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- ABSTRACT

In Bangladesh, Cox’s Bazar beach sand comlains potentially valuable minerals as
discovered during a geclogical survey for radioaclive minerzls in 1961, Beach sand contains
megnetic materials in the form of magnetite. Beach sand was collecled from Kolzoli sea beach;
Cox’s Bazar, was washed by wwter 10 separaie other unnecessary materiels such as small rock,
clay, etc. Aferward, the sand was dried and {inally separated by strong magnel. Oblained
magnetite powders were ground by ball milling for several hours in water media. The coarse
parlicle fractions were eliminaled by sedimentation. The rew powders are then sintered at 750°C
and 900°C for } h. X-may diffraction studies show that the raw powders sintered at 750°C is the
best samples. From Lhis dried fine powder of magnetile toroid and disk-sheped samples were
prepared by uniaxial pressing and sintered at various temperatures for varons dwell times.
Stmuctural, DC and AC magnetization, and electrical transport propertiez of these sintered
magnetites were investigaled thoroughly, X-ray diffraction stndies show that the magnetite forms
spinel siructure with some impurities. it was obscrved that the magnetite separated from beach
sand shows Verwey transition at 125 K. The sintered magnetite has highest magnetization about
3.5 pg which is about 88% magnetization value of the pure magnetite. Real part of the initial

permeability, 4/, also varies with simering temperature and sintering time. For a fixed simering
lemperature, it is observed that ! values increases as the sintering time increase, perhaps due to

improved microstructure.

Utilizing magnetite from Lhe beach sand and commercially available ZnQ, the
FereZny (x = .30 and 0.5) ferrites were prepared by a conventiornal solid state reaction
technique. The samples werc sintered at 750°C in awir for 1 h, Structural investigation of Lhese
ferrites wasg studied by x-ray diffraction. It was observed that the latlice parameter increases as
lhe Zn content increascs, which obey the Yegards law. The DC and AC magnetic properiics are
also nvestigated using SQUID magnelomeler and Impedance Analyzer, respectively, Tt was
observed that the magnetizalion vatues fall drastically due to the substitation of Zn. This result
can be explained with the help of cation distribution in the A-site and B-site in the spinel
structure. However, the real part of the permeability increases and loss facior decreases due to Zn

substitution in magnetite.

VI
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Chapter 1 Intreduction

+ CHAPTER 1
INTRODUCTION

1.1 Introduction

Ferrites are ceramic malerials formed by reacting melal oxides into magnetic
materials. Rescarch activity on ferrites intemse in the tast 50 years as a consequence of
Sonek’s work [1]. Ferriles are becoming increasingly important as high frequency core
materials because they combine useful ferromagnetic properties with elecirical resistivity
[2-4]. Practicatly, all ferrile malerials have the same crystal structure as the mineral spinel
may be regarded as a cubic [5]. According to Lheir structure spinel-type ferrites are
natural superlattices. It has tetrahedral Ad-site and octahedral B-site in 48,0, crystal
siructure. It shows various magnetic properties depending on the comnposition and cation
distribution. Varous cations can be placed in A-site and B-site lo tune ils magnetic
properties. Depending on A-sile and B-site cations it can exhibit ferrimagnetic,
anliferromagnetic, spin (cluster) glass, and paramagnetic behavior [6], Due to their
fascinating behavior of magnetic and electric properlies they are subjecls of inlense
thecretical and experimental investigation for wvarious applications {7). Thesc
palycrystalline spinel ferrites are widely used in wnany electronic devices, They are
preferred because of their high permeability in the mdio — frequency (RF) region, high
glectrical resistivity, mechanical hardness and chemical stability [8]. Ferriles are also
vseful Lo prevent and eliminale RF hnlerlerence o audio devices [9,10].

In Bangladesh, Cox’s Bazar beach sand contains potentially valuable minerals as
discovered during a geological survey for radioactive minerals in 1961. Beach sand
contains magnctic materials in the form of magnetile (Fe304). So far there is no report
regarding the systematic investipation of magnetite obtain from beach sand. In the present
studies ac magnetic properties of the magnetite will be investigaled. Magnctic properties
of some mixed spinel-type FeiZn,O, ferrte using magnetite from beach sand will also

be investigated.
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1.2 Objectives with specific aims and possible outcome

Ferriles are especially conveniemt for high frequency uses because of iheir high
resistivity. The high frequency response of the complex permeability is therefore very
useful in delerrnining the convenicnt frequency range in which a particular ferrite maierial
can be used. The mechanism of eddy currer losses and damping of domain wall motion
can be underslood from the relative magnitudes of the real and imaginary pants of the
complex permeability. The effect of composition and microstructure on the frequency

response is therefore very usefud.

The main objectives of the present rescarch are as follows:
» Separgtion of magnelite from bench sand.
s Preparation of magnetite samples and Zo substituted magnelite
{(Fes.xZngQy for x=0.3 and 0.3}

¢ Density of (he samples

¢ DC magnetization of the magnelite separated from the beach sand.

» Complex inilial permeability as a function of frequency {1 KHz-13MHz)

for samples simered at various temperatures and various Limes,
Possihle outcome of the research is as follows:

* Magnetization and initial complex permcability studies will reveal the
properties of magnetile separated from the beach sand. The obtained
magnetization and permeability are helpful for the device fabrication. Our
couniry is very much dependent on the imporied ferrite cores and others
soft magnetic materials. If the separated magnetite from the beach sand
has desired characleristics, imponalion can be stopped that will save
foreipn currency.

e Results obtained from Lhe present research are important from physics
point of view and also will be helpful for practical applications of the
above mentioned magnetite and other mixed ferrites.
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1.3 Quiteline of the Thesis
The formst of the Lthesis is as follows:

Chapler 1 of this thesis deals with the introduction and imporiance of lerntes and

objeciives of the present work.

Chapter 2 gives a brief overview of the materials, theoretical background as well
as crysial structure of the spinel type ferrites.

Chapter 3 pives (he details of the sample preparation and describes the

descriptions of different measurements that have been used in this research work.

Chapler 4 is devoted o Lhe resulls of various investigations of the stody and

explanation of results in 1he light of existing theones.

The conclusions drawn from the overalt expenimemtal resulls and thscussion are
presented in Chapler 5.

References:

I1] Snock, J. L. “Dispersion and gbsorptions in magnetic ferrites at frequencies above Mc's,” Pinsica,
Yol-14, pp207-217, {1948).

2] Mahmud, §. T., Hossain, A. K. M. A., Hakim, A K.M.A., Seki, M., Kawai,T., and Tabata, H.,
“Influence of microstructure on the complex permeability of spinel type Ni-Zn femmile,” Jowrnal of
Maguetism and Magnetic Maierials, Yol- 3035, pp269-274, (2006).

[3 Hossan, A. K. M. A, Seki, M., Kawai,T., and Tabaw, H,, “Coloasal magnetsaesistance in spinel
type Zny_ i, Fex(,” Jowrnal aof Applid Flomics, Voi- 96, No. 2, ppl237-1275, (2004}

[4] Satlar, &. A., B. M. El-Sayed, K. M. El-Shokmofy and EI-Tabey, M. M., “Improvement of the
magnetic propertics of Mn-Ni-Zn ferrite by the non-magnetic Al™* jon substinution,® Journal af
Applied Science., Yol- 5, No. 1, ppl62-168, (2005).

[5] Bragg, W. I1,, “The siructure of the spinel group of arysials”. Philosophical Magagine, Yol-M, pp
305-315,(1915)

[6] Rezlescn, E., Sachelarie, L., Popa, P. D). and Rezlescu, M., “Effect of substiution of diavalent ions
on Lhe eleetrical and magnelic properiies of Ni-Zn-Me fermiles,” [EEE Trarsactions on Magmetics,
Yaol-M, Mo. &, pp3962-3967, (2000).

[71 Caltun, O, F., Spinw, L. and Stencu, A., “Magpneiic properiies of high frequency Ni-Zn  ferriles
doped with Cuo”. JEEE Transactions on Magretics, Vol-37, No. 4, pp23-53, (20801},
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18] Goldman, A., “Handbook of Modern Ferromagnetic Materials,” Kulwer Acad. Pub, Boston,
U.5.A,, pplas, (1999),

9] Caltun, O. E., Spinu, L., and Stancu. A., “Structure and magnetic properties of Ni-Zn-Cu ferrites
sintered at differenl temperatures” Journal af Optoelectronics and Advanced Maerials,¥ol- 4, No.
2, pp 337340, (2002).

{10] Momisorn, 5. A., Cahill, C. L., Swaminathan, Raja, McHeory, M. E., and Harris, V. G., “Magnetic
and structural properties of nickel-zing ferrite nano-particles symhesizd at room temperature,”
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CHAPTER 2
LITERATURE REVIEW

Double axides of iron and other metals are important members of ferrimagnetic system commonly known
as ferrites. The auixtanding properiies of ferrites are their complex magrictic stricture, which can be
varied to taifor their magmetic properiies for various high frequency appfications. fa this chapter we
describe a brigl overview of the ferrites. The basie isue of ferrimagretism, crystal strecture of the spinel
Jerrites and effect of nommagnetic In substitution on the mdgnetic momerss In spinel fervites are

dispussed A fow theoratical aspects of complex permeahility are alvo discusved

2.1 Overview of the Materials

Ferrites commonly expressed by the general chemical formule MeO Fey O3
where Me represcnls divalent metals, first commanded the public attentton when Hilpert
{1909) focused on lhe usefulness of ferrites al high frequency [1]. A sysiematic
investigation was launched by Snock {1936} at Philips Research Laboralory [2]. At the
same time Takai (1937) in Japan was seriously ¢ngaged in ihe research work on the
gam¢ materials [1]. Snoek's extensive works on ferrites unveiled many mysteries
regarding magnetic properties of ferrites, He was particularly looking for high
permeability materials of cubic structure. This particula.l; structure for symmetry
reasons supporls low cryslalline anisotropy. He found suitable maletiats in the form of
mixed spinels of the type MeZnFe;0,, where Me stands for metals like CuFe, Mg, Ni or Mn,
for which permeability were found o be up to 4000 [1-3]. Here afier slarts the story of
Zn femrites. Remarkable properiies like high permeability, low loss factor, high
siability of permeability with lemperature and lime, high wear resisiance, controlled
coercive force, low swilching coefficient eic. have apily placed Zr ferritcs &s highly
demandable ferrites to both researchers and manufacturers. Every year great deals
of paper are being published on various aspects of ferrites. A large number of scientists
and technologists are engaged in research lo bring about improvements on the magnetic

propeniies of femiles.

The simtering process is considered to be one of the most vital steps in ferrite
preparalion and ofien plays a dominant role in many magnetic properiies, Tasaki ef al. [4]
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studied the effect of sintering atmospbere on permeability of sinfered ferrite. They
found that high density is one of the factors, which contribute to greater permeabiliry.
However, permeability decreased in an atmosphere withont ¢; at high sintering
temperature where high density was expected. This decrease in permeability is attribuled
lo the variation of chemical composition caused by volatilization of Zn. At low
sintering temperature a high permeability is oblained in an atmosphere without O
becanse densification and stoichiometry plays a principal role In increasing
permeability. At high sintering temperature the highest permeability is cbtained in the
prescnce of > becanse the offect of decrease of Zm content can then be neglected.

Studying the electromagnetic properiies of ferrites, Nakamura [5] suggested Lhat
bolh the sintering density and the saverage grain size increased with sintering
temperature. These changes were responsible for vanations in magnelizalion, initial
permeability and electncal resistivity.

High permeability attaimment is certainly affected by the microstructure of the
ferritcs. Roess showed thal [6] the very high permeability i1s restricied to cerlain
temperature ranges and the shapes of permeability versus lemperature curves are
strongly affected by any inhomogeneity in the ferrite strcture.

Leung ef af. [7) performed a Low-temperature M&ssbaver study of a fermiie. They
found that for x<0.5 the resultant 4- and B- site Fe-spin momenis have a collinear
arrangement, whereas for x> 0.5 a non—collinear arrangement of .4- and B-site Fe-spin
moments exists. An explanation based on the relative strength of the exchange conslant

J,z and J; is given o account for this difference.

Rezlescu ef af. [8] reported that the sintering behaviour and microsiructure of
the ferrites samples largely allected by Pb(? addition. P5¢} significantly reduced the
sintering temperatures, thus energy consumnplion is minimized and material loss by
evaporalion is minimized [9].

There are two mechanisms in the phenomenon of permeability; spin rotation
in the magnetic domains and wall displacemenis. The unceriainty of contribulion from
gach of the mechanisms makes the imerprelalion of the experimental results difficult.
Globus [10] shows that the intrinsic roiational permeability 4, and 180"
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wall permeability x4, may be  written as g, =1+22M2/K  and
4, =143z D/ 4y, where M, is the s.aturatﬁﬂn magnetizalion, X is the iotal
anisotropy, 1 is the grain diameter and y = K4, is the wall encrgy.

Rosales ef af. [11] measured the complex permeability of Zr.MNi.Fe 0, ferrites
with 0.3<x<00.4. They show that the relaxation frequency and magnelocryalalline
anisotropy conslant is relasted by Lhe equation: f, = f,, + AKX, where f and A arc
constams.

El-Shabasy [12] studied the DXC electrical resistivity of Zn Vi, Fe20, femites. He

shows that (he ferrite samples have semiconductor behaviour where DC electrical

resistivity decreases on increasing lhe temperaiure. o(7) for all samples follows
(1) = p,exp(E 7k T}, where E is the activation energy for electric conduction and
/4, is Lhe pre-exponential constani or resistivity at infinitely high temperature. The DIC
resistivity, o(7), decreases as the Zn ion substitution increases. It is reported Lhat Za
ions prefer the occupation of tetrahedral (4) sites, Ni ions prefer the occupation of
octahedral () sites while Fe ions partially occupy the 4 and B siles. On increasing Zn
substitution (at A sites), the Ni ion concentration {at B sites) will decrease. This lead to
the migration of some Fe ions from A sites to B siles to substituie the reduction in ¥i jion
concentration at B sites. As a resuli, the oumber of ferrous and fermic ions 1 B sites
{(which is responsible for electric conduction in ferriles} increases. Consequently p
decreases on Zn substitution. Another reason for the decrease in o on increasing Zn 1on
subslitution is that, zinc is less resislive (=592 p£Llrm) than nickel
(=699 t£Lem). The main conduclivity mechanism in ferrites is artributed to electron

hopping between Fe’*andFe’* in octahedral sites. Resistivity in spinels is very

sensilive to sloichiometry; a small vanation of Fe conlent in 2R, ;N Fe, O, results

in resistivity variations of ~10". Excess Fe can easily dissolve in spinel phase by a

panial reduction of e from 3FE§+03 Lo 2F€2+FE§+U¢ {and 1/20, 2]
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2.2 Magnetic Ordering

The onset of magnelic order in solids has two basic requirernents:
(i} Individual atoms should have magnetic moments (spins),
(ii} Exchange imieractions should exist that couple them togelher.
Magnetic moments originate in solids as a consequence of overlapping of the electronic
wave function wilh those of neighboring atomns. This condition is best fulfilied by some
transilion metals and rare-earths. The exchange interactions depend sensitively upon the
inter-atomic distance and the nature of the chemical bonds, particularly of nearest
neighbour aloms, When the positive exchange dominates, which correspends to parallel
coupling of neighbouring alomic moments (spins), the magnetic system becomes
ferromagnetic below a certain temperature T called the Cune lemperature. The
common spin directions are determined by the minimum of magnelo-crystalline
anisotropy energy of the crystal. Therefore, fenomagmelic subslances are characterized
by spontaneous magnetization. But a ferromagnetic material in the demagnetized state
displays no net magnetizetion in zero field because in the demagnelized state a
ferromagnetic of macroscopic size is divided into a number of small regions called
domains, spontaneously magnetized to saturation value and the directions of these
sponlaneous magnetization of the various domains are such that the net magnetization of
the specimen is zero. The existence of domains is a consequence of energy
mimimization. The size and formation of these domains is in a complicated manner
dependent on the shape of the specimen as well as its magnetic and thermal history.
When negalive exchange dominates, adjacent atomic momenls {spins) align antiparallel
to each other, and the subsiance is said to be anti-ferromagnetic below a characlerisiic
temperature, Ty, called the Néel temperature. In the siinplest case, the lattice of an anli-
fermomagnet is divided inlo two sublattices with the magnetic moments of these in anti-
parallel alignment. This result is 2zero net magnetization. A special case of anti-
ferromagnetism is ferrimagnetism. In ferrimagnetism, there are also two sublatiices with
magnelic momenls in opposite directions, but the magnetization of the snblattices are of
unequal strength rtesulting in a non-zero megnetization and therefore has net
sponaneous magnelization. At the macroscopic level of domain siructures,

ferromagnetic and ferrimagnetic matetials are therefore similar.
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Figure 21. Temperature dependence of (he inverse suscoptilzilily for: (a) 4 diamagnetic material; (b) a
paramagnelic malerial, showing Curie's law behaviowr; (¢) a fermomagnetic malcrial, showing a
sponrensous magnetization for 7<T. and Curie-Weiss behaviour for T+F; {d) an antiferromagnetic
material; {¢) & Terrimagnetic material, showing a net sponlanzous magnetizaion for I<7i- and non linear
behaviour for TT;. {reproduced from ref” [13]).

The Curie and Néel temperatures chamacterize a phase transilion between the
magnetically ordered and disordered (paramagnelic) states. From these simple cases of
magnetic ordering various types of magnetic order exisls, particularly in memallic
substances. Because of long-range order and oscillatory nature of the exchange
interaction, mediated by the conduction electrons, structures like helical, conical and
mdulaied patlemns might occur. A useful properly for characterizing lthe magnetic
materials is the magnetic susceptibility, x, defined as Lhe magnetization, M, divided by
the applied magnetic field, A ie. y=M/H.  The temperature dependence of

susceptibility or, more accuralely, inverse of susceplibility is a pood characlerization
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parameter for magnetic materials, Fig. 2.1, Fig, 2.1(e) shows that in the paramagnetic
regiorn, the variarion of the inverse susceptibility with temperature of a ferrite material

is decidedly non-linear. Thus the femrite malerials do not obey Lhe Curie-Weiss law,
y=CHT-TH[2,13].

2.3 Crystal Structure of Spinel Ferrites

Ferrites have the cnbic structure, which is very close to that of the mineral spinel
MpO.A1,0;, and are called cnbic spinel. Analogous 1o the mineral spinel, magnetic
spinel have the general formula Me(2. FexU; or MeFez, where Ae is the divalent rmelal
ion [14]. This ¢rystal strucmure was first determined by Bragg and by Nishikawa [1,13].
Formerly, spinels conlaining Fe were called ferrites but now the term has been
broadened (o include many other ferrimagnets including gamets and hexagonal ferrites
these need not necessarily comtain iron. The spinel lattice is composed of a close-packed
oxygen (radius about 1.3A) arrangement in which 32 oxygen ions form a unit cell that is
the smallest repeating unit in the crysial oetwork. The unit cell of the ideal spinel
structures is given in Fig. 2.2. Between the layers of oxygen ions, if we simply visualize
thein as spheres, there are interstices that may accommodate the meial ions (radii
ranging from 0.6 to 0.8A). Now, the inlerstices are not all the same: some which we call
A sites are surrounded by or coordinated with 4 nearest neighboring oxygen ions whose
lines connecting their centers form a letrahedron. Thus, 4 siles are celled tetrahedral
sites. The other type of sites (B sites) is coordinated by 6 nearest neighbor oxygen ions
whose center connecting lines describe an oclahedron. The B sites are called octahedral
sites. In the unit cell of 32 oxygen ions there are 64 tetrahedral sites and 32 oclahedral
siles, 11 all these were filled with meial jons, of either +2 or +3 valence, the positive
charge would be very much greater than the negative charge and so the structure would
not be electrically neutral. Tt turms out that of the 64 tetrzhedral sites, omly 8 are
occupied and out of 32 octahedral sites, only 16 are occupied. Thus the unit cell contains
eight formula unils AR70,, with 8 4 sites, 16 B sites and 32 oxygen ions, and total of
8 x 7= 56 ions. A spinel unit cell contains two types of subcells, Fig. 2.2,

10
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The two types of subcells altemate in a three-dimensional array so that each fully
repeating unit cell requires ¢ight subceells, Fig. 2.3.

@ . o cation
O > R cation
Cj’ . ("anion

Figure 2.2, Two subcells of a unit cell of the spinel strucrure.

A sites 11 sites

Figure 23. Unit cell of spinci ferrite divided into eight subcells with A and B sites.

The positions of the ions in the spinel lattice are not perfectly regular (as
the packing of hard spheres) and some distortion does occur. The tetrahedral sites
are ofleu too small for the metal ious so that the oxypen ions wnove stightly to
accommodate them. The oxygen ions connected with the oclahedral sites move in
such & way as to shrink the size the octahedral cell by the same amount as the
tetrahedral site expands. The movement of the tetrahedral oxygen is refllected in a

quantity called the oxygen parameter, which is the distance between the oxygen

11
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ion and the face of the cube edge along the cube diagonal of the spine) snbcell.

This distance is theoretically equal to 3/8a;-where apis the lattice constant [1].

2.4 Cation Distribution of Spinel Ferrites

[n spinel siructure the distribution of cations over the tetrahedral or 4 sites and
octahedral or 8 sites can be present in a variety of ways. If all the Me™ ions in
Me™ Me)' O, are in tetrehedral and all Me™ ions in octahedral positions, the spinel is
then called normal spinel. Another cation distribution in spinel exists, where one half of
the cations Me™ are in the 4 positions and the rest, logether wilh the Me™ ions are
randomly distributed among the B positions. The spinel having the latter kind of cation
distribution is known as inverse spinel. The distribution of these spinels can be
summarized as [2, 15-16]:

1) Normal spinels, i.c. the divalent inetal ions are on 4-sites: Me™*[Mel' 10, ,

2) Inverse spinels, i.e. the divalent melal ions are on B-sites: Me™ [Me™ Me}* 10,.
A completely nomal or inverse spinel represents the extreme cases. Zn ferrites have
normal spinel structure and its formula may be writien as Zn™*[Fe™ Fe**0;" . There
are muny spinel oxides which have cation disiributions inlermediate between these two

extreme cases and are called mixed spinels. The general calion distribution for the spinel

can be indicated as:

(Me)" Me]" ) [Me Me;!, 10,

l=x

where the first and third brackets represent the A and B sites respectively, For normal
spincl x=1, for inverse spinel x=0. The guantity x is a measurc of the dcgree of

inversion. In the case of some spinel oxides x depends upon lhe method of preparation.

The basic magnelic properties of the ferrites are very sensitive functions of Lheir
cation distributions. Mixed ferrites having inleresting and usefid magnetic properties are
prepared by mixing two or more different types of metal ions. The chemical formula of

mixed Zn ferrite may be written as{Zn®* Fel* J[Fel* Fe.’ 10, where 0<x<l.

1—x T+x

Spinel oxides are ionic compounds and hence the chemical bonding occurring in

12
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them can be laken as purely ionic 1o a good approximation. The tedal energy involved,
however, consists of the Coulorub energy, the Bomn repulsive energy, the polanzation
and the magnetic interaclion energy. The energy terms are all dependent on lailice
constant, oxygen position parameter and the ionic distribution. In principle the
equilibrdum cation distribution can be calculated by minimizing the total energy with
respect to these variahles. Bul the only enerry that can he written with any accuracy is the
Coulomb energy. The individual preference of some ions for certain sites resulting from
their electronic confipuration also play an imporant role, The divalent ions are generally
larger than the frivalent (becausc (he larger charpe produces grearer electrostatic
aitraclion and 50 pulls the outer orbits inward). The octahedral sites are also larger than
the tetrahedral. Therefore, it would be reasonable that the trivalent ions Fe** (0.67A)
would go inio the tetrahedral sites and the divalent ioms Fe*™ {0.83A) go into the
octahedral. Two exceptions are found in Zn™" and Fe™ which prefer tetrahedral sites
because the electronic configuration is favourable for tetrahedral bonding Lo the oxygen
ions. Thus Z#*" (0.82A} prefer tetrahedral siles over the Fe'* (0.67A) ions. Hence the
factors influencing the distribution of calions among the two possible lattice sites are
mainly their ionic radii of the specific ions, the size of the inierstices, temperature, the
malching of their electronic configuration o the surrounding anions and the electrostatic
encrgy of the lattice, the so-called Madelung energy, which has the predominant
contribulion to the lattice energy under the constrain of overall encrgy minimization and
charge neutrality.

2.5 Interaction between Magnetic Moments on Latfice Sites

Sponlaneous magnetization of spinels {at 0K) can be estimaied on the hasis of
their composition, cation distribution, and the relative strength of the poasible
interaction. Since calion-cation distances are generally larpe, direct {(femromagnelic)
interactions are negligible. Because of the geometry of orbital involved. the strongest
superexchange interaction is expecled lo occur between octzhedral and lelrahedral
cations. The strength of interaction or exchange force between the moments of the two
metal ions on different siles depends on the distances between these ions and the oxygen
jom that links them and aiso on the angle between the three ions. The nearest neighbours
of a letrahedral, an octahedral and an anion site are shown in Fig, 2.4. The interaction is

i3
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greatest for an angle of 180° and also where the inierionic distances are Lhe shortest. Fig.
2.5 shows the inleionic distances and the angles between the ions for the different type
of interacticns. In the 4-4 and B-B cases, the angles are loo small or the distances
between the metal ions and the oxygen ions are too large. The best combinalion of

dislances and angles are found in 4-# interactions.

Figmre 2.4, Neares] neighbours of {3) 2 wewrahedrel site, (bY an octahedral sHe and
{c) an anion st (laken  from ref [2]).

AA

p=118"9 7938’

Figure 2.5 Imeticnic angles in the spinel stracture for (he different bype of Tatlice site inlersetions.

For an undistorted spinel, the 4-O-B angles are about 125° and 154° [1-2, 17].
The B-()-8 angles are $0° and 125 but (he latter, one of Lhe B-B distances is large. In the
A-A case the angle is about 80°. Therefore, the interaction between moments on the 4

14
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and B sile is strongest. The BB interaction is much weaker and the most unfavorable
situation occurs in the 44 interaction. By examining the interaction involving the major
contributor, or the 4-B inleraction which orients the unpaired spins of these ions
antiparallel, Née! was able Lo explain the ferrimagnetism of ferriles.

1.6 Mapnetism in Spinel Ferrite

The magnetic moment of a free atom is associated with the orbilal and spin motions
of electrons in an incomplete sub-shell of the electronic structure of Lhe atom. In crystals the
orbital molioms are quenched, that is the orbilal planes may be considered o be [ixed in space
relutive 1o the crysial laitice, and in such a way that in bulk the ¢rysial has no resultant
moment from this source. Moreover this orbnal-lattice coupling is so strong thal the
appiication of a magnctic Held has litile effieci upon it. The spin axes are not tightly bound to
the ladice as arc the orbilal axes. The anions surrounding a magnetic calion subject it o a
strong inhomogencous electric field and influence the orbital angular momenturn.
However, the spin angular mamentum remains unaffected. For the first transifion gronp
elements this crystal field effect is imense parlly due (o the large radius of the 3d shell and
parily due to the lack of any outer electronic shell o screen the 3d shell whose unpaired
glectrons only conibute ko the magnetic momenl. We have originally delined the
magnelic moment in connection with permznent magnets, The electron itself may well
be called the smallest permanent magnet [1]. For an alom with a resnltant spin quantum
number &, the spin magretic moment will be

f=gS(S+ )4y,

where g is (he Landé splitting factor and 4,, kmown as the Bohr magnelon, is the
fundamenial enic of magnetic moment. The value of g for pure spin momert is 2 and the
quartum number associated with each electron spin is +1/2. The direction of the moment is
comparable to the direction of the magnetization (from South to North poles) of a permanent
magnet 0 which the electron is equivalent. Fig. 2.6 illustrales the electronic configuration of Fe
atorns and Fe'*ions. Fe atom has four unpaired electrons and Fe'™* ion has five unpaired
electrans. Each unpaired electron spin produced 1 Bohr magneton. In compounds, jons and
molecules, account must be taken of the elecmons used for bonding ar transferred m ionization,
It is the number of unpaired elecoons remaining after these processes oceur thal gives Lthe net

15



Chapter 2 Literabure Rpriew

magnetic moment [1]. According to the Hund’s rules the momert of Fe atom and Fe™ jon are
4y, and Sy, respectively. Similary the mament of Fe® and Zr* jon are 4u,and 24,
respectively.

2.6.1 Exchange Interactions in Spinel

The intense short-range electrostatic field, which is responsible for the magnelic
ordering, is the exchange force that is quarwn mechanical in crigin and is wlated o Lhe
overlapping of Lotal wave functions of the neighbouring atoms.

4

Th " 1p® 3pt 34"

D, @ HOH® @ GOH OOOO @

Iron atom

T p" 3s? 3p® 3’

D) @ HOHO © GO® COOO® O

ijf

len

Figure 2.8, Electronic configumtion of amms and jons

The todal wave function consists of (he orbilal and spin motions. Usually the net
quanmm mumber is written as 5, becanse (he magnetic momenms aris¢ mostly due o the spin
molion as described above, The exchange interactions coupling the spms of a pair of electrons are
proportional 1o ihe scalsr peoduct of their spin veciors [14, 16, 18],

v, =-21,5,.5, 1)
where J, is the exchange integral given in a self ex plamatary notation by

' . 1 1 1 1
7, = ol e @) —+ ——— -y, 2 (v, (22)
2 Ty fa T
Tn this expression » *s are the dislances, subsenipts 7 and § refer to the aloms, 1 and 2 refers ©
the two electrans. I the J in equation (2.1} is positive, we achieve ferromagnetism. A

negative J may give rise to ami-ferromagnetism or fernmagnetism.

Magnetic interactions in spincl ferrites as well as tn some jomic compounds are

diﬂbmntﬂmnﬂwmmmn:ﬁdﬂaimm&ﬂmﬁnmmmmﬂysepmmadbyﬁgg&h
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anions (moypen ions) These anions obscure (he direct overlapping of the catin charge
distriiions, sametimes pertially and some times completely making the direct exchange
inleraction very wesk Calions are loo far apart in most cxides for a direct cation-cation
imeraction. Instead, superexchange interactions appear, i.¢., indirect exchange via anion
p-orbilals that may be sirong enough to order the magnetic moments. Apart from the
electronic struchure of cations this type of interaclions strongly depends on the geometry
of arrangement of the two interacting cations and the inlervening anion, Both the
disiance and lhe angles ere relevant, Usnally only the inieractions with in first
coordination sphere (when both the calions are in contact with the anion) are important.
In (he Neél lheory of ferrimagnetism the interactions taken as effective are inter- and
intra-sublattice interactions 4-B, 4-4 and B-B. The type of magnetic order depends on

their relative strength.

The superexchange mechanism between cations that operate via the intermediate
anions was proposed by Kramer for such cases and was developed by Anderson and
Van Vieck {15, 16]. A simple example of superexchange is provided by M#O which
was chosen by Anderson. From the crystal structure of Mnr(? it will be scen thai the
anliparalle] manganese ions are collinear with their neighbouring oxygen ions. The o
jons each have six 2p cloctrons in three antiparaliel pairs. The outer electrons of the Mr®*
jons are in 34 sub-shells which are half filled with five elecirons in each. The
phenomencn of superexchange is considered to be due to an overlap between the
manganese 3d orbils and the oxygen Zp orbits with a continuous imerchange of electrons
between thern. It appears that, for the overall energy of the system w0 be a minimum, the
momernts of lhe manganese ions on gither side of 1he oxygen ion must be antiparallel. The
manganese magnetic moments arce thus, in effecl, coupled through the intervening oxygen
ion, The idea is illustrated in Fig. 2.7.

In Figs. 2.7(a) and 2.7(c) the outer electrons in a pair of Mir’* ions, and in an
intervening ¢ ian in the unexciled state, are shown by the amows. One suggesled mode of
coupling is indicated in Fig. 2.7(b). The two electrons of a pair in the oxygen ion are
simultaneonsly transferred, one to the lefl and the other lo the right. If their direclions of
spin are unchanged then, by Hund's rules, the moments of the two manganese ions must
be amiparallel as shown. Another possibility is represented in Fig. 2.7(d). One electron
only has been Lransferred Lo the manganese ion on the left. The oxygen ion now has a

17
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moment of 14, and if there is negative imeraclion between the oxygen ion and the right-
hand manganese ion then again he moments of the manganese ions will be antiparallel. If
these idcas are accepted then he oxygen ions play an esscntial part in producing
amtiferromagnetism in (he oxide. Moreover, becouse of (he dumbbell shape of the Zp orbils,
the coupling mechanism should be most effective when the meial ions and the oxygen ions
lie in one straigin line, thai is, the angle berween the bonds is 180°, and this is the case wilh
Mnt).

Flﬂl.;ﬂ: 2.7, lilustracng superexchange m Ma(),

A

Cation Oxypen Cation

Figure 2K Schematic represemtmion of the superexchange inemction in the magnelic
oxides. The p orbital of an anion (center} interact with the o orbils of the transitional metal
cations [2]-

In the case of spinel ferrites the coupling is of the indirect type which involves
overlapping of oxygen wave functions with those of the neighboring cations. Consider

two iransition metal calions separated by an O, Fig. 2.8.
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The (¥ has no net magnetic moment since it has completely filled shells, with p-
type outermost orbitals. Orbital p, has twa elecirons: one wilh spin up, and the other
with spin down, consistent with pauli’s exclusion principle. The essential point is that
when an oxygen p orbilal overlaps wilh a cation ¢ orbilal, one of the p electrons can be
accepled by ihe cations. When one of Lhe iransilion-metal cations is brought close the
(¥, partial electron overlap (between a 34 elecon from the cation and a 2p electron
form the ¢¥") can occur only for antiparalle] spins, because elecirons wilh Lhe same spin
are repelled. Empty 34 slates in the cation are available for partial occupation by the o
electron, wilth an antiparallel oricniation. Electron overlap between the other cation and
the O then occurs resulting in entiparallel spins and therefore antiparallel order
between the calions. Since Lthe p orbilals are linear, the strongest interaction is expected
o Lake place for cation—O" —cation angles close o 180" [2]-

2.6.2 Néel Theory of Ferrimagnetism

If we consider lhe simplest case of a two-sublatlice systern having entiparallel
and non-equal magnelic iIncments, the inequality may be dus to:
1} different elements in dilferent sites,
2) same element in different ionic states, and
3) different crystalline Aelds leading to different effective moments for ions having
the same spin.
The spins on one sublattice are under ihe influence of exchange forces due to the spins
on the second sublatlice as well as duc to other spins on Lhe same sublatiice. The
molecunlar fields acting on Lhe two sublattices A and B can be writien as [2, 13-18]

H, =, M, +i,M,,

Hy =AM, + M,
where M, and M, are (he magnetizatious of the two sublatiices and 4 s are the Weiss
constants, Since the inleraclion between Lhe sublatlices is antiferromagnetic, 2., must
be negative, but 4,, and A, may be negative or positive depending on Lhe crystal

structure and the nature of the interacting aloms. Probably, these interactions are also
negative, thongh Lhey are in generzl quite small.
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Assuming all Lhe exchange interactions to be negative the molecular fields will be
then givenby
-ﬁa Z"AMHA _laniﬁz :
ﬁh_ :_‘lasﬂg _lmﬂs
Since in general, A, and 4,, are small compared to A, it is convenient to express
the strenglhs of these interactions relative to the dominant 4, interaction.
Lat Ay =aA
and Ang = PA
In an external applied field 5, the fields acling on 4 and A sites are
H,=H-A,(aM,-M,),
Hy=H-2,(M,-pM,)
At temperatures higher than the transition temperature, T, H,, M, and M, are all
parallel and we can write

- O, = - .
M, ‘_"?A[H_i_w(aMA — My, 23)

N s - -

M, ='§.£"[H_‘l.¢3(MA _ﬁMa)] 24
where (', and C; are the Curie conslanis for the two sublattices.

C, =N, gupS (S, +D/3K
and Cy = N guiS,(S, +1f3K

N, and N, denote the number of magnetic ions on 4 and B sites respectively and §, and
S, are their spin quantum numbers. Solving for the susceptibility, ¥ , one getls [2,13]

l=T+({:‘qu]_ h
x C Tr-8

25}

where (', y,., band & are comstants for particular substance and are given by
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C=C,+C,
}L = —é[cjﬂm +CiAgy +2C,Cpd 5]

1]
c.C

h= 2_33 [C2(A L = Ay ) +CrlAgy — A )
—2C, Colly = (A + A Ay + A ,,20,3]

'
6=- A(::H (s TAgp) = 2A4

Equation (2.5) represents a hyperbola, and (he physically meaning pari of it is plotied in
Fig. 2.9. This curvature of the plot of 1/x versus 7 is a chamcteristics feature of a
ferrimagnel. It cuts the lemperature axis at 7, called the Ferrimagnetic Curie point. At
high temperatures the last lemm of equation {2.5) become negligible, and reduces Lo a

Cune-Weiss law:

C

2Tl 1)

This is the equation of straight line, shown dashed in Fig. 2.9, to which the 1/, versus T
curve becomes asymptolic at high temperatures.

L

-CHE. 0 e T

Figure 29. The temperature dependence of the inverse susceptibility [or fermimagnets.
The Ferrimagnelic Curie lemperature 7, is obtained from equations (2.3) and

(2.4) with H =0and setting the delerminant of the coefficients of M, equal to zero.

This gives
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1 .
T, = E[CAAM + Cyhny + (0 Ay —Caig)’ +9C,Codi ¥’ 2.6)

Equation (2.5} is in good agreement with the experiment, except near the Curie point
The experimental Curi¢ lemperature, the temperature at which the susceplibility
becomes infinile and spontaneous magnetizalion appears, is lower than the theoretical
Curie temperature [13]. This disagreement between theory and experiment in the region
of Curie point is presumably due to the shori-range spin order (spin clusters) &t

temperatures above experimental 7 [2, 13].

+

M. =M, M,

——
=

{h}
- M

1

Magnetie moment (1, Formela wnit;
Magaelic moment {Ug/Tormula unil)

M= M- M,

[agnetic moment (g Tormula unil)

b

Fipure 2.10. Superposilion of various combinatiums of two opposing sublattice magnetizations prodocing
dilfering resultants including one wilth a compensation puint (schemaric).

The sublattice magnetizations will in geoeral have different temperature dependences
becanse the effective molecular fields acting on them are different This suggesis ihe
possibility of having anomaly in the net magnetization versus temperature curves, Fig.
2.10. For most fermimagnets the curve is similar o thal of ferromagnets, but in a few cases
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there be a compensation peint in the curve, Fig. 2.10(¢) (1, 13, 14]. At a poimn below the Curie
lemperature poinl, the two sublattice magnetizations are equal and thus appear to have no
moment This temperature is called the compensation point. Below this lemperature one
sublatlice magnetization is larger and provides Lhe net moment. Above Lhis temperature

the other magnetization does dominales and the net magnelization reverses direction.

The essential requisile for Néel configuration is a strong negative exchange
interaction between 4 and B sublattices which results in their being magmetized in
opposite directions befow the transition point. Bul there may be cases where
intrasublattice interactions are comparable with intersublaftice intcraction. Neel's theory
predicts paramagnetism for such substances a1 all termperatures. This is unreasonable
since strong 44 or BR inlemction may lead (o some kind of ordering especially at low
iemperature. In the cases of no A8 interaclion, apliferromagncetic ordering may be
expecled either in the 4 or in the B sublattice. Under certain condilions there may be non-

¢ollinear spin armays of stll lower energy.

2.6.3 Effect of Zinc Substitution on the Magnetic Moments in Spinel Ferrites

Fe.0, has ferromagnetic properties because of ils inverse structure which leads
10 the formation of demains. A unit cell of Fe,(, contains eight forrula units ¢ach of

which may be wrilten in the form Fe™ [Fe™ Fe' 1027 |15]. Snoek and his co-workers

found (hal oxides of inverse structure could be artificially produced in which the
divalent ions of another element, for example MwZn, Ni, Co, Mg or Cu, could be
substituted for the divalent Fe®* ions in Fe,(J, . An extensive range of fermiles could thus

be made having the peneral formula Fe™ [M* Fe** 1(2;, where arrows indicate spin

ordering. Since the trivalent iron ions are equally distribnted on 4 and B sites they
cancel cach other out magnetically, and the magnetic moment per formula unit i3 Lhen

theoretically Lhe same as the magmetic mement of the divalent ion. Zn ferrite is a normal
spinel, with Zn’* (3d") ions in A siles have zero magnetic moment; Fe&'* ions in B sites

have a magnetic moment5g,. The cation distibmion cam be writlen as

-+ .
Zn™[Fe* Fe* 10, where spin ordering is indicated by arrows. The zero magnetic
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moment of Zi** ions ieaves wivalent iron ions on £ sites with a negative BB interaction
between equal ions. Therefore Zn ferrile is not ferromagnetic. Zine femrite therefore be
expected to be antiferromagnetic end thus to have a Néel point, though measurements
show it o be paramagmetic only [1,2, 13, 15].

Magnelic propertics can be modified widely by cation substitution, An
illustrative case is substimion of A by Za in Ni ferrite to form sofid solutions

Ni_ Zn, Fe 0, The cation distribution can be written as

(ZHE+FE3+ }[NI+2+ F33+

COINGE Felt 107 [2]. Zn°" is diamagnetic and its main effect is to break
linkagres between magnetic cations. Another effect is Lo increase interaction disiance by
expanding the unit cell, since it has an ioni¢ radious larger than the N7 and Fe radii. The
most remarkable effect is that substitation of Lhis diamagnetic cetion (Zn) results in a

significant increase in magnetic moment in a number of spinel solid sohutions, Fig. 2.11,

—
=
b

]
I
%
N
“
LS

Magnetic Moment ( H p /formula unit)

Figore 2.11. Variastion of Magnetic moment (in Bohr magnewns per formula unit) with

increasing zinc subscinmion [1, 2].

Magmnetic moment as a function of Zr conlent shows an increase for small substitutions,
goes Lhrough a maximum for intermediate values, decreases and finally vanishes for

high Zn contents

A simple analysis shows (hat this increase can be expected for an anliparallel
alignment. As the Za content Increases, magnetic moments decreases in sublatiice 4 and
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increase in sublaitice A. If the magnetic moment of Ffe and A7 are 5 and ~2.3 g, fion,
respectively, then, per foufurmmula unit, the total moment in Bohr magnefons on B
sublattice is 2.3(1-x)+5{1+x) and on 4 sublattice the tolal antiparaliel moment
is5{L—x}. If the resultant moment per formula unit isM_(0), then by taking the
difference of 4 and B moments [15],
M (0)=231-x)+51+x)-5(-x)
= x{10-23)+23

A linear relationship is oblained with a slope of 7.7, predicting 2 moment value
of 104, per formula unit for Zr substitutionx =1, as shown by the broken lines in Fig.
2.11. This relationship is not followed over the enlire composition range. However, as
the Zn content increases, A—(Q -8 interactions become too weak and F-0O- 8
interactions begin 1o dominate. That 1s, the average dislance between the interacting
spins gels larger. As a consequence, the system becomes frustraled causing a
perturbation to the magnetically ordered spins as large number of B sites spins gets non-
magnelic impurity atoms as their nearest neighbors.

& %, (D
© O Of=)
iﬂ.'® {l) ® fe @

Flpure 212. Schematic represenmtion of spin arrangements in Ni_ Zn Fe,(,: (a) ferrimagietic

(for x £ 0.5 ); (b) triangular or Yafet-Kittel (for x > 0.5); and {c} amiferromagnetic for x = 1[2].

The B spins are no longer held in place due to this weak anti-ferromagnetic A-8
interaction leading to non-coilinearity or canting among the 5 sublattice, Thus for x > 0.5
Zn content, inslead of a collinear antiparalle] alignment, canted structure appears, where
spins in A sites are no longer parallel [16-19], Fig. 2.12. Evidence of this triangular
slructure has been observed by neutron diffraction [2(Y]; a theoretical analysis showed
that departure from collinear order depends on the ratio of the - 0-8 to 8-0O- 8
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molecular field coefficients, A, /Ay, [21]. For high Zm concentralion, B-0O-18

interactions dominant and the ferrite become antiferromagnetic for x =1 [2].

2.7 Microstructure

A polycryslal is much more than many tiny cryslals bonded together. The
interfaces between the crystals, or the grain boundaries which separate and bond
the grains, are complex and interactive interfaces. The whole set of a given
material’s properties (mechanical, chemical and especially electrical and

magnetic) depend strongly on the nature of the microstructure.

In the simplest case, the grain boundary is the region, which
accommodates the difference in crystallographic orientation between the
neighbouring grains. For certain simple arrangements, the grain boundary is
made of an array of dislocations whose number and spacing depends on the
angular deviation between the grains. The ionic nature of ferrites lcads to
dislocation patterns considerably more complex than in metals, since
electrostatic energy accounts for a significant fraction of the total boundary

energy [2].

For low-loss femite, Ghale [1] states that the grain boundares influence
properlies by
1} crealing a high ressistivity intergranular layer,
2) acting as & sink for impurities which may act as a simlering aid and grain
growth modifiers,
3) providing a path for oxygen diffusion, which may modify the oxidation stale

of cations near the boundaries.

In eddiliou to grain boundaries, ceramic imperfections can impede domain wall
motion and thus reduce the magnetic properly. Among these arc pores, cracks,
in¢lnsions, second phases, as well as residual strains. Imperfections also act as energy
wells that pin the domain walls and require higher activation energy Lo delach. Stresses
are microstruclural imperfections that can resull from impuriiies or processing problems
such as too rapid a cool. They affect the domain dynamics and are responsible for a
much greater share of the degradation of properties than would expect [21].
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Grain prowth kinetics depends strongly on the impurity content. A minor dopant
can drastically change the nature and concentration of defects in the matrix, affecting
grain boundery motion, pore mobility and pore removal [2, 22]. The effect of a given
dopant depends on its valence and solubility with respect (o host material. If it is nol
soluble al the siniering temperature, the dopant becomes a second phase which usually

segregales to the grain boundary.

(1} ()

Figure 2.13. Porosity character: (a) mergranular, (b) imtragranular.

The porosity of ceramic samples results from two sources, intragranular porosity
and imergranular porosity, Fig. 2.13. An undesirable effect in ceramic samples is the
formation of exaggerated or disconlinuous grain growih which is characterized by lhe
excessive growth of some grains at the expense of small, neighbouring ones, Fig. 2.14.
When this occurs, the large gmin has a high defect concentralion. Disconlinnous growih
is believed to resnlt from one or several of (he following: powder mixtures wilh
impurities; a very large distribution of initial particle size; sintering al exccsaively high
temperatures; in ferrites conlaining Zm a low (; partial pressure in Lhe sintering
almosphere. When a very large grain is surrounded by smaller ones, it is called *duplex’

microsinuiure,

Tyt
&
atth
aals

Figure 2.14. Grain growth (a} discominuous, (5] duplex (schematic} [2].
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2.8 Theorles of Permeability

Permeability is defined as lhe proportionality constant between the
magnetic field induction B and applied feld intensity 5 [2, 17, 23]
B=uH - 2.7
If the applied feld is very low, approaching zero, the ratio will be called the initial
permeability, Fig. 2.15 and is given by

AB

M, =
A

This simple definition needs further sophistications, A magneiic material

subjecied to an a¢ magnetic field can be written as

H=He"™ (2.8)
It is observed that the magmetic {lux density B lag behind H. This is caused due to the
presence of various losses and is thus expressed as

B =B e™® (2.9)
Here &is the phase angle that marks the delay of B with respect to H. The permeability
is then given by
_ B Bt Be* B

R
= = = =D cosS-i—sind =" —ig" (210
“ H He* H, H, H, o (210
where = ;—umsﬁ {2113
L1}
and v 2B g ]
M =5 sin (2.12)

The real part {u') of complex permeability (), as expressed in equation {2.10)
represents the component of B which is in phase wilh H, so it corresponds to Lhe
normal permeability. If there are no losses, we should have 4 = 4'. The imaginary part
4" cotresponds io that of B, which is delayed by phase angle 90° from H [13, 17]. The
presence of such & component requires a supply of energy to maintain the aliernating
magnetization, regardless of the origin of deluy. The ratio of #” to ', as is cvident
from equaltion (2.12} and (2.11) gives
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B, .
p F{—smﬁ
%=3}_:m5 (2.13)
H Y cosS
I,

This and 15 called loss factor.

The quality factor is defined as the reciprocal of this loss factor, i.e.

Quality factor= ﬁ (2.14)

!

And the relative quality factor, Q0 = ig (2.15)
1an

] . Irres exvible
i wall motien

r ————— . i

. Res ersihie malt howing
H;: H

Figure 2.15. Schematic magnetiration curve showing the importamt parameter: initial permeabilicy, &,

(the slope of the curve gt low fields) and the main mapmetization mechanism in each magnetization range.

The curves that show the variation of both z#' and 2" with frequency are called
the magmetic specirum or permeability spectram of the matcrial [13). The variation of
permeability wilh frequency is referred to as dispersion. The measurement of complex
permeability gives us valuable information about the nature of domain wali and their
movements. In dynamic measurements the eddy current loss is very imporant. This
occurs due to the imeversible domain wall movements. The permeability of a
ferrimagnetic substance is the combined effect of the wall permeability and

rolational permeability mechanisms.
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2.8.1 Mechanisms of Permeability

The mechanisms c¢an be explained as follows: A demagnetized magnetic
material is divided imo number of Weiss domains separaied by Bloch walls. Tn each
domain all the magnelic moments are oriented in parallel and the magnetization has

its saturation value A . In the walls the magnelization direction changes gradually

from the tlirection of magnetization in one domain to that in the next. The equilibrium
positions of the walls result from the interactions with the magnetization in
neighboring domains end from the influence of pores; crystal boundaries and

chemical inhomogeneiues which tend to favour cerlain wall positions.

2.8.1.1 Wall Permeability

The mechanism of wall permeability anses from the displacement of the
domain walls in small fields. Lets us consider a piece of maternal in the
demagnetized state, divided inio Weiss domatns with equal thickness L hy means of

18G° Bloch walls (as in the Fig. 2.16), The walls are parallel to the Y2 plane. The
magnetization A{, in the domains is oriented altemately in the + Z or ~Z direciion.
When a field H with a component in the + £ direclion is applied, the magnetization

in this direclion will be lavoured. A dispiacement dr of the walls in the direction

shown by the dotted lines will decrease the energy density by an amount [24, 25}

20 11 dx
L
This can be described as a pressure A _H_ exerted on eech wall. The pressure will be
counteracted by restoring forces which for small deviations may assume to be kdv

per unit wall surface. The new equilibrium position is then given by

M H_dx
L

From the change in the magnetization

d

2M.d
L

AM =

1

3G
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the wall susceplibility , may be calculated. Let /7 makes the angle & with

Z direction. The magnetization in the & direclion becomes

AM i
(AM), = ’dcusH,Andwith H_ = Hcosf and d=2M, z
we oblain
12
_ (aM), _ 40 cos” F 2.16)

2=y XL

TR (T
I y { |
¥ .f !

8 Y r‘i: l-' L [I h
| ]
x M L

Figure 2.16 Magnetization by wall motion and spin rotation.

2.8.1.2 Rotational Permeability

The rotational permeability mechanism arises from rotation of the
magnelization in each domain. The direction of M can be found by minimizing the
magnelic energy £ as a function of the orieniation, Major contribulion to £ comes from
the crystal anisotropy energy. Other contributions may be due to the stress and shape
anisotropy. The stress may influence the magnelic energy via the magnetostriction.
The shape anisotropy is caused by the boundaries of the sample as well as by pores,

nonmagnetic inclusions and inhomogeneities. For smal! angular deviations, ¢, and ¢

may be writlen as

o, =— =—.
M YOM

X &

For equilibrium Z -direction, £ may be expressed as [24, 25]

E=E; +;.ﬂ.'E +1a1E

2)")’)’
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where it is assumed (hat xand y are the principal axes of the energy minimum, Instead
of £, & E_, the anisotropy field H; and H,' are often introduced. Their magnitude is

given by

H“:Eﬂ E_ndH:i:E}?’
*2M, YT,

H! & H! vepresent the siifiness with which thc magnelization is bound to the
equilibdum direction for devistions in the x and y direction, respectively. The
rotational susceptibilities ¥, and g,  for fields applied along x and y direclions,
respeclively are

M, M
7 andLJ=

5

ik
H
¥

Zr_;z

For cubic materials it is often found that H; and H; are equal. For
H! = H}’f =H" and a fiesd H which makes an angle # with the Z direction (as

shown in Fig. 2.16) the rotalional susceptibility, z, . in one crystallile becomes
M, .
Xee = H—;'Ism2 # {2.17)

A polycrystalline maierial consisting of a large number of randomly orienled grains of
different shapes, with each prain divided into domains in & cerlain way. The

rotational susceptibility y_ of the material has to be obtained as a weighted average of
7. of each crystallite, where the mumal influence of neighbouring crysiallites has (o
be taken into account. If the crystal anisotropy dominales other anisotropies, then H*

will be constant throughou! the material, so only the factor sin® # (equation 2.17) has to
be averaged. Snoek [26] assuming a linear averaging of ¥, , and found

_2M,
3H

Zr

The total intemnal suscepibility

4MIcos’8 2M,

PR (2.18)

I=X.TX =
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If the shape and stress anisotropies cannot be neglecled, H* will be larger. Any

estimale of y, will then be rather unceriain as long as the domain structure, and the

pore distribution in the material are not known. A similar estimale of z, would

require knowledge of the stiffness parameter £ and the domain width L. These

parameters are influenced by such factors as imperfection, porosity and

crysiallile shape and distribution which are essentiaily unknown.
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CHAPTER 3
SAMPLE PREPARATION AND EXPERIMENTAL TECHNIQUES

A1 Introduction

A goal common to all the ferrites is the common formation of the spinel
structure. Today, the large majority of ferrite powders are made by the conventional
Ceramic process or Solid State Reaction method. Most non-convenlional process
involves producing the powder by a wet method. Among these melhods, some are [1]:

1) Co-precipitation
2} Organic precursors
3) Sol-gel synthesis
4) Spray-drying
5) Freeze-drying
6) Combustion synthesis
7y Glass crystallization
In this chapler, we describe the solid state reaction method tha is used in this research

wortk.

3,2 Conventional solid stale reaction method

In the solid state reaction method, the required composition 1s usually prepared
form the apprepriaie omount of raw mineral oxides or carbonates by crushing, grinding
and miliing, The most common type of mill 1s the ball mill, which consists of a lined
pot with hard spheres or rod inside, Milling can be carmied out in a wet medium 1o
increase the degree of mixing. This method depends on the solid state inter-diffusion
between the raw materials. Solids do not nsually react at roem temperature over normal
time scales. Thus it is necessary to heat themn at higher temperatures for the diffusion
length (2Dr)m lo exceed 1he particle size, where I is the diffusion constant for the fast-
dilfusing species, and t is the firing time. The ground powders are then calcined in air
or oxygen at a lemperature above 1000°C. For some time, this process is continued until
the mixture is converted imo the correct crystalline phase, The calcined powders are again
crushed mnto fine powders,

i5
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The pellets or toroid-shaped samples are prepared from these caleined powders
using die-punch assembly or hydrostatic or isosiatic pressure. Sintering is carried oul
in the solid state, at temperatuze ranging 1100-1400°C, for times of typically 1-40 h and
in various atmospheres (e.g. Air, O; and Nj) [2-5]. Fig. 3.1 shows, diagrammatically,
the slages followed in ferrite preparation.

The general solid state reaction leading to a lerrite Meke;(}; may be represented as

Me() + Fﬂﬂg —» MeFeay

where Afe is the divalent ions. There are basically four steps in the preparalion of fermite:

1} Preparalion of materials 10 form an imimate mixlure with the metal ions in the
ratio which 1they will have in the fpal product,

2} Heating of this mixture to form the ferrite {ofien called calcining),

3) Grinding the calcined powders and pressing the fine powders into the required
shape, and

4} Sintering to produce a highly densified product.

3.3 Dctails of calcining, pressing and sintering

Calcining is delined as the process of oblaining a homogeneous and phase pure
cownposition of mixed powders by heating them for a certain time at a high temperature
and then allowing it to cool slowly. During Lhe calcining stage, the reaction of Fe;0;
with melal oxide (say, MeQ or Me'»(;) lakes place in the solid state o form spinel
according to the reactions [6,7]:

Me(} + Fes03 —» MeFea0), (Spinel)
2Me 703 +4Fe;0; —w 4Me Fe 04 (Spirel) + 0;
Fexd; + Fe() —» Fexddy
After that Zn tong are introduced by
{1-x)Fe;0; + xZRO —> ZreFes )y
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Oxides of aw materials

Weighing by diflerent
mole percentage
Dry mixing by agale
maoriar

Wet mixing by ball
milling

Drying

!

Calcining

Milling and adding
binder

!

Pressing to desired
shapes

Sinlenng

!

IFinished products

Figure 3.1. Flow charl of the siages in preparation of spinel ferrite.

The calciming process can be repeated several times 1o oblain a high degree of
homogeneity. The calcined powders are crushed imo fine powders. The ideal chamcteristics
of fine powders are [6]:

1) small particle size (sub micron)
2) nanmow distribution in particle size
3) dispersed particles
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4) equiaxed shape of particles

). high purity

$) homogeneons camposilion.

A small particle size of Lhe reactam powders provides a high conlact surface area for
initiztion of the solid stale reaction; diffusion paths ere shomed, leading to more efficient
completion of the reaction. Porosity is easily eliminated if the initial pores are very small. A
narmow size distribution of spherical particles as well as a dispersed state is important for
corpaction of the powder during green-body formation. Grain growth during sintering can be
better controlled if the inftial sizz is amall and uniform.

A binder is usually added prior to compaction, at a concemration lower than 5wt %
{6]. Binders are polymers or waxes; Lhe most commonly used hinder in ferrile is polyvimyd
alcobol The binder facililates the particles flow during compacting and increases the bonding
between the particles, presurnably by forming bonds of the type particle-binder-particle.
Dhuring sintering, binders decompose and are eliminated fram the ferrile. Pressures are used
for compacting samples vary widely bul are commonly several lons per square inch (L e, up o
10PN m™,

Sintering is defined as the process of oblaining a dense, tough body by heating a
compacted powder for a certain time at a temperature high enough to significantly
promote diffusion, bul clearly lower than the meliing point of the main component. The
driving force for sintering is the reduction in surface free energy of the powder. Part of
this enerpy is transferred inio interfucial energy (grain boundaries) in the resulting
polycrystailine body [6, 8] The sintering time, temperature and the fumnace atrnosphere
play very important role on the magnetic property of fermite materials. The purposes of

sinlering proccss are:

1) to bind the particles together 8o as to imparl sufficiem strength to the product,
2} to densify the material by eliminating the pores and
3) to homogenize the materials by completing ihe reactions lelt unfinished ir the
calcinmg step.
Sintering of ¢ryslalline solids is dealt by Coble and Burke [9] who found the
following empirical relationship regarding rare of prain growth:
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where d is the mean grain diameter, n is about 1/3, ¢ is sinlering time and k is a
temperature depeudent parameter, Sintering is divided inlo three siages, Fig. 3.2 [6,10-
12}

Stage 1. Contact area between particles increases,

Slage 2. Porosity changes from open to closed porosity,

Slage 3. Pore volume decreases; grains grow.

B g By

Figure 12 Schemalic represeniation of sintering sages: (a) greenbody, (b) infial smge,

{c) intermediate slage, and (d) final stage(2].

In the initial stage, neighbouring particles form a neck by surface diffusion and
presumably also al high lemperatures by an eveporation-condensalion mechanism.
Grain growth begins during the intermediaie slage of sintering. Since grain boundaries
are the sinks for vacancies, grain growth tends to decrease Lhe pore elimination rale due
(o the increasc in dislance between pores and grain boundaries, and by dewreasing the
lolal grain boundary surface area. In Lhe final slage, the grain growth is considerably

enhenced and the remaining pores may become isolated.

3.4 Preparation of the present samples
3.4.1 Collection of beach sand

In Bangladesh, Cox's Bazar beach sand contains potentially valuable minerals as
discovered during a geological survey for radicactive mmerals in 1961. Beach sand
contains magnetic materials in the form of magnetite (Fe3O4). Beach sand was collected
from Kolatoli sea beach; Cox’s Bazar.
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342 Separation of magnetite from the beach sand

The FesO. was separated from the beach sand using a strong magnet. At first
beach sand are collected from Cox’s bazaar sea beach than washed it by water and
separaled others unnecessary materials such as small rock, shells, clay, eic. Then the
sand are dried and [inally separnied by strong magnet.

343 Preparation of Fe;0,; samples

This magnetite is ground by ball milling for several hours in walter media. The
coarse powder is eliininated by sedimemniation. The raw powders are lhen sinlered al 730
and 900°C for 1 h. X-ray diffraction studies shows that the raw powders sintered at
750°C is the best among these powders. From this dried fine powder of magnetite disk
and loroid-shaped (Fig 3.3) samples were prepared by pressing and sintered at various
temperatares (750, 850, 900, 950, 975, 1000 and 1200°C) in air for 0.2, 1 and 5h.

3.4.4 Preparation of Fey,Zn,04 samplcs

Utilizing magnetite from (he beach sand and commercially available ZnO, the
Fe1.Zn,04 (x = .30 and 0.5) ferrites were prepared by a conventional solid state
reaction technique. The samples were sintered at 750°C in air for 1 h. The temperature
ramp was 10 C/minute for both cooling and heating.

®e @m@

Figure 3.3, Sample (a) disk shaped, {b) Toroid shaped.

3.5 X-ray diffraction

Bragg reflection is a coherent elastic scattering in which Lhe energy of the X-
ray is not changed on refleclion. §f'a beam of monochromatic radiation of wavelength
4 is incident on a periodic crystal plane at an angle & and is diffracted at the same

angle as shown in Fig. 3.4, the Bragg diffraction condition for X-rays is given by
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2d Sinf=ni (3.1}
where d is the distnce between crystal planes and # is the positive integer which
represents the order of refleclion. Equation (3.1) is known as Bragg law. This Bragp
Jaw suggests that the diffraction is only possible when & < 24{11]. For this reason we
cannot use the visible light to determine 1he crystal structure of a material. The X-ray
diffraction (XRD) provides substantial information on the crysial structure.

Reflected Incident

Figure 3.4, Brage iaw of diffraction,

X-ray diffraction was carried out with an X-ray dilfractometer for the samples.
For this purpose monochromalic Cu-K,, radiation was used. The latlice parameter for
each pcak of each sample was calculaled by using the formula

a=d Ji +k? +1° (3.2)

where A, & and [ are the indices of the crystal planes. To determine the exact lattice
paramcter for each sample, Nelson-Riley method was used.

The MNelson-Riley function F{{} is given as
F(E)=%[(Cﬂszﬂf5inﬁ}+ (Cos?010)] (3.3)

The valucs of latiice constarml ‘a' of all the peaks for a sample are plotted against
F(D). Then using a least square fit methexd exact latlice parameter ', is determined. The
point where the least square fit straight line cut the y-axis (i.e. at £{8) = {) is the actual
lattice parameler of the sample. The theoretical density p, was calculated using

following expression:
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BN
Po=y &l em’ (3.4)

A ]

where M, is Avogadro's number (6.02 x 10% mol” ), M is the molecular weight. The
porosity was calculated from the relation {100(p,, - 2, )/ 2, }%. where p, is the bulk

density measured by the formula o, = M /¥ [12].

3.0 Microstructural investigation

The micro structural study of the ferrite samples was performed in order to
have an insight of the grain structures. The samples of different compositions and
sintered at different temperatures were chosen for thiz purpose. The samples were
visualized under a high-resolution optical micruscope and Lhen photographed.
Average grain sizes (grain diameler) of lhe samples were delermined from optical
micrographs hy linear intercept technique [2]. To do this, several random horizontal and
verfical lines were drawn on the micrographs. Therefore, we countad the number of
grains intersecied and measured the length of the grains along the line traversed. Finally

the average grain size was calculated.

3.7 Complex permenbility measurement

For high frequency application, the desirable property of a femte is high
permesability with low loss. One of the most important goals of femrile research is to
fulfill this requirement. The techniques of permeability measurement and frequency

characteristics of the present samples are described in sections 3.7.1 and 3.7.2.

3.7.1 Techniques for the permeability measurement

Measurements of permeability normally involve the measurements of the
change in self-inductance of & coil in presence of the magnetic core. The behavior

of a self-induclance can now be described as follows, We assume an ideal loss less air

coil of inductance Z,,. On insertion of a magnelic core wilh permeability 41, (he inductance
will be s, . The complex impedance Z of this coil [11] can be expressed as follows:
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Z=R+jX = joLp= joly(u' — ju") (3.5)
where Lhe resistive part is R=ol u’ (3.6)
and Lhe reactive parl is X =al,u 3.7

The RF permeability can be derived from the complex impedance of a coil, Z,
given by equation (3.5). The core is laken as toroidal to avoid demagnetizing effects.

The quantity L, is derived geometrically as shown in section 3.7.2,

3.7.2 Frequency characteristic measurement

The frequency characteristics of the ferrite samples i.e. the initial permeability
spectra were investigated using an Agilent Impedance Analyzer (model no. 4192A). The
complex permeability measurements on toroid shaped specimens were carned oun at

room temperature on all the samples in the frequency range 1 kHz - 13 MHz. The real

parl (') and imaginary part (') of the complex permeability were calculaled using

the following relations [1]: ' =L, /L, endu’ =g @ané, where L, is the sclf-

inductance of the sample core and L, = 4 N*S/md is derived geometrically. Here L, is

the inductance of the winding coil without the sample core, & is the number of tums of

the coil (W = 5), S is the area of cross section of the toroidal sample as given below:
S=dxh,

_dz_d|

where d
2

*

d, = lnner diameter,
d, = Outer diameter,
# = Height
and d is the mean diameter of the toroidal sample as given below:

d, +d,
2

d =

!
The relalive quality factor is determined from the ratio I.a‘l:llﬁ .
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3.8 DC magnetization measurement

The mognetization (M) measurements were made on pieces of the sampies

{approximate dimensions 2 x 1 x 1 mmr’) using the Superconducting Quantum Interface
Device (SQUID) magnetometer (MPMS-55; Quantum desipgn Co. Ltd.).
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CHAPTER 4
RESULTS AND DISCUSSION

The polycrystalline magnetite (Fe Oy separated from Cox’s bazaaqr beach sand and Zn subsiituted
magnetite, Fe; Zn.0; (=030 and 0 50} were siudied Magneiite pewders were separated from the beach
sand by u sirong magnet. Pellets and ring shaped samples were prepared fram this powder. Somple were
sintered af various lemperarures. The Fe; Znd)y (¢=0.30 and 0.50) were prepared by mixing magnetite
front the beach sand and commercially available Zn(). Infernal siructure of the above menitioned samples
are studied by x-ray diffraction The magnetic properties were stadied by SQUID magmetometer. The
complex permeability of the samples was characterized with high frequency (1 kKHz-13MHz) with on Agilent
impedance analyzer. The electrical transport properties of magnetite was imvestigated by physical property
measirement system (PPMS) equipped with 9T magnet ond a dlose cycle helium oryocoaler.

4.1 Magnetite separated from the Cox’s bazar beach sand
4,1.1 X-ray diffractions and lattice parameters

The X-ray diffraction (XRD) paiterns for the separated raew magnetite (Fe3Oq)
from the beach sand and sintered Fe;O, are presented in Figs. 4.1, 4.2 and 4.3 and their
diffraction peak positions with Miller indices are presented in Table 4.1. The raw FezOs
powders were sintered at two different temperatures 750°C and $00°C for 1 hour, The
XRD patterns for these raw and sinlered samples confirm the formation of spinel ferrite
with a few impurity peaks [1,2]. Some of the impurity peaks are perhaps due to the
presence of hematite (Fe;05) as shown in the figure. Besides these, some other
unidentified peaks are also present in the XRD} pattern. This suggesis that our magnetic
separation process is not sufficient o get phase pure magnetite from the Cox’s Bazar
beach sand. However, when the mw powder is sintered at 750°C for 1 h, it was observed
that some of the impurity peaks are eilher disappear or become less intense perhaps due to
remove some volatile materials. That indicale better crystalline and more pure than raw
Fe;0,. But when the rmaw powder siniered at 900°C the impunity peaks are reappear,
perhaps due to the formation of Fez0;.
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Figure 4.1. The X-ray diffraction patiern of raw magmetite separated from the Cox’s Bazar beach sand.
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Flgure 4.2.The X-tay Siffraction parem of mapneiile sintered at 750°C for 1 hour.

Table 4.1. X-ray peak pasitions for magnetite sintered al 750 °C.

X-ray peak pasition with Miller indices 20 (degree)
Samples {220} f311) f4iiH f422) {541) {4400
Raw magnelite 30.07 3540 4874 5693 3860 62,61
Magmetite gintered at 750°C - 33.59 49.90 57.99 5887 60.43
for 1h
Magnetite sinteced at 900°C 3206 3579 46.54 5406 58.68 62.87
for 1h
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Flgure 4.3. The X-my diffraction patiern of magnetiee gintered at 900°C far 1 hour,

The values of lattice parameter ‘@’ from all the spinel peaks is plotted against

Nelson-Riley function, Ff#), for the sample sintered at 750°C is shown in Figs. 4.4a, b.

The calculsted @ and ag are presemied in Table 4.2. It was found s is 8.403 (d) and

8.405¢A} respectively. This value of ap agrees well wilh the value observed by other

authors [2,3. 6].

Tabile .2. The Iattice parameters and average larice parameters for magnetite simered at ¥0°C for T .

peaks Sintering {4}
Sample
Temp. T,{°C} a (@)
I 85378
2 8.391
3 §.393
on0 B.405
4 8.394
5 8.397
Mg Fif
gmettie 5 8.398
(Fes0g
1 RA27
2 3.421
3 750 8419 84403
4 RA415
5 8. 4GE
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Lattice Constant, a (A)

£.43
| at 750 ° C for th
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Figure 4.4a The Nelson- Riley function F() vs latice constant for the magnetile sintered al 756°C.
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Figure 4.4b. The Nelson- Riley Rimction F(8) vs lattice constant for the magnetite sintered at 900'C.

4.1.2 BDulk density of the magnetite

From the XRD studies we consider the magnetite powder sintered at 750°C for 1 h
is the besl powder, hence we use this powder for preparing pellet and ring-shaped
sampics. Pellel-shaped sample prepared from this powder are again sinlercd at various
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temperature and dwell Limes as presented in Table 4.3, Volume of all samples is measured

using Archimedes principle and density is calculated using mass per unit volume.

Tabke 4% Sinlering temperalire and dwell limes for various samples.

Sintering Temperature Dwell times (h)
O
750 1
850 1
Q00 0.2,1and 3
958 £:2 and |
975 0.2
1000 0.2
1206 %2

Figs. 4.5, 4.6 and 4.7 show the density as a function of sintering temperatures for
the Fe;0s. It was observed that the density varies both as a funclion of sinlering

iemperature and dwell times. From the Fig. 4.6, for fixed Jwell fime, it was found that the
density almost remains same up to sintering temperature 850°C, after this density
increases rapidly and at 975°C density approaches approximately 4.6 g/cm’. On the other
hand, at fixed dweil ime 0.2 hour (Fig. 4.5) the density for the FesO, at 7200°C

approaches 4.7 g/cm’.

At higher simering lemperatures the density inecreases because the intergranular

porosity decreases [ is known (hat the porosity of ccramic samples results from two

sources, inlragranular porosity and intergranular porosity [5]. Thus the total porosity

could be written as P=Pyy+P e The intergranular porosity mainly depends on the grain

size [ 51.
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Figure 4.5 Densily as a function of sinlering temperamure for Fe;0, with fixed dwell time ¢.2 hour.
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Figure 4.6 Density as & funclion of smicring lemperamre for Fe;0y with fixed dwell time 1 hour in air.
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Figure 4.7. Density as a function of sintering time for Fe,0, with fixed temperamre.

4.1.3 DC magnetization of magnetite
4.1.3.1 Magnetisation for raw Fes0y

32

24

M (¢mu/g)

16 L
0 100 200 300 400
Temperature {K}

Fhmﬂmwdmm:ﬂmﬁmhnwmguﬂUEMhm
of 50 mT applied fizld in FC and ZFC mode.
The temperature dependent magnetizalion, M(T), for raw Fe;Oy is measured in
presence of 50 mT applied field in both zero field cooled (ZFC) mode and field cooled
{FC) mode es shown in Fig. 4.8. In ZY¥'C mode the sample is cooled down w 10 K in

absence of applied magnetic filed. Then 50 mT field is applied and M(T) data is recorded
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with wanming he sample, while in FC mode M(T) data is reconded in presence of applied
magnetic field and cooling the sample.

It was observed that both in ZFC and FC modes sample shows a transilion at 125
K. This temperaiuze is called Verwey (ransition as it was observed by E.W. Verwey while
investigating transport properiics of single crystal Fe;0416,7,8 ].

8[} "- T | T L I T,
| e Raw magnetite 1
3 ﬁ!,f::,:;- =

il -3
W A
ol ] —— K
=t ]

M (emu/g)

40 | -

~g=pua-t T :
0

-1.0 -0.5 6.0 0.5 1.0
pH T}
Figure 4.9. The magnetization as a funciion of applied magnetic field plots for Fea()y measured at
10k and 300 K.

The wagnetization 23 a functionr of applied nmpretic field, M(H), for mw
magnetite is measured both at room lemperature (300K) and 10K as shown in Fig. 4.9.
The magnetization of Fes0, increases linearly with increasing the applied magnelic field
up v 0.2 T at both the temrperatures and attains Hs saturation value for fields higher-than
0.2 T. The 98% of saturation is observed at 0.3 T applied magnetic filed. The saturation
magnelization at 10 K for raw Fe;0, is 62.5 emw/g.

The number of pp per formula wnit is talculated from the experimental vajues of
M, using following relation,

_MxM,
Nxp, '

(Eq.1)

1

Where M is the molecular weight of the specimen, & is Avogadro’s number, and pg is

9.27x10° emu. Tt was observed that the for the raw Fe; 04 the saturation magnetization at
10K is 2.61 g,

Fes0)y is a ferrimagnelic iron oxide having cubic inverse spmel struchire with

oxygen anions forming a fce closed packing end iron {cations) located at the

imterstitial tetrahedrat sites and ocmahedral sites. The electron cam hop between
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Fe’*and Fe®" ions in the octahedral sites at room temperature imparting half metallic
properly to magnetite. The magnetic moment of the unit cell comes only from Fe*'

ions with a magnetic moment of 4p,

4.1.3.2 Magnetisation of Fe;0y sintered at 750°C

32 _M‘ ' Thiagnetite shitered’
Ay, al 750 °C for 1h
- M@
“ah ]
3 24 | -
g —e—7FC
b —a-—FEC
] 125K i
1 ﬁ f“ | L 1 1 | 1
0 100 200 300 400
Temperatare (K)

Figure 410, The temperanre dependent magnetization for sintered magnetite (750°C) measured
in presence of 50 mT applied field in FC and ZFC mode.
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Figure 411, The magnetization as & function of applisd magnetic field plots for sintered (750°C)
Fei10y measured m 10K and 300 K.
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The ZFC and FC M(T} plots for the magnelile sintered al 750 °C is shown in Fig.
4.10. Like raw Fe;0, this sintered sample also exhibit Yerwey transition at 125 K. Unlike
raw Fe:0q, this sample show slightly differeni behavior in ZFC curve.

The Ad¢H; plots for the magnetite simered at 750°C is measured both &l rocm
temperature (300K) and 10K as shown in Fig. 4.11. The magnetization of Fe;0, increases
linearly with increasing the applied magnetic field up to 0.2 T at both the temperatures
gnd Btlgins is saturation value for fekds higher than 0.2 T. The 98% of saturation is
observed at 0.3 1 applied magnetic filed. The saturation magnetization at 10 K for Lhis
simered Fe30y is 83.5 emnw/g. This saturation magnetization is corresponds to 3.5 up

R was found that dve w0 sintering srtwration magnetization value increases
significantly as a result of sintering., However, present value is less than that of the
saturation magnelization value (4 pg} of single crysial Fe;O4. For this sample the
saturation magnetization vahue s about 88 %4 of the pherse pare FeaO,.

4.1.4 Complex initial permeability of FeiO,4
4.1.4.1 Permeability spectra for Fes0 sintered af various temperatures for 0.2 h

LILLAL 1 m v rrrry L L
1 i 1

2l 02h —e—1200_
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J.ﬁ — —_—r — =3
. "-\ 950
w\":;_:_" e . + - S00 S
< M L T2 terom—— ]
i e ST Tk, . 1
12 | e .
" rag :
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1[} ranl L s 1 sl r 1 sl 1
10° 10° 10’
Frequency (Hz)

Figure 3.T2. The ‘uf spectra For Fey0; sinlered at various temperatures for 0.2hr in air.

Figs. 4.12 and 4.13 show the complex initial permeability specmra for Fe;Oy
sarnples sintered at various temperatures for a fixed dwell lime 0.2h in the frequency
range 100 kHz — I3 MHz. There is slight variation of the real part of the initial
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permeability, u’, (Fig. 4.12) depending on sinlering temperature. Among these sampies,
4! is highest for the sample sintered at 1000°C. Only the sample sinlered at 950°C show

the resonance frequency in ithe measured frequency mnge. For olher samples, resonance
frequency is beyond 13 MHz.
There is a sharp decrease of 4 and an increase of imaginary part of the initial

permeability, 4 , (Fig. 4.13) above the resonance frequency.

L L} L L I'Ill T T L L | |||| T
20 | 0.2h —s— 1200 -
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) 4 3. saasl I EETT1
10° 10°
Frequency (Hz}

Fipure 4.13. The ,u:" specira [or Fey (O, simlered at varions tempergtures for 0.2hr in air.

4.1.4.2. Permeability spectra for FesO, sintered at various temperatures for 1
Figs. 4.14 and 4.15 show ihe permeability u and g” specira for FesO4 samples

sintered at various temperatures for 1 h respectively. Like the sample simered for 0.2h,
(hese samples also show a variation of 4 depending on sintering femperatures. Compared
to the sample sintered for 0.2h, these samples have higher value of 4. In this case, u! is
highest for the sample sintered al 750°C. As there is no peak or iucreasing tendency of
4 (Fig. 4.15) with respect to frequency, it is concluded that the resonance frequency is
bevond Lhe measured frequency range.
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Figure 4.14. The ‘u,'r gpectra for for Fe;0, sintered ai various ternpererures for 1hr in air.
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Figure 4.15. The ,u,ﬂ specira for Fe; 0, sintered at varioys tempemanues for Yhr in air.

4.1.4.3. Permeability spectra for FedQ,sintered at 900°C for varions dwell fimes
Fips. 4.16 and 4.17 show the 4/ and a4’ spectra for FesO4 samples sinlered at

900°C for various dwell times, respectively. It is observed that for a fixed sintering

teinperature, if furnaces soak time increases then 4 valucs increases amd ;' decreases.
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Figure 4.16. The ,u: spectra For for Fe;Oy sintered at $00°C for varions dwel! times.
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Figure 4.17. The ﬂ‘” spectra for Fe;O, sintered 900°C for varicus dwell times.

It is well known that the permeability of ferrile is related Lo two differcnt
magnetizing mechanisms: spin rotation and domain wall motion {9, 10], which can be

described as follows:
=1 ut g
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where 7, is the domain wall susceplibility; .. is intrinsic rolational susceplibility. 7,
and Y may be writlen as : g, =3aMD/4y and g, = 2aM}/K with M, saturation
magnetization, K the total anisotropy, [ the average grain diameter, and y Lthe domain
wall energy. Thus the domain wall motion is alfected by the grain size and enhanced with
the increase of grain size. The initial permeability is therefore a function of grain size.
The magnetization caused by domain wall movement requires less energy than that
required by domain rolalion. As the number of walls increases with the grain sizes, the

contribution of wall movement Lo magnetization increases.

If H is a weak alternating field of high frequency, the domain wall will oscillate
back and forth through small distances aboul their mean posilion. The differential
equation for oscillaling boundaries can be written as
md x/dt’ + fdx/ dt + oo =20 H({t), where mis Lhe effective wall mass, § the viscous
damping factor,  the resioring constam, x the wall displacement and £ (¢) the driving
force [11, 12]. The first lerm on the left hand side represents the wall inertia as a product
of mass times acceleration; the second term is the damping opposing Lhe propagalion
velocity, and the thind term is associated with wall pinning 1o defects, expressed as a
resloring force. Tt is also observed that the higher the permeability of the malerial, the

lower the frequency of the onset of ferrimagnetic resonance. This really confirms with
Snock’s limit /4! = Constam [13], where f, is the resonance frequency for domain wall
motion above which ' decreases. This means that there is an effeclive limit to the
product of resonance frequency and permeability so that high frequency and high
permeability are mutually incompatible.

Energy loss is an extremely important subject in soft ferrimagnetic materials,
since the amount of energy wasted on process other than magnetizalion can prevent the
AC applicafions of a given material. The rafio of # and 4 representing the losses in the

material are a measure of the inefficiency of the magnetic system. Obviously this
parameler should be as low as possible. The magnetic losses, which causc the phase shifi,
can be split up inlo three compenents: hystercsis losses, eddy current losses and residual
losses. This gives Lhe formula tand, =land, + and, +tand,. x is the initial

permeability which created at low field. Hysteresis losses vanish at very low field
girengihs. Thus at low field the remaining magnetic losses arc eddy current losses and
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residual losses. Residual losses are independent of frequency. Eddy cument losses

increase with frequency and are negligible at very low frequency. Eddy current loss can
be expressed as P =~ f*/p, where P, is the energy loss per unit volume and o is the
resislivity [14]. To keep the eddy current losses constant as frequency is increased; the
resistivity of the material chosen must increase as the square of frequency. Eddy currents
are not problem in the ferrites until higher frequencies are encountered because they have
very high resistivity about 10°Qem[15]. The ferrite microstructure is assumed to consist
of grains of low resistivity separated by grain boundaries of high resistivity. Thicker grain

boundaries are preferred to increase the resistance.

4.1.4.4. Quality factor for Fes0y
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Figure 4.18 The variation of { factors with frequency for FeyO, sintered at different temperature for 0.2h.
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Flgure 4.19 The variation of {2 faclors with frequency for Fe; 0, sintered ar different lemperature forlh.

From the loss factor we have calculated the relative quality factor (or 2 factor) for
all samples sintered at various temperatures and various dwell times. The ¢} factors are
ahown in Fig. 4.18, 4.19 and 4.20. For induclors used in filter applications, the quality

factor is ofien used as a measure of performance. It is observed that the FesO, sintered at

750°C for | h has the highest & value (200).

Wm T T T T T

i 900°C p '
150 —.—02h A ‘\ g
[¥]
g | —«—1h . -'—\ ]
Zlof —*oh N\ -
3 | ;
o ]
A -
a ;
ry 5 -
% ol -——m'"-"*ﬁ.)I _

10 10° 10° 10
Frequency (HZ)

Figare 4.28 The variation of O Bciors with frequency for Fes0, sintered al 900°C for various dwell times.
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4.} .4 Transport properties of Magnetite
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Figure 4.21 The variation of resisiance with lemperature for Fe;Oy simtered at 730°C for 1 h.

Resistance of magnetite sample sinlered at 730°C for- 1 h-is-shown in Fig. 4.21.
Resistance of the sample is measured at zero field and also in the presence of 9 T
magnetic field. Both measurements show that there is a transilion in the R-T piots at
ghaut 125 K. This is known as famous Verwey Lransition or electron ordering transition.
Similar type of transition i3 also observed in M(T) measurement at the same temperature

for Fe;Oy sample.

An electron-ordering transilion occurring in & mixed-valent system (Fe*'/Fe’")
that resulls in mn crdering of formal valence states in Lhe low-temperature phase.
Example: The prulotype system, first identified by Verwey, is the spinel magnetite,
Fe**[Fe**Fe?]04 in which an ordering of Fe** and Fe’* jons within ociahedral sites is
thought Lo occur below 125 K.
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4.2 Investigation of polycrystalline Fey ,Zn 0y

4.2.1 X-ray diffractions and lattice parameters

T v T T T
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Figare 4. 22. The x-ray dilfraction paiern of caleined Fey Zn Oy (x =030 amd 0,50} powders.

The x-ray diffraction (XRI}) paticms for the calcined samples Fey,7Zn0; (x =
0,30 and (1.5} and samples sinlered at 750°C are presented in Fips. 4.22 and 4.23,
respectively. Their diffraction peak positions with Miller indices are presented in Table
4:4. The XBIY patlerns for these sintered samples confirm the formation of spinel ferrile
with & few unidentified peaks [1]. The values of lattice parameter “2” from all the peaks
for the samples are plotied against Nelson-Riley function, Fé) as shown in Fig. 4.24.

IFeHZn;D* sin:mred at-?Sﬂ" fc':r 1h

=8
E:'a | — ﬁ =
B
e} o
2 |
Z _
=
E i
E x=0.30
x=0.50
30 40 50 60
29 (degree)

Flgure 4.23. The X-ray diffraction pattern of polycrystalline Fes (ZnyCy sintered at 750°C for 1h.
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The values of lattice parameter ‘a’ from all the spinel peaks are plotted against
Netson-Riley funclion, F8), for (he sample sintered at 750°C is shown in Figs. 4.24, and
2.25. The calculated a-and ap are- presented in Table 4.5.

8.418 — v .

FEETZ'[IE!304
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g
=
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Figure 4.24. The variation of lattice conslant “a’ with F(9) for the Fez 2Zn, ;0.
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Figure 4.25. The varialion of lattice constant ‘a’ wilh F(8) for Fep 470 s04.
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Table 4.4 X-ry peak positions for polyerystalline Fe; ,Zn,0, sintered 2t 756°C for 1h

Sample X-ray peak positicn with Miller indices 20 {degree)

composition

(Il GIL | (422 (511 (440)

Fey Zn,04(x =0.30) 19.98 35.59 54.00 56.81 62.33
Fes,fn, OQyix= 0.50) 18.42 35.53 54.55 57.01 62.48

From the figure we see Lhat the latlice constant or Fe; sZngs04 (x = 0.50) and
Fes77ng304 (X = 0,30} are 8.422 A and 8418 A respectively, The lattice conslant
decreases as we decrease the Zn concentration. In comparison with the beach sand we see
that the latiice constant for beach sand is smaller than Fez s7ng s04 (x = 0.50) and greater
(han Fey 3710304 (x = 0.30).

The increase in latlice parameter wilh increasing Zn content can be explained on
the basis of the ionic radii. The ionic radii of the cations used in Fe,.Zn0, are 0.83A
(Zn’*) and 0.69A {Fe’") [2,3.6]. Since the ionic radius of Fe’" is less than that of the
Zr"*, decrease in lattice constant wilh the decrease in Zm substilulion is expected.

Table 4.5 The latice parameters and e laitice parameters for Fep, Zn,0, sintered at 750°C for 1 b,

peaks Sintering (4
Temp: T.{°C¥| a4 (e5)
I 8.4160
8.4165
" B4167 8418
8.416%
8.4170
7507
| 83424
8.3700
8.3930 3422
8.3940
8.4080

Sample

F é:.vl'm 0y

il dn]| ] ka2

Fez sZng 504

| ds W] b
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4.2.2 DC magnetization of polycrystailine Fey .Zn, 0y
The temperature dependent magnetization, M(T), for Fe ;Zn Q4 is measured in
presence of 50 mT applied field in both ZFC and FC modes as shown in Fig. 4.26.

T T T
Fﬂz sznu 504 50 mT

Q 104} 200 300 400
Temperature {K)

Figure 4.26 The remperature dependem magnetizalion for Fe; JZn, o7, measured in presence of 50 mT
applied fiekt in £C amd ZFE modr.,

It was observed that in ZFC mode sample shows two transitions, one at 120K,
perhaps comresponding to Verwey transition and another transition like features al 35 K.

The magnetization as 2 function of applied magnetic ficid, A{{f}, for Fes s7ny :04
is measured both at room temperature (300K) and ai 10K as shown in Fig. 4.27. The
magnetization of Fes s7nys04 increases almost linearly with increasing the applied
magnctic feld up to T T wilh two different slopes. No saturation is ocowmed in case of
both temperatures. However, there is a hysteresis like features is observed, which is

higher at 10 K, Such a conclusion is in agreement with that previously reported in case of
Zn-Co ferrites [15,16].

In both M(T) and M(H) plots, it is observed that there is g drastic decrease of
magnelization velue due to subslitution of nonmagnetic Zn in FesO,.

03



Chapter 4 Resulls ond discussion

4

2 -
gﬂ I
= 0
= i-rl—'-"""_'..-.-
= Sk

4 1

-1.0 0.5 0.0 0.5 1.0

uH(T)

Figare 4.27 The magnetizalion as a funclion of applied magnetic field plos for Fe; Zny 02,
measured al 10K and 300 K.

The lemperature dependent magnetization, M{T), for Fe; 77ng 304 is measured in
presence of 50 mT applied field in both ZFC and FC modes as shown in Fig. 4.28. It is
observed that in ZFC mode sample shows two Lransitions, one at 125, perhaps
comresponding to Verwey transition and another at 35 K.

The magnelization as a function of applied magnetic field, M{H), for Fe; 7Zng 104
measured both at room lemperaiure (300K) and at 10K as shown in Fig. 4.29 The
magnetization of Fe;7Zng30; increases almost linearly with increasing the applied
magnetic field up to 1 T wilh two different slopes, The magnetization velue is less than
that of FezsZngs()s. No saluration is occurred in casc of both (emperatures. However,
there is a hysteresis like features is observed, which is higher at 10 K.

Like FepsZm;s04, in bolh M(T) amd M{H) plots, it is observed that there is a
drastic decrease of magnetization value due 1o substitution of nonmagnetic Zn in FeyOs.

It is observed thai the sample which contains higher concentration of Z» has lower
magnelization value. This is due Lo Lhe fact that inclusion of nonmagnetic Zn weakens the
A-8 magnetic interaction among the cations and hence lower magpetization, [17].



Chapter 4

Resoits and discucsion

T 1 L) l T | L)
Fe,Z8,,0,  50mT
04 - -
—»—ZFC
%-ﬁ - —«—FC 1
E
B 03
=
0.2 L H L | N | X
0 100 200 300 400
Temperature (K}

Figure 4.28 The temperarure dependent magnetiztion for Fep »Zng 33, measured in presence of

50 mT applied field in FC and ZFC mode.
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Figure 4,29 The magnetization as a function of applied magnetic feld plots for Fep -2, £,

measursd &t 10K and 300 K.

4.2.3 Complex permeability of polycrystalline Fey ,Zn,0y

Figs. 4.30 and 4.31 show the real and imaginary permeability spectra for FesZn O,
(x = (1.30, 0.50) samples respeclively. It is observed that the permeability value increases

with increasing Zn conlent. Similar result is obtained by other aulhors in Ni-Zn ferrites

[18].
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. In Fey sZng 504 (x = 0.50) samples, the maximum value of 4, is approximalely 29.
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Figure 4 M. The ‘u"r specira for Fey 70,0, sintered at 750°C for Lhr in air.
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20 —a—x0% -
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Figure 431, The ﬁ:'r specira for for Fes ,Zn,0, sintered m750°C for Ihr in air.
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II[H] T I TT T T T T T
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Figure 4.32. The variation of relarive quality factor with frequency for polyerystaliing

Feayfng )y samples sintered at 750°C for 1 hr.

Fig. 4.32 shows the variations of refative quality factor {or ( factor) as a function

of frequency for Fe;..Zn,04 sinlered at 750°C for 1hr in air. From this figure, it is

observed that O factor increases due to Zn substitution in FesOq. For inductors used in

flter applications, the quality factor is often used as a measure of performance. [19]
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CHAPTER 5
CONCLUSIONS

The FeyO4 separaled from the beach sand successhully. The XRD patiemns of raw
and sintered Fe;O4 clearly indicate formation of spinel structure with some other
reflections from associaled impurilies. Some of the impurity peaks are perhaps due to
the presence of hemalite (FeyOs). Besides these, some other unidentified peaks are also
present in the XRD pattern. This suggests that our magnetic separation process is not
sufficient to get phase pure magnetite from the Cox’s Bazar beach sand. From Lthe XRID)
pattern it is concluded that the Fe;Qy sintered at 750°C i8 more pure compared to raw

and other sintered Fe Oy

The lattice constant of Fe;Ogis found to be 8.403A for the Fes0, sintered at
750°C. This value agrees well with the value for phase pure Fe;0y observed by other
anthors. It is observed that the bulk density varies both as a function of sintering
temperatures and times. The highest density 4.7 p/em’ is also fairly close (within 10%)
the single crystal density 5.2 g/em’.

The M(T) plots of both raw and sintered Fe30y4 exhibit Verwey Lransition at 125
K, which is a characteristic features of Fes0,. The M-H plots for these sample proved
that these are sofi magnetic materials. The M value increases linearly with increasing
the applied magnetic field up to 0.2 T at both the room temperature (300K) and 10K
temperatures and atlains ite saturation vatue for frelds higher than 0.2 T. The 98% of
saturation is observed at 0.3 T applied magnetic filed. The saturation magnetization at
10 K for mw Fe30y is 62,5 emu/g.. This saturation magnetization is corresponds to 2.61
Hg The saturation mapnetization at 10 K for Fe;04 sintered at 750°C for 1h is 83.5
emuw/g. This saturation magnetization is corresponds Lo 3.5 ug

It was found that due to sinlering saturation magnetization value ncreases
significantly as a result of sinlering., However, present value is less than that of the
saturation magnetization value (4 pg) of single crysial Te;Oy. For this sample the
saturation magnetization value is about 88 %6 of the phase pure Fes0,.
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The u' and a4 values for Fe;0O4 samples show a slightly varialion with on

sintering lime and temperature. The g/ is highest for the sarple sintered at 1000°C for

0.2h. Only the sample sintered at 950°C show the resonance frequency in the measured
frequency range. For other sample, resonance frequency is beyond 13 MHz. At fixed

dwell sintering time 1 hr, these samples also show a slight variation of x4 depending on
sinlering temperature. In this fixed sintering time !, is the highest at 750°C. In both
variations (here is no peak or increasing tendency of &’ with frequency, so it is also
couclude that the resonance frequency is beyond the measured frequency range. It is
also observed that for a fixed simering temperature 900°C, 4’ values increases and g

decreases with increasing furnaces soak tme.

From Lhe loss faclor we have calculmed the relative quality facior (or & factor)
for FesO4, The ¢ factor varies with simering time lemperoture. It is observed that the
Fe;0y4 sintered at 750°C for 1 h has the highest {}valne.

Resisance of magnetite sample sinlered at 750°C for 1 h is measured at zero
ficld and in the presence of 9 T magnelic field. Both measurements show an electron
ordering transition in the R-T plots at about 125 K. This is known as famous Verwey
Lransition. Similar type of Lransilion is also observed in M(T) measurement at the same
lemperature for FesO,,

The XRI} patterns of all compositions FesZn0; (x = 0.30 and 0.5) clearly
indicale formation of spinel structure along with impurity peaks. The lattice constanis
are 8.418A and R.422A for compositions Fez 77ng 304 and Fey 570550, respectively. In
comparison with the Fe;Oq4 (collected from beach zand} we observed that the lattice
constant of Fey.xZn,O4 (x = 0.30 and 0.5} is greater than Fe;04 This can be explaining
on the basis of the ionic radii. The radius of the Zw** (0.82 A) is greater than (hat of the
Fe''{0.69 A) So greater latice constant with Zn substitution is expected,

The magnetization as a function of applied magnetic field, for Fey Zn0y (x =
0.30 and (1.5) in both at 300K and at 10k. The magnelization of both samples increases
almost linearly with increasing the applied magnetic field up lo 1 T with different
stopes, and No saturation is occurred in these temperature. However, a hysterisis like
features is observed. Which is higher at 10 K. In both M(T} and M(H) plots, it is
observed that there is a drasiic decrease of magnetization value due 1o substitution of
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nonmagretic Zn in Fe;04. This is due 1o the fact that inclusion of nonmagnetic Zn
weakens the 4-B magnelic interaction among the cations and hence lower
magnetization.

The u! and Q factor increases wilh increasing Z» conterl in FesxZngOy, It is
believed that due to subsiitulion Zn the microstructure of the sample has improved
which in turmn increase the initial permeability and ajso quality factor. For inductors used
in flter applications, 1the quality factor is often used as a measure of performance,
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