intemal Examiner

Dr. Wiqar Hussain Shatr

Assistant Professor

Departrrort of PhYsics

International Islamic University, Islamabad

Superisor

Dr. ShafqatKarim

Ilead Nanomaterials Research Group

Physics Division

PINSTECH, Islamabad

Co-Supewisor

Dr. Shaista Shahzada 
1

Assisant Professor, Departrnent of Physics,

International Islamic University Islamabad

S^\q'.r-uv-

lc
lil



1.' This thesis is submitted to the Faculty of Basic and Applied Sciences (FBAS),

International Islamic University Islamabad (II[D in partial fulfillment of the

requirement for the degree of MS Physics

il)

lt
iv



\

F

v



Declaration of Originality

I hereby declare that the work contained in this thesis and the inrcllecttul content of this thesis

are the product of our own work. This thesis has not been previously published in any form nor

doos it contain any material of the prblished resourpes which could be treated as infringement of

the intpmational coPYright law'

I also declare that I do understand the terms of copyright and plagiarism and that in case of any

copynght violation or plagiarism found in this work, I will be held fully responsible of the

consequences of any such violatioi'

Anum z"r"Ir./)frruur "n,-fl/2
317ItrtsAS/MSPHYm-14

'I,--

vl

s



Certificate

t
This is to certiff that the work contained in this thesis entitled ssynthesis and characterization

of Eu doped M-type barium hexaferrites' has been carried out by Anum Zarfal. in pakistan

Institute of Nuclear Science and Technology @INSTECID uoder the supervision of Dr. Shafqat

Ikrim. Ln my opinion" this is fully adequte in scope and qrulity for the degree of MS physics.

Supervisor qoo\t,u'u*
Dr. Shafqat Karim

Head Nanomaterials Reseanch Group
Physics Division
PINSTECH, Islamabad

})
co-supervisor /Li/L4/
Dr. Shaista Sn(nzaaa

Departumt of Physics
International Islamic University, Islamabad

tr
vii



t

u

TE

DW

This thesis is dedicated to my beloved

Grandmother (late)

And mY Parents



<\at Table of Contents

chapter I Inftoduction.'..""""" """"""""""" I

1.1.1 Hexagonal ferrites"""' """"""""2

1.1.2 M-Upe hexaferrites """"""""""'2

1.1.3 Magnetic properties """""""""" 3

1.1.4 Ferrimagnetic materials or ferrites"' """""""' 4

1.1.5 Superexchange interactions """""""' """"""' 5

1.1.6 Hysteresis loop"""""" """""""" 5

1.2 Electrical properties"' """"""""""""' 6

1.3 Dielectric properties """"'7

1.4 Literature review """"""' 8

1.5 Motivations and objectives"""""""" """""""""'12

chapter 2 Characterization techniques """ 14

2.1 X-ray difraction"""""""' """"""""' 14

2.2 Scanning electron microscopy (SEM)"""" """""' 15

2.3 Energy dispersive X-ray spectroscopy""""""""' """""""""" 16

.............. 16

2.4 Transmission electronmicroscopy

2,5Fourier.TransformInfraredSpectometersGTJR)...............'17

2.6 Impedance spectroscopy """""""" """"""""""" 18

2.6.1 lmpedance of RC circuit """""" 19

2.6.2 The constant phase element """20

2'6.3 Dielectric permittivity """"""""21

2.6-4 Dielectric loss tangent """""""'21

2.6.5 Electric modulus """""""""""' 21

2.6.6 AC conductivity"""""" """"""'22

L

E



t 2.7 Vibrating sample magnetometer (VSM)"""" """'22

chapter 3 Experimental procedure""""""" """""""""""24

3.1 SYnthesistechniques """24

3.2 Solid state reaction method

3.2.1 Wet chemical methods' """""""24

3.2.2 Microemulsion method """""""25

3.2.3 Spray drying method"" """"""'25

3.2.4 Fteez-edrying method """"""""25

3.2.5 Precursor method """""""""""25

3.2.6 Sol-gel method"""' """"""""""25

3.2.7 Co-precipitation method """"""26

3.2.8 Hydrothermal method """""""'26

.............27
3.3 ExPerimentalProcedure

3'3'lsamplepreparationforimpedancespectoscopy....'.'.....'.'................'28

chapter 4 Results and Discussions""""""' """""""""""'29

4.1 X-ray diffiaction"""""""' """"""""29

4.2 Scanning electron microscopy """"" 30

4.3 Transmission electron microscopy """""""""""' 35

4.4 Energy dispersive X-ray specfioscopy """"""""' 39

4.5 FT-IRanalysis """"""""42

4.6 Impedance spectroscopy """""""" """"""""""" 43

4'6.1 ImPedance """""""' 43

4.6.2 Dielectric constant (E',) and dielectic loss factor (E',) """""" """"""' 45

4.6.3 Electric modulus analysis """"" 48

4.6.4 Tangent loss """""" """"""""" 49

\

tr



U 4.6.5 AC conductivity"""""" """""" 50

4.6.6 Nyquist Plot """""" """"""""" 52

4.7 Magnetic properties"' """""""""""' 55

4.7 .l Hysteresis curve """"" """"""" 55

chapter 5 Conclusions and future recommendations""""" """"""""" 58

5.1 Future recommendations""""' """"' 59

References. 
""""74

\-

xt



-L Table of figures

Figure 1.1 Schematics describing different types of hexaferrites tll """"""" """"""2

Figure 1.2 Hysteresis curve of ferrimagnets """""""' """"" 5

Figure 2.1 Geometrical representation of Brags law t16]""""""' """"' 15

Figure 2.2 SEM setup at Institute of Space Technology (IST), Islamabad """""""' l6

Figure 2.3 Schematic representation of TEM t48l """""" """"""""""' 17

Figure2.4complexplanerepresentationofimpedance[52]..'........'.'...19
Figure 2.5 (a)complex impedance of parallel circuit (b) complex impedance of series circuit"' 20

Figure2.6(a)CPEbehavior(dashedline)andidealcapacitivebehaviorofRCparallelcircuit(b)

parallel circuitwith CPE."""""'"""""' """""20

Figure 2.7 Schematic representation of VSM """""' """"'23

Figure3'1(a)Pelletsofthepreparedsamples(b)preparedpelletwithcontacts..,..,2S

Figure 4.1 XRD pattern of BaFerzOre""""""""" """""""'29

Figure4.2:XRDpatternforEuxBat-*f'el2otenanostructures'withx=0'02'0'04'0'04and0'1'30

Figure 4.3: SEM micrographs for BaFerzOle """""""" """ 3l

Figure4.4SEMimagesforsampledopedwithx=0.02(Eu)...'.........,..,32
Figure 4.5 SEM micrograph of barium hexaferrites doped with x:0'04 """" """"" 33

Figure 4.6 SEM micrograph of barium hexaferrites doped with x=0'08 """""""""' 34

Figure 4.7 Observed SEM micrographs with x=0'1 """""' 35

Figure4.8:Morphologyofsamplex=0'02demonstratedbyTEM,'.'....36
Figure 4.9: TEM micrograph of sample x=0'04 """"""""'3'7

Figure 4.10 Observed TEM micrographs for x:0'08 """" 38

Figure 4.11 TEM micrograph for x=0'l """"' 38

Figure 4.lzIDxspectrum for Un-dope6 33f's12Ore """"'39

Figure 4.13 EDX spectrum of x:0'02(a)and 0'04(b)' """"' 40

Figure 4.14 EDX spectrum for x:0'08(c) and 0'l(d) """"' 41

Figure4.l5observedFT-IRspectrumofEut.*Ba*Fg12ot1.........,.,'.,..,,,42
Figure 4.16 Plot for real (z') andimaginary parts(z") of BaFerzore""""""""" """'43

Figure 4.17 plot for real part of impedance as a function of frequency ,.'......,,...,.,..., 44

Figure4.l8Imaginarypartofimpedanceasafunctionoffrequencyfordifferentdoping L\

concentrations'.""""""'

F



L Figure 4.19 Plot for dielectric constant (t,) and dielectric loss factor (E'') for BaFerzors ,..,,,.....46

Figure 4.20 Plot for dielectric constant (E',)and dielectric loss factor(t") with different doping

concentrations ..'...'...""' 
"""""""' 47

Figure 4.21plotfor real (M') and imaginary part (M") of electric modulus of BaFerzor' """"" 48

Figure4.22r.ieal(a)andimaginary(b)partsofelectricmoduluswithdifferentdoping

concentrations(x).""""" 
"""""""' 48

Figure 4.23 Tangent loss spectrum for Bnfs12Otr as a function of frequency """"" 49

Figure 4.24Plotfor tangent loss with different doping concentrations"""""""' """ 50

Figure 4.25 Conductivity spectrum for g6f's12Ore as a function of frequency """"" 51

Figure 4,26P|otfor Ac conductivity as a function of frequency with different compositions ..'' 52

Figure4.27(a)Nyquistplotoftheinvestigatedsamples(b)magnifiedplot.......'....................'..'53

Figure4'28Equivalentcircuitusedtofittheelectricaldataofsamples'.'...........'.'..53

Figure4.2gPlotofresistanceduetograinandgrainboundariesasafunctionofdoping

concentration(x) """""" 
""""""" 54

Figure 4.30 observed hysteresis curve for different doping concenffations in BaFelzo"""""" 55

Figure 4.31 variation in saturation magneti zationas a function of doping concenffation """""' 56

Figure 4.32Yariation of H" as a function of doping concentration(x) """""" """"" 57

List of tables

Table 3.1 chemicals used in experiment with specifrcations """"""""'2',1

Table4.lConcentrationofelementsinsamplecalculatedbyEDX...'..39
Table4.ZChemicalcompositionofsamplex=0'02and0.04.'..'....'.'...'.40

Table 4.3 concentration of erements in x=0.08 and 0.1 determined through EDx """"""""""'41

Table 4.4 Extracted parameters at all doping concenffations from fitting""""" """' 54

Table 4.6 values of saturation magnetization and coercivity"' """"""" 56

F

Y
xlll



*g Acknowledgements

PraiseistotheOne,theAlmighty,themercifulandthebeneficentAllah'whoisthesourceofall

knowledge and wisdom, taught us what we knew not' we offer our humblest thank to the holy

Prophet (Peace be upon him) who is forever a model of guidance and knowledge for humanity'

I would like to express my gratitude to my supervisor Dr Shaftat Karim for their inspiring

guidance, remarkable suggestions, constant encouragement and co-operation during my project

work. His guidance helped me in all the time of research and writing of thesis' I gratefully

acknowledgefortheirtechnicalsupportduringmythesisproject.IamalsothankfultomyCo-

supervisor Dr. Shaista Shahzada for her advice and comments throughout my studies' I would

liketoexpressmysincerethankstoDr.GhafarAli,Dr.AmjadNisarandDr.MashkoorAhmed

for their collaboration, advice and valuable suggestions particularly in the method of conducting

research. I am also thankful to Pakistan institute of nuclear science and Technology

(PINSTECH) for giving me chance to work under great environment of laboratories which were

best for research Purposes'

AsincerethankstoallmyfriendsSabaNoreen,AyeshaBashir,AmbreenAkram'Sadia

Tabassum, Faiza Munir and Munazza Jamshaid whose joyful company not only relaxed me in

difficult moments but their support and help in daily life was also admirable' I also admire the

behaviorofMr.AfzalandMr.ShakeelinNRGlabduringmyresearchwork.Ihavenowordsto

acknowledgethesacrifices,efforts,lotsofprayers,support,guidanceandfirmdedicationofmy

Mother and Father. My parent,s prayers are always a Source of my Success. I also convey thanks

to my sisters Samavia, Hanaf and Amna zafu fortheir selfless love and endless support'

Anum Zafar

.t

v



lF Abstract

Synthesis and characterization of Europium (Eu'*) doped M-type barium hexafenites (Eu*Bar-

*FerzOrq;x=0.02,0.04,0.08,0.1)isreportedinthiswork'Theelectricalandmagneticproperties

of the synthesized material are investigated in detail as a function of doping concentrations' The

material was synthesized using hydrothermal route from aqueous mixture of barium and ferric

chlorides, and Europium nitrate. Reaction temperature was 180oC with 24 hours of reaction time'

The synthesized powder was sintered at 900oc for 2 hours and pressed into pellets for

subsequent impedance measurements'

The X-ray diffraction studies confirmed the hexagonal phase of the prepared samples with no

secondaryphase.ThecharacterizationofsamplesbySEMandTEMconfirmedthespherical

morphologyforallthedopedsamples,howeverthesamplewithx:0.lwasamixtureof

spherical and irregular shaped particles. Un-doped sample of the material exhibited a mixture of

spherical and disc like structures with a diameter of 24'9+3'9' The particle size measured with

SEM for x= 0.02, 0.04, 0.0g and 0.1 was' 50i33nm, 60.9*9nm, 70.5*8.9, respectively' The

calculated sizes for x=0.02,0'04,0.08 and 0.1 were 23nm,55nm,65nm,25nm and 102nm

respectively through TEM. Fourier-transform infrared analysis was utilized to confirm the

formationofhexagonalferrites.FTIRgraphsrevealedthecharacteristicsbandofmetaloxides

andalsospecifiedthebandregionformedduetopresenceofwatermolecules.

Acomprehensivestudyofthedielectricpropertiessuchasdielectricconstant,dielectricloss

tangents electric modulus and AC conductivity was performed in the frequency range ZHz'

2MHz.Itisfoundthatthedielectricconstant,dielectriclossandtangentlossdecreasewith

increase in frequency for a particular sample' However, these parameters increase with doping

concentrationsataparticularfrequency.Thedielectricpropertieshavebeenclarifiedonthebasis

of hopping of charge carriers and Maxwell-Wagner model' The Ac conductivity and electric

modulus increase as a function of frequency' The AC conductivity increases with doping

concentration at low frequency while at high frequency the conductivity decreases' An

equivalent circuit model was used to fit the Nyquist plot by z-view software' The electrical

behavior and relaxation process of the material was explained by Nyquist plot' Two semicircles

wereexplainedonbasisofcontributionfromgrainsandgrainboundaryresistance.



i) The investigation of the magnetic properties was done by vibrating sample magnetometer (vsM)

at room temperature. Saturation magnetization increases with doping concentration from 32'81

emu/g for x=0 to 54.39emu/g for x{.1. Similarly, the coercivity shows an increase with doping

concenfiation from o.4emu/g to l.0gemu/g. This makes our material very suitable for magnetic

and high frequency recording media. The increase in tt (0.4-1.0gkoe) is caused by increase in

magnetocrystalline anisotopy of material through doping'

t
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Chapter L

Introduction

Ferrites are mixed iron oxidesMO.FezO:, where M can be any metal e'g' Sr' Ba' Pd' Co and have

played an important role to mankind since earlier centuries' Such minerals were used as pigment

in paints and in magnetic compass[l]. Recently ferrites have attracted wide attention around the

World due to their enhance properties at nanoscale' In most of the magnetic media ferrites are

used widely and have replaced other magnetic materials due to their superior properties' Ferrites

are hard and brittle with high electrical resistivity then metals [2]. These are sffucture sensitive

materials.otherthanhighresistivityferriteshaveloweddycurrentlosses,highpermeabilityand

moderate permittivity, high values of saturation magnetization and low dielecfic losses' These

extensive range of properties leads to application of fenites in diverse fields [3' 4]' Ferrites are

best suited materials for recording media, telephones, televisions, antenna rods' memory chips'

activators, transducers and microwave applications [5]

The range of application expands more when these materials are reduced to nanoscale' For

example, nanoparticles less then 20nm are supposed to be best suited for high density recording

media and are cuffently under investigation' Ferrites are also used for magnetic resonance

imaging(MRI),ascatalysts,magneticfluidsandgassensors[6]'Ferritesarehighlysensitiveto

synthesismethod,dopant,sinteringconditions,amountofmetaloxidepresent[7].

Ferrites are divided on the basis of structure as cubic vs' hexagonal and on the basis of magnetic

properties as soft vs. hard. Soft magnetic materials are those which can be easily magnetized'

These materials have narrow hysteresis loop and low saturation magnetization in addition to very

small coercivity usually smaller then lkAm-r soft ferrites are used in stators' rotors and small

transformers. Hard magnetic materials are not easy to magnetize or demagnetize and retain their

magnetization often permanently. They have high coercivity which is usually greater than l0

kAm-I. Hard ferrites are used as permanent magnets in loudspeakers, telephone receivers and

automatic motors. Soft fenites have very narrowed coercive filed as compared to hard ferrites[g]'
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ThestructureofM-typehexaferritesiscomposedoftwobasicformulaunits.Thestructureis

built up from spinal blocks of two oxygen layers which are block S and S*' These blocks are

connected by R block which can have barium, strontium or lead ions' This layer is considered to

be hexagonally packed with respect to the oxygen layer on each side' also the four oxygen layers

between them contains barium and are cubically packed' The plane ( 1 10) is basal plane and is

the mirror of R block. The blocks preceding and succeeding the R block should be rotated over

1800 with respect to one another to maintain the symmeffy' Five oxygen layers form one

molecule and two molecules form one-unit cell of the structure' The structure can be written as

RSR*S*[10]

The M-type ferrites have 64 ions per unit cell' These are distributed on 11 different symmetry

sites. One-unit cell has 38 oxygen ions, 2Me ions and 24 irons ions' The Fe 3* ions are arranged

onfivesites2a,2b,4f|,4fl.and|2k.2a4f2andl2koutofthesefiveareoctahedral4fl

constitute tetrahedral symmetry and last 2b forms trigonal bipyramid as it is surrounded by five

oxygenatoms.[11].Theoxygenionsaredistributed4e,4f,6h,andl2ksitesandformaclosed

packed structure. The divalent or trivalent Me ions occupy the 2d sites' The alrangement of 12

Fe3* ions is as follows:

o l2ksites have six iron ions with spin up

. 4f2and 4fl have} Fe3* ions with spins down'

. Zaand 2b sites have one ion with spin up'

So eight Fe3* ions have spin up and 4 have spin in downward direction which gives net magnetic

moment of 4 per formula unit. Fe3* ions have five unpaired electrons in the 3rd se, of d orbital

according to electronic configuration. Each ion contains magnetic moment of 5pB which gives

the totalmoment 0f 20 pB per formula unit [12]

1.2.1 Magnetic ProPerties

on the basis of the magnetic properties materials are divided into different classes'

Diamagnetismisnormallyshownbyallmaterials'Whenthesematerialsareplacedinmagnetic

field,theatomicorbitalsasareactionadjustinsuchawaytoproduceamagneticmoment

oppositetotheappliedfield.Duetothiseffectthematerialsdonotshowanymagneticbehavior

inthemagneticfield.Thisphenomenonisknownasdiamagnetism.Thenetmagneticmoment

per unit volume is termed as magnetization and is mathematically represented as

3
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B:pH 1

Where B is magnetic induction (tesla) and H is the extemal field applied' In some materials' the

atoms contain permanent magnetic moment which is caused by orbital and spin magnetic

moments of materials [13]. In the absence of external fields, these moments are in random

orientation which makes the net magnetic moment zero. But when an external magnetic field is

applied, the magnetic moments already present in the material align themselves in the direction

of applied field. This results in a non-zero magnetic moment' The alignment of the magnetic

moments is distorted when external field is removed. The materials exhibiting spontaneous

magnetization are called ferromagnetic materials. These materials maintain their alignment in

magnetic moment even in the absence of external magnetic field' This implies that there is a

strong intrinsic magnetic field within the material that keeps the magnetic moment aligned with

eachother[14].TherelationshipbetweenBandHinferrimagnetsisnon-lineari.e.thematerials

show hysteresis when extemal field is applied'

1.2.2 Ferrimagnetic materials or ferrites

Ferrimagnetic materials are considered to be special class of materials' They exhibit almost all

properties similar to ferromagnetic materials and also form hysteresis when exposed to external

magnetic field. The difference between these two is in the way magnetic moments align due to

exposure of external magnetic field. In ferrites all the spins and magnetic moment are not aligned

in the same direction. The magnitude of these magnetic moment is also different then one

another. Since these spin moments have different values, the net magnetization will be non-zero

n5]. The origin of magnetic of coupling in ferrites is explained on the basis of super exchange

interaction. In the crystal structure of hexaferrites, the cations are surrounded by the oxygen

atoms, the chances of direct exchange between cations are therefore negligible' So super-

exchange mechanism is expected to occur'

The super-exchange interaction in the hexaferrites is described as covalent bonding between the

filled 2p-orbitals of oxygen and unfilled 3d orbital of cations' Exchange interactions are

exhibited by the magnetic material when the electrons of the two different atoms interact which

are present in the outermost shell. Further exchange interactions are divided into direct' super-

exchange and double exchange interactions' [16]
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123 Super-erchange interactiom

Due to localiznd magnetic momerts in oxides, the distance between these mome,nts is very large

and there is no possible approach for the direct interaction In many oxifu lhe oxygen aloms

reside at the midpoint of tbe line u/hich joins trro magnetic cations. In such compormds, the

magnetism phenomenon was explained byAnderson [7].

Whffi oxygen dm $iEs to its errcit€d sta3e, &e 2p eloctrons shift to rrwby metal caions

temporaity. In cse of ferrites we mider Felas reighboring oim which contains 5

electrons in d sub-shell arranged according to Hund's mle. The 2p electron from the oxygen

atom jumps to Fe3* and changes it to Fe2+ ion, which leaves an unpaired eleckon in the oxygen

atom ready to interrct with the Fe3* on other side. This type of inte,raction between atoms is

termed as super-exchange interaction. According to the stnrctural oonfiguration of ferrites as

discussed earlier, the 4 up and 4 down spins are equal in magnitude cancelling each other and

remainins five unpaired etectnons of Fd* ions er&ibit the total moment of 20 pp[S]

12.4 Hysteresb loop

The ferrimagnetic marerialg when exposed to external magrretic field follow hysteresis lmp.

This loop is also referred to as B-H lmp. Figure 1.2 shorvs hyster,esis cunre for ferrcmagnetic

V

\rtutJlr.r0

R,{rrl!ll .tl Jr{lut[\

?

\l,16r =;11.11111srr,

f{fllt(fhtlrll u...,

(ir,rir :h,ri .Lqritrn.

\1.'tr' - rottr"rl l\'rnr{rlrrlil\ I

\1":rrrlr- tr. .: l/

X'igure 1.2: Hysteresis curve of ferrimagnets
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materials.Themagnetizationofthematerialisincreasedwhenexternalfiledisincreasedfrom

zero.Initiallywhenmagnetizationhasasmallvalue,thecurveislinear.

When increased constantly, magneti zat\onincreases to its maximum and does not increase with

further increase in the field. As the field starts to rise above the value of zero' the favorably

arranged domains starts to grow in size and eventually all the spins present in crystal start to

arig, in the direction of applied field [13]. This results in the formation of singre large domain'

At this stage the magnetization reaches its maximum value and further increase will not make

any visible effect on the material. This point is called the saturation point or saturation

magnetization Ms.

After reaching the saturation point, if the magnetization is gradually decreased to analyze the

effect, the loop will follow a different path for demagnetization' This change of path for the

magnetization demonstrates that, magnetization M' lags behind the applied field B implying that

at each value of B, the magnetization will have a higher value' when the value of B is reduced

to zero,the magneti zationwill have a non-zero value' This value of magnetization is called

remanentmagnetizationM,.Figl.2showsthedemagnetizationprocessfrom3to5.

Thisparametermeasuresthemagnetizationofmaterialintheabsenceofexternalmagneticfield

which determines the strength of materials as perrnanent magnet. As the field is increased in

reverse order, the value of M. starts to decrease' Figure 1 '2specify this process from 5 to 6' the

magnetization reaches to value of zero at B=-Bc' This field is termed as the coercive field' So the

coercive field can be defined as the field required to completely demagnetize a permanent

magnet. The further increment of magnetic field in the reverse direction gives the value of

negative remanent magnetization Mr=-Mr' Now the curve forms a closed loop called hysteresis

loop. Some energy is lost in this process during the domain alignment as the material is required

topushdomainbackandforth.Theimpuritiesinthematerialcancausemorehysteresisloss.

The area under curve shows the energy loss [14]'

1.3 ElectricalProPerties

Solidmaterialsaregenerallyclassifiedbasedontheabilitytocarrycurrentatambient

temperature.Metalsorconductorsaregoodcarriersofelectricityatroomtemperature.The

conductivity ranges from 10a-106 s/cm. Insulators have the conductivity less than l0-r0 s/m' the

semiconductors have the conductivity range between 104-10-10s/cm' Materials with high
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conductivity at room temperature have the low energy of activation and vice versa' Most of the

semiconductor and insulators show an increase in conductivity with an increment in temperature,

whereas the conductors show slow and gradual decrease in conductivity with increase in

temperature. The electrical properties in fenites depend on number of factors including synthesis

route and temperature, and doped materials. Ferrites have much higher resistivity then other

metals. At room temperature the resistivity ranges from 10-2-l0rr ohm cm'

According to verwey's model [18] the mechanism in ferrites responsible for conduction is

hopping. The charge carriers hop between ions of the same element with variable valancies and

random distribution over octahedral sites. The hopping depends directly between the conduction

ions and the potential barrier. This potential barrier is known as the activation energy required

for hopping [19]. The conduction of charge carriers in ferrites mainly occurs due to the hopping

of electrons between Fe3* and Fe2* ions, when both the ions are located at the adjacent

(octahedral) sides. This process also depends on the orbital intervention of oxygen ions with

transition metal ions [20]. The hopping of electrons directly depends on the number of ferrous

and ferric ions present in material [21]. M-type hexaferrites are hopping semiconductors with an

efficient amount of mobile electrons [22]'

L.4 DielectricProperties

Due to their higher electrical resistivity, ferrites have attracted the attention of scientists as the

dielectric material. The study of dielectric properties shows how the electric field interacts with

individualatominsidethematerials.Whenweapplyelectricfieldtoadielectricmaterialitgets

polarized i.e. electric dipoles are created. The positively charged nucleus moves towards the

direction of electric fierd while negativery charged electrons are pushed to the opposite direction'

Now the nucleus and the electrons are at arelative distance 'r" the atom which was originally

neutral acquires the electric dipole moment. Each dipole created during interaction with external

electricfieldproduceddipolemomentwhichtendstointeractwiththeexternalfield.The

induced dipole moment can be written as:

P:a,E

cr Is known as the polarizability of atom'

t.2
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The dielectric behavior of the material provides knowledge about the charge carriers, which

helps to explain the conduction mechanism. The most important property of a dielectric material

is its dielectric permittivity or dielectric constant which strongly depends on the frequency of

time varying field. The dependence of dielectric field on the applied frequency is called

dielectric dispersion. The reason for decrease in the dielectric constant is that the dielectric

polarization fluctuations does not follow the frequency fluctuations'

When a dielectric material is exposed to extemal electric field, the polarization of material tends

to change its direction with change in the polarity of applied field' when the frequency filed is

low i.e. up to 106 then the polarity of material can follow the fluctuations without any significant

lag and dielectric constant remains almost constant' If we increase the frequency up to lMHz

thenthefrequencyfluctuationscannotbefollowedbythepolarizationofmaterialitlagsbehind

the frequency. Further increment of frequency in the range of 1010 Hz' causes the orientation

polarization to cease as it cannot follow the fluctuations at all. This causes reraxation in dielectric

material. Further increment of frequency will cause to cease all other polarization one by one'

For example, in the infrared or far-infrared region (1013), ionic polarization is ceased' the

responseofelectronicpolarizationlossesitsabilitiesinultravioletregionaroundl0l5Hz.The

low values of dielectric losses and dielectric constants enable the M-type hexaferrites to be

effective for the application in microwave and surface mount devices [23]'

1.5 Literature review

Singh et al. prepared the M-rype barium hexaferrites via sol-gel synthesis' The observed the

magneticdielectricandstructuralbehaviorofthematerialattheambienttemperatures.The

particle size synthesized during the studies was 49nm' The value of DC resistivity was measured

to be 5.4x106 ohm. With the coercivity value of 215loe, the saturation magnetization was

32Semulgl24l.

Tang et a/. observed the dielectric properties and scaling behaviors of strontium-cobalt-

hexaferrites (Z -typehexaferrites) through impedance spectroscopy' The sample was prepared by

solid state reaction method. The material was investigated under the temperature from 303-503K'

The impedance spectroscopy shows that the electrical responses of the sample are thermally

activated, with a distribution of relaxation times' The activation energies for grain and grain

boundariesarecalculatedtobe0.66and0'67eV'Theresultsconcludedthat'althoughthe
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electricalresponse of the materialwas dependent on temperature, the relaxation mechanism was

temperature indePendent[2 5 ]'

Din et a/. studied the influence of cd substitution on various properties of M-type barium

hexaferrites. The material was prepared by the co-precipitation technique and sintered at high

temperature (1250"c). The crystallite size was found to be in rage of 26-27nm' The Dc electrical

resistivity was observed to increase from 2.31x109 ohm cm to 6'42xl09ohm cm' the value of

coercivity was increased and a decrease in the saturation magnetization was observed from 33'5

tog.2emttlgwith an increase in the concentration of Cd[26]'

Mallicke/ a/. synthesized the M-type barium hexaferrites through co-precipitation and studied

their dielectric properties. The synthesized particles were in the range of 80-100 nm' The

sinteringtemperature was 1100_1300oc. The value of relative permittivity was 32 and low loss

tangent 0.0329 was observed. This indicates that barium hexaferrites are suitable for high

frequencY aPPl ications[27]'

Radwane/ a/. investigated properties of barium hexaferrites' The sample was synthesized through

co-precipitation technique. It was observed during the studies that formation of single phase

barium hexaferrites powders is achieved by decreasing the Fe3*/Ba2*molar ratio' The calcinations

temperature was Zl000oC. This resulted in good magnetic saturation (50'02emu/g) and wide

intrinsic coercivity (642'4-4580oe)[28]'

cheet al. used the hydrothermal route to prepare the soft magnetic nanoparticles' The

temperatures for the reaction were 140-180oc' The saturation magnetization was l'lemu/g with

the coercivi ty 2Z1Oe. The treatment of sample to an annealing temperature of 800"C led to an

order-of-magnitude increase in the value of saturation magnetization and coercive force which

were 4511 oe and 67.3emu/g respectively' As a result it was suggested that the oxygen

vacancies should be responsible for the magnetic behavior that appeared for barium

hexaferrites[29].

Khan et al. observed the effect of pr-Ni substitution in cao sBao.5-,pr*NivFerz voreprepared by

sol_gel auto combustion technique. The XRD analysis confirmed the preparation of single phase

nanoparticles. The Pr-Ni was observed to be completely soluble in the lattice' Transmission

electronmicroscopyrevealeddecreaseinthegrainsizewithincreaseinPr.Nisubstitution.The

coercivityvaluesofpreparedsampleswereallintherangeofM-typehexaferrites[30].
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Almeida et al. analyzed the M-type barium hexaferrites through impedance spectroscopy' The

sample was prepared by the ceramic method' The main idea of the study was to observe the

electric properties as a function of synthesis parameters i'e' milling time and milling power' The

studyrevealedthatmillingparametersstronglyaffecttheelectricpropertiessuchasdielectric

constant, which increases with an increase in the milling power' Impedance and dielectric loss

were also observed to change with milling power[22]'

zi et al.prepared the co-ce substituted M-type barium hexaferrites by simple co-precipitation

method. X-ray indicated single phase formation of nanoparticles' Increment in the coercivity

field Hc was observed at low substitution and reaches at maximum with x:0'1' The results

showed that the prepared material can be a promising candidate for permanent magnets and

perpendicular recording media[3 1 ]

X Battle et al. investigated the distribution of cations and magnetic properties with the doping of

co-Ti in M-type barium hexaferrites (BaFerz'z* ,co*'Ti*ots)' The techniques used for

investigation was neutron powder diffraction method and high field magnetization' The co ions

(50%)occupyoctahedralsitesaccordingtostudieswhichmakesitineffectiveinmagnetic

isotropy. while Ti ions lie in the 4fVI sites producing a strong local spin and contributing in the

magnetic properties of material [32]'

Jacobo et al. synthesized the ultrafine M-type barium hexaferrites through chemical co-

precipitation. The precursors were precipitated by adding barium salt to strongly alkaline ferrate

solution.Solutionwasheatedto800oCfor6htoyieldthedesiredproduct.Thescanningelectron

microscopy of the powders revealed that the particles were less then 5pm in diameter[33]'

Nasiretal.enhancedtheelectricandmagneticpropertiesofNi_Znferrites
(Nio sZno scrxMno.sxFer-*.5O+) synthesized by sol-gel method' The products shoed high saturation

magnetization, low dielectric loss and low coercivity values' From 1 MHz to 1'3 GHz the

dielectric loss almost remains the same as cr amount was increased. crystallite size and lattice

parameters also remained constant' The coercivity values were observed to decrease while the

saturation magnetization was unaffected up to x=0'4[34]'

Mallicketc/.substitutedcobaltinM.typebariumhexaferritesfortheobservationofmagnetic

properties.Thesamplewaspreparedbytheco-precipitationmethodwithl,2,3,5,10,l5,20

and 30 wt% cobalt oxides. permeability and magnetic loss tangent was increased to a value of

}\
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3.5 at 5%doping. The saturation magnetization was reduced from 87emu/g to 58emu/g where

remnant magnetization was increased with an increase in doping concentration' A sharp increase

in Hc was observed from 540 to 2200 Oe. The compounds revealed variation in densities 4'45

glcm3.The structure was also changed to W-type hexaferrites during substitution[35]'

pereira e/ a/. discussed magnetic,and dielectric properties of M-type barium hexaferrites with a

substitution of strontium (BaxSrr *Ferzors), in RF and microwave (MW) frequency range' The

sample was synthesized by new ceramic method' The sample revealed lower tangent loss (Tan6

= 4.10-3 at 1.5 GHz). The coercivity of the sample was observed in the range of 3-5 koe and

remanence magnetization in the range of 33-36 emu/g [36]'

Dimri et a/. used citrate precursor method to synthesize the barium hexaferrites nanoparticles'

They concluded that the particle size can be controlled by controlling the pH of the solution' The

sample prepared from solution with pH 5.25 shows 2-3 folds higher dielectric loss and dielectric

constant as compared to other two samples having pH 1'88 and 9'0 as the precursor solution[37]

Abbas ef al. analyzed Electromagnetic and microwave absorption properties of barium

hexaferrites and its polymer composite. The composites were also substituted with co2*-si4*'

Thesynthesismethodusedwassolidstatetechnique,Athighergigahertzfrequenciesthe

permeabilities of the sample were reduced' Throughout the measured frequency range the p' and

p,, remained almost I and zero. Both sintered ferrite and composite absorbers can be used for

suppressionofelectromagneticinterferenceaswellasinstealthtechnology[38].

Lisjak et al. usedethanol precipitation for synthesis of Barium hexaferrites nanoparticles with

various precipitation and calcination conditions' The replacement of ethanol with water provided

the chance to decrease the formation temperature well below l000oc' the homogeneity of the

structure was also reported to be improved. It proves simple method for low temperature

synthesis of barium hexaferrites[39]'

F. Khademi et al. dopedbarium hexaferrites with europium (Bar-*EurFerzors) and discussed

their structural, magnetic and microwave properties' The results showed decrease in size of

particles as material was doped with Eu' An increase in coercivity with decreased saturation

magnetizationwasobserved.Thematerialrevealedthereflectionlossof-43dBatfrequency

rangeofl!-lsGHz,suggestingthematerialtobeapplicableinmicrowavedevices[40]'

{
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Costa et ai. discussed the dielectric properties of the lead doped(PbO)-CozY type hexafenites

(BazCozFerzOz(CozY)) prepared by solid state reaction method' The frequency range for

dielectric and electric modulus properties was lHz-1MHz. the temperature range was selected

between 313-493Kwith complex impedance spectroscopy technique' The material shows non-

exponential type of conductivity relaxation. The impedance plot was comprised of two

semicircles which pointed out grain effect and grain boundaries. The activation energy revealed

similar behavior in material with all doping concentrations[41]'

Hayat et al. analyzedthe electro-active regions of BaMno: with impedance spectroscopy' The

material was prepared by conventional mixed oxide route' The material shows semiconducting

behaviorwithelectricalinhomogeneity.Theelectro-activeregionsoverlapinappliedfrequency

domain. The Nyquist plot suggested the grain and grain boundary regions' The conduction

mechanism was explained by CBH model[42]'

Singhera/.studiedtheeffectofrareearthionssubstationeffectonstrontiumhexaferriteswith

different molar substitutions. The ions of lanthanum, neodymium and samarium were doped by

standard ceramic technique. The electrical properties of the materialwere analyzed in frequency

range o20Hz to lMHz. the trends in electrical properties were explained by Koop',s model and

Maxwell-wagner model. increase in magnetic properties e'g' magnetizing moment' coercivity

andCurietemperaturewasobservedwithdopingconcentrations[43].

L.6 Motivations and obiectives

M-type hexaferrites are most widely used materials for electronic application such as permanent

magnets, magnetic recording and microwave devices. Their unique properties at high frequency

make them suitable for RF and microwave applications. Due to these extraordinary behavior and

properties these materials are under investigation from decades. Ferrites are highly resistive

material which makes them suitable for application in electronic devices. The high resistivity of

these materials restrains the eddy current losses. The ferrites material useful in magnetic industry

arerequiredtohavelargesaturationandremanencemagnetization

To gain the above mentioned objectives, the partial replacement of Ba with rare earth ions is

v
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enhance the electical resistivity at high frequency and low eddy current losses' To improve the

magnetic properties of BaFerzOre, the substitution of Fe3* and Sr/Bm3* with some of the rare

earth ions has been reported earlier[43]. The electronic shell structure of the rare earttr ions is

unique and makes it suitable for variation in magnetic properties through different doping

concentation in the material. The effect of different doping concentrations of Eu3* will be

studied on different properties of M-type barium hexaferrites' The effect on dielectric constant'

dielechic loss, conductivity tangent loss and magnetic properties will be observed with variation

in doping concentation.

rt
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Chapter 2

Characterization Techniques

2.L X-raY diffraction
To analyze the structural properties of the material, X-ray diffraction technique was used' This

technique provides us the structure and phase identification of the materials' This technique is

based on the fact that X-ray is in comparable range to distance between atoms in crystals' The

crystal act as well defined and extended grating material to diffract the X-rays and shows a

pattern with many sharp points. The interaction of X-rays with the crystalline material is based

on Bragg's law [44]'

According to Bragg,s law the X-ray reflects from the series of the plane of the crystals' when the

angle of incident equals the angle of reflection maximum reinforcement of the waves occurs'

waves from the successive layers reinforce when their path difference is the integral multiple of

.},,. Consider a crystallographic shucture with the distance 
.d, between the planes with the

\wavelength'l"oftheincidentX-rays'thenaccordingtoBragg'slaw:
X=2dsinO 2'1

where ,0, is the angle between the crystal plane and incident beam. when the waves interfere

constructively, the equation becomes:

nl.:2dnrrsin} 2.2

where .hkl, is the miller indices of the structure. The constructive interference shows sharp

peaks which determine the phase of the crystal [45]' The crystallite size of the sample is

calculated by scherrer formula, by using the Full-width at half maximum of the observed peaks'

aL,

L4



Characterization Tech niques

Figure 2.1: Geometrical representation of Bragg's law [16]

MathematicallY:

Where, ),, is the wavelength of X-rays'p' is full width at half maximum and'0' is the Bragg's

angle. Figure 2'1 demonstrates the law geometrically'

it 2.2 Scanning electron microscopy (SEM)

Scanning electron microscope is used to observe the morphology of the prepared structures' The

electron sources used in SEM are tungsten filament, Shottkey emitter or field emission [46]'The

electron gun produces a high energy beam of electrons which strikes the surface of the sample'

The beam passes through magnetic lens and deflecting plates which deflects the electron beam

into horizontal and vertical axis, so that whole surface of the image can be imaged properly'

When the electron beam strikes the surface of sample, surface releases energy in form of X-ray

photons and electron which are detected by the detector. The detector converts the released

energy into signals. These signals make a final image of the sample on the screen. The figure2'2

shows the scanning electron microscope used in characterization of samples in this work'

2.3n _ 0,891

" - Pcoso

Y
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Figurc 2.2: SEM setup at Institute of Space Technology (IST), Islamabad

2,3 Energr dispensive X-ray spec{roscopy

The EDS is used to analyze the sfructure and component of the elements in the material. It uses

the emitted X-ray spectnrm from the solid material to obtain a localized chemical analysis. It can

detect atl the chemical elernents from Be-U. The primary analysis involves the production of X-

ray spectnrm from the entire scm area of SEM. The qualitative analpis of the specimm is done

on the basis of identification of X-ray spectral lines which is fairly straightforwar& The

quantitative analysis in EDS i.e. presence of each chemical in the sample require measuring the

intensity of lines obtained for each element[47].

2,4 Transmission electronmicroscopy

The transmission elecfon microscope (TEM) is a technique to anallze the morphology of the

sample using electrron beam. The eleckon gun produces the beam using the voltage which fttnges

from 5&150 kV. The power of electron beam depends on the voltage provided. It means that the

higher the voltage is, shorter is the electnon beam wavelength and more precise and magnified

the image is. The Figure 2.3 shows the working principle of TEM.

Y
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!.1

Florescent screen

camera

Figure 2.3: Schematic representation of TEM [48]

The beam of electrons is accelerated to high energy levels through voltage applied. This electron

beam can scatter or backscatter elastically on inelastically. In addition to scattering, these beams

-L 
can produce X-rays Auger electrons or light. The image is formed when the beam is transmitted

throughthespecimen.TheimageismagnifiedandfocusedonscreenoradetectorasCCD

camera[48].

2,5 Fourier-Transform Infrared spectrometers (FT'IR)

To examine the molecular fingerprints of the sample Fourier transformed infrared spectrometer

was used. In FTIR, absorption and transmission of IR rays is used to analyze the sample

providing information about the molecular bonding present in the specimen' The FTIR can

identifi unknown material; determine the quality and consistency of sample' It is useful to

determine the amount of components in a mixture [49]. FTIR operates on a principle called

Fourier transform.

MathematicallY:

y The inverse ofFourier transform is expressed as:

L7

F(w) = [* f {r)r'" 
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Y
F(a)e-t'x da

where 'a;,represents the angular frequency, x is the optical path difference, and F (a'r) is the

spectrum with f(x) being interferogram. f(x) is determined experimentally and F(a'r) can be

determine by applying Fourier transform[50]'

2.6 ImPedancesPectroscoPy

Impedancespectroscopyisoneofthemostimportanttechniquestoana|yzetheelectrical

properties of any material. Generally, a material is DC biased to measure the electrical properties

but it results in polarization of charges at the interface of electrode and electrolyte' This

polarization opposes the applied field which causes the ionic current to fall with time' Four probe

method is used to avoid this problem [5l].Generally the impedance is defined as the collective

opposition offered by a circuit to a flow of alternating current. Impedance is a complex vector

and can be represented on a graphical plane. It consists of a real part (resistance) R and an

imaginarypart(reactance).Figure2.4showscomplexplanerepresentationofimpedance.Itis

l represented as rectangular coordinate form as R+jX'
!

And in the Polar form as:

2.6

2.7

2.8

2.9

2.10

7t
f(x)-{J_

lzl<0
R+jx-lzl<o
R - lZlcos9

Y = lZlsin?

0 = tan-1i

.-
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lrnaginary axis
+j
I
:

xi
z(R, x)

Figure 2.4: complex plane representation of impedance [52]

Z-iscalledthecompleximpedance.Andcanberepresentedas:

z" -- z' +'a" 2.11

Where Z' is thereal part of impedanc e and Z" represents the imaginary partl52l'

2.6.1 Impedance of RC circuit

The electrical response of materials is calculated in terms of electrical impedance as a function of

frequency. Different types of impedance plots represent the electrical response of the material

under investigation. Various conduction mechanisms can be studied with the help of impedance

plots. The Nyquist plot between z' and Z" provides best way to investigate different electro

active regions in the material and their conduction mechanism as well' An equivalent circuit

model is used for better approximation with the experimental data, which contains resistor'

capacitor and other elements as well[53]. we imagine an RC series circuit with a capacitor and a

resistor. The sum of all individual components impedance corresponds to the resultant

impedance in the present condition. The resultant impedance can be represented by the following

equation.

Ztr= 2.12

This equation represents a straight line complex plane' The line has negative slope and intercept

onrealaxisatRrasshowninfigure'Usuallyasemicirculararcinacomplexplaneistheoutcome

of experimental data in case of a parallel circuit. The semicircle has the centre at the real axis and

can be fitted by using the circuit having a resistor and a capacitor in parallel' The radius of

tzl

a1

R,-j*

\
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semicircle represents the resistance of the material under investigation'

semicircle, smaller will be the resistance of the sample and vice versa'

and series circuits with their complex plane representations'

Smaller the radius of the

Figure 2.5 shows Parallel

y.z'

?

Figure2.6z(a)CPEbehavior(dashedline)andidealcapacitivebehaviorofRCparallelcircuit
(b) Parallel circuit with CPE\

-\h, -L l,
'z:

&

o-4AHF<

(b)

Figure 2.5: (a) complex impedance of parallel circuit (b) complex impedance of series circuit

2.6.2 The constant Phase element

Most of the materials generally do not follow the ideal capacitive behavior' The deviation can be

caused by inhomogenity in the sample which depends on the crystallinity, porosity, surface

roughnessanddefectsinthecrystallattice.Thisdeviationiscalledconstantphaseelement.The

defects in the material mentioned above cause distribution of relaxation times instead of a unique

relaxation point. This phenomenon was first explained by Fricke [54]'

For parallel combination of R (resistor) and c (capacitor or constant phase element)' impedance

measurements result in semicircular arc in complex plane shown in figure 2'6'The dashed line

shows behavior of constant phase element in parallel circuit while the solid line represents

capacitive behavior
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V 2.6.3 Dielectric PermittivitY

The mechanism of polarization in ferrites is similar to the conduction i.e' by electron exchange

between Fe2* and Fe3* ions. The electrons displace locally in the direction of applied filed which

determines the polarization in material'

Thecomplexdielectricpermittivitycanbeexpressedbytheequation:

E* = E' * j€" z'Lz

Where E, represents the dielectric constant or permittivity and t" is the dielectric loss and J' is

thecomplexnumber.Inthepresentstudythevaluesof€'andt''werecalculatedbythepellet

dimensions,measuredimpedancedataandfollowingequations.

E,=*r#al z.t3

e" =*tfus 2:4

,o,represents the angular frequency'A' is the area of pellet't' is the thickness of pellet and 'to'

is the dielectric constant (8'85x10-t2 )

2.6.4 Dielectric loss tangent

The ratio of dielectric constant t' and dielectric loss t" is called the dielectric loss tangent'

Dielectric loss tangent describes the energy loss in the material' Dielectric loss is caused when ,

the polarization lag behind the alternating frequency' The cause of polarization lag can be the

imperfections and impurities in the sample'

t" 2.15Tan6=p

2.6.5 Electric modulus

Reciprocal of dielectric permittivity is called electric modulus and is denoted by M' complex

electric modulus is exPressed as

M. = * 
2.16

\ M*=M'+M" Z'17

2!
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The complex electric modulus shows the measured ion energy distributions in the material and

also explains the electrical relaxation points of materials [55]. The electric modulus explains the

dynamic properties of the sample only as it suppresses the effects occurred due to polarization at

elechode-electrolyte interface. In the present study the corresponding values of M' and M" were

calculated by using the formulas as follows'

y, - aA\roZ"

M"= aA€oZ

2.18

2.19

Where a.ris the angular frequency, A is the area of the pellet and t is the thickness of the pellet

[56].

2.6.6 LCconductivitY

In the present study the conductivity of each sample was calculated by using the following

equations.

oA' = 0) €oE"

Or
F

oe' = 2ttf1o9'tan6

2.7 Vibrating sample magnetometer (VSM)

The characteristics of any magnetic material are best observed and described in form of

hysteresis loop. To analyzethe magnetic behavior of the fenites, vibrating sample magnetometer

is used at room temperatures in present study. vSM can measure the magnetic properties of the

material with magnetic field, temperature and time'

VibratingsamplemagnetometerisbasedonFaraday'slawwhichstatesthatwhenthereisa

change of flux in the coil, electromagnetic force is generated around it t14]' Fig 2'Tshows the

schematicsofaVSM.IntheVSMsetup,thesamplemovesbetweentheproximityoftwopickup

coils. The transducer assembly translates the sinusoidal signal provided by the oscillator in

vertical vibrations. The sample is fixed with the sample stage which vibrates with provided

frequencyandamplitude.Thesampleisplacedatthecenteroftwopolesmadefrom

electromagnets generating magnetic field Ho. Pickup coils are stationary and placed on the poles

f of electromagnets having the same magnetic centers [57]'

2.20

2.21
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Figure 2.7: Schematic representation of VSM
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Chapter 3

Experimental Procedure

3.1 Synthesistechniques

The properties of any material are greatly dependent on their micro or macro structures'

Nanoparticles are highly structure sensitive materials' Most of the properties of these materials

depend on structural stability, porosity, vacancies, grain size and phase purity which can be

controlled by synthesis conditions and synthesis routes followed' Scientists have followed and

developed different synthesis techniques. Two most frequently used routes for synthesis of

nanomaterialsaresolidstatereactionmethodsandwetchemicalmethods.

3.2 Solid state reaction method

Thesolidstatereactionmethodcombinesindividualoxidesinstoichiomefricratiosandare

grounded well to achieve homogenous mixture' Normally this technique is termed as top down

techniques as the material is grinded into powder form to obtain the nanoparticles' The grinding

can be achieved by different methods motors pestle and ball milling' The powder is then

annealedforalongertimeatelevatedtemperatures.Theparticlesizeachievedthroughthese

techniques is quite large with wide size ranges' The phase impurity is a challenge in solid state

reaction methods. t58-601'

3.3 Wet chemical methods

wet chemical methods commonly known as bottom up methods, are non-conventional

techniques and have better phase purity then top down techniques' These techniques include:

r Microemulsion method

o Spray-drying methods

o Hydrothermal methods

r Co-preciPitation method

. Sol-gel method

. Freeze-drying method
=
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3.3.1 Microemulsion method

The dispersion of two immiscible liquids stabilized with the help of active surface agent is

called Microemulsion [59]. The solution is a mixture of surfactant oil and water whereas the oil

is the mixture of hydrocarbons and olefins. An interface is formed during the synthesis which is

between water and oil. The surfactant is most important precursor for the production of M-type

hexaferrites, different surfactants have been usedin studies 159-61] ' Microemulsion is a high

cost technique and yields very small amount of materials as well as face reproducibility

problems.

3.3.2 SpraY drYing method

Inthespraydryingmethodthesolventisevaporatedfromconcentratedsolutionofcationsto

form the precipitates in material. To retain the small size of the particles the cationic solution is

transformed into small droplets with the help of elevated pressure' To remove the solvent' hot

streamofgasisused.Smallsizedparticlesareobtainedthroughthisprocedurewhicharethen

converted into compact powder and anealed to suitable temperatures'

3.3.3 Freeze drying method

The conversion of concentrated solution of cations through freeze droplets' by passing them a

bath through very low temperature is called fteeze drying method' For this purpose' liquid

nitrogen or ice-acetone is used. The obtained particles are dried through sublimation in vacuum'

3.3.4 Precursor method

Precursor method allows us a precise stoichiometry for the synthesis of materials' The required

amount of reactants is used as precursors' These precursors are then decomposed through

heating to form the required material'

3.3.5 Sol-gel method

Commonly known as chemical solution deposition method, this method is extensively used for

productionofnonmaterial.Theprecursorsusedgenerallyaremetalchloridesandalkoxidethe

mixtureofprecursors(sol)isthenconvertedintosolidtermedasgel.Thedryingprocess

removes some of the solvent remaining in the gel. After heat treatment the gel is converted into

requiredmaterial.Thedensityandcrystallinityofthematerialisimprovedbythismaterial.

\
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Many factors like temperature pH and solution composition greatly affect the particle size[58]'

The required time and temperature for drying is quite high in this procedure'

3.3.6 Co-PreciPitation method

The co-precipitation method is most widely used method for the production of nanomaterials'

In this method, a solution of salts is prepared which are required for final compound' Mostly

water soluble salts are used in the technique, but the insoluble salts are used with acids to mix

them water. All the salt solutions are mixed and a precipitating agent is added which is basic'

Mostly NaoH and KoH are used, with the addition of precipitating agent, precipitates are

developed with agglomeration and growth of grains. The agglomeration and grain growth

depends on the pH, stirring sped and solution temperature as well' During the reaction

chlorides, acetates and nitrates are removed by washing process' Heat treatment helps to

overcome hydroxides formed during synthesis reaction'

3.3.7 Hydrothermal method

Hydrothermal method uses high temperature and pressure to crystallize the required material'

Hydrothermal process takes place in a closed container called autoclave to maintain high

temperature and pressure. water is used as a solvent in this technique' The aqueous solution is

heated in autoclaves at high temperature, which produces and maintains a high pressure inside

the container. The reaction which takes place at such high pressure is called hydrothermal

reaction. As the temperature of the liquid is increased and is above its critical point' it behaves

as both liquid and gas and is said to be supercritical' At the supercritical stage the surface

tension of the liquid is almost negligible and compounds are dissolved easily' The critical

temperature for water is 374oC. After the reaction the solution is washed several times to

remove the water soluble impurities. The solution is also washed with ethylene to improve its

purity. The solution is then dried at suitable temperature and powder is obtained which is then

grinded for fine powder. Strontium hexaferrites have been synthesized with this technique' In

the present study, hydrothermal technique is used due to its greater reactivity high purity and

fine particle size distribution, Hydrothermal is also a low cost method which makes it more

suitable for sYnthesis.
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3.4 Experimentalprocedure

The Europium doped M-6,pe barium hexaferrites (Eu*Bar-*FerzOrs) were prepared by

hydrothermal technique in the present study. All the chemicals used in the procedure were of

analytical grade. The required molarities of the metallic salts of Iron, Barium and Europium were

mixed in deionized water. The salts used in the procedure were iron chloride (FeCl3) and barium

chloride di-hydrate (BaCIz.2HzO). Sodium hydroxide was added drop wise to form the

precipitates at pH 14. The mixture was stirred for 15 minutes for fine mixing.

The prepared solution was heated in oven at 180oC in the autoclaves to build a high pressure in

container and to start the reaction as well. The reaction time for the experiment was 24 hours.

After the reaction the solution was washed with de-ionized water 3 times. The solution was also

purified by sonification bath to remove impurities from lattice through vibrations. The particles

were separated from the solution through centrifuge. The solution was centrifuge 3 times with

water and once with ethanol for more purification. The separated particles were dried at 70oC for

24 hours. Fine powder of particles was obtained after drying which was grinded with Agate

mortar-pestle. The prepared powder was annealed at 900oC for 2 hours. The chemicals used in the

experiment are listed in table 3.1.

Table 3.1: Chemicals used in experiment with specifications

V

Barftrm Chlori& di-

hydrate

hon(tlD Chloride

Sodium HSroxi&

Europium niraftflIf)

pentahydrate

BaClz2HzO 9f/s Z44.ZlgMol Reidelde Haen

FeCl3 99P/o l622lglMol Merck

NaOH 9*/o tm.0g&{ol Merck

Eu(Nor)r'5Hzo g9.f/o 42l.a6gMor Merck
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3.4.1 Sample preparation for impedance spectruscopy

For impedance spectroscopy the powder was pressed into pellets with a force of 383kN/m2. No

binding material was used in the sample during the preparation of pellets. Prepared pellets were

annealed at low temperature (l00oc) for compaction and removal of water absorbed. The pellets

were l0.1mm in diameter. The thickness of pellets with composition x:O.M, 0.08 and 0.1 were

l.4mm in diameter while 0.02 had the thickness of l.6mm. The pellet of un-doped sample was

3.8mm in thickness. Figure 3.1(a &b) shows prepared pellets in this study.

Silver paste was used to make contacts on both sides of pellets. Contacts were then heated to 150

oC for t horn. LCR meter was connected through these contacts with copper wires. Agilent

E4980A LCR meter was used for impedance measurement with frequency range from 2Hz to

2MHz.

V

Figure 3.1: (a) Pellets of the prepared samples (b) prepared pellet with contacts

\
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Chapter 4

Results and Discussion

4.1 X-ray diffraction

The X-ray diffraction pattern for un-doped sample indexed with (hkl) values for each peak of

barium hexaferrite is demonstrated in figure 4.1. The observed pattern indicate no extra lines and

is in well correspondence with the standard pattern of BaFerzOtgin accordance with JCPDS file

no.27-1029. This indicates that the prepared sample has a single phase hexagonal structure and

no impuritiy is present in sample. The iron in the material leads to high level noise in the XRD

spectrum background because it flouresces as the radiation energy of CuKo radiation is quite

close to Fe energy states [27]. The difference in the inetsity of the peaks from the refference

JCPDS file is due to preffered orientation of hexagonal plates in the structure [35]'

140

120

100

80

60

40

20

20 40

20 (deg)

Figure 4.1: XRD Pattem of BaFerzOrs

The structural analysis of doped samples with concentrations x:0'02, 0'04' 0'08 and 0'01 is

revealed in figure 4.2.Thegraph shows that the samples are generaly single phase corresponding

with JCpDS card no.043-0002. No extra phase was detected other than hexagonal phase of the

material which suggests that Eu arranges in hexagonal structure' The peaks position slightly

g- 
-BaFe,ro.,,
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changes which can be atfibuted to stress and stains in the crystal stnrcture. Crytallinity of the

synthesized stnrcture was improved with doping in present study.

20 (deg)
trf,urc {.2: XRD pattem for Eu*Bal-*Ferzorgnanostnrctureq with x:0.02,0.04, 0.04 and 0.1.

4.2 Scanning electron microscopy

Tb sE&De mm$rolory of the 1rrryared matsial is mdlud throqb field enrmission scanning

The microgrryhs ofun{qod barium hexderrites ue Smwn in figure 43 and rweal

the formation of mixed paticles and circular discs. The average size of the discwas found to be

249*.3.9 nm.
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The micrographs of sample doped with Eu x= 0.02 are shown in figure 4'4'The images reveal

formation of agglomerated nanoparticles in sample' The agglomeration of particles can be

attributed to magnetic nature of the nanoparticles' The average particle size was calculated to be

50.1+1.33 nm. The particle size thus increases compared to the un-doped sample'

\r'

Figure4.3: SEM micrographs for BaFelzOts

\.
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The morphology of barium hexafenites doped with x= 0'04 and 0'08 are shown in figure 4'5 and

4.6 respectively. The average particle size in the sample with x: 0.04 is 60.9+6.8 nm and in

sample with x= 0.08is 69*l6nm. The error in the average size of all the samples is the standard

deviation calculated by taking average of at least l5 particles' The particle size in the material is

increasing as in all the other samples'

Themorphologyofthesamplewithx=0.1(Eu)isshowninfigure4'Trevealingagainthe

formation of spherical and inegular shaped nanoparticles in the sample' The average particle size

is70.5+18.gnm.Theparticlesizeevidentlyincreasesineachsamplewithdoping.

F

*a

Figure 4.4: SEM images for sample doped with x:0'02(Eu)
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The SEM reveals the formation of nanoparticles with different sizes range from 24-70 nm with

no considerable change in particle shape except with sample x=0, the particle shape changes

from discs to particles'

Figure4.5:SEMmicrographofbariumhexaferritesdopedwithx=0.04

a
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Figure 4.6: SEM micrograph of barium hexaferrites doped with x:0.08

With increasing the doping concentration there is no evidence of change in shape of the particles'

This can be attributed to change in the synthesis environment, handling of sample in autoclaves

and reaction time. The hydrothermal synthesis is structure sensitive technique as our material is

more sensitive to synthesis conditions as reported earlier [12]' Figure 4'7 shows the observed

images of sample withx = 0.1

v
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4,3 Transmission electron microscopy

The TEM micrographs of the sample with x = 0.02, is shown in figure 4'8' The particle size is

is found to be 55 nm. The structures visualized in the TEM micrographs reveal the individualed

nanoparticles are assembled together in a continuous formation to form wire like structures

which confirms the results observed in SEM earlier. The magnified image shows that the

particles are spherical in shape, with size falling in range mentioned above'

Figure 4.7: Observed SEM micrographs with x=0' 1
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The morphological investigation of the samples with x = 0'04 by TEM demonstrate the size

62nm.The images again show that the doped particles with concentration mentioned above show

a sepherical or round-shape morphology' The critical diameter ofthe barium hexaferrite with

single magnetic domin is reported to be less then 1pm [40] so, the prepared samples are single!

domain. Figure 4'9 shows the particle formed with x = 0'04'

Figure 4.8: Morphology of sample x:0'02 demonstrated by TEM
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Figure 4.9: TEM micrograph of sample x=0'04

The images of sample x:0.08 and 0.1 also demonstrate same trend in shape of particles with

different sizes. The size of sample with x=0'08 is calculated to be 25 nm' Figure 4'10

demonstrates the shape of nanoparticles formed. All of the mentioned size calculation was

carried out through the scale and information provided through micrographs' The size varies in

each sample and shows no particular trend with addition of Europium.

The sample with x=0.01 reveal the size of 102 nm. Figure 4.1I shows the formation of irregular

spheres with some round shaped nanoparticles. There is no abrupt change in shape of the

particles with doping or an increment in amount of dopant' It can be concluded on the basis of

information provided through TEM that the dopant did not had a nominal effect in shape of the

partictes in the presented study. Difference in sizes of x:0.08 and 0'1 is observed in SEM and

TEM results which point out the wide range of particles sizes in the sample'

\!-
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|F'

re 4.10: Observed TEM m s for x:0.08

Figut" 4.11: TEM micrograph for x=0'l
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4.4 Energl dispersive X-ray spectroscopy

The energy dispersive X-ray spectroscopy reveals the elemental composition of material under

investigation. Through EDS, weight percent and atomic percent of each element is also measured

precisely which helps in recognition of impurities in material. The figure 4.12 shows EDS

spectrum for un-doped sample, clearly indicating each peak with no impurities present in the

material. Table 4.1 lists the elemental compositions in the material.

Table 4.1: Cmcentration of elemens in sample €lculded by EDX

Tb specmm otrained fcr m*erials doed with corrcentrations x{-fi2(a} ud 0.04(b) re
.lemrrrrtr*Ed in figlEc,'l-t3 bdffi. The ryertrm infic*es pe*s fr each demert trHd in &e

lrraigid- Ihc pG* of Eurqnum aFs ir &e spoerm and no ade&ml pE* of ay &
impuity was observed. Ttre percentage of Eurqium present in &e material is listd in the table

4.2 which incremes with doping concentrations.

21
Scate 2789 c{s Curssr 0.00O

Figure 4.12: EDX spectrum for Un-doped BaFerzOr s
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Figure 4.13: EDX spectrum of x:0.02 (a) and 0.04(b)

Similar results wre obtaid ftrough EDS analysis of sample doped with x{.08(c) and 0.1(d).

The observed specEtxn revealed that oo impurity was preser* in prepared sample. Each element

was identified ftrough peaks prresent in the spectnrm.

Teble d2: Chemical composition of sarnplex={.02 d 0.04

!

{

nsL
3?.?t

3Lv2

6.{t

I00.00

OK

FcX

BsL

EUL

2t.89

45.22

I r.50

2t.&
Totals 100.00

Ihe spectrum also drrnorutuates an in€rease ia fu Eu corenkatiur with incmsd dopirg

comffiion- Cmceffiatiors of difrerent elemen8 are fisted in table 4-2 for H.02 and 0.04.

The observed spectnrms for sanple x={.08 and 0.1 are shown in figure 4.13.

216
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Table 4.3 shows the elerreirtal oomposition of both the samples

ts
SF.tr.r3

(c)
216810121{

'dsc*Zn0dr&rr*0,m0 kcl

Sp.ralrll2

(d)

Eu

B.

2168't0 12 11
rl{ Scrb t1276 .tr Cu3fi 0.000 ke\

ffuure 4.14: EDX spetrum forx={.08(c) md 0.1(d)

I* {3 ffiin sf.rc-* hx={.S d ql eaernbod *qgh EI)X

\

w-q2

29:t6

9.T)

33-{2

r00.00

67-64

21.v2

2.81

8.57

OK
FeK

BaL

&rL
TdaIs

t7-ffi
29-52

17.84

3s-00

100.00
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26.s4

6.52
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4.5 FTIR analysis

The FTIR spectral study shows characteristics bands ofeach bond in different frequency ranges

caused by molecular vibrations. The figure 4.15 illustrates the observed FTIR spectrum for un-

doped and doped material. All the observed peaks fall in the finger print region of metal oxides.

,s
m

4Ut0 3000 2000 1fi)0

Wavenumber (cm't)

Fqgure d15: Obse,rved FT-IR spectnfii of Eur-*Ba*Felzors

FTIR spectra in figrre 4.15 strows tb absorpiur bands d417, 539, t48,91t ad 1027 cmrwhich is a

rMic bmd range d rrrtal ffiiiles ad shffis smftd fumairn d faritss. The &eqrrcrry bmd

in the rmge 400-440 cm{iscausd by lmice vibratims of octatredral metal ims" Tk bard d l4l4 cm'is

attributed to the ctpracteristic band of NO-r[23]. The samples show an absorption band from 3400-3000

related to hydrogen bonded 0-H stretching. Presence ofan absorption band centered at 164l cm-l also

shows pres€nce of water molecules in sample. The spectrum does not show any chmacteristic bond of

europiurn It can be seen from graph that there is no considerable change in band positions, which shows

that lattice constant and Fe",-Or-distances does not change by Eu doping.

oo
E60t
8.0
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g
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4.6 Impedancespectroscopy

4.6.1 Impedance

The electrical properties of all the samples were measured with the impedance analyzer at room

temperature. Figure 4.16 shows the plots for real and imaginary parts of impedance (Z' andZ")

for un-doped sample. The plot reveals that the real part of impedance decreases with increasing

frequency. This trend continues with increment in frequency. The real part (z') of impedance is

related to the resistance of the prepared sample. Imaginary part of impedance (2") also decreases

with an increase in frequency as indicated by the figure. This plot is suitable for the evaluation of

the relaxation point in the material. tn the un-doped material there are two relaxation points

observed as there are peaks at two different points. The variation of impedance of the material

with frequency suggests an increase in the conductivity with increased frequency' which is the

behavior of metal oxides reported earlier

107

BaFerrO,, . BHF(0.00)

1o'

e ,o'
il

,lo'
e ro'

N

1o'
ro'

{0'l-
lot 't o' 1ot iot 'lot 10' lo' 1ot 10'

10'+
'to' i;' ro' to' lot 10' iot

Frequency (Hz) FrequencY (Hz)

Figure 4.16: Plot for real (Z') andimaginary parts(Z") of BaFerzOrs

The variatio n of Z' and Z"(real and imaginary part of impedance) with different doping

concentrations (x:0.02, 0.04, 0.08 0.1) is also analyzed by the impedance spectroscopy' The

plot in figure 4.l7shows that the real and imaginary parts of the impedance decrease with

increase in frequency. Decrease in real part of impedance shows the conductive behavior of the

doped sample as indicated in the pure sample'

Y
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When compared to the ptre (rm-doped) sample, doped samples show decrease in the impedance

values. The impedance falls when the sample is doped with x : 0.02, O.04 mtd.0.08 (Eu) at the

lower frequencies. Which suggests that small amount of doping will have upbeat effect on the

conductivity. As the dop,ng concentration is increased firtlrcr, the impedance rises again. This

suggests that up to certain concentration the doping will have positive outcomes but further

increase will have adverse effect on electrical properties. lncrease in impedance values of sample

0.1 reveals that further increase in the doping will increase the resistance in material as well.

lo2 lo! tol io6 loc io' lot
loS f (Hz)

Figurc 4.17: Plot for real part of impedanc€ as a function of frequency

Betrreen the ranges ld-107 tlz he resishnce of the doped materials is geater dran the pure

sample and increases in each sample with doprng. As the frequency increases, real part of

impedance appears to merge irrespective of the doping concentrations- This effect suggests the

possible release of the space charge and lowering of &e barrier properties at higher frequencies

[a1]. The imaginary part of impedance explains the effects caused by doping on the relaxation

points of the matsial. From the observed graph in figure 4.18 it can be seen that the rela:<ation

points show a shift towards fu higher frequency. This behavior shows pomotion of short range

ion mobilities in material with doping.
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l07

l0i

=10'N

,0'

l0'
tot 1oz ,ot lo' loi loo 70' tot loe

ln (Hz,

Ftgure 4.18: Imaginary part of impedance as a function of frequency for different doping
concentrations

Tk loss spwtnm (2") canexplain a number of importmt characteristics of materials such as:

a) The graph shows different relaxation points for each material due to different electno-

. active regions in each malerial.
E

b) Thc *itu in pc*s d rdar*ion pt*nE ca bc er#eiocd on tre tm dgah bmdaies

d tg".itgdfu p* fum tfu imqc*y dfu prarcd sqhs
cl Th arfuticd lec dfu pE*s ra durcil ir &E grril rt* srEEefls h s

r@rid stows rmrrDebye behayior 142,621

{LI llfohtric *(A}rd dlldric bs etu{t:.}
Ths gtryh h fry 4-19 $sflrs &e obserrd spdr ftr fu rtal {f3} ad innginer}, pat tn
ftehfo ffi d& Edoped lI4;pG brim haffis.
f,icb*ic ffi cm be descri*rcd s ttc dility of {re mdum to tts*t &e k of rtrqp-
Accoding to the measurcm€nts, the dielec*ric constant of material decreases with increase in fte

@uency.

t-
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Figure4.19:Plotfordielectricconstant(t')anddielectriclossfactor(t'')forBaFerzots

Dielectric behavior of the ferrites can be explained on the basis of Maxwell-wagner two layers

model. According to this model first layer is made of large number of grains' acting as

conductive layer at lower frequencies and second layer is composed of grain boundaries which

are highly conductive at high frequencies. The mechanism followed for conduction and

polarization in ferrites is same i.e. hopping. The electrons hop between Fe2* and Fe3* ions to

polarize the material. when the frequency increases, it is diffrcult for the electron to hop between

ferrous and ferric ions with the frequency alternations. This reduces the possibility of electrons to

reach the grain boundary. It causes the net displacement of charge to decrease in one direction'

Consequently the dielechic constant decreases[24]'

The dielectric loss factor E" also shows decrease with increase in the frequency values' As

discussed earlier when the frequency increases the dielectric constant decreases which causes the

loss factor (8") to decrease with frequency. At lower frequencies, the high dielectric loss factor

can be a result of crystal defects and moisture in the material'

The plots for dielectric constant and dielectric loss factor for different doping concentrations are

shown in figure 4.18. According to the graphs, the dielectric constant of the doped material

follows same trend as in un-doped material with respect to frequency i.e. decrease in dielectric

constant by increasing the frequency'

t'

ln f (Hz)
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Figure 4.20: Plot for dielectric constant ($ and dielectric loss factor(t") with different doping
concentrations

Increase in dielectric properties with increase in grain size in ceramic materials was also reported

earlier[63, 64]. Our mderial shows irrcrsse in grain size with doping which causes increase in 
I

dielec&ic coruitant bas€d on ferroelectric beharrim of ferrites re,ported earlier [64, 65J.

'f In a ferroelectric mduid, tlre sirqgle crystal often has muhiple domaim. Tke furaim ale

separated by interfaces called domain walls. The mobility of domain walls and the population of 
I
I

domains in the materials affect the dielectric constant. As the grain size increases, the domain ,

walls are fre to move and the gpin boundaries contribute as an additioml pinning point to

moviqg walls. Tk movennert of domain walls provides tramition between different dipole

aligrrments which irereases tbe dielecfic constant.

V
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4.63 Electric modulus analysis

The eledric modulus of ionic marerials helps to unlyzn the space charge relaxation phenomena

in fte material. It is mw widety rsed to mralyra fu behavim o,f electricd coductivities of tle

maerial as xell- The rEat (Itlf) d frrrlggirrg,ry pilt (M") of tk ekeldc mo&rtos re shoncn in

fi$re43l-

300 . 0.00(BHB

2St

to' 1f rd to' rd to3 !d rd td t0' id rd rd td rd {0' {d rd
Fmquency(rE! fregsrc,y(p!

Figure 421: PIot for real (M') and imaginary part (M") of elechic mo&ilus of BaFerzOrs

Two relaxation points ale obserned in the material at lower and higher frquerrcies respectively-

Th eleric modulus ofrhe mderid imeas€s wift imming frreqrrey q,hich is the oppmite of

diebcsic betnvior. This trerdF€dicts *re irrcrease in the condrrtivity withinsrasing freqwrcy

which is the behavior of material reported earlier. The behavior of electric modulus with doping

concentration is shown in figure 4.22. Ac*ording to the observed spectrum, the real and

imaginary parts of th electric modulus ircrease with ircrease in frquency in each sample.

o,
o-il
tlra
e.e
ot

ld io' id ro' ro' id ro' rd rd ro!
FcquenefllE)

Figure 4.22zReal (a) and imaginary (b) parts of electric modulus with differerrt doping concentations(x)
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The figures reveal that for lower frequency ranges, real and imaginary parts of modulus decrease

for samples x = 0.02,0.4 and 0.08 as compared to un-doped samples' This predicts more

conductive behavior for the doped samples at lower frequencies' As the frequency increases' the

elecffic modulus also increases and the space charge relaxation points shift to the higher

frequencies with increase in doping of the material (Eu) in the imaginary part of modulus (b)'

These peaks show the transition from long range to short range mobility with increasing

frequency. The low frequency side of the peak represents the range of frequencies in which the

ions can have long distance transitions i.e. hopping form one site to another and for the high

frequency ranges the ions are confined spatially and can execute only localized motions'

4,6.4 Tangent loss

The graph in figure 4.23 shows the spectrum for tangent loss values of barium hexaferrites' The

tangent loss decreases in the material with increase in frequency' The tangent losses can be

explained in term of conduction losses in the material. The conduction losses depend on the

concentration of Fez* ions on 2k sites at lower frequency regions there is more dispersion of

charges as compared to high frequency region' This can be explained on the fact that at lower

frequencies more time is available for the displacement of charges and the conductivity inside

the grain is high and higher will be dielectric losses'

. 0.00(BHF)

0.0

101 102 {bt iol lo5 1oo 107 108 loe
Frequency (Hz)

Figure 4.232 Tangent loss spectrum for BaFerzOle as a function of frequency
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As the frequency is increased the hopping of charge carriers cannot follow the applied frequency

which decreases the conduction inside the grain hence the tangent loss is decreased. The figure

also shows prominent relaxation peaks with increasing frequency. These peaks are observed

when the hopping frequency of the charge carriers becomes approximately equal to that of the

applied electric field, it causes resonance and results in the appearance of relaxation peaks [66].

Variation of tangent loss with composition can be observed in figure 4.24.The figure shows that

with increasing the doping in the material, the tangent loss increases in each sample.

0.1

0.02
0.04
0.08
0.00

ro' {02 ro' 
l'*r.rJ$, rrlli ro7 1o! 10"

Ffgure 4.21:Pld- fortangent loss with difu doping co,ncentrations

For the composition r = 0.1 the dielecticloss starts to decrease with cornposition. Decrease in

tangent loss can be due to decrease in the dielectic constant.

4.6.5 AC conductivity

The variation of AC electrical conductivity is demonstrated by plot shown in figure 4-25. The

plot reveals that wittr irrcreasing the frequency, ac conductivrty of mar€rial increases. In case of
imic solid the codrrction is becarne of movement of ions ard depetrds on angular fleqrrcrcy-

Increeq fu lh c mfuinil5r uitL fiapcy ca he erlliirc,d m tbe pqrlg fa6 d&E
+9fiod dcttic fidd uticfr tfrtrr fu angrcfutr d6nBE Giliqs bct*ocn lo&od *i This

plmfing fuce also libera$es the wrdrrling crwgp caniers frrom diflenent ueas tlmt experience

hindrance by material and rct as trapping centers. Increase in the frequency increases the

2
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tq#ry fi€SEcy d &m b€trc fu chngE can*:rs $ni.h rtsrlts ilscrce iu fu
cm&l*iur Uanrwett-W+gmodsl aplains fte cmductim pro6s wccessn*b- Amoding to

p{opo6d two layer del disl€dric mderial have a two }eyer sfructure, Le. grains separ*od hy

pffily cil.furti'g gafu At bsEr fic,Ir-'-ies grafu hmdaiEs aue mrncL divc d fu
@hg *e6*try of#sr bet*nen fte F€I ad Fd" is l€ss

As trc &Eryrffiy is increascd the condudive grdin h]'€rs bm much active in keepiq

troepiry of elttfiom- This cff€ct c&EEs the hoppirg fr,oqumcy to increase thereby ircreasing tlrc

to-5

10€
(,

b
E

10-'

lo{

- o.oo{BHF)
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{or lo2 {os 10' lo5 lo' lo' lo8 {os
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F[urc 4.25: Conductivity spectrum for BaFerzOrgas a fimctionof frequency

AC cuductivity. Tb figlre 4.26 shss the ptot of AC cod*tivity of differreru @mg
concenkations with frequency. It can be seen in the figure that conductivity of each sample

&rEases u&en ompred a m@ sffid€ d high€r eeryreies hoxwer, doed m*erid

ffirc fu trcfd sf iserc ie coGJgcti.ttlr rilft @5p- Af fu lmr t€qmcy rage fu
6opcd # fu a imrasc iaihc ogHfue, as cryed b p bn*m ls*nibes.
Ttr€ graph shows that for lower fursncy, th€ coductivity irrreases with incr€as€ in doping

composition- But as the doping concentrdion increases frorn x4.08 to 0.1, the conductivity

deqrc d highfiGpeneies" This nAes*s fra firfk imtma in dqfry ffifun will
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ResutB and discussion

The conduction in BaFerzOls is mainly due to hopping of electron between Fe3* and Fe2* as

explained earlier. It has been observed that substitution of rare earth ions in Sl* or Ba2* ions

tends to change the Fe2* and Fe3* which leads an increase in conductivity of BaFerzor [6{. The

high frequency rqgions showdecrease inthe conductivity with increase in doping concentrations.

This suggests that Eudoped barium hexaferrites show best results in cordwtivity at Iow

At high the decrease in conductivity caa be attribrsed to increase in grain

size gradualy. The cmtribrtion due to grains in conductivity dcreases with high frequercy. All

csrdrrtive @rdrihriffi ae &r to surfrae ofthe grain as the @umsy atternatioas re higtL

. 0.00

^ 0.02
. 0.04

' 0.08
. 0.1

ro2 ro3 io4 io5 loi lo? ios loe

Frcquency (Ffz)

F[ure 4.26: Ptrot for Ac condtrtivity as a firnction of &equarcy with different compositions

4.6.6 Nyquist Plot

The figure 4.27 shows the Nyquist plot for th€ sfidied samples It can be seen that the maJerial

exhibit two semicircles forthe un{oped and do@ material as well. The electrical circuit which

fucnlbes this behavim is a series combintion oftwo circuis with a resistor md a constant ptnse

element in paratlel. The small diameter of sernicircle a high @uency of all the sarnples

indicates low resistance. The diarneter of the semicircles decreases wift doping concentrations

which indicates decrease in the resisfance. In the Nlquist plo! ttre semicircles are generally

described by the grain (bulk) and grain boundaies (interface) effects. At low frequency regions,
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Resutts and discussion

grain boundry resistance is observed while grain effect appears at high frequency. Small

diamer of the semicircle at high frequencies indicdes snall resistare. The frequency tends

to increase from right to left. The resistance and capacitance of inter cial grain boundary is

nmmally. The parameters R, (gain resistance) and Rgu (grarn boundary resistance) were

deterrrined for all doping concentrations using the Z-view software. The solid line in the figure

indicates the frtted data Equivalent circuit used to fit the electical data of samples can be seen in

figure 428.

The values of resistance due to grains (Re) and grain boundaries (&u) are summarized in the

table for each sample in the present study. It is evident frrom the values as well as Nyquist plot

that contribution of grain resistarrce is increasing in the material with increase in the doping

concentration and resistance due to grain boundaries is decreasing.
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Results and discussion

The increase in Rg can be explained on the fact that the grain size is increasing with doping

which increases the resistance contribution. The value of n determines the divergence from ideal

Debye behavior, and its value is I for pure capacitor and zero for pure resistor[68].

Table 4.4: Extracted pr,ameters at all doping concentrations from frtting
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Figure 4.29:Plotof resistance due to grain and grain boundaries as afunction of doping
concentration(x)
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4.7 trlrgneticproperties

4.7.1 Hysteresis curye

The hyst€resis crIITe for all the prepmed sanples is shown in figure 4.30. The values of Ms, Mr

and coer',civity are calculded fr,om the hysteresis loop. The figrrres 4.30 and 4.31 clearly reveal

increase in saturation magnetization with doping concentrations.
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Ffure 430: Observed hysteresis Ctrrve for different doping concenhations in BaFerzOrc

The values of lvt' and fL are summarized in table 4.5. The increase in IvL can be explained on the

fact that it depends upon Fe3*+Fe2* srryer-exchauge interactioNrs. It has been observed that the

substitutions of rare earth metal ions with Sf* and Ba2* in M-type trexaferrites causes a change

in valence states of Fd+isrs to Fd*ions at 2a sites[40]. As result the srper-exchange interaction

behreen p"3+4-p"2+ increases. The enhancement in super-exchange interaction causes the

hlperfine field to increase at lZk and 2b sites which increases the saturation magnetization. The

materials with high saturation magnetization are required in the high density recording media as

r€ported erlier [69, 701

t:
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Conclusions and Future Recommendations

Chapter 5

Conclusions and Future Recommendations

Hydrothermal technique was employed to prepare pure and doped BaFerzOts nanoparticles'

Doping concentrations of Europium ( Eu3*) was varied from 0.02 to I in BaFerzOrq. XRD

analysis showed the single phase of doped and un-doped material which demonstrated the purity

of sample. SEM and TEM analysis were used to reveal the morphology and size of prepared

samples. SEM images showed that the particles were spherical in shape and size of particles was

increasing with the doping concentrations (24.9-102nm). Analysis of the un-doped material

through SEM revealed the mixture of disks and spherical shaped structures. EDX spectrum

confirmed the purity of sample and elemental composition was observed to be same like the

stoichiometric ratio of the starting chemicals'

Impedance spectroscopy was employed in the frequency range 20Hz to ZMz to examine the

electrical properties of doped and undopedBaFerzOrsnanoparticles. At low frequency, the

dielectric constant was observed to increase with doping indicating enhanced conductive

\ behavior while at high frequency region; dielectric constant tends to merge indicating release of

space charges. Two relaxation points appeared in electric modulus spectrum and revealed

increase in values with increase in frequency. The Ac conductivity of prepared samples also

exhibited similar transitions. With increase in doping, the conductivity of each sample increased

as a function of frequency. At the lower frequency region, the conductivity increased with

doping while at higher frequency the conductivity was decreased. Two semicircular arcs were

determined in the complex impedance plane attributed to different relaxation times in system at

different frequency regions. The semicircle at the high frequencies was attributed to grains and

the semicircle at higher lower frequencies was distinctive due to grain boundaries' The radius of

semicircles is related to R, and Rgu Resistance due to grains was increased in each sample with

doping concentration while resistance due to grain boundaries was decreased. The experimental

data was fitted with a model of equivalent RC circuit consisting of a resistor in parallel and

constant phase element in series with the help of Z-view software. This helped in separation of

the contribution to conductivity due to grains and grain boundaries'
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Conclusions and Future Recommendations

The magnetic properties of the prepared material were characterized by vSM' The saturation

magnetization and coercivity was increased with increasing the doping concentration' with the

addition of rare earth ions, super-exchange interaction between Fe3*-1o-Fe2* increased in the

material caused by change in valence states of Fe3*ions to Fe2*' The increase in coercivity is

caused by increase in magnetocrystalline anisotropy of material through doping'

5.1 Futurerecommendations
The material studied during this work shows high saturation magnetization which makes it

suitable for high frequency devices. The potential applications of barium hexaferrites can be

investigated for application in microwave devices as our material indicated increase in resistivity

athighfrequencywithdopingconcentrations.Thehighresistivitywithlowmagneticlosses

enables low insertion losses in microwave devices'

Ithasbeenobservedduringstudythatthedopingconcentrationsimprovetheelectrical

properties up to certain concentration (0.08) and then starts to decrease with further increase'

Thiseffectcanbestudiedindetailwiththeirpotentialapplications.

\
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