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ABSTRACT

NipsZno L 1FeO, and CoFgd, doped PMMA polymeric matrixes were
investigated by dielectric spectroscopy analysisdéiterent frequency and temperature
conditions. Effect of polymer, cobalt ferrite andnplex ferrite doping on the dielectric
properties such as the real part of dielectric tarise’, and conductivity ¢', were acquired
throughout the performed dielectric strength antivation energy analysis and the best
contributing composition, in terms of the electripeculiarity, was also optimized in the
scope of the work.

A large amount of information was obtained by teenperature and frequency
dependent dielectric spectroscopy study of the &ssnEquivalently doped cobalt and
complex ferrite demonstrated the compatible belraxm PMMA in all measured temperature
ranges according to obtained results. Contributiocobalt ferrite on the conductivity is more
dominant while complex ferrite establishes cohdgiwtronger structure in the constructed
matrixes in all temperatures. It was also shown figher temperatures are more promising
for the samples. Such kind of polymer matrix desigan be proposed as novel ferritic-
semiconductors, which can be explicitly understdamh temperature dependency of the

material. High quality magnetic properties of thesenples were previously revealed and



these additive electrical performances of the sasmphn cause novel material and device

inspirations, which could be of critical importanoematerials science.

Keywords: ferritic semiconductor, complex ferrite, cobaltrfes, dielectric spectroscopy,
relaxation time.
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0z

NiopsZnp.«Cw 1Fe0, ve CoFeO, katkill PMMA polimerik matrisleri, dielektrik
spektroskopi analiziyle farkli frekans ve sicakdidgerlerinde incelendi. Polimer, kompleks
ferrit ve kobalt ferrit katkisinin reel dielektrgabitic' ve reel iletkenliks' Uzerindeki etkileri,
gerceklatirilen dielektrik guc ve aktivasyon enerjisi hekapa yontemleriyle agarldi ve

dielektrik hususiyetiyle en kullagh olabilecek kompozisyon ortaya kondu.

Sicaklga ve frekansa g dielektrik spektroskopi, malzemeler hakkindacbk
konuda bilgi sahibi olunmasina yardimci oktun. Elde edilen sonuclara gorgiteylizdeyle
karistirilan kobalt ve kompleks ferrit, dlcim yapilanmisicakliklarda PMMA ile uyumluluk
gOstermgtir. Tum sicaklik dgerlerinde, kobalt ferrit polymer matris icinde Renlige katki
sglarken, kompleks ferrit daha cok gucli bir tutunragkisi olwturmustur. Ayrica
malzemelerin yiksek sicakliklarda daha kaydgedeetkiler gosterdikleri gézlemlenstir.
Acik bir sekilde, malzemelerin sicakh baimliliklari, bu ¢git polimerik matris tasarimlarin
yeni nesil ferritik yariiletkenler olarak onerildimielerine zemin hazirlamaktadir. S6zkonusu
malzemelerin yuksek nitelikli manyetik 0zelliklenmnincelenmesinin yaniganda dielektrik
Ozelliklerinin de incelenmesi, gelecek vadeden yeesil elektonik cihaz tasarimlarinda

malzeme bilimi agisindan buyik énemitaaktadir.

Anahtar Kelimeler: ferritik yariiletken, kompleks ferrit, kobalt fetridielektrik spektroskopi,

durulma zamani.



Vi

ACKNOWLEDGEMENT

Firstly, 1 would like to gratitude to my supervisdssoc. Prof. Dr. Yiiksel KOSEG@ .U
for his motivation, help, stimulating and incentisieggestions during whole time of research

and for writing this thesis.

| want to thank to Prof. Dr. Mustafa KUMRU for hesimulation and motivation in my

thesis.

| am also grateful to Do Kyung Kim for his genetgsn supplying the novel composite

materials that enables us to carry out this rekearc

My special thanks go to Assoc. Prof. Dr. Ayhan BQEKT for his heartfelt helps in
measurement and valuable advices, motivation alt@bowation in my thesis. | am grateful to
Mrs. Sevim UNUGUR CEIK and Ms. Age ASLAN for their supports.

| am also thankful to nanosicence group member Rssist. Murat SERTKOL for his

efforts in coping with many problems.

| am grateful to the Assoc. Prof. Dr. Said Eren &arhis encouragement and significant
suggestions which made this work successful. | alaot to thank to Res. Assist. Mustafa

Okutan for his contributions during data analysis.

Finally | want to thank to my wife Aysun for hermaort and patience meanwhile |

prepare this thesis.



Vii

TABLE OF CONTENTS

=1 I O S PPERR il
(@ )OSR RUSRRPROTP v
ACKNOWLEDGEMENT ... e e e e e e nnaa e e era s Vi
TABLE OF CONTENT St errme ettt e et e e e et e e e e nen e e ne s e e e esanaaees Vil
LIST OF FIGURES. ... .coe et e e e e a e e et e e e aan e e eaanns X
LIST OF TABLES. ...ttt e+ttt e e e e e ettt e e e e e e ettt e e e nnne e e e e e e annreneeeaeeans Xii
LIST OF SYMBOLS AND ABBREVIATIONS ......ouiiiiiiieeiiieeeeiiiee et Lil.x
CHAPTER 1 INTRODUCTION. .. .iititiiiitie e eett et e e et eessaseesesnessasanesessnsensanssnneeeees 1
1.1 SPINEI FOITIEES. ..o et e e e e e e e e e e e e e e e e e e eeeeeeneees 1
1.2 Cobalt Ferrite (COFDL)......ucveieiieiteeeeeeeeee ettt n e, 2
1.3Complex Ferrite (NIZNCU F014)...uvurueeiiiiiiiieie ettt e e e e e e e e e e e 3
L1.APOIYMEIIC SIUCKUIE.....ceeiiiiitiiieee e ettt e e e e e e e e e e e e e e e e e e eaes 3
1.5 APPlICAtiONS Of FEITIEES. . ..ottt eeeeeeeeeeeeeeees 4
CHAPTER 2 THEORY OF DIELECTRIC SPECTROSCOPY. ....coteiiiiiiiiiiieeeeeiiiiiieee e 7
2.1 Historical BaCKgQrOUNG..............uuue . e seeeessss s e e e e eeeeeaeeeeeesessennnsnnnnnsssnnn s 7
2.2 Classification of Dielectric MaterialS.......c....uuuuvuiiiiiiiiieeeeeceeeeeeei e e 8
2.2.1 Non-ferroelectric Madds.................cooovviiiiiiiiiiiiiii e 8
2.2.1.1 Nookgr MaterialS........cccooeeeiieeeeiiiiiieeieeeeee e 8
2.2.1.2 PAWAErialS.........cuveviiiiiiiiiiiii e 9
2.2.1.3 DigoMaterials...........coooviiiiiiiiiniiies s 9
2.2.2 Ferroelectric MateFial...........cooeeiiiiiiiiiiiiiiiii e 10
2.3 Dielectric Polarization...............ueieeeeeniiiiii e et e et mmmmna 10
2.3.1 The Mechanisms of DielecRa@arization........................... 10
2.3.1.1 ElectimBRolarization..............cccccoe e in e, 11
2.3.1.2 loRolarization...........cooiiiiiiiii s 11

2.3.1.3 Otimional Polarization...........ccccovveiviiii.... 12



2.4 DieleCtriC CONSTANT. .. o eet et e et e et e e e e e e e n e 13
2.5 The Complex Dielectric Permittivity and Contiuity................ccooevinnnnnen. 15
2.6 Dielectric Relaxation and DebyetsrRulas.............cccoooe i, 16
CHAPTER 3 EXPERIMENTAL ...ttt e e e e e e eeens 18
G 0 I (T = PP
3.2 SYNINESIS. ... e 18
3.3 Characterization...... cco.ovoiiiiiiii i i e e ene e en 2. 20
3.3.1 X-ray Powder Diffraction (XRD).........ccoveiiiiiiiiiiiee e s 20

3.3.2 Transmission Electron Microscopy (TEM).................cce-.....20

3.3.3 Dielectric MeasurementsS..........cc.uvuuveiieiie i e 21

CHAPTER 4 RESULTS AND DISCUSSION.....coiiii i e e 23
4.1 The Real Part of the Dielectric Constant of (pr8 Samples ....................23
4.1.1 The Real Part of the Dielectric Constantah$le 3A.............. 23

4.1.2 The Real Part of the Dielectric Constantahle 3B.............. 24

4.1.3 The Real Part of the Dielectric Constantaihgle 3C..............25

4.1.4 The Real Part of the Dielectric Constantarh§le 3D..............26

4.1.5 The Real Part of the Dielectric Constantarihle 3E.............. 27

4.2 The Imaginary Part of the Dielectric ConstadnBooup 3 Samples ..............28

4.2.1 The Imaginary Part of the Dielectric Constfrtbample 3A......28
4.2.2 The Imaginary Part of the Dielectric Constarfample 3B......29
4.2.3 The Imaginary Part of the Dielectric Constairfample 3C........ 30
4.2.4 The Imaginary Part of the Dielectric Constfrtbample 3D......31

4.2.5 The Imaginary Part of the Dielectric Constfrttample 3E......... 32
4.3 The Real Part of the Conductivity of Group 3nPEeS..........ccvevvvvviiininn. 34
4.3.1 The Real Part of the Conductivity of Sam@e.3................... 34
4.3.2 The Real Part of the Conductivity of Samge.3................... 35
4.3.3 The Real Part of the Conductivity of Samge.3....................36
4.3.4 The Real Part of the Conductivity of Samge.3.................... 37
4.3.5 The Real Part of the Conductivity of Samge.3.................... 38
4.4 The Effect of PMMA Incorporation in Column Cri8@les...........c..covvvenne. 40

4.4.1 The Real Part of the Dielectric Constant olu@n C Samples...... 40
at 26C and 126C
4.4.2 The Real Part of@enductivity Values of ............................. 42
Column C samples at’@0and 126C



CHAPTER 5 CONCLUSION ... ..ttt e e e e e e e e e e e e e 44
5.1 Dielectric Strength Values of Line 3 Samples. .. cceeoiviiiiiiiiiiiii i, 44
5.2 The Dielectric Peculiarity of the SampleS ... 45
5.3 The Relaxation Time and the Absorption CoefficiValues...................... 46
5.4 The Real Part of the Conductivity Values of §anples...........cccoeeeeneniin. a7
5.5 Activation Energies of the Samples..........coooiii i 49

REFERENCES. ...t a e e e e e e e e e e e nannanes



LIST OF FIGURES

Figure 1.1 Two kinds of occupied tetrahedral sitespinel sub-cell A. M is in green and O is
in red.

Figure 1.2 Occupied octahedral site in spinel selb&: Fe is in gray, and O is in red.

Figure 1.3 Crystal Structure of CofR where green atoms are Co, pink atoms are Fe, and
blue atoms are O.

Figure 1.4 The structure of PMMA.

Figure 1.5 Cells exposed to nanoparticles (secom)l and a magnetic field (second and
fourth columns) display disrupted cytoskeletons.

Figure 1.6 A US Air Force F-117A Nighthawk Stedhilghter aircratft.

Figure 2.1 Leyden jar condenser.

Figure 2.2 Evenly distributed electrical chargesam-polar carbon dioxide.

Figure 2.3 Charge ditribution of a water molecule.

Figure 2.4 Electronic polarization under an exteehectric field.

Figure 2.5 Lattice vibrations under the influené¢@io electric field.

Figure 2.6 Orientation of dipoles by polarization.

Figure 2.7 a) The permittivity of free space b) Téktive dielectric constant.

Figure 2.8 Sketch of the frequency variation ofrds@ and imaginary parts of the complex
relative permittivity of a material.

Figure 3.1 Thermodynamic modeling of *F&n?*-Ni?*-Cu?*-H*-CI" system.

Figure 3.2 TEM images of BliZny 4Cuw 1Fe04 ferrite nanoparticles (a) as-prepared, (b) heat
treated at 450C for 2 hrs.

Figure 3.3 X-ray diffraction patterns of fNZno 4Cuy 1FeO, ferrite nanoparticles.

Figure 3.4 (a)NovocontrolAlpha-N high resolution dielectric analyzer anyl §ample holder.
Figure 4.1 The real part of dielectric constanthef sample 3A.

Figure 4.2 The real part of dielectric constanthaf sample 3B.

Figure 4.3 The real part of dielectric constanthef sample 3C.

Figure 4.4 The real part of dielectric constanthef sample 3D.

Figure 4.5 The real part of dielectric constanthef sample 3E.

Figure 4.6 The imaginary part of dielectric constaiithe sample 3A.



Xi

Figure 4.7 The imaginary part of dielectric constiithe sample 3B.

Figure 4.8 The imaginary part of dielectric constaiithe sample 3C.

Figure 4.9 The imaginary part of dielectric constiithe sample 3D.

Figure 4.10 The imaginary part of dielectric constaf the sample 3E.

Figure 4.11 The real part of the conductivity vatiiehe sample 3A.

Figure 4.12 The real part of the conductivity vatiiehe sample 3B.

Figure 4.13 The real part of the conductivity vatiie¢he sample 3C.

Figure 4.14 The real part of the conductivity vatiiehe sample 3D.

Figure 4.15 The real part of the conductivity vatie¢he sample 3E.

Figure 4.16 The real part of the permittivity oétbolumn C samples at ZD)

Figure 4.17 The real part of the permittivity oétbolumn C samples at 120

Figure 4.18 The real part of the conductivity of tolumn C samples at ZD

Figure 4.19 The real part of the conductivity of tolumn C samples at 120

Figure 5.1 Frequency dependency of the real patitedéctric constant at various
temperatures for; a) 3A, b) 3B, ¢) 3C, d) 3D, e) 3E

Figure 5.2 The variations of conductivity as a fime of frequency at different temperatures
for samples; a) 3A, b) 3B, c) 3C, d) 3D, e) 3E.

Figure 5.3 Arrhenius plots of conductivity for 338, 3C, 3D, and 3E coded samples at 1 Hz

spot frequency.



Xii

LIST OF TABLES

Table 3.1 Ferrite and polymer Composition ratioghef samples.
Table 5.1 Dielectric StrengtiAg) values of the samples at various temperatures.
Table 5.2 The absorption coefficiamtand the relaxation time, values for all samples.

Table 5.3 Activation energy dependency at the kptat frequency.



Xiii

LIST OF SYMBOLS AND ABBREVIATIONS

o : Polarizability

N : Number of atoms

P : Polarization

E : Electric field.

q : Unit electric charge

Yo, . Electric charge density

D : Dielectric displacement vector
X . Dielectric susceptibility.

€ : Relative dielectric constant
€ . Permittivity of free space

C : Capacitance

T : Relaxation time.

) : Pulse-response function

o . Step-response function

W : Angular frequency

o : Conductivity

PMMA : Polymethyl metacrylate



CHAPTER 1

1. INTRODUCTION

The concept of nanocrystalline solid was firstadirced almost thirty years ago to the
field of materials science. Nanocrystalline matsraxe generally described in between 1nm-
100nm sizes today. The surface to volume ratiotgrfacial atoms increases at these orders
of sizes whereas they can be neglected in convaitpolycrystalline materials [1].

Nanoscale properties show different characteristiaa that they are at bulk sizes. As
nonoscience deals with quite small dimensions, teamhmology improves on the borderlines
of Physics, Chemistry and Biology. Since it inteégsathese sciences, scientists find many

interdisciplinary subject areas to invent new textbgical advances [2].

1.1 Spinel Ferrites

Spinel ferrites are metal oxides having the gendoatnula MFeO, where M
represents a type of divalent transition metaldom mixture of transition metal ions having
valence of +2 (M: Fe, Co, Ni, Zn etc.) [3].

Ferrites with F& ions are the main component and their electrical magnetic
properties are influenced by their crystal struetaimd chemical composition [4].

Spinel structure consists of a cubic close-packefyaof oxygen atoms with
tetrahedral A-site and octahedral B-site. The geit of spinel ferrite contains 32 oxygen
atoms in cubic close packing with & Ttetrahedral) and 16 yJoctahedral) sites as shown
below [5].



Figure 1.1 Two kinds of occupied tetrahedral sites in spgwdd-cell A. M is in green and O is
in red [5].

Figure 1.2 Occupied octahedral site in spinel sub-cell BisHa gray, and O is in red [5].

Depending on the way that transition metal iongrithste among A and B sites,
normal and inverse spinel structures are formed T#le distribution of cations on the
octahedral and tetrahedral sites in spinel lattigieag different than that they are at bulk sizes
result in unusual properties. So called hoppingisenductor type mechanisms arise at these
types of ferrite groups as unusual properties dmeddonduction processes are caused by
hopping of thermally activated electrons from onatian to another [7]. Method of
preparation, particle size, pH and sintering terapge can influence the distribution of these

cations on the nanosized sites [8].



1.2 CoFeOq,

Figure 1.3 Crystal Structure of Co®, where green atoms are Co, pink atoms are Fe, and

blue atoms are O [9].

Cobalt ferrite is a magnetic material with form@aFeO,. It is a cubic ferrite with
inverse spinel structure where ‘€dons are located in B sites and F®ns on A and B sites
[10]. Due to the coupling of the spins of the colaadd iron ions, cobalt ferrite shows strong
magnetocrystalline anisotropy hence an increaseencivity [11, 12]. High coercivity makes
cobalt ferrite a good candidate for high capaciggnetic storage and magnetic anisotropy.
Cobalt ferrite is a high magnetostrictive materilaht can be used in a wide range of
applications in the automotive industry as prongsstress and non-contact torque sensors
[13]. Magnetostriction is the changes of shape ofagnetic material due to a magnetic field
applied.

Along with its great physical and chemical stapjlitobalt ferrite is preferred owing to
its magnetic and electrical properties such as mabelesaturation magnetization, high DC

electrical resistivity and low dielectric lossed]1

1.3 Complex Ferrite (NiZnCuFeQO,)

NiZnCu ferrite is an important material that candietered at low temperatures and
has excellent magnetic permeability. They are wsedultilayer chip inductors (MLCI) and
promising materials for multilayer chip LC filtef$5].



NiZnCu ferrites, due to their high resistivity apdrmeability are used as MLCIs that
operate between 300 MHz and 2 GHz. Therefore, ey used in surface mounting

technology as a kind of passive component in telgganications and portable devices [16].

1.4 Polymeric Structure

Polymethyl metacrylate (PMMA) is a kind of transgmir plastic which is also sold
under many trade names including plexiglas. Itrefgrred due to its easy handling and low
cost and can be used as an alternative to glasgm@ac matrixes can also be used in
assembling composites such as different ferriteiggcsince they reduce the agglomeration
[17]. But they are not good for wide range tempaetlependent measurements as they melt
at about 140 degrees. The dielectric propertigsobimers are affected by the structures of
the polymers. In the presence of an external étefigld the dipoles are aligned with the
direction of the field [18]. These materials alsod to display good insulating properties.

PMMA is a versatile material that is used in a vastge of applications in medical
technologies and implants, artistic and aesthetés etc. The structure of PMMA is given in
fig. 1.4.

Figure 1.4 The structure of PMMA [19].

1.5 Applications of ferrites

Nanocrystalline spinel ferrites are quite usefaksithey promise many technological
applications ranging from electronics to biologyniposite ferrite structures can be used in
many areas, such as magnetic devices, switchingcesevrecording tapes, permanent
magnets, hard disc recording media, flexible reogrdmedia, read-write heads, active
components of ferrofluids, color imaging, magneéfrigeration, detoxification of biological
fluids, magnetically controlled transport of anéincer drugs, contrast agents for magnetic

resonance imaging (MRI) and magnetic cell separatiad purification, etc [20-23].



Iron oxide nanobiosensors which are candidate ma#gdor detecting odors at levels
which may be imperceptible to the human nose asengsing for improved food safety and
quality control (toxic compounds, degradation, pQri24].

It was revealed that MgE®, and CdFgO, spinel ferrites are sensitive and selective
to reducing gases such as LPG an#iCamong some other types of ferrites tested [25]. It
was also found thatiCoMnFeO, composition is sensitive and selective for thesclgbn of
acetone gas [26].

Among the applications, magnetic fluid hypertherffFH) is a new technique for
the treatment of tumor model of prostate canceFe&fay, nanoparticles are reported that they
have well responded to magnetic fields at body tmaipre for hyperthermia cancer
treatments. Magnetic nanoparticles were also usedhk treatment of the ovarian cancer
cells [27, 28]. Figure 1.5 shows the underlyingoskeleton of cancer cells that had been

significantly disrupted after MFH treatment.

Figure 1.5Cells exposed to nanoparticles (second row) andgnetic field (second and
fourth columns) display disrupted cytoskeletong.[29

Ferromagnetic particles are also reported to tsaoee pathogens and cell debris such
as bacteria, dead tissue cells, and small minandicfes engulfing the solid particles namely
phagocytosis [30].

In electronics, ferrites have many applicationsameas such as radio, television,
microwave and satellite communications and thepéiGgtions are performed easily owing to
low costs and easy manufacturing of these matgdals

EM waves can be absorbed and their energies asgpalisd into heat energy and this
is realized by means of magnetic and dielectrisdesf the characteristic impedance of free
space is in perfect matching with the input chamastic impedance of the coating material
[31]. It is reported that ferrites, conducting fiseferromagnets, and carbon nanotubes are
examples of these kinds of absorbent materials3@g2Spinel ferrites however, work at the

lower band of microwave region (1-3 GHz) becausethdir low natural resonance



frequencies compared with other types of ferrit@®, [36]. Appropriate choices of
composition and heat treatments can enhance festrisgture to obtain dielectric losses in
wide frequency ranges [37].

Ferrites, as microwave absorbers are faciliatedrioter to cope with a common
problem namely electromagnetic interference (EMRd aelectromagnetic compatibility
(EMC) in higher GHz ranges in telecommunicationtsys such as the mobile phones, the
wireless local area network (LAN) systems, the tdath technologies and radars etc. [38,
39]. Microwave absorbing properties make ferritdso efficient materials for coating the
exterior surfaces of high security operation aftsrao that they can keep proceeding without
being detected by radar [40]. United States (US$)~arce F-117A Nighthawk Stealth Fighter
aircraft as shown in Figure 1.6 is an example aigiethat was made up of radar absorbent

materials [41].

Figure 1.6 A US Air Force F-117A Nighthawk Stealth Fightercaaft [41].

In this study, we have investigated the tempeeati@pendent dielectric properties of
complex and cobalt ferrite composites in a freqyeange of 1Hz to 1IMHz. We changed the
temperature of the samples from °@Qo +150C with the increments of 2G. The frequency
range was swept by 43 different frequency valuasabver the whole interval.

Temperature dependent dielectric spectroscopy gawvaluable information about the
dielectric properties of the ferrite compositese Trequency dependent dielectric permittivity
and conductivity were measured and the correspgrgliaphs were plotted. So, the effects of
complex ferrite doping on cobalt ferrite and polynrecorporation were investigated under
varying temperature and frequency values.

As a result, it was found that equally complex @othalt ferrite doped sample has

shown the best dielectric peculiarity and well catrmlity with the polymeric matrix.



CHAPTER 2

2. THEORY OF DIELECTRIC SPECTROSCOPY

2.1 Historical Background

The termdielectric is the composition of the prefidia with the word electric that
refers to the passage of the electric field or thwough a material. A dielectric material does
not permit electrons or in general particles tospasross it. Thus, it will not conduct electric
current as being a non-conducting or insulatingent The vacuum can be regarded as the
best dielectric medium, however, there may stilsbme remaining gas molecules even if the
medium is evacuated. The so called carrier traps,td structural defects, interact with the
charge carriers and play a decisive role in diglechechanisms. Dielectric phenomena can
be well understood by Maxwell’'s equations and teeegal electromagnetic theory [42].

In ancient times amber was rubbed to a cloth andag seen that they attracted the
tiny pieces of chaff. This attraction was a resiilpolarization of the charges on the amber
and the small pieces. Dutch physicist Pieter vars®dhenbrack is known to build the first
condenser to store charges at Leyden university 4% but it was Faraday who first used the
term capacitor at this arena almost 90 years [d&)r Figure below represents the Leyden jar

condenser proposed by van Musschenbrack.
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Figure 2.1 Leyden jar condenser [44].

Dielectric theories are mainly based on Maxweltisi@ions since they well formulate

the interactions of the electromagnetic field amelmaterial.

2.2 Classification of Dielectric Materials

Dielectric materials can be categorised as norédectric materials and ferroelectric
materials. Non-ferroelectric materials, in whiclhe telectrical polarization is performed by
external electric fields are grouped in three @asss nonpolar materials, polar materials and

dipolar materials.

2.2.1 Non-ferroelectric Materials
Electric polarization in non-ferroelectric matesials actuated by external electric
fields. Non-ferroelectric materials, depending dreit polarization mechanisms can be

classified into three groups: nonpolar, polar, diblar materials.

2.2.1.1 Non-polar Materials

Non-polar molecules have symmetric electron distrdn. This results in a charge
cancellation so that they have electronic polaionatvhich is resulted from only the elastic

displacement of the electron clouds by an ele@ld [45].



Oxygen Carbon Oxygen

Figure 2.2 Evenly distributed electrical charges in non-paiarbon dioxide [46].

Generally, elemental materials such as silicop ¢arbon (C) and CCH, and inert
gases and many other materials are mentioned sncthss [46]. Figure 2.2 displays the
distribution of charges in CO

2.2.1.2 Polar Materials
The concept of the polarity is the separation @& #lectric charges that leads a
molecule to have an electric dipole. In polar matsy an electric field results in an elastic
displacement of the valence electron clouds, clmantiie relative positions of the ions. As a
result, such materials possess both electronic ianit polarization [47]. Among these
materials, ionic crystals, oxides, etc. can be mart. The total polarizability becomes,
o=0eta; (2.1)

whereaeis electronic polarizability and is ionic polarizability.

More positive charges

_,-— ,f"' _'“‘\\'
} Hydrogen atoms

?/é;:. Oxygen atom

More negative charges

Figure 2.3Charge distribution of a water molecule [45].
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Water is a polar molecule with positive and negatiharges at opposite sides. Figure
2.3 shows an example of ionic polarization in watetecule.

2.2.1.3 Dipolar Materials
Dipolar materials having all three polarization egp (electronic, ionic, and
orientational) possess permanent dipole momentstefdre, their total polarizability can be
expressed as:
a=aetoi+a, (2.2)

whereaq, is orientational polarizability.

2.2.2 Ferroelectric Materials

A ferroelectric material is the one that gains anégneous reversible polarization
under the effect of an external electrical fiel®en@rally, materials demonstrate ferroelectric
behavior only below a certain phase transition terature, called the Curie temperature [48].
The dielectric constant can take extremely higladues than they are in the disordered phase
at Curie temperature. One can mention barium &te@ar{BaTiQ), lead zirconate titanate
(Pb(ZrxTix)O3) and lithium niobate LiNb@among the most explored ferroelectric materials
with many others [49].

Ferroelectric materials show a hysteresis loopetkfit than the ordinary dielectrics
for which the polarization is a linear function tfe applied electrical field. The terms
‘ferroelectricity’ and ‘ferromagnetism’ sets an &gy between the electrical behaviour of

these kinds of dielectrics and the magnetic bemafisome ferromagnetic compounds [48].

2.3 Dielectric Polarization

Polarization process can be defined as the ordefitige electrically charged particles
under an external electric field. The capacitarica capacitor increases with the insertion of
a more polarisable material.

The stronger the applied electric field the morfuence on the moments of the atoms
are performed. Proportionality constant is synsemliasa. It is the measure of the ability of
the material to respond to the field and also daflelarizability which is also mentioned in
equation 2.1. The polarization which is abbreviatsd is the electric moment per unit
volume of the dielectric and expressed as:

P =oNE (2.3)
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where N is the number of atoms, ions or molecules per woitime andk is the applied
electric field.

2.3.1 The Mechanisms of Electric Polarization

Electric polarization can be categorized underehmjor mechanisms: electronic
polarization, ionic (sometimes called atomic) piation and orientational polarization. At
reasonable magnitudes of electric fields (eledtaltls much lower than the inner atomic or
molecular fields), and for materials with quite lm@nductivity (with charge carrier effect
neglected), these mechanisms dominate [50]. Wheelextric field is applied, it takes a
certain time to reach to the stable polarizatidme Tharacteristic time depends on the type of
polarization and also is different from one matet@aanother. Hence, characteristics of a

time-varying electric field has a role on the pation response of the material.

2.3.1.1Electronic polarization

The applied electric field shifts electron cloudsl dhe symmetrical distribution of the
of atoms or molecules no longer exist. As a restithis deformation a net electric dipole
moment arises. This kind of polarization is vdbd all non-conducting materials. Electronic
polarization is slightly dependent on temperatuireces the restoring force against the
displacement is relatively insensitive to tempamtchanges [42]. Figure 2.4 displays the
shift of the positive nucleus and negatively chdrgkectron cloud.

8 charge -g
¢« centred here

/ nucleus has
/ ;* charge +g

polarization

;E

Figure 2.4 Electronic polarization under an external eledietd [51].
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2.3.1.2lonic polarization
lonic displacement is the displacement of the negatnd positive ions under the
electric field. The presence of the field causésck vibrations as shown in figure below.

This kind of polarisation is only available to nm@s possessing ions and permanent dipoles.

d d d + 9.9.9

@995 990
9 d Q9 "9

Figure 2.5 Lattice vibrations under the influence of an eledield [51].

2.3.1.30rientational polarization

Orientational polarization is valid for matesdiaving molecules or particles with a
permanent dipole moment [52]. In the presence ddlactric, field randomly oriented dipoles
are reoriented in the direction of the field asvghan the fig. 2.6. As mentioned above, elastic
displacements of electron clouds and lattice vibmaare in action in electronic and ionic
polarization. However, movements of the dipole®rientational polarization are like a ball
rotating in a viscous liquid and they are prettycmaffected by thermal agitations than other

types of polarizations [51].
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y
" K v

Figure 2.6 Orientation of dipoles by polarization [51].

2.4 Dielectric Constant

A steady current can not flow in dielectrics. Btafectric field has non-zero value as
in the case of conductors, so we derive this eteigld using Maxwell's equations [53]. By

averaging the exact microscopic equation of sedéctric field in vacuum we obtain:

curle =0 (2.4)
and

divE = 470 (2:5)

The total charge in the volume of a dielectricesaz even if we place it in an electric

field, therefore

I 2V =0 (2.6)

Average charge densipycan be written as follows:

7 = —divP 2.7)

where P is the dielectric polarization.

Substituting (2.7) in (2.5) we obtain the secondagipn of the electrostatic field as follows:
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divD =0 (2.8)

where
D=E +4xaP (2.9)

D, which is the dielectric displacement vector,|@acalled the dielectric induction [54]. The

dependence oP onE can take several forms:

P=)E (2.10)

The polarization is proportional to the field stgm The proportionality factoy is called the

dielectric susceptibility.
D=E+4/P =(+4my)E = ¢E (2.11)

whereeg is called the dielectric permittivity or the dietec constant. In general, the dielectric
constant depends on the frequency of the appl&d, fthe temperature, and the chemical
composition of the system [55,56].

Let us assume two parallel plates are placed tegeitth oppositely signed charges as
shown in fig. 2.7. In the absence of any mategglthe dielectric permittivity of free space is
8.85 x 10" F/m (Figure 2.7 a). When a dielectric materiainiserted in between the plates,
the polarization increases. Hence, we have a nmepacttive value and we define a relative
dielectric constant which isk timesgywherex has the ratio C'/C as shown in fig. 2.7 b. Here

C' is the new capacitance value of the capacitor.
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vacuum
permittivity = g,
Capacitance =C
a)
dielectric
permittivity = &

Capacitance=C’
b)

Figure 2.7a) The permittivity of free spade) The relative dielectric constant [51].

2.5 The Complex Dielectric Permittivity and Conducivity

The time dependence of the dielectric displaceniefdr a time dependent electric

field is given as follows: .
D(t) =& [ E(t')g (t ~t')dt (2.12)

If we apply the Laplace transform to the both pans using the so called deconvolution

theorem we obtain:

D*(«) = £* (0)E* (@), (2.13)

where
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£'(s) =&, [ @ (1) expestydt = £, L[ ()] (2.14)
0
and sy+iw; y— 0 and we replace s byi [57,58].

We can rewrite (2.14) in the following way:

£(iw)=¢, +(& —&,) LI )] (2.15)

So, the complex dielectric permittivity can be wait in the following form:

& (w)=¢(w)-ie"(w) (2.16)

Similarly we can obtain the complex conductivityfaows:
o(w) =0'(w) —io" (w) (2.17)

The real part of the complex dielectric functignis related with the energy stored
where the imaginary pagt' stands for the dielectric losses. The real parthe complex
conductivity ' corresponds to energy absorption. So, it is ire@ment withe". The
imaginary part of the complex conductivity is related with an out of phase current that is

comparable witlg' [53].

2.6 Dielectric Relaxation and Debye’s Formulas

Dielectric relaxation can be defined as an instaxas latency in the dielectric
behavior of a material. This usually occurs whesngblarization mechanism responses to the
external electric field. If we denote the propantadity constant by 1/ wheret is what we
call the relaxation time, we can obtain (2.18) tlee orientational polarization assuming that

there is no electric field:

. 1
Por () = — P, (t) (2.18)
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The solution of the above equation is:

P, () =P, (0)e™" (2.19)

The step-response function of the orientationaapodtion is expressed by the exponential
decay:

or —_ A t/T
ap (t)=e (2.20)
We can obtain an exponential decay for the pulspamse function by using (2.20)
r— 'or t __l —-t/7 (2.21)
¢.§ = 0p ( ) - ;e '

Substituting (2.21) into (2.15) we can find the gbdex dielectric permittivity in the following

form:

&~ &, (2.22)
1+iowr

seperating the real and imaginary parts of eq@2j2one obtains:

£ (w) =€, + (&, —gm)l L[eV =€, +
T

E.—€E
(W) =¢,+——= (2.23)
and 1+a°T
| (e, — &, )wr
£'(w) = 1+ 21 (2.24)

The equations (2.23) and (2.24) are named as thwyeX formulas. Figure. 2.8
shows the graphical way of expression of the feagy-dependence of the permittivity of a

material according to Debye’s formulas [53,59].
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Figure 2.8 Normalized sketch of the frequency variation & thal and imaginary parts of the

complex relative permittivity of a material for @laxation time of 1 ms [59].



CHAPTER 3

3. EXPERIMENTAL

3.1 Materials

All the chemicals were of reagent grade and usebowt further purification if not
mentioned otherwise. Methyl methacrylate (MMA) 3taapropyltrimethoxysilane (APTMS,
CsH17NOsSi), Acetic acid (GH4O0 > 99%), Hydrochloric acid and Sodium hydroxide(H)
were obtained from Aldrich. 2,2'-Azobisisobutyraoibé (AIBN, CgHioNg > 98%) was
obtained from Acros Organics. Pluronic® F87 NF factant) was kindly gifted by BASF.
Two kinds of 3- Methacryloxypropyltrimethoxysila@€:0H200sSi) were kindly gifted by OSi
(A-174 NT) and WACKER (Silane GF31) [40].

3.2 Synthesis

The complex ferrite system is composed of Z&€*, Ni** metal ions and has the
formula of NbsZnp 4Cwy 1Fe04. Thermodynamic modeling (Fig. 3.1) of the compdystem
shows that all the species required for the foromatif the system are present in the form of
oxide or hydroxide at a wide pH range of 7-14. Bf@re, it is possible to obtain the complex
ferrite phase by using the coprecipitation in thet range. CoF®, was also synthesized
based on similar modeling. Microwave absorptionpprties can be enhanced by increasing
the crystallinity of the sample. Consequently, et heat treatments have been performed
on samples of the complex ferrite system. Five sasnipave been prepared and each has been
annealed at 700, 800, 900, 1000 and 1°@or 2 hrs. X-ray powder diffraction was used to
determine the crystalline phases, and the effeth@heat treatment on the crystallinity and
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the crystal growth. After the precipitation, the-symthesized ferrite nanoparticle were
silanized with APTMS [40].

2+ - 2 —
[Zr.‘|2+].|_o.r = 200.00 mM [Cu3:]TOT = 50.00 mM
[Ni%*] o7 = 250.00 mM [Fe*;or= 1.00M
1-
| zme+ Ni(OH),(c) OH-
e N2+ Zno(c) Fe,04(c)
1Ko 2t N CuO(c)
" Zn(oH)z
Vs ZA(OH);
6 / CU(OH)2-
5 / /Ni(OH) 5
% / u(OH);"
S L[ /ed(OH),
) J ROtz

\ /| / Zn(OH),
\ / /) / Zny(OH)e2-
/' Nj(OH),

2 4 6 8 10 12 14
pH

Figure 3.1 Thermodynamic modeling of Fezn?*-Ni?*-Cl#*-H*-CI" system [40].

The NbsZno 4Cu 1Fe04 and CoFgO, colloidal solutions were transferred into the 3
neck flask with water cooled condenser, temperatargroller and N gas flowing. The
silanization was performed 24 hrs at 80 °C undgonaus stirring. APTMS acts as a coupling
agent, where silanization takes place on the parsigrfaces bearing hydroxyl groups in the
organic solvent. This results in formation of thoBmensional polysiloxane networks. The
silanized NjsZno.4Cuw 1Fe04 and CoFgl, were cooled down to the room temperature and
the supernatant was removed from the precipitdtppdecantation. The precipitated powder
was dried in vacuum at 120 °C for 2 hrs. Compagsecimens of 10, 20 and 30 pbw of 50%
Nip.sZNno LW 1Fe0, and 50% CoFR®, with a 5 pbw of graphite powder was dispersed in
PMMA. 50 mL MMA, 0.5wt% AIBN and 20QuL acetic acid were mixed with vigorous
magnetic stirring and heated to 80 °C with reflaier 10 minutes, the hot plate was stopped
and cooled down to room temperature. A viscousmelyzed PMMA solution was formed.
Another 25 ml MMA solution was prepared with silzed NpsZng sCuy 1Fe:04 and CoFgl,
mixtures by adding the Pluronic® F87 NF with 0.lnopowder weight ratio. After the
mixture was sonicated for 10 min in water-coolethp¢he viscous pre-polymerized PMMA

solution was added into the mixture of 25 mL MMA#oa@owder/surfactant and sonicated for
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5 min. in water cooled bath. The mixture was transhto clean 3-neck flask again and

reheated to 80 °C with reflux. After 10 minutesg tiot plate was cooled down to the room
temperature and sonicated for 10 min in water-abblgth. The final solution was transferred

into a screw capped glass container with a diantét2® cm and tightly closed. The container

was placed in silicon oil bath and kept at 70 °C 48 hrs. After opening the cap of the

container, the temperature was raised to 95 °Q for to evaporate the unreacted monomer
[40].

3.3 Characterization

Ferrite nanoparticles with the compositiong §iny .Cuy 1Fe0, and CoFgl, were
synthesized by the co-precipitation method andrpma@ted in PMMA polymeric matrix. X-
ray powder diffraction (XRD), transmission electronicroscopy (TEM)and dielectric
spectroscopy analysis were used to determine tieenad structure and properties of the

samples.

3.3.1 X-ray Powder Diffraction

Regarding the peak positions in Fig. 3.2, the a}-rdiffraction pattern of
Nio.sZno.4«Cw 1Fe0, at different heat treatment temperatures correspmeltl to reference
patterns of NjsZno4+Cu1Fe0, spinel ferrites. This indicates that the spinelcture of
Nio.sZNno LW 1Fe04 has been successfully produced as a single phasebygontrolled
chemical co-precipitation method.

1600 ¢+

----(311)

1400 <
1200 <+
1000 <+

800 —
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0
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Figure 3.2 X-ray diffraction patterns of NkZno.4<Cu 1FeO, ferrite nanoparticles [40].
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3.3.2 Transmission Electron Microscopy (TEM)

From the TEM images of g2y 4Cuy 1Fe0, ferrite nanoparticles shown in Fig. 3.3
a and b, as-prepared particles show rather irreghlapes comparing to the heat treated
samples show spherical shapes. Moreover, the TEBRgemof the heat-treated samples

revealed darker regions than as-prepared sampleodbe crystallization [40].

Figure 3.3TEM images of NjsZny 4Cuy 1Fe0, ferrite nanoparticles (a) as-prepared, (b) heat
treated at 450C for 2 hrs [40].

3.3.3 Dielectric Measurements

Measurements were carried out in a frequency rafdeHz-1MHz at a temperature
increment of 28C from -40C to 156C under rms 1V AC. The dielectric properties of the
polymeric nanocomposites containing different comi@dions of ferrites have been
investigated by Novocontrol Alpha-N High Resolutiielectric analyzer that is shown in fig.
3.4.
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a) ) b
Figure 3.4 (a) NovocontrolAlpha-N high resolution dielectric analyzer andl gample
holder.
Table 4.1 shows the complex/cobalt ferrite ratadsthe samples with different

polymer composition. B line in Table 4.1 shows tleenplex ferrite/cobalt ferrite ratio of the
samples. Sample A consists of totally cobalt ferrgimilarly sample E is totally complex
ferrite and sample C contains 50% of each ferAteolumn represents the ferritess/PMMA
ratio, so group 1 has the maximum polymer ratioreltee group 3 has the minimum and the

group 2 has the moderate ratio.

Table 3.1Ferrite and polymer Composition ratios of the saspl

A:(Ferrites/PMMA) B
B:(complex ferrite/cobalt ferrite) 2|51
. 0/100 | 25/75] 50/5¢ 75/25100/0
ratios
A Code A B C D E
10 1 1A 1B 1C 1D 1E
20 2 2A 2B 2C 2D 2E

30 3 3A 3B 3C 3D 3E




CHAPTER 4

4. RESULTS AND DISCUSSION

We analyzed the temperature and frequency depewlattric spectroscopy of the
samples 3A, 3B, 3C, 3D, 3E and 1C, 2C, 3C respdgtin two independent groups. In this
chapter, the real and the imaginary parts of comgielectric permittivity and the real part of

the conductivity were investigated.

4.1 The Real Part of the Dielectric Constant of Grop 3 Samples
In this part, we analyze th€, the real part of the dielectric constant of grai

samples that is indicated in table 3.1.
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4.1.1 The Real Part of the Dielectric Constant of&@nple 3A

LA LA LA HERELLRRLL LR vorrrn '
1 10 100 1k 10k 100k 1™
Freq. [Hz]

Figure 4.1 The real part of dielectric constant of the san3#le

Figure 4.1 shows', the real part of dielectric constant of the sapA at different
frequencies and temperatures. Sample 3A contaid® Idbalt ferrite, so there is no complex
ferrite in this sample.

&' values are greater at low frequencies and higlpéeatures. It can easily be seen
that at low temperatures the permittivity values aot much affected by the increase in
frequency. Therefore, we can say that is almosjuiacy independent at temperatures below
80°C. As the temperature increases it becomes morenané frequency dependent and
finally it takes its maximum value at 1%D ¢' takes almost the same values varying between
40 and 45 at 1 MHz frequency range. The maximulmevthat is seen from the graph is 95 at
150°C and 1 Hz where the minimum value is 37.5 af&4and 1 MHz. It is distinguishable
that £' gets barely higher values at temperatures ab0®RCIlwhere at lower temperatures
the values are squeezed and a bulge appears atateftequency values around 1 kHz. The
reason whye fncreases with the temperature can be explainddtive fact that the increase
in temperature improves the segmental mobility loé polymer. So, this facilitates the

polarization of polar fillers and consequently ea&ses the dielectric constant []. The decrease
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in &' with increasing frequency can be explained bydhertening of the polarization time,
hence this results in a reduction of the permiitiwialue as indicated by the percolation

theory [60].

4.1.2 The Real Part of the Dielectric Constant of&nple 3B

100 L R R L | T T ooy

e i) B e R B R

30 I rorrrT LA | T rorrTTT LAY | T

1 10 100 1k 10k 100k 1M
Freq. [HZ]

Figure 4.2The real part of dielectric constant of the san3ie

Figure 4.2 shows values of the sample 3B at different frequencies temperatures.
Sample 3B contains 75% cobalt ferrite and 25% cemérrite, so the affect of complex
ferrite doping is starting to dominate slightly.

&' values are again greater at low frequencies agid te@mperatures. It can easily be
seen that at low temperatures the permittivity @alare not much affected by the increase in
frequency as in the case of 3A. We can say itisat frequency independent at temperatures
below 8GC. As the temperature increases it becomes moremamd frequency dependent
and finally it takes its maximum value at 260 ¢' takes almost the same values varying
between 40 and 50 at 1 MHz frequencies. The maximalue that is seen from the graph is
95 at 156C and 1 Hz where the minimum value is 40 af&@nd 1 MHz. It is noteworthy

that £' gets higher values at temperatures abov€CLOG is seen that 'gets higher values
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at temperatures above f@Das in the case of 3A where at lower temperatinesalues are

not much squeezed.

4.1.3 The Real Part of the Dielectric Constant of&@nple 3C

1 10 100 1k 10k 100k 1™
Freq. [HZ]

Figure 4.3The real part of dielectric constant of the san3fle

Figure 4.3 shows values of the sample 3C at different frequenciestamperatures.
Sample 3C contains 50% cobalt ferrite and 50% cerfsrrite, so there is a balance in the
composition ratio.

&' values are greater at low frequencies and higlpéeatures as in 3A and 3B. It can
again easily be seen that at low temperaturesdhmaittivity values are not much affected by
the increase in frequency. Hence, we can say vauesalmost frequency independent at
temperatures below’Q. As the temperature increases it becomes moreramnd frequency
dependent and finally it takes its maximum valud4@®C. &' takes almost the same values
varying between 60 and 75 at 1 MHz frequency ramge maximum value that is seen from

the graph is 160 at 120 and 1 Hz where the minimum value is 60 af&and 1 MHz. It is



28

noteworthy thats ' gets continuously increasing values at tempegatabove 4T different
than 3A and 3B. It is also seen that of 3C is much more affected by the temperature
increase than in 3A and 3B and at moderate fregegraround 1 kHz does not show a
convex-type appearance as 3A and 3B do.

4.1.4 The Real Part of the Dielectric Constant ofé&nple 3D

LA LA L RLLL ML | MEELLRAY | UL !
1 10 100 1k 10k 100k ™
Freq. [Hz]

Figure 4.4The real part of dielectric constant of the san3ide

Figure 4.4 shows Values of the sample 3D at different frequencies temperatures.
Sample 3D contains 25% cobalt ferrite and 75% cemf@rrite, so complex ferrite is pretty
much dominant in the composition ratio.

&' values are greater at low frequencies and higlpéeatures as in 3A and 3B and
3C. It is easy to verify that, at low temperatuttes permittivity values are not much affected
by the increase in frequency. Hence, we can seia #gat the values are almost frequency
independent at temperatures beloW 0As the temperature increases it becomes more and
more frequency dependent and finally it takes ieximum value at 15€C. £' takes almost

the same values varying between 45 and 60 at 1 fvddmiency range. The maximum value



29

that is seen from the graph is 100 at%®and 1 Hz where the minimum value is 45 af&40
and 1 MHz. It is noteworthy that 'gets continuously increasing values at tempegatur
above 60C rather than 3C. It is also distinguishable thatalues, at moderate frequencies

around 1 kHz show a concave-type appearance.

4.1.5 The Real Part of the Dielectric Constant of&@nple 3E

120 ) e e MLJLLASaL B L) e e ) T —
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Figure 4.5The real part of dielectric constant of the san3ite

Figure 4.5 shows values of the sample 3E at different frequencrestamperatures.
Sample 3E contains 100% complex ferrite, so ther@a cobalt ferrite and we see the
characteristics of complex ferrite alone.

&' values are greater at low frequencies and higlpéeatures as in all other samples.
It is easy to verify that, at almost all temperatiexcept those that are greater tharf@00
the permittivity values are not much affected bg thcrease in frequency. On the contrary,
we notify that the values are strongly frequencpeshelent at temperatures above @t

low frequency ranges takes almost the same values varying between é®arat 1 MHz
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frequency range. The maximum value that is seem ftee graph is 115 at 1%D and 1 Hz
where the minimum value is 60 at °@and 1 MHz. It is noteworthy that Values gets

quite squeezed form at moderate and high frequearmye in all temperatures.

4.2 The Imaginary Part of the Dielectric Constant 6Group 3 Samples

In this part, we analyze th8, the imaginary part of the dielectric constahtjmup 3

samples that is indicated in table 3.1.

4.2.1 The Imaginary Part of the Dielectric Constanbf Sample 3A

3A Temp.(°C)

L 40
k | ® -20
VL v

Freq (Hz)

Figure 4.6 The imaginary part of dielectric constant of thenpée 3A

Figure 4.6 shows", the imaginary part of complex dielectric comstaalues of the

sample 3A at different frequencies and temperatures
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First of all, " of the sample is strongly dependent on the teatpee and frequency
above 60C whereas it has almost constant values varyingvdmt O and 2 at lower
temperatures. At high temperatures we can mentlmutatwo distinct regions: the low
frequency region and the high frequency region. Mte thate" is extremely large at low
frequency and high temperature region whereas st chate low values at high frequency
regions for low temperatures. It is noticeable th2@C is a critical temperature between the
low and highe" values. This temperature value could resultuchsan effect since it is the
glass transition temperaturey ®f the PMMA, and its combination with the cobadtrite
would lead to such a result. We also notice thatpdak values of the high temperature values
are shifted to higher frequencies as the temperatigreases and one can say that these peaks
correspond to dielectric relaxations. The relaxatmf the polymer is the result of the

cooperative rearrangement of the polymer mole@dgments [61].

4.2.2 The Imaginary Part of the Dielectric Constanbf Sample 3B
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Figure 4.7 The imaginary part of dielectric constant of thenpe 3B
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Figure 4.7 shows", the imaginary part of complex dielectric comstaalues of the
sample 3B at different frequencies and temperatures

We see that" of the sample is strongly dependent on the teatpee and frequency
above 60C whereas it has almost constant values varyingdsat 0 and 2 at temperatures
lower than 66C. At high temperatures we can mention about tvetirdit regions again: the
low frequency region and the high frequency regie. note that" is extremely large at low
frequency and high temperature region where it dpaise low values at high frequency
regions for low temperatures. Here, 20s again a critical temperature between the low
values and the high ones despite the addition afpbex ferrite. This effect can also be
interpreted as a consequence of the glass tramsgroperature of the PMMA. We also notice
that the peak values of the high temperature vaueslso shifted to higher frequencies as in
3A.

4.2.3 The Imaginary Part of the Dielectric Constanbf Sample 3C
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Figure 4.8 The imaginary part of dielectric constant of thenpée 3C
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Figure 4.8 shows", the imaginary part of complex dielectric comstaalues of the
sample 3C at different frequencies and temperatures

It is easy to see that of the sample is also strongly dependent orte¢hegperature and
frequency above 6C whereas it has almost constant values varying/dsat 0 and 2 at
temperatures lower than ®Q At higher temperatures, there are again twdndistegions:
the low frequency region and the high frequencyoregWe note that" is extremely large at
low frequency and high temperature region wherehas quite low values at high frequency
regions for low temperatures. It is obvious thatl8S the highest' values amongst the other
samples and there is no such discontinuity betwleetop 3 temperatures and the lower ones.
Therefore we can mention the overwhelming effecthef complex ferrite on the polymeric
structure and the cobalt ferrite. Consequently, nege that the peak values of the high
temperature values are weakened and the relaxptienomenon becomes less noticeable
different than 3A and 3B.

4.2.4 The Imaginary Part of the Dielectric Constanbf Sample 3D
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Figure 4.9The imaginary part of dielectric constant of thenpe 3D
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Figure 4.9 shows", the imaginary part of complex dielectric comstaalues of the
sample 3D at different frequencies and temperatures

It is easy to see that of the sample 3D is quite similar to 3C in mamgys. We can
again see the strong temperature and frequencyidepey above 6C whereas it has almost
constant values varying between 0 and 2 at tempesatiower than 6. At higher
temperatures, there are two distinct regions aghia:low frequency region and the high
frequency region. We note thelt is extremely large at low frequency and high genature
region where it has quite low values at high fregueregions for all low temperatures. It is
obvious that 3D has smallet values than 3C and there is no discontinuityveen the top 3
temperatures and the lower ones. It is noteworttlay 156C value gets smaller values than
140°C value at a certain frequency range around 10 kHan also be seen that the relaxation

peaks of the high temperature values are weakengd3C.

4.2.5 The Imaginary Part of the Dielectric Constanbf Sample 3E
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-40
-20
0

Freq.(Hz)

Figure 4.10The imaginary part of dielectric constant of thenpée 3E
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Figure 4.10 shows", the imaginary part of complex dielectric comstaalues of the
sample 3E at different frequencies and temperatures

We can easy notify that' of the sample 3E is quite similar to 3C and 3Dmany
ways. Strong temperature and frequency dependemoyea6GC can be seen whereas we
observe it has almost constant values varying etwe and 2 at temperatures lower than
60°C. We note that" is extremely large at low frequency and high genature region where
it has quite low values at high frequency regiamsdil low temperatures as in the case of the
all samples. It is obvious that 3D has smallevalues than 3C and there is not a discontinuity
between the top 3 temperatures and the lower dhésnoteworthy that 15 value gets
smaller values than even®Dvalue at a certain frequency range around 10 Kz can also
note that the peak values of the high temperataleieg are become noticeable again

revealing the relaxation phenomenon that is ocegrais in the case of 3A and 3B.

4.3 The Real Part of the Conductivity of Group 3 Sanples

In this part, we analyze th&, the real part of the conductivity of group 3 sdes that
is indicated in table 3.1. Conductivity is a measof the ability of a material to conduct
electric current. It is the reciprocal of electtioasistivity and expressed as siemens per meter

(S-m?) in Sl units.
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4.3.1 The Real Part of the Conductivity of Sample/
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Figure 4.11The real part of the conductivity value of the séar§A

Figure 4.11 shows', the real part of the conductivity value of themple 3A at
varying temperatures and frequencies.

First of all, we can immediately see that thera direct proportionality between tloe
value of the sample and the frequency of the eatezlectric field applied. This is a result of
the direct percolation of the ferrites with eachest[62]. The conductivity values are between
10*2 and 1, which is typical for ferrite oxides. So, one caee that the effect of the
increasing frequency is extremely predominant endbnductivity values. Besides, we can
mention the reducing affect of the polymer dopimgconductivity. Moreover, the linearity of
the graph is distorted after a certain temperatahae like 60C. For temperatures higher than
this value, we observe the distinction of the loegliency and high frequency regions. At low
frequency region, we see the slight frequency degecy whereas at high frequency region
the linear relationship is still conserved. Thege tlistinct conductivity zones are interpreted
as the direct current (DC) conductivity and thermating current (AC) conductivity.

The order of the conductivity increases at aboetdider of 2 for 1 Hz spot frequency
where the increment is at the order of 1 at thgelafrequencies between the lowest and the

highest temperatures.
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4.3.2 The Real Part of the Conductivity of SampleB
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Figure 4.12The real part of the conductivity of the sample 3B

Figure 4.12 shows', the real part of the conductivity value of thenple 3B at
varying temperature and frequencies.

We note that that there is a direct proportiogahétween the' value of the sample

and the frequency of the external electric fielglegal. The conductivity values are between

10*? and 1¢° S/cm. So, we again see that the effect of theesing frequency is extremely

predominant on the conductivity values. Besides,care mention the reducing affect of the

polymer doping on the conductivity. Moreover, timeebrity of the graph is distorted after a

certain temperature value like £0 For temperatures higher than this value, we rvlbsihe

distinction of the low frequency and high frequemegions. At low frequency region, we see

the slight frequency dependence whereas at higiudérecy region the linear relationship is

still conserved. It is easy to see that 3B grapduise similar to 3A except that, in 3B, the DC

conductivity part is more squeezed than 3A.
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4.3.3 The Real Part of the Conductivity of Sample@
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Figure 4.13The real part of the conductivity of the sample 3C

Figure 4.13 shows', the real part of the conductivity value of themple 3C at
varying temperature and frequencies.

It is obvious that there is a direct proportigtyabetween thes' value of the sample
and the frequency of the external electric fielglegal. The conductivity values are between
10*2 and 10° S/cm. Hence, one can see that the effect of toeeasing frequency is
extremely predominant on the conductivity valuesordbver, the linearity of the graph is
distorted after a certain temperature value lik8C8@or temperatures higher than this value,
we observe the distinction of the low frequency aigh frequency regions. At low frequency
region, we see the slight frequency dependency ediseat high frequency region the linear
relationship is still conserved. The order of tlmductivity almost increases at about the
order of 3 for 1 Hz spot frequency where the ina@etnis of the order of 1 at the larger
frequencies between the lowest and the highestamtype. One can note that 3C graph is
quite different than 3A and 3B since the DC connhigt part is more separated and the

moderate frequency part is not much squeezed.
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4.3.4 The Real Part of the Conductivity of Sample3
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Figure 4.14The real part of the conductivity of the sample 3D
Figure 4.14 shows', the real part of the conductivity value of thearple 3D at
varying temperature and frequencies.

It is obvious that there is a direct proportigtyabetween thes' value of the sample
and the frequency of the external electric fielglegal. The conductivity values are between
5.10" and 1 S/cm. So, we again see that the effect of theersing frequency is extremely
predominant on the conductivity values. Moreovie, linearity of the graph is distorted after
a certain temperature value like’60 For temperatures higher than this value, we robsie
distinction of the low frequency and high frequemegions. At low frequency region, we see
the slight frequency dependency whereas at higjuéecy region the linear relationship is
still conserved. The order of the conductivity abhmcreases at about the order of 3 for 1 Hz
spot frequency where the increment is larger thendrder of 1 at the larger frequencies
between the lowest and the highest temperatuig elsy to see that 3D graph is quite similar
to 3C since the DC conductivity part is more sefgarand the moderate frequency part is not

much squeezed.
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4.3.5 The Real Part of the Conductivity of SampleB
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Figure 4.15The real part of the conductivity of the sample 3E

Figure 4.15 shows', the real part of the conductivity value of themple 3E at
varying temperature and frequencies.

It is seen that there is a direct proportiondiiggfween the' value of the sample and
the frequency of the external electric field apgplaes in all other samples. The conductivity
values are between 5:tband 1¢ S/cm. Here, we again see that the effect of theeasing
frequency is extremely predominant on the conditgtixalues. Moreover, the linearity of the
graph is distorted after a certain temperature evdike 80C. For temperatures higher than
this value, we observe the distinction of the lsegliency and high frequency regions again.
At low frequency region, we see the slight frequedependency whereas at high frequency
region the linear relationship is still conservétie order of the conductivity almost increases
at about the order of 3 for 1 Hz spot frequencymetibe increment is larger than the order of

1 at the larger frequencies between the lowestthadighest temperature. It is easy to see
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that 3D graph is quite similar to 3C since the D@ductivity part is more separated and the

moderate frequency part is quite much squeezed amdo 3C and 3D.

4.4 The Effect of PMMA Incorporation in Column C Samples

In this part we analyze the affect of polymer ratio the real part of the dielectric

constant and conductivity at ZDand 1268C and at varying frequency range.

4.4.1 The Real Part of the Dielectric Constant of @umn C Samples at 28C and
120°C
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Figure 4.16The real part of the permittivity of the column &sples at XC

Figure 4.16 shows th& of the samples 1C, 2C and 3C that have equal amafu
cobalt and complex ferrite and decreasing polyratip mespectively at 2C under varying
frequencies. Note that sample 3C has the 1/3 polgmatio of the sample 1C and 2/3 of
sample 2C.

We easily notice that values are almost frequency independent foraatiges at this

temperature. Among the samples the sample withgtkatest polymeric ratio,1C has the



42

maximum values of the real part of the permittivilig value is 150 and is almost 3 times

larger than the other values.
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Figure 4.17The real part of the permittivity of the column énsples at 1T

Figure 4.17 shows th& of the samples 1C, 2C and 3C that have equal amafu
cobalt and complex ferrite and decreasing polyratio respectively at 12Q under varying
frequencies.

Notice that, &' values are almost frequency dependent for all pt@snat this
temperature. Sample 1C shows the least frequemmwndency whereas sample 2C shows the
maximum dependency, especially at low frequencjoregsample 2C and sample 3C follow
almost the same route after 10 Hz but much befaeftequency 2C takes greater values
even than 1C which has the highest permittivityrealin both low and high temperatures.
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4.4.2 The Real Part of the Conductivity of Column Gamples at 26C and 120C
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Figure 4.18The real part of the conductivity of the columna&nples at 21T

Figure 4.18 shows the&, the real part of the conductivity of the sampl€y 2C and
3C that have equal amount of cobalt and complextdeand decreasing polymer ratio
respectively at 2L under varying frequencies.

First of all, o' of the all samples increases with frequency dmal alues are in
between 182 and 1 S/cm. Notice that, the sample with the least pe&yratio, 3C has the

maximum conductivity. So, we can say polymer dopilegreases’ value slightly at this
temperature.
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Figure 4.19The real part of the conductivity of the columnanples at 12T

Figure 4.19 shows the&, the real part of the conductivity of the sampl€y 2C and
3C that have equal amount of cobalt and complextdeand decreasing polymer ratio
respectively at 12 under varying frequencies.

At first sight, we can sayg' of the all samples increases with frequency aedvalues
are in between 18 and 10° S/cm. However, it can be seen that at frequernhiss smaller
than a few 100 Hz, we see a frequency independereyely DC conductivity but for higher
frequency part the linear relationship is still served. 2C, sample with the moderate polymer
ratio significantly prevails. Its conductivity idnaost 100 times greater than the others. We
may explain this situation by the well separatidntb® polymer into the body at its glass
transition temperature gTof 120C so that it adds to so called semiconductor-tymeping
conduction [63].



CHAPTER 5

5. CONCLUSION

5.1 Dielectric Strength Values of Line 3 Samples

Temperature dependent dielectric spectpy (DS) is employed for acquiring
information about the electrical behaviors of fierdoped polymer samples of various ratios.
The complex dielectric permittivity is given as; ¢'-i¢", wheree' is the real part, and’ is
the imaginary part of the dielectric constant. Tkal part of the dielectric constant was

calculated from the equatiow, =C d/(g,A) where G is the parallel capacitance,is the

inter-electrodes distance,, is the permittivity of free space and A is thetplarea. Our
main fictions in these measurements are focusaagpity on the peculiarity of real dielectric
constant,e’, of PMMA composite. Figure 5.1 implies the fact tthhe real part of the
dielectric permittivity is decreasing while the dreency is rising. Actually these variations
are depending on the ratios of the compositionsrtter to account for this variation, one
can call the difference between the minimum andimam values of dielectric constants as

dielectric strength/Xg), which can be interpreted as followings;

Ae=¢, ¢, (5.1)

wheregg is the dielectric constant at lowest frequency, and the dielectric constant at

highest frequency. Table 5.1 depicts the dielestriength Ac) values of these composites.
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Table 5.1Dielectric Strength/e) values of the samples at various temperatures

Ae [-40°C |-20°C [0°C 20°C [40°C|60°C [80°C |100°C [120°C|140°C

3A 3.66 481 | 6.18 7.55 85| 9.12] 1136 1758 31[39 840|5

3B 5.36 7.77 | 10.69 | 13.51| 15.827.13 [ 17.85| 21.87 | 40.23 47.5§

3C 7.36 11.07| 17.26| 25.02f 31.9 3589 4181 52.83 73.93.75

3D 3.11 481 | 7.17 9.68 11.493.56 | 18.08 27.63 | 34.8| 41.1¢

3E 2.76 4.38 | 6.79 9.52 11.923.66 | 16.2 | 23.36 | 33.13 44.7¢

5.2 The Dielectric Peculiarity of the Samples

Firstly, it is noteworthy to distingli the maximum values of sample 3C. This
sample contains complex ferrite and cobalt femitéhe same ratios and dielectric peculiarity
of this sample is simply increasing with the ins®an temperature. In order to make
comments on relative situation of the other sampierely, cobalt Ferrite and complex ferrite
containing 3A and 3E samples were analyzed ancag @bserved thake of sample 3A is
more effective at temperatures belowW® while sample 3E is more effective abové@
Some further optimization is performed by expla@ti®B and 3D along the temperatures until
80°C. Actually 3B shows strong and 3D shows weak dieiestrength effect in this interval.
The situation is just reciprocal above 8D, namely 3B shows weak and 3D shows strong
behavior.

The best dielectric peculiarity is exted in 3C and this is valid for all temperatures.
Also one should look for the imaginary part of digfic behavior for the energy dependency
of materials. In fact imaginary dielectric constaould be distinguished as the energy loss
and here imaginary part of ferrite doped PMMA giussinformation about the order of AC

conductivity [20].
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5.3 The Relaxation Time and the Absorption Coeffi@nt Values

Complex dielectric equation can be written as [60],

*_ (50 —£,)
=& +
£k 1+(icr )™

(5.2)

where &, is the low frequency dielectric value a&g is the high frequency dielectric value

in the measured frequency intervalis the angular frequency,is the relaxation time and
a is the absorption coefficient. Debye equation lsannspired from Eq. 5.2 for the merely
real dielectric portions and it can be written @3]

1+ (wr, )" siné arn
ew)=¢,+(,-¢,) 1 (5.3)
1+ 2(wr, )™ sinE am+ (r, Y&

These measured values of real dielectric constanfitied to above function for different
temperatures (-46C, 20 °C, 80 °C, 140°C) and relaxation timer and the absorption
coefficient a were acquired from this fit and these values axeemiin Table 5.2. These
values contain information about Debye type charatics of the sampleibsorption
coefficient values are betweere(x < 1 and if it is O then Debye type behavior is dcsmnin
if it is nonzero then non-Debye behavior is domtr{éd]. It is obvious fronu values that all

ferrite samples demonstrate non-Debye charactethemndvalues are between 0.5 and 0.7.
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Table 5.2The absorption coefficiernt and the relaxation time, values for all samples

a -40°C 20°C 80°C 140c

3A 0.58252 0.69516 0.66238 0.70143
3B 0.56159 0.61779 0.61243 0.6748
3C 0.60027 0.64698 0.63112 0.70037
3D 0.56251 0.66468 0.63544 0.70324
3E 0.68591 0.58286 0.63737 0.65048
T(s)

3A 0.02421 0.00149 0.002 0.00186
3B 0.00633 0.00421 0.00155 0.00117
3C 0.00457 0.00817 0.00694 0.01015
3D 0.01275 0.00337 0.00567 0.01037
3E 0.00163 0.00656 0.00279 0.07475

3B exhibits the fastest relaxation time value amtiregsamples for all temperatures. Also the
relaxation timer is decreasing with temperature rise for 3B andigh&mply an indicator of
short term dipole-dipole interactions, namely higbenductivity values with the mentioned
temperature rise. This kind of temperature deperylds actually revealing the semi-
conducting behavior caused by ferrite concentrafé4]. Fig. 5.2 confirms this argument
explicitly, and 140°C is the best response temperature for PMMA withalicFerrite.

5.4 The Real part of the Conductivity Values of th&samples

The real part of conductivitg' is in consistency with the imaginer permittivitylwes
according to,0 = ar &, herewis the angular frequency. Fig. 5.2 demonstrates/#niations

of AC conductivity as a function of frequency affelient temperatures.
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Figure 5.2The variations of conductivity as a function ofguency at different temperatures
for samples; a) 3A, b) 3B, c¢) 3C, d) 3D, e) 3E

Weak temperature dependency of conductivity at higdguencies and strong

temperature dependency at low frequencies argedaby semi-conducting properties of the

ferrite. Furthermore, Fig. 5.2 shows AC conducyidepends on the frequency plots in the
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temperature range of -0 to 148C with 20°C ramps. As it can be seen from this analysis,
the increase in the ratio of complex ferrite to alblferrite causes stronger temperature
dependency at higher temperatures, again verif{fiegdominancy of the semi-conductor

property.

5.5 Activation Energies of the Samples

Fig. 5.3 shows AC conductivity plots of &) versus 1000/Temperature tKand it
was calculated by the equatien= g, exp(- E/(kT)) for the concerned samples at 1 Hz spot
frequency. It is clear from the figure that the doctivity exhibits a ferritic-semiconductor
behavior along the temperature rise. Here we havestigated the panorama in two main
regions exhibiting different tendency. One can tadise regions as high temperature and low
temperature regions according to activation ensergieose values are determined from the so

called Arrhenius law:

0 =0,[exp(-E, /(KT)) +exp(-E, /(kT))] (5.4)

Here g, is conductivity constanE, and E, are the activation energies in the Region | and

Region Il, respectively arklis the Boltzmann constant.
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Figure 5.3 Arrhenius plots of conductivity for 3A, 3B, 3C, 3BE coded samples at 1 Hz

spot frequency.
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The calculated activation energies of these twaoregwere depicted in Table 5.3. In
fact, activation energy is a function of temperafuand it gives information about the
required energy for keeping the material altogethethe matrix structure. In addition, we
tried to acquire information about the trend of thenge of Activation Energy at high and
low temperatures at low frequencies, which is ttigcal region in polymers [40]. Activation
Energy is more effective at high temperature regidgain the sample 3B is dominant
according to activation energy. This situationlsoacaused by the Cobalt Ferrites. As it was
mentioned before, Cobalt Ferrite is more anisotr@pid exhibits a better conductivity while
the Complex Ferrite shows cohesive behavior inpiepared matrixes. If we compare the
activation energy of 3B in high and low temperatoegions it is obvious that so called
activation energy is higher at high temperatures tee polymer matrix is more

accommodating at higher temperatures for the pusiyooptimized 3B sample.

Table 5.3Activation energy dependency at the 1 Hz spotueegy

1 [Hz]
Ea (eV)
EI EII
3A 0.84216 0.06988
3B 0.87693 0.02985
3C 0.77585 0.12179
3D 0.78628 0.08363
3E 0.80615 0.08093

As a result, these samples exhibit significantedteic behaviors at certain frequency
and temperature ranges. The different compositiohsobalt and complex ferrites in
polymeric matrixes may have excellent challengesmany application areas such as
microwave absorbing devices, hanobiosensors etc.

In conclusion, the synthesis of new material cosites and their analysis have a very

important role in designing new technological ademfor human being.
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