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Preface

M-type hexaferrite has been extensively used in microwave devices due to its large
magnetocrystalline anisotropy, high magnetization and ferromagnetic resonance frequency
over 50 GHz. Its high versatility in magnetic and dielectric properties with low losses in
off-resonance frequency provides a significant important in non-reciprocal devices such as
circulator, isolators, phase shifter and band filters. Substantial effort has been drawn to
miniaturize these devices with self- biased ferrite materials. In the present dissertation,
barium hexaferrite (BaM) powders with various substitution (Al, Ti, La, Co) were prepared.
To understand the insight of the substitution, the powder were characterized by Raman
spectroscopy, FTIR, and Mdssbauer spectroscopy. As substituted powder were used to
fabricate the screen printed thick films. The microstructural and magnetic properties of the
films were measured in perpendicular and in-plane direction. Microwave properties of
substituted sample were compared with pure BaM in X-band and Ku band. Apart from
isotropic thick films, anisotropic microwave sintered thick films were also prepared under
the presence of external magnetic field of 0.8 T. The effect of milling time on structural

and magnetic properties of thick films were investigated.
The above mentioned studies are organized in the following sections:

Chapter 1 (Introduction): This chapter gives a brief introduction and classification of
magnetic ferrites useful in various microwave applications. The important magnetic
parameters of different ferrite are tabulated. The compositional diagram and crystal
structure of M-type barium hexaferrite (BaM) are detailed. Further, the advantages of
screen printed BaM thick films over other film deposition techniques has been briefed.

Chapter 2 (Literature Review): In this chapter, the important work carried out on
hexaferrite in particular for M-type (BaM) ferrite are reviewed for its structural, magnetic
and microwave properties. To start with, the initial research on BaM single crystals are
briefed followed by a detailed description of pure and substituted polycrystalline BaM
powders. Further, studies on polycrystalline thin and thick BaM films made by PLD,
sputtering, LPE and screen printing are discussed. In the last, the selective work on screen
printed thick films are compared and tabulated. Finally, the chapter is concluded with gaps

in the study, motivation and objectives of the dissertation.
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Chapter 3 (Experimental & Characterization Techniques): In this chapter, the adopted
processing methodology for the synthesis of M-type hexagonal ferrite (BaFe12O19) is
explained. A brief description of thick film fabrication technique by screen printed method
is depicted with pictorial representation. VVarious characterization techniques used to study

structural, morphological, magnetic and microwave properties are briefed.

Chapter 4 (Results and Discussions - 1): This chapter reports the structural, magnetic and
microwave properties of barium hexaferrite (BaM) processed in a conventional muffle
furnace. The results are divided into two major sections. In the first section, preparation of
pure BaM powders are discussed. And in the second section, processing of BaM thick films
and its effect of different processing parameters, i.e. sintering temperature, buffer layer and
substitution (Al, Ti & La-Co).

Chapter 5 (Results and Discussions - 11): In this chapter, screen printed anisotropic thick
films are prepared from the BaM powders milled for different duration of time. The effect
of ball mill time on structural and magnetic properties of powder and microwave sintered

BaM thick films are discussed.

Chapter 6 (Conclusions): In this chapter, important outcomes from this research are
summarized. The impact of various substitution (Al, Ti & La-Co) on magnetic and
microwave properties of powders and thick films are concluded. The microwave sintering
and novel result obtained from textured BaM thick films are showcased. All the important
parameters obtained in the result and discussion are summarized in the table. Finally, the

future scope of the work is presented at the end of this chapter.
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Chapter 1 Introduction

Chapter 1

Introduction

Overview

This chapter gives a brief introduction and classification of magnetic ferrites useful in
various microwave applications. The important magnetic parameters of different ferrite are
tabulated. The compositional diagram and crystal structure of M-type barium hexaferrite
(BaM) are detailed. Further, the advantages of screen printed BaM thick films over other
film deposition techniques has been briefed.




Chapter 1 Introduction

1.1 Preamble

Magnetic ferrites possess significant importance in microwave devices due to their
intriguing magnetic and microwave properties. Over the years, a wide range of ferrite
materials were developed to perform multiple operations in the modern electronic devices
such as low loss substrate, self-biasing magnets and high insulator etc. [1-4]. On the basis
of their natural ferromagnetic resonance (FMR) frequency, permeability and permittivity,
these ferrites can operate over a wide frequency range, i.e. 1 GHz to 100 GHz. The
operational frequency of microwave ferrites are generally defined by its anisotropic field
(Ha) and FMR (fr) as per the following equation:

f. = y(Hy + H, — 41tMy) (1.2)
where, fr, Ho and M;s are the FMR, applied magnetic field and magnetisation respectively.

y represents the gyromagnetic ratio.

Magnetic ferrites either operates at near natural resonance frequency such as
microwave absorbers or off-resonance non-reciprocal microwave devices such as isolators,

phase shifter and circulators. Table 1.1 depicts the important classes of magnetic ferrites

along with their magnetic characteristics.

Table 1.1. Classification and magnetic parameters of microwave ferrites.

Type Formula Abbreviation | 4zMs Ha He f.
kG kOe kOe GHz
FeFe204 - 6.0[5] - -
- MgFe;O4 MgFO 22 | 017[6] | 0.002 ~
£ MnFe;0, MnFO 48[7] | 5.4[7] | 0.20[8] 5
n CoFex04 CFO 521[9] | 6.8]10] | 1.25[9] ‘E
NiFe204 NFO 3.3[11] 0.43 0.006 %
= Y3Fes012 YIG 1.7[12] | 0.08 [12] - g
S
BaFe12019 BaM 47113] | 17.5 [14] | 6.0 [15] 36
o SrFe101 StM 45[13] | 19.0[16] | 6.6 [17] 50
£ | BaMnZnFeO | MnzZnY | 2.0 [18] | 9.5 [18] | 0.06 [18] | Upto 14
= BaCozFe16027 Co2W 4.8[19] | 21.0[19] | 0.08 [19] 3.0
3 BasCozFez40u1 Co2Z | 3.3[20] | 12.0 [20] | 0.02 [20] 13
= BazCozFezs046 Co2X | 3.4[21]| 9.5[22] | 0.05 [22] 3.0
BasZnzFess060 Zn2U | 4.2[23] | 10.0 [23] | 2.6 [24] 30

Spinel ferrites and garnets are soft magnetic in nature and have cubic structure, whereas

hexaferrites possess complex hexagonal structure. The planar and perpendicular magnetic

2
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anisotropy make hexaferrites magnetically soft (Y and Z- type) and hard (M and W-type),
respectively.

As suggested from table 1.1, the low Ha of cubic ferrites restricts their operational
frequency below 5 GHz [25], whereas, high Ha and non-reciprocal behaviour in some
hexaferrites (M and W-type) allow these materials operable up to 50 GHz [19]. Among the
hexagonal ferrites; M-type is a most commercially used hexaferrite due to its ease and cost
of processing [13,26]. These have dominant position in permanent magnets market due to
their moderate remanent magnetization (M), large coercivity (Hc), high Ha and Curie
temperature (T¢) [27]. Apart from permanent magnet, BaFe12019 (BaM) hexaferrite is
extensively used in microwave devices due to its low microwave losses, zero-field FMR
frequency near 50 GHz [4] and self-biasing nature [28]. The non-reciprocal self-biasing
properties of BaM make it suitable for miniaturization of circulators, isolators and phase
shifters. It is also used as microwave absorbing materials due to its high dielectric and
magnetic losses at resonance condition [29]. Other than preceded applications; BaM found
multitude of interest in magnetic sensors, magnetoelectric, data storage and recording
devices [13,30,31]. Therefore, in this dissertation, BaM hexaferrites has been chosen for

the investigation. The composition and crystal structure of BaM are explained below.

1.2 M-type Barium hexaferrite

BaM hexaferrite with the formula of BaO.6Fe.Og, is isostructural with magnetoplumbite
and have the simplest chemical structure among various hexaferrites [13]. Fig 1.1 shows
the ternary compositional diagram of various hexaferrites. It is found that BaM shows ease
of phase formation in a wide molar ratio (5.5-6.0) of Fe2O3z without any secondary phase

formation.
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Fig. 1.1. Ternary compositional diagram of hexagonal ferrite[32].

A typical unit cell of BaM consists of two formula units with 64 di/trivalent ions
stacked in building blocks of S and R. The S block is simply a spinel block with two formula
unit iron oxide (2(Fes0.)). The R block with the basic formula of AFesO11 (A: Pb, Ba, Sr
or rare-earth ions) consisted of three hexagonally packed oxygen layers where one oxygen
ion in the middle layer was replaced with similar sized Ba** metal ions. The presence of
divalent metal ions at dodecacoordination produce a slight perturbation in this layer and
form a unique fivefold trigonal bipyramidal site with five oxygen atoms.

Among various ions, 24Fe®* ions remain in five crystallographic coordinates,
namely three octahedral (12k, 2a and 4f,), one tetrahedral (4f1) and one trigonal bipyramidal
(2b) sites. 12k, 2a and 2b sites are spin up, whereas 4f; and 4f, sites are spin down; this
compiles eight unparalleled spins with an effective magnetic moment of 40 ug per unit cell
(detailed in Table 1.2) [33]. A typical alignment and superexchange interaction between

various crystallographic sites are shown in fig. 1.2.

Table 1.2. Spin alignment of different crystallographic sites of BaM.

Sites Coordination Spin position | Net Moment (ug)
12k Octahedral 121

4fy Octahedral 4|

Afal Tetragonal 4] 40

2a Octahedral 21

2b | Trigonal bipyramidal 21
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Fig. 1.2. (a) Perspective view of M-type Barium ferrite and (b) An illustration of magnetic
superexchange interaction between various site in M-type.

A small variation in the form of substitution in any of the site will drastically affect
the net magnetic moment and its characteristic properties. It is demonstrated with various
cationic substitution and its preferential site occupation in BaM make this material
operational up to 100 GHz [34-38].

1.3 BaM thick films

The magnetic properties of BaM hexaferrite are largely investigated for its application as
bulk permanent magnets. Also, numerous attempts have been made to investigate the
magnetic properties of BaM thin films; however, they have not gained commercial
importance. The most commonly used methods for film depositions are sputtering [39],
pulsed laser deposition [40], liquid phase epitaxy [41], thermal evaporation [42], and spin
coating [43]. For non-reciprocal microwave devices operable up to 100 GHz, the thick BaM
films>50 um are prerequisite [44]. The as-mentioned deposition techniques are not suitable
to obtain such thickness as they require a large number of iteration. Also, small deposition
area along with high DC and RF losses in high frequency region are another disadvantages.
To overcome said limitations, screen printing [45] is an alternative and effective method to

deposit thick films with large surface area and low processing cost [46].
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In recent years, considerable attention has been laid to develop BaM screen printed thick
films for self-bias microwave devices operable in the mm-wave frequency range [4,47,48].
These self-biased thick films are capable to produce miniaturized structures with better
properties over to conventional dielectric materials where external bias field (H) is required
to tune operational frequency [3,49]. Considering the importance of BaM and its thick

films, the present work focus on the development of substituted BaM and realization it into

the thick films.
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Chapter 2

Literature Review

Overview

In this chapter, the important work carried out on hexaferrite in particular for M-type (BaM)
ferrite are reviewed for its structural, magnetic and microwave properties. To start with, the
initial research on BaM single crystals are briefed followed by a detailed description of
pure and substituted polycrystalline BaM powders. Further, studies on polycrystalline thin
and thick BaM films made by PLD, sputtering, LPE and screen printing are discussed. In
the last, the selective work on screen printed thick films are compared and tabulated.
Finally, the chapter is concluded with gaps in the study, motivation and objectives of the

dissertation.
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After the discovery of M-type ferrites in 1949 by Philips Laboratories and its magnetic
studies by Went et al. [50] made this material commercially important for permanent
magnet and high density recording media. Further, it’s high anisotropy (Ha), ferromagnetic
resonance (FMR) and self-biasing nature makes significantly important for non-reciprocal
microwave devices such as circulator, isolator and phase shifter etc. Statistically, BaM
alone accounting 50% of the total magnetic materials manufactured globally, at over 300
kilo tons per year [13,51].

To understand the structural processing property relationship of hexaferrite, various
synthesis techniques have been adopted over the year. These materials were largely
synthesized as single crystal and polycrystalline. For the single crystal, molten salt method
was used to produce good quality crystals [52]. Initially, BaM single crystal was widely
used for microwave device due to its low loss at high frequencies; however, its cost of
production was a major drawback which leads to utilize polycrystalline materials in the
form of bulk, thick and thin films. To understand the structural dependent properties various
synthesis techniques such as co-precipitation [53], salt- melt [54,55], ion exchange [56,57],
sol-gel [58,59], citrate synthesis [60,61], hydrothermal synthesis [62,63], glass
crystallization [64], combustion method [65], self-propagation high temperature synthesis
[66], spray drying [67], water in oil microemulsion [68] and standard solid state ceramic
technique [69] were used. Among various techniques solid state ceramic method is
commercially adopted technique.

On the other hand, physical vapour deposition (Sputtering, PLD, Molecular beam
epitaxy, etc.), chemical vapour deposition (thermal evaporation, liquid phase’s epitaxy and
electron beam evaporation) and chemical solution methods (Spin coating, dip coating, tape
casting/ screen printing) were commonly used film (thin and thick) deposition method
[42,70-75]. These ferrites were usually used in the form of thick films (>50 microns) for
various non-reciprocal self-biased devices.

In the following section, important work carried out for BaM single crystal,
polycrystalline powder, thin and thick films are reviewed with a focus on magnetic and

microwave properties.

2.1  Single crystal BaM
Single crystal M-type hexaferrite is the primary choice for permanent magnets and
microwave material due to its low microwave loss and high power handling capacity

[26,76]. Initial effort to grow single crystal hexaferrite was made by Wijin et al.[77].
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However, the first single crystal was successfully synthesized and reported by Stuiji et al.
in 1959 [78]. Its magnetic and microwave properties such as FMR (fr) frequency and loss
were investigated by Wang et al. [52] and shift in a resonance frequency above 50 GHz
with a small external biasing field was reported.

Lemke M et al. [79,80] proposed high Hasingle crystal BaM for tunable mm-wave
bandpass filter and Gunn-Oscillator. The single crystal grown by top seeding method yield
high Ha (16.3) kG and relative permittivity (er) of 12.5 in a perpendicular direction at 78
GHz. Further, Labeyrie M et al. [81] showed microwave loss varies with different shape
and size of the single crystal and shift in the resonance frequency with applied filed was
observed. Nicholson D et al. [82] developed two sphere resonator bandpass filter with
single crystal hexagonal ferrite and demonstrated better performance in U-band with low
insertion losses and maximum tuning current of 350 mA at 60 GHz. With this advancement,
a tunable ferrite filter has been developed by Silber LM et al. [83], and reported single
crystal BaM of 0.33 mm diameter ferrite shows low microwave loss (3.0 dB) and narrow
AH at 58 GHz. Similarly, Lau YS et al. [84] proposed Gunn mm-wave oscillator with
polished BaM single crystal and reported low microwave loss of 2dB bandwidth up to 55
GHz. Labeyrie et al. [85] demonstrated that 0.64 mm diameter single crystal SrM showed
extremely low 4H at 94 GHz. Further, Truedson J R et al. [86] investigated conductivity
losses in BaM at 10 GHz and suggested material with thickness > 0.3mm will be affected
by eddy current losses. Wittenauer MA et al. [87] fabricated high purity BaM single crystal
and room temperature 4Hes Shows a linear increase with frequency due to the Landau-
Lifshitz damping mechanism at a 0.04 mm thick sample.

Apart from pure single crystals, some substituted hexaferrites were also widely
investigated for its magnetic and microwave properties. Wilber WD et al. [88] first reported
Mn-In co-substituted single crystal BaM shows low Ha and marginally high AHe at 36
GHz. Menashi WP et al. [89] demonstrated the production of single crystal Zn-Ti-Mn
substituted BaM with Czochralski growth method for possible usage in 20-50 GHz
frequency. Later, Sole et al. [90] reported similar result with Sn-Co substituted BaM and
suggested that magnetization and anisotropy field depended on substitution. Dixon et al.
[91] reported that 15-20mm diameter single crystal BaFegZnisTiisO19 produced by
modified pulling technique showed relatively low 4H of'36 Oe compared to 42 Oe obtained
for a free nucleated crystal. Ustinov A B. et al. [92] investigated magnetic and microwave
properties of Al-substituted 100 um thick BaM single crystal. A single crystal
BaFe10Al>019 showed high Ha of the order of 33.68 kOe.

9
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As described above, most of this single crystal were optimized for Haand fr 4H.
However, for the devices fabrication, the material also needs to be self-biased with high
magnetic retentivity (M) and coercivity (Hci or Hc) which are the signature properties of
polycrystalline materials [47]. Moreover, synthesis of single crystal was challenging with
low production yield compare to polycrystalline hexaferrite. The following session

elaborate important work carried out on polycrystalline hexaferrite.

2.2  Polycrystalline BaM

Polycrystalline hexaferrite has been considered as a crucial material for microwave device
fabrication ever since Chait et al. in early 1953 [93] proposed low loss in the microwave
region. Numerous patent has been published in the late 1950s, which potentially
implemented ferrites in the microwave devices [94-96]. fr in BaM (ferroxdure commercial
name) was first investigated by Weiss M T et al. [97] in 1955 and reported that the textured
materials with high Ha possess zero-field resonance at 50 GHz. Further, to understand the
relation between anisotropy and crystal structure Rensen J G et al.[98] investigated
Maossbauer spectroscopy and reported 2b trigonal bi-pyramidal site with complex fivefold
coordination showed high distortion and found contributed for higher anisotropy in BaM.
Structure and magnetic properties of pure BaM hexaferrite were lately studied by various
researchers [99-103].

Mondin L Ya [104] studied the degree of ferritization of BaM powder and showed
isotropic magnetic behaviour in randomly oriented BaM particle. Anisotropy nature and
preferential orientation of BaM was achieved by a strong external field. The effect of rapid
cooling on BaM polycrystalline powder showed significant improvement in the magnetic
properties. Formation of BaM from barium carbonate and iron oxide precursors were
investigated and showed highest initial magnetisation of 66.5 emu/g at 1000 °C whereas,
powders reheated at 1250°C showed Ms of 67.3 emu/g [105].

Hodge MH et al. [106] proposed a synthesis methodology for textured
polycrystalline BaM and showed 90% similar magnetic properties of single crystal. The
magnetic retentivity (Br) and energy product (BHmax) are 2.6 kG and 1.07 MGOe for
textured BaM whereas, isotropic materials showed 1.8 kG and 0.61 MGOe respectively.

Degree of orientation and magnetic properties of textured BaM was investigated by
Gershov | Y [107] and showed grain growth in sintered samples were right angle to the

preferential orientation of hexagonal axes and improved with sintering above 1220 °C. On

10
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the basis of study, BaM with Hc > 2.9 kOe are single-domain grains, whereas, <2 kOe are
predominantly a multi-domain characteristic.

Apart from permanent magnets, textured BaM was also used in microwave devices.
Akaiwa Y et al. [108] proposed a concept of self-biasing mm-wave device from textured
BaM and SrM. The study showed By and H¢ of ~ 3.5 kG and ~2.0 kOe with AH of ~2.0
kOe. & and losses found to be 13 and 0.003, respectively. Further, it reported that no
external bias was required for device fabrication. The isolation loss of 20 dB was found at
2.4 GHz with an insertional loss of 1.1 dB

Role of pure BaM in microwave devices was studied and reviewed by various
researchers [109,110]. However, significant efforts were also made to tailor the magnetic
and microwave properties by partial cationic substitution for Fe and Ba ions to operate this
material in a wide frequency range. For instance, Sc®* and In** ion substitution for Fe3*
reportedly reduces the Ha and allow these materials to operate in X- to Ka-band, whereas,
the substitution of AI** and Ga3* increases Ha and make suitable to operate up to W-band
[34-36,111]. A short description of various substitution carried out in the past few years is
as follows:

Al- substituted (BaFe12xAlxO19) were widely investigated by many researchers over
a large substitution amount. The presence of AI®* in BaM sublattices reduces Ms and M,
whereas, Hc improves drastically [112],[113]. Site preferential occupation of Al-
substituted BaM was investigated by Choi D H et al. [114] and showed APP* ions
preferentially occupy octahedral (2a & 12k) spin up and tetrahedral (4f,) spin down sites.
Further, the distribution of ions among five crystal sublattice controls the variation of
magnetic properties. Microwave absorption properties of Al-substituted BaM was
investigated by Qiu J et al. [115,116]. AI** ion substitution gradually increases er and shift
ur to a higher frequency. Microwave properties of Al-substituted BaM in the frequency
range of 32-50 GHz was studies and explained on the basis of various polarisation such as
dipole, resonant and electronic etc. [117]. Further, this substituent also showed multiple
electrical phase transition similar to those of ferroelectric BNT (BiosNaosTiO3) [118].

Bi-substituted BaM hexaferrite and its cationic distribution was investigated by
Winotai P et al. [119] showed a reduction in M due to presence of Bi®* ions in the pseudo-
tetrahedral site and then octahedral site in R block.

Malassis et al. [120] investigated the effect of Co?* ion in BaM crystal structure
and reported the formation secondary W-type phase. A few more studies on Co-substituted
BaM showed high reflection losses of -45 dB in Ky- band [121,122]. Apart from single
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substitution Kreisel J et al. [123] investigated Ir-Co co-substitution on magnetic anisotropy
by neutron diffraction and showed spin canting from 0 to 90° through magnetic structure.
Further, Co substitution in Ni-Zr- substituted BaM was investigated by Gruskova A et al.
[124] and showed Zr** ions preferential occupied 2b, 2a and 4f; sites and restricts Co?* ions
in 4f, and 12k sites. Further such substitution was showed a positive temperature coefficient
of H¢ [125]. Co-Si co-substitution in BaM with polymer matrix composite showed the best
reflection losses of -29 dB in X-band with ¢’ and &" of ~11.5 and 2.3, respectively for a
sample thickness of 2 mm [126]. Later, an investigation in Co = 0.9 and Si = 0.95 showed
increase in electromagnetic properties with a reflection loss of -24.5dB (>99% absorption
) for absorber thickness of 1.6 mm [127]. Co-Ti substitution in BaM showed an increase in
M initially up to Co=Ti=0.5 due to the presence of low sip Co?*ion (3 ug) in spin down.
The presence of Co-Ti hampers the T¢ to 491 K for x = 2.5[128]. The existence of planer
anisotropic in this material provide significant importance in microwave devices and
perpendicular recording media [129,130].

Thompson G K et al.[131] investigated order and disordered magnetic exchange
interaction in In and Ga substituted SrM and found a change in Hesr at 12k sites. Substitution
of Mn-ions in BaM crystal system preferred to occupy 12k, 4f, and 2a sites and showed
decreases in magnetic properties [132]. Later, such substitution is widely used for catalytic
properties for methane combustion [133].

The first Ti-substituted BaM was investigated by Brabers et al.[134] and reported
an increase of Ha for low substitution amount; however, magnetic properties were found to
decrease with higher concentration. Further, Ti*" ion substitution showed significant
changes in textured growth along (00I) direction as estimated from torque curve [135,136].
Recent studies on ac conductivity showed a decrease in activation energy with Ti
concentration and exhibited moderate magnetic properties. Such materials are of greater
interest in magnetoelectric devices [137]. Substitution of Ru-Ti in BaM system showed
preferential occupation at 2b sites and caused a decrease in Hc. [68]. Zn-Ti co-substituted
BaM has been adopted for low temperature co-fired ceramics (LTCC) for modern
communication devices [138].

Apart from substitution for Fe** ion, substitution of Ba®* ions with rare earth
substituents such as La, Gd, Pr, Sm and Nd were investigated by various researchers in the
past [139-143]. La-substituted BaM has been widely studied for its optical and microwave
properties [140,144]. The existence of La®*" ion increases Ms and H. and reduces for higher
concentration. Lotgering et al. [145] and kupferling et al. [146] found high Ha with La®*

12
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ion concentration. Simultaneously substituted La-Co hexaferrite were widely investigated
due to its enhanced magnetic properties and well exploited for the production of
commercial permanent magnets [147]. The effect of La/Co substitution on its
crystallographic properties and exchange interaction are well explained by various
theoretical studies. The superexchange interaction in La-substituted BaM was explained by
molecular field approximation (MFA) and random phase approximation (RPA). Studies
suggested that antiferromagnetic superexchange interactions between various Fe-Fe ion
were more prominent between 2a-4fy, 2a-12k, 2b-4f; and 2b-12k [148,149]. J. Park et al.
derived the electronic structure of La-Co substituted SrM by first principle calculation and
predicted a reduction in lattice constant and net magnetic moment. The study also suggested
its half-metallic behaviour with cobalt substitution [150]. Beside theoretical studies, the
effect of site occupation on intrinsic properties and crystal collinearity were also
experimentally investigated [151,152]. Polycrystalline bulk BaM has significant
importance in permanent magnets.

Polycrystalline thin and thick films are having a scope for miniaturization in
microwave devices due to comparable magnetic and microwave properties of bulk
counterpart. In the following section, important studies on BaM thin and thick films are

discussed.

2.2.1 BaM thin films

BaM thin films have been deposited by various growth technique such as PLD, sputtering,
spin coating and metalorganic chemical vapour deposition (MOCVD). Magnetic and
structural properties of BaM film deposited by PLD on c- and m-plane sapphire first studied
by P.Dorsey et al. [153] in 1992. The study reported AH of 200 Oe and 450 Oe at 85 GHz
for 15 pum thick film on c-plane and m-plane respectively. The high Ha of 16 KOe was
found for sample fabricated on ¢ —plane. Later, Huang F et al. [154] successfully deposited
well crystallize c-axis oriented BaM thin film of 230 nm on a LLC garnet ferrite (111).
Further, Y.song et al. [40] fabricated single phase BaM thin films with the narrowest
possible A4H of 27 Oe at 60.3 GHz and Ha of 16.4 kOe by PLD technique. Yoon S D et al.
[155] investigate magnetic and microwave properties of c-axis oriented BaM films on a-
plane sapphire. Torque measurement confirms easy magnetization direction lies in the
plane of the film with 4H of 1-1.4 kOe. Films with 14 um thickness showed large stress
due to crystallographic and thermal mismatches. Chen Z et al.[156] studied epitaxially
grown BaM thin films on 6H SiC substrate with 10 nm MgO (111) under layer. The study
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reported bilayer films resolves lattice mismatch and inter-diffusion between film and
substrate. The films showed low 4H of 96 Oe at 53 GHz with high Ha, and M of 16.9 kOe,
4.4 KG respectively.

BaM films were also deposited by sputtering and investigated. Takahashi et al.
[157] made a successful attempt to deposit BaM thin films of 1-2 um by RF sputtering and
investigate its crystallization kinetics with annealing temperature. Later, Adam J D et al.
[1] in 1990 proposed ferrite thin films for Micro and mm-wave application. For the study,
oriented BaM thin films are deposited with RF diode sputtering on SiO2/Si (100) and found
higher crystallization in the range 700 — 800 °C. Further, Lacroix E et al. [158] studied the
effect of different substrate SiO, (amorphous), ZnO (001), Gd3GasO1. also called GGG
(111), and Al203 (012). It was found that GGG and Al,Oz substrate were suitable for
achieving single phase BaM film. In 1996 Acharya BR et al. [159] fabricated SrM thin
film by RF sputtering technique. Effect of annealing, different substrates and target to
substrate distance were investigated. It was found that substrate and rapid annealing
promotes orientation in the films. Capraro et al. [160] developed an integrated microwave
devices combining BaM films of 5 um by RF sputtering deposition technique. The post
annealed BaM thick films showed 14 dB isolation loss at 50 GHz with insertion losses up
to 9 dB. Dehlinger A S et al. [161] developed integrated circulator based on 10 um BaM
films showed a circulation effect up to 50 GHz. Li Y et al. [162] investigated highly oriented
BaM thin films on Pt coated Si substrates. The films showed good out of plane magnetic
properties annealed at 600 °C. My, squareness and Hc found to be 3.80 kG, 0.96 and 1.76
kOe, respectively. In 2014 Anderson et al. [163] proposed a multilayer magnetic
waveguide with 20 um BaM films. The non-reciprocal microwave propagation at 50-70
GHz range showed attenuation differences more than 75 dB/cm at 56.18 GHz. Peng B. et
al.[164] investigated BaM thin films with different thickness 100nm, 1 pm and 8 pum, 20
um on sapphire substrate with amorphous BaM seeding layer. The study found up to 8 um
thick BaM films deposited on BaM buffer layer showed random orientation with better
adhesion. A good c-axis orientation was observed in 100 nm thick films. Later, Bodeux R.
et al. [165] developed tetragonal tungsten bronze (TTB)/BaM bilayers by RF magnetron
sputtering on Pt/TiO2/SiO>/Si substrates. The films showed bulk like magnetic properties
with dielectric constant ¢ of 150 at lower sub-gigahertz frequencies. Dong X et al.[166]
investigated textured BaM thin film of 500 nm by magnetron sputtering on a
Pt/Ti02/S102/Si substrate. Lotgering factor of 96% was observed with Ms, squareness and
Ha of 3.9 kG, 0.95 and 16.37 kOe, respectively with 4H of 162 Oe at 55 GHz.
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Donahue E J et al. [167] developed BaM films by metalorganic chemical vapour
deposition (MOCVD) on MgO (polycrystalline) and ZnGaz04 (oriented film) substrates.
The Ha of 13.4 kOe and 22.3 kOe were observed for MgO and oriented substrates,
respectively. Ryder DF et al. [168] investigated thin film of BaM deposited by Spin
coating on a resistor grade alumina showed Ms, Hc and squareness of 375 emu/cm?, 2.2 kOe
and 0.58, respectively. Ghasemi A. et al. [43] performed spin coating of BaM and reported
isotropic crack-free films of 15 um with Hc¢ of 5 kOe. Later Salemizadeh S. et al. [169]
successfully deposited BaM thin films on Si (110) substrate via spin-coating technique. The
films calcined at 700 °C showed good magnetic properties He = 5.2 kOe, M, = 141.3
emu/cm? and Ms = 185.2 emu/cm?®. Masoudpanah S. et al.[170] SrM thin films synthesized
on (100) silicon substrate by spin coating. The 900 nm thick films showed relatively high
M; of 267.5 emu/cm?® and Hc of 4.29 KOe. Harward | et al. [171] developed Al substituted
BaM thin film by metal-organic decomposition method followed by rapid thermal
annealing. The squareness and Ha found to increase up to 0.92 and 27.5 kOe with Al
substitution, whereas, Ms decreased to 2.2 kG. 4H of fabricated films 370 Oe and found
increase linearly within 45 — 60 GHz frequency range.

2.2.2 BaM thick films

BaM thick films greater than 50 pm gained significant importance in microwave devices
due to bulk-like properties, ease of production and self-bias nature. Methods such as liquid
phase epitaxy (LPE), screen printing and tape casting were predominantly used for thick
film fabrication.

In 1978 Glass HL et al. [172] developed first hexaferrite thick films by LPE
technique on a non-magnetic spinel substrate and reported low AH of 26 Oe at 36 GHz.
Initially, LPE was used to develop BaM films less than 50 um[173] [174]. Later, LPE was
also used to develop thick film above 50 um. Y.Kranov et al. [41] reported growth of thick
BaM films of 300-550 um on sapphire Al2O3 (0001) substrate by LPE with Hc of 100 Oe.
Jalli J et al. [175] developed 144 um BaM thick film on Gd3GasO1g substrate by LPE
technique. Textured magnetic behaviour has been observed and magnetic properties M and
Ha found to be 4.2 kG and 16 kOe, respectively. The 4H of 100 Oe at 35 GHz was observed.

Screen printing technique has been initially introduced for microwave devices such
as circulator and isolator. Zivanov Lj D et al. [176,177] developed the first screen printed
BaM thick films for potential use in fin line isolator. Chen Y et al. [178] fabricated 200-
500 um thick films on alumina substrate and showed large M (3.8kG) and SQ (0.96) with
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narrow AH of 310 Oe at 55.6 GHz. Further, studies found BaM films on silicon substrate
and sintered at 1300 °C showed secondary phases [179]. Later, Al.Os seeding layer for
screen printing deposition was explored and found enhanced properties in isotropic BaM
films [180]. Kulkarni D C. et al. [181] investigated 15-60 um thick BaM films on a
polycrystalline alumina substrate. The result showed high &’ (35) and ' (6.41) with
microwave absorbance of 87% in Ky-band. S.Verma et al. [44] investigated Co-Ti
substituted screen printed thick film on Al,O3 substrate showed maximum M and Ha of 57
emu/g and 10.02 kOe, respectively.
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Table 2.1. Summarized BaM screen printed thick films and it’s structural, magnetic and
microwave properties from literature.

Sr. | Year and Synthesis procedure Magnetic and microwave
No | Author properties
1. |1988/ 15 um screen printed BaM thick Bandwidth isolation loss
Zivanov Lj D | film fabricated on alumina greater than 30 dB at 48.5
et al.[176] substrate sintered at 850 °C for 10 | GHz
min
2. | 2006 ChenY | 200-500 pwm oriented screen Polycrystalline films
etal. [178] printed thick film fabricated on showed large remanence 3.8
0.25mm thick alumina substrate kG, higher squareness of
by hot pressing method and 0.96, low microwave loss
sintered at 900-1300 °C with 4H of 310 Oe at 55.6
GHz.
3. | 2006 ChenY | 100-400 pum oriented screen Squareness of 0.93 and fr
etal.[179] printed thick film fabricated on AH of 1.2 KOe at 40 GHz
silicon and alumina substrate by
hot pressing method and sintered
up to 1300 °C
4. | 2006 ChenY | 100-500 pum oriented screen Squareness of >0.95,
etal.[179] printed thick film fabricated on coercivity ~ 1.9kOe, peak
alumina substrate by hot pressing | to peak fr 4H 320 Oe at U
method and sintered up to 1300 band
°C and compared with
conventional sintering method
5. | 2008 ChenY | 50-200 um screen printed thick BaM film with Al,O3 buffer
et al. [180] film fabricated on Silicon layer showed no secondary
substrate with Al,Oz buffer layer | phase. M ~ 1.5 kG and Hc
sintered at 1150 °C up to 40 mins | ~4.4 kG.
6. |2010 15-60 um screen printed thick Real ¢’ up to 35, w’
Kulkarni DC | film fabricated on polycrystalline | maximum of 6.41
et Al>Ozsintered at 900 °C for 2h microwave absorbance of
al.[181,182] 87 % in Ku-band.
Reflection loss of -37 dB at
X-band
7. | 2012 Da- 50-400 pum tape cast film sintered | Textured film with lotgering
Ming C et al. | up to 1200 °C for 4h factor of 0.73 for 50 um
[183] with high M, ~3.3 kG and
Hc ~4.0 kG.
8. | 2015 Verma | 60 um screen printed BaM thick M 53.9 emu/g and Ha ~10
Setal. [28] | film on polycrystalline Al20O3 kOe for a 5.5-mole ratio of
substrate pressed at 1kg/cm? and Fe20a. reflection loss -29.26
sintered at 1300 °C for 2h dB at 16.12 GHz for 6.0-
mole ratio of Fe>O3
9. |2015Verma |72 um Co-Ti substituted BaM M ~ 57 emu/g and Ha of
Setal. [44] | screen printed thick films on 10.02 kOe

polycrystalline Al2O3 substrate
pressed at 1kg/cm? and sintered at
1250 °C for 2h
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2.3  Gaps in the Study
BaM has been potentially employed in microwave devices as single crystal, polycrystalline
bulk and films form. For non-reciprocal microwave devices, the film thickness of 50-400
pm is prerequisite. The development of such thick films with traditional physical and
chemical vapour deposition technique is always complicated, time consuming and cannot
be realized commercially. Screen printing technique overcomes the thickness limitation
and provide ease of production at industrial scale. However, to obtain a required magnetic
properties, thick films with fine microstructure, dense morphology with minimal porosity
is essential to low FMR line width. The required microstructure features primarily depend
upon powder size and sintering parameters. Effect of these process parameter on structural
and magnetic properties is lagging and not been investigated so far.

Also the magnetic properties of the films depend upon the substitution for Ba and
Fe sites. Till now, substituted BaM thick films were limited to Sc and In ion substituent
only. Hence, it is important to investigate the effect of other substitutions. In the presents
study we extended our research to AI**, Co?* and Ti*" substituent for Fe®* ions, and La?*
for Ba®** ions. Further, it is reported that Al and La substitution in BaM enhances Ha,
whereas Co?* and Ti** reduces the Hc without affecting the intrinsic magnetisation of BaM
powders. No work with these substitution has been carried out for successful deposition of
thick film.

Also, the preparation of such thick films with conventional furnaces has been
predominately reported. In this thesis, task has been taken to investigate the effect of
microwave sintering on microstructural and magnetic properties of screen printed thick

films.

2.4 Motivation and objectives

As stated above that screen printing technique is able to produce the film thickness over 50
um, which is not possible by any other physical/chemical deposition techniques. Apart
from advantage of thickness, it is also important to produce these films with desired
magnetic properties. The intrinsic magnetic properties, i.e. Ha, Ms, can be suitably modified
by the various cationic substitution for Ba/Fe ions. Whereas, FMR linewidth and absorption
losses strongly depend upon microstructural characteristics such as grain size, shape and
porosity. Hence, the development of screen printed thick films with dense microstructure,

and minimal porosity are extremely challenging.
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To develop high dense screen printed thick films with various cationic substitution,
the following objective were carried out:
e Preparation of conventional / microwave sintered thick films by screen printing.
e To investigate the effect of various structural parameters, e.g. grain size, film
thickness, porosity etc. on magnetic and microwave properties.
e To investigate the effect of various cationic substitutions (Al, Ti & Co) on the

structural magnetic and microwave properties of the screen printed films.
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Chapter 3

Experimental & Characterization Techniques

Overview

In this chapter, the adopted processing methodology for the synthesis of M-type hexagonal
ferrite (BaFe12019) is explained. A brief description of thick film fabrication technique by
screen printed method is depicted with pictorial representation. Various characterization
techniques used to study structural, morphological, magnetic and microwave properties are
briefed.
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3.1  Sample preparation
The preparation of the samples has been divided into two sub-sections. At first, substituted
BaFe12019 (BaM) powders were prepared by solid state ceramic method. And, in second

section preparation of screen printed thick films using as-prepared powder are explained.

The following series of substituted BaFe1.019 (BaM) were prepared:
a. BaFe2019

b. BaFew2xAlxO1 (x=0.0 - 2.0)

c. BaFewxTixO1w (x=0.0-0.5)

d. BaiylLayFer2xCoxO19 (x =0.0—1.0,y =0.0-0.20)

3.1.1 Powder preparation
Analytical grade barium carbonate (BaCOs), iron (I11) oxide (Fe203), cobalt oxide (CoO),
titanium dioxide (TiO2) and lanthanum oxides (La,O3) were used as precursors. For the

synthesis, precursors were weighed in stoichiometric composition given below:
BaCOs3 + 6Fe203 — > BaFe12019 + CO2 (1) (3.1)

The powders were wet mixed in zircon jar for 3h using a planetary ball mill.
Rotation per minute (RPM) and ball-to-charge ratio were fixed to 200 and 5:1 respectively.
As-mixed powders were dried and pelletized using 10 mm die at a pressure of 150 MPa by
a hydraulic press. The pellets were calcined at 1200 °C for 3h under ambient conditions in
a resistance furnace. Heating and cooling rate were fixed to 5 °C/minute. The calcined
pellets were subsequently pulverized using vibratory mill model FRITSCH analysette 3
and sieved through 25 pum mesh. For Ti- substituted BaM, calcination followed by
pulverization were carried out three times to achieve single phase. The flow chart of powder
preparation is shown in fig. 3.1. The powder prepared by the said method has been further
used for screen printing of thick films. To understand the role of particle size distribution,
as prepared powders were further milled in a high energy ball mill for different duration (2,
6, 12, 24, 48 and 72h) in a tungsten carbide jar. The ball-to-charge ratio and RPM were
fixed to 20:1 and 300, respectively.
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Wet mixing in planetary ball mill for 3h
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Calcination at 1200 °C for 3h
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{ Pulverization and ball milling J
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[ Characterization of powder ]
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Fig. 3.1. General methodology of solid state ceramic method.

3.1.2 Preparation of thick films
For the preparation of thick films, 10% of polyvinyl butyral (PVVB) has been mixed with
the as-prepared BaM powders and screen printed on commercial grade alumina (Al203)
substrate of dimensions 9x9x0.65 mm?. The thickness of the films was controlled using
100 and 175 um stencils. Three different methodologies have been adopted for better
adhesion between film and substrate. In the first method; 3% Bi>Os (analytical grade) has
been mixed in the BaM powders. In the second and third method, sputtered BaM and melt
quenched BiOz buffer layer were deposited on Al>O3 substrate respectively. The as-
deposited films were dried overnight at room temperature with and without a magnetic
field, followed by heating at 120 °C for 5 minutes to remove any residual moisture.
Permanent magnets with the constant magnetic field of 8 KG were used for orientation.
After drying, the films were sintered from 1150 to 1350 °C for different duration
(20min & 1h) using conventional and microwave furnace. The heating rate was fixed to 10
°C/min and 20 °C/min for conventional and microwave sintering, respectively. Microwave
sintering of the films were carried in a custom made microwave furnace (VB ceramic,

India) with 4 magnetrons operable up to 5 KW of power at 2.4 GHz RF frequency. After
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sintering the thick films were cooled down naturally to room temperature. The flow chart

and pictorial representation of screen printing are given in fig. 3.2.

[ BﬂPElEDlg } [ 10% PVB }

[ Mixing in agate motor for 30 min ]
[ Spread over the stencil with squeegee ]

I

Drving over might with/ without constant magnetic
field
U Heating at 120 *C for 3 min

I y

Smtered in mudffle’microwave furnace 1150-1350°C

1

[ Characterization of films ]

e

A

Stencil

Sq ueegee Sintering
_|_ Organic 5 —_— ' Paste v _— .
binder |
Substrate

Powder Paste Substrate Sintered Film
. Aligned Magnetic
Inorganic particle
adhesive layer |
| N
“-\.\_‘_H
Substrate

Magnet

Fig. 3.2 Flowchart & pictorial representation for the preparation of BaM thick film
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3.2  Characterization Techniques
The structural, morphological, magnetic and microwave properties of BaM powders and

thick films are carried out by following techniques.

3.2.1 X-ray diffraction (XRD)

Synthesized BaM powders and films were examined by X-ray diffraction (XRD) XRD-
6000 SHIMADZU, Japan and X’PERT Pro-Panalytical (PANalytical), using Cu-Kq: (1.54
A) radiation. The diffraction data were recorded at room temperature within 26 range from
20° -70°. The scan rate was fixed to 0.02 °/second. The diffraction data were matched with
BaM standard data card no. 84-0757, 78-0133, 39-1433 and 72-0738 with a space group of
P6a/mmc. The Rietveld refinement of XRD patterns were carried out using Fullprof and
Match 3 software. The goodness of fit (x?) and characteristic reliability factors (Rp, Rwp &

Rexp) Were kept below 2 and 5, respectively.

3.2.2 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was carried out by Perkin Elmer spectrum 400 and IRAffinity-1S
spectrometer. The powder samples have been grounded thoroughly and mixed with KBr.
The ratio between kBr and powder were fixed to 25:1. All the experiment were done in an
ambient atmosphere.

3.2.3 Raman Spectroscopy

Raman spectroscopy was carried by Renishaw RA 802 series equipped with a 514.5 nm
Ar* laser at 20 mW and JOBIN YVON HORIBA HR800 spectra analyzer (instrumental
resolution + 1 cm™?) equipped with a 632.8 nm helium-neon laser at 9mW power. The
spectral signature obtained from Raman spectroscopy were deconvoluted by Lorentzian fit

to verify different Raman active modes [184].

3.2.4 Mossbauer spectroscopy

Zero field room temperature (RT) Mdssbauer measurements of La-Co powders were
performed using *’Co (Rh) y-ray source in transmission geometry by WissEl make
Maossbauer spectrometer. The velocity calibration was performed with the standard natural
iron absorber. For the measurement, a thin layer of finely ground powder was coated on a
diamagnetic polymer film and placed near the source. The obtained spectral signature was

analyzed with a non-linear least-square fitting method.
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3.2.5 Scanning Electron Microscope (SEM)

The morphology of the prepared samples has been observed by SEM JEOL model 6510,
coupled with energy dispersive X-ray Spectroscopy (EDS). All images were taken in
secondary electron mode. The cross sectional SEM was carried out to measure the thickness
of screen printed films. To avoid electron charging during measurement, the sample surface

was coated by thin Au film.

3.2.6 Vibrating sample magnetometer (VSM)

The RT and HT magnetic measurements were carried out by Lake Shore model 7404
magnetometer coupled with Lake Shore 74035 single-stage variable temperature assembly.
Mass and/or dimension of samples were precisely noted prior to the experiment. To
determine T¢, M-T measurements were also carried out. For HT magnetic measurement, the

BaM powder was kept in the alumina sample holder.

3.2.7 Vector network analyzer

Microwave properties in X- (8.2 - 12.4 GHz) and K- (12.4 - 18 GHz) band were measured
using Agilent 5225A PNA series network analyzer. For the measurement, powders were
compacted in a rectangular shape at a pressure of 150 MPa and sintered. The final
dimensions of the samples were 22.86 x 10.16 x 2.1 mm? and 15.74 x 7.96 x 2.1 mm? X-
band and Ky —band respectively. Prior to measurement two-port calibrations was done on

the test setup to eliminate error due to source/load mismatch and isolation [171].
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Chapter 4

Results and Discussion - |

Overview

This chapter reports the structural, magnetic and microwave properties of barium
hexaferrite (BaM) processed in a conventional muffle furnace. The results are divided into
two major sections. In the first section, preparation of pure BaM powders are discussed.
And in the second section, processing of BaM thick films and its effect of different
processing parameters, i.e. sintering temperature, buffer layer and substitution (Al, Ti &
La-Co).
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Pure and substituted BaM powders were prepared by solid state ceramic method and
their thick films were screen printed on Al2O3 substrate. A small amount of (~3%)
Bi2Oz is also added for better adhesion with the substrate. The films are conventionally
sintered at different temperature for 1h. Further, an attempt has been made to develop
BaM thin film under layered thick film at 1250 °C. Finally, the effect of various
substitutions on magnetic properties of powder and isotropic films are studied. The
microwave properties (X—band and Ky-band) of substituted BaM are also investigated,

which may also reflect the microwave behaviour of thick films.

4.1 Characterization of BaM powder

Fig. 4.1 shows X-ray diffraction pattern of BaM powder calcined at 1200 °C for 3h. After
calcination, the powder is pulverized and ball milled for 2h for further fabrication of the
thick films. All peaks were matched with standard data card #00-039-1433 with P63/mmc

space group. The calculated crystallite size was nearly 55 nm.
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Fig. 4.1. XRD pattern for BaM powder
Fig 4.2 (a) shows the SEM micrograph of BaM powder calcined at 1200 °C. The
obtained microstructures reveal equiaxed particles with a maximum particle size of 7 um.

The particle size distribution obtained from microstructure is shown in fig 4.2 (b). The

average particle size of 1.32 um was obtained from log-normal fit.
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Fig. 4.2. (a & b) SEM microstructure and particle size distribution of BaM powder.

Fig. 4.3 shows the M-H plot for BaM powders measured up to a maximum field of
1 T. The magnetic loop for powder confirms hard magnetic behaviour of BaM. The
measured coercivity (Hc), magnetization (M) and remanent magnetization (My) are 1.31
kOe, 51.04 emu/g and 24.96 emu/g, respectively.
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Fig. 4.3. M-H plot of BaM powder.
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4.2  Screen printed BaM thick films

After the successful preparation of BaM powder, it was mixed with a binder and thick films
of 100 um thickness were screen printed on Al>Os3 substrate. The films were dried overnight
in the absence of magnetic field. Finally, films were sintered in a conventional furnace for
different temperature (1150 - 1350 °C) for 1h. In the following section, effect of sintering

temperature on structural and magnetic properties of thick films are discussed.

4.2.1 Effect of sintering temperature

I Microstructural study

Fig. 4.4 (a-c) shows representative micrographs of screen printed BaM thick film sintered
at 1150 °C, 1250 °C and 1350 °C for 1h. With the increase in temperature, porosity found
decreased, and grain was increased. Whereas, films sintered at 1350 °C shows liquid phase
sintering with inter- diffused grain structure. A poor porous surface and irregular grain with
an average grain size of 2.3 um were observed. An average grain size of 2.3 um and 4.5
um are observed for 1150 and 1250 °C, respectively. Fig. 4.4 (d) shows the cross sectional
microstructure of BaM thick film sintered at 1250 °C. An average of 96 um thickness is
observed.

Fig. 4.4. SEM micrographs of sintered BaM thick film (a) 1150 °C (b) 1250 °C (c) 1350
°C and (d) cross sectional.
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ii. Magnetic studies

Fig. 4.5 (a-c) shows representative M-H plots for BaM thick film sintered at 1150 °C, 1250
°C, 1350 °C for 1h. The obtained plots show isotropic nature with slightly enhanced
magnetic properties in || directions. The variation in magnetization (47M), squareness (SQ)
and coercivity (H¢) are shown in fig 4.6 (a-c). 4nM found decreased monotonically with
sintering temperature. The lowest of 2.2 kG was found for 1350 °C sintered films which
may be due to interdiffusion of films and substrate. Fig. 4.6 (b) shows SQ is slightly higher
in || direction and remain constant (0.5) up to 1250 °C and reduces drastically after that,
H. found to decrease with sintering temperature due to grain coarsening. The reduction in

SQ and Hc confirms the existence of multi-domain grain.

I

3{——!

7T

H (kOe)

Fig. 4.5. Representative M-H plots for BaM thick film sintered at (a) 1150°C, (b) 1250 °C
and (c) 1350 °C
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Fig. 4.6. Variation in (a) 47M, (b) SQ and (c) Hc with sintering temperature.

4.2.2 Effect of BaM buffer layer

Addition of Bi2Os in the BaM powders for better film substrate adhesion has an adverse

effect in terms of deterioration of magnetic properties. Due to its non-magnetic nature

which lower down the magnetization. To avoid this, an attempt has been made to prepare

screen printed film on BaM buffer layer deposited by magnetron RF sputtering. Such films

may possess higher magnetization along with substrate adhesion. The details of BaM buffer

layer deposition is given in the supplementary section of this dissertation.

Fig. 4.7 (a) shows the microstructure of BaM thick film deposited on BaM buffer
layer and sintered at 1250 °C. The grain size found to be 4.22 um (Fig. 4.7 (b)) which is

comparably lesser than Bi>Oz added films (fig 4.4 (b)). No topoaxial growth was observed

with the buffer layer.
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Fig. 4.7. (a) Surface morphology and (b) Grain size distribution.

Fig. 4.8 shows the M-H plot of BaM thick film. The M of 3.2 kG is observed with
BaM buffer layered film, which is marginally higher than Bi»Os additives films (2.7 kG).
The SQ of 0.44 and 0.39 obtained in || and L direction which less than Bi,O3 added films.

No notable change has been found in Hc.
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Fig. 4.8. M-H plot of thick film with BaM buffer layer.
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4.2.3 Effect of substitution
In the present section, screen printed thick films were prepared from Al, Ti, & La-Co
substituted BaM powders. Following series of powders were processed solid state ceramic
method.

1. BaFe12xAlx019 (x=0.0, 0.5, 1.0, 1.5, 2.0 & 2.5)

2. BaFexTixO19 (x = 0.0 and 0.5)

3. BaiylayFe12xCoxO19 (x = 0.0, 0.10, 0.15, 0.20, 0.50 & 1.0)

The effect of substitution on structural and magnetic properties of samples (powders and
films) are discussed. To measure the microwave properties, powders were compacted in
the desired rectangular dimension and sintered. The sintering temperature of films and the

pellets were kept constant.

4.2.3.1 Effect of Al-substitution

X-ray diffraction studies

X-ray diffraction patterns of all substituted BaM powder were shown in fig. 4.9. Reitveld
refinement for obtained XRD pattern has been carried by full prof software. Fig. 4.10 (a &
b) shows the representative refined XRD pattern of pure and Al-substituted BaM powders.
All the diffraction peaks correspond to single phase BaM without any impurity. It is clear
from inset that the peak at 32.2° for pure BaM has been shifted to 32.4° with AI®*
substitution. The shift towards higher angle suggests tensile stress within the system due to
smaller ionic radii of AI**(0.52A) compare to Fe**(0.67A) ion [185,186].
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Fig 4.9. X-ray diffraction pattern of Al-substituted BaM
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The crystallite size is calculated by Scherrer relation [187]. B related in the equation
is the full width at half maxima calculated by Caglioti equation [188].
H = [utan? +vtanf + w]'/? 4.2)

where, u, v and w are the shape parameters obtained from Reitveld refinement.

It is clear from Fig. 4.11, lattice parameter and crystallite size is decreasing with
AI¥* substitution due to lower ionic radii of the AI®*ion, which causes lattice shrinkage.
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Fig. 4.10. Representative refined XRD pattern of BaM and BaAl>M. Inset depicts peak
shift towards higher 26.
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Fig. 4.11. Variation in lattice parameters and crystallite size with Al-substitution.

ii. Fourier Transformer Infrared (FTIR) spectroscopy
Fig. 4.12 depicts FTIR plots of BaFe1,.«AlO19(x = 0.0, 1.0 & 2.0) from 3000 400 cm™,
As a result of group theory, BaM compound may give rise to 189 optical modes [189],
whereas, only 31 modes (13 A2, + 18 E1y) are IR active. In the present case, only two active
modes at 447 and 613 cm™ of Fe-O bond in octahedral (4f,) and tetrahedral (4f.) sites are
visible due to vibrational modes of E1, [190]. With the AI** substitution, a slight blue shift
from 447 to 462 cm™ and 613 to 621 cm™ is observed, which is due to lesser atomic weight
of AI** ions compared to Fe®*ions as wavenumber is inversely proportional to atomic
weight [186]. The bond length of Fe-O is determined by using the frequency of vibrational
modes and force constant K. The K is correlated to the average bond length (r) by following
relation [191]:

K=2 (4.2)

where K is calculated by following relation:

1 K

v =% ; (4.3)

where v is the frequency of vibration, c is the velocity of light, and x is effective mass.

Effective mass is defined as follows:

__ Mo X Mpe

T Mo+ Mg, (4.4)

where Mo & MFe are the atomic weight of O and Fe.
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The calculated bond length values are tabulated in table 4.1, which suggests that the
bond length is reducing with AI®* substitution and supports the unit cell shrinkage as
observed from XRD. The increase in K and decrease in r is due to smaller ionic radii of
A" ion. Further, the reduction in bond length confirms that AI** ions has a preferential
occupation in the spin-down sites (4f, and 4f>) as reported [192]. Previous studies on site

occupation also confirmed that AI** preferably occupies 4f1 and 12k sites [114,193].
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Fig. 4.12. FTIR spectrum of BaFe12-xAlxO1..

Table 4.1. Wavenumber, force constant (K) and atomic radius (r) for octahedral and
tetrahedral sites of substituted BaM.

Site Sample | Wavenumber K r
cm? N/m A
Octahedral BaM 447 138.27 | 2.30
BaAIM 455 143.26 | 2.28
BaAl:M 462 147.70 | 2.26
Tetrahedral BaM 613 260.03 | 1.87
BaAIM 617 263.44 | 1.86
BaAl:M 621 266.86 | 1.85

iii. Microstructural study

Fig. 4.13 shows the SEM micrographs of pure and Al-substituted BaM powders. The
powders show similar morphology; however, particle size slightly decreased (1.5 to 1 um)
with AI¥* substitution. The decrease in particle size could be ascribed to two reasons, firstly,

due to pinning effect by residual Al.O3 particles, which may remain unsubstituted and
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secondly, due to decrease in crystallite size (Fig.4.10). However, the residual Al2Os is not
evidenced in XRD patterns due to its small fraction. The XRD peak shift towards higher
angle side confirms that AI** ions are also occupying the vacant Fe3* sites. Further, particle
size reduction is confirmed by measuring the crystallinity index (lery) [191].

__ Dp(SEM,TEM)

s (4.5)

where, Dy and 7 are the average particle and crystallite size obtained from SEM and
Scherrer relation, respectively. The calculated values of l¢ry for pure and Al-substituted
BaM are found to be same, i.e. ~25, which suggest the lattice shrinkage is due to AI**
substitution. The corresponding EDS spectrum shows the elemental composition of as-
synthesized powders which confirms the presence of Ba, O and Fe. In the substituted

sample, a peak of Al is also present.

A
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Fig. 4.13. SEM micrographs and respective EDS images of BaFe12xAlxO19 (a) X = 0.0 and
(b) x=2.0.

iv. Magnetic studies
Fig. 4.14 shows the M-H behaviour of pure and Al-substituted BaM powders. It is clear
that M at 1T is decreasing while Hc is increasing with AI®* substitution. The decrease in M

is attributed to the substitution of nonmagnetic AI** ions at spin up magnetic Fe®* (12k, 2a,
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2b) sites [185]. Previous Mdssbauer studies reported that AI** ions also occupy spin down
4f, and 4f, sites at lower substitution amount (BaAl1sM) [192]. However, the larger fraction
of AI** substitution at spin up sites suppresses the contribution to net magnetization [114].
The Hc is increasing with the increase in AI** substitution. The Hc is primarily governed by

intrinsic (Ha) and extrinsic (particle size and shape) factors.

The law of approach to saturation is used to obtain Ha and first anisotropy
constant (ky) for the powder [194].

M(H) = My (1+2+2) + XH (4.6)

where, H is applied field, yp is the field consociated with the magnetization of domains. ‘A’
defined as inhomogeneity parameter in which A/H is related to the state of inhomogeneities
in the microcrystal. Magnetocrystalline anisotropy contribution is defined by the term B/H?.
To specify the linear nature of anisotropy contribution the linear nature of M vs 1/H? plotted
(fig. 4.15) in the field 6 — 10 kOe. The terms A/H considered inhomogeneity parameter and
field associated with magnetization of domains are merely negligible. The term B was
obtained from the slope of the straight line. The term B and Ha can be related as [28]:

_ _ 140
B= ——H; (4.7)
The first anisotropy constant (K1) is calculated by a simple relation as follows:

2k,

H, =
a Ms,

(4.8)

where, k1 is the first anisotropy constant, Ha denoted the associated field to obtain the first

anisotropy constant and M:s is the saturation magnetization obtained from VSM.

The calculated values of Ha and ki (Table 4.2) found to decrease with AI¥*
substitution. In the present study, Hc is increasing despite the decrease in anisotropic
constant (k1); hence, the increase in H is dominated by decrease in crystallite size with AI**

substitution and the pinning by residual Al>Oz.
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Fig. 4.15. Representative linear fit for law of saturation.

Fig. 4.16 (a) shows the magnetization vs temperature (M-T) behaviour for pure and

substituted BaM. The decrease in M with temperature is due to thermal effect. Curie
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temperature (Tc) is measured by plotting derivative of M (dM/dT) with respect to T (Fig.
4.16 (b)). The T, found to decrease from 497 °C (BaM) to 437 °C (BaAl:M). T¢ can be
expressed in terms of number of exchange interactions between Fe* - O% - Fe** ions [195].
The reduction in T¢ is due to weakening of superexchange coupling between various
subsites [196]. The inset fig. 4.16 (b) shows the M-H behaviour at T, which clearly shows

the paramagnetic nature of the samples.

Table 4.2. Magnetic properties of BaFe12.xAlxO19 powders

Sample M M, Hc Ha | kix10°
emu/g | emu/g| kOe | kOe erg/cm®
BaM 54.4 33.3 2.95 | 8.54 1.57

BaAlosM 45.8 286 | 3.29 | 7.82 1.19

BaAIM 42.2 26.6 | 3.09 | 7.45 1.04
BaAl1sM 36.4 23.3 | 3.48 | 6.89 0.81
BaAlz.oM 31.3 22.3 | 3.68 | 5.75 0.56
BaAlzsM 24.4 16.1 | 4.65 | 5.67 0.45
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Fig. 4.16. (a) M-T plot and (b) dM/dT vs T for BaFe12-xAlxO19. Inset (b) shows M-H
behaviour at Curie temperature.
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V. Microstructural and morphological study of Al-substituted BaM thick film

Fig. 4.17 (a-c) shows the cross sectional and surface micrographs of the pure and Al-
substituted screen printed films, sintered at 1250 °C. A uniform thickness of ~160 pm is
evident from fig. 4.17 and confirms that the films are well sintered; however, film surface

is rough with limited porosity.

Substrate

SE 20kV wWD10mm S§S527 x5.000 5

Fig. 4.17. SEM micrographs of BaM thick films (a) cross section (b) BaM and (c) BAI2M.

The grain size distribution shown in fig. 4.18 reveals that the average grain size of
pure BaM films is ~ 2.5 um, which found to be smaller (~2 pm) for the substituted film
BaAl;M. It is also clear from micrographs that AI** substitution is promoting hexagonal
shaped grains. The average diameter to thickness ratio of hexagonal plates is decreasing
from 0.65 for BaM to 0.36 for BaAl.M.
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Fig. 4.18. Grain size distribution of (a) BaM and (b) BaAl2M.

vi.

Magnetic studies of Al-substituted BaM thick film

M-H plots of pure and Al-substituted BaM thick films were recorded at 2 T, as shown in
fig. 4.19. The magnetic properties of Al-substituted BaM films are shown in table 4.3. M

and M, are found to be higher for || direction; however, Hc is nearly same for both || and

L direction. Hc of BaM film (1.7 kOe) is found to be less than the powder (3.0 kOe) due to

the apparent increase in grain size after sintering. However, on contrary, the Hc of the

substituted films is very high despite its larger grain size. The highest Hc of 7.47 kOe is

observed for BaAl2M is due to dominant Al2O3 pinning effect in sintered films [111,197].

Table 4.3. Magnetic properties of BaFe12-xAlxO1g thick films.

Sample 4M 4ntM, Hc Ha k1 x10°
@2T kG kOe kOe erg/cm®
kG
N I - [+
BaM 4141353201201 |1.73|1.74|1263|1255|2.10 | 1.77
BaAIM |3.12|255|1.70|1.36|4.77 |4.79|11.17 | 10.63 | 1.39 | 1.06
BaAl,oM | 1.20 | 1.08 | 0.71 | 0.63 | 7.47 | 7.45 | 7.03 | 6.72 | 0.34 | 0.29

42



Chapter 4 Results and Discussion - |

J—1L of ™1
3__” 3 _'_”
. 2 o 2
g 1 §1 /
S o Zo
R
¥ j ;. J
2 2
3 3
N (a) BaM ! (b) BaAIM
20 45 40 5 0 5 10 15 20 20 45 40 5 0 5 10 15 20
H (kOe) H (kOe)
4._'_J_
3 — |l
—_— 2.
Q 1] —r
30 >
= -1#
.24
-3
“ (c) BaAloM|
20 45 40 5 0 5 10 15 20
H (kOe)
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Vil. High frequency complex permeability

Fig. 4.20 (a & b) shows the variation of real (u") and imaginary (u") part of complex
permeability (pur = W' - ju") for pure and Al- substituted BaM as a function of frequency.
Parameters ' and " represents the storage and losses of magnetic energy, respectively. It
is observed that i’ of the Al-substituted BaM is lesser than the pure BaM. However, within
the substitution, y' increases with Al content. The variation may be attributed to the non-
magnetic nature of AI** ions. It is clear from the fig. 4.20 (b) that p" for Al-substituted BaM
is more significant and maximum were observed for x = 1. These losses may due to change

in grain size, sintered density, or lag between magnetization and applied field [198].
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viii.  Microwave reflection losses

The following relations were used to calculated reflection loss;

(Zin -Zg )
(Zin+ZO )

where Zin is given by:
Zin = 7, \/:::tanh{i(znTﬂ)\/_ursr} (4.10)

where f is the frequency, t is the thickness of sample, ur and er are the complex relative

R, = 20log (4.9)

permeability and permittivity of the sample, c is the velocity of the light, Zo is the
impedance of the air and Zi» is the input impedance at the absorber surface.

The reflection loss dips are observed at the frequency where absorption is
maximum. It can be seen (Fig. 4.21) that all compositions have reflection dip in the studied
frequency range except for the composition x = 1. The observed reflection loss RL is
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varying from -14.05 dB (BaM) to -47.06 dB (BaAl.sM) at 9.3 GHz frequency. Thus, these

reflection losses dip shows that Al-substitution improves the absorption property of BaM.
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Fig. 4.21. Frequency dependent reflection loss of BaFe12-xAlxO19 in X-band
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4.2.3.2 Effect of Ti- substitution

BaFe115Tios010 powder was prepared by solid state ceramic method. Single calcination
was not sufficient to obtain the phase purity in Ti substituted BaM, a small traces of residual
Fe>O3 was observed. Therefore, a three-step calcination method is adopted for adequate
substitution and single phase formation. Calcination temperature and time was 1200 °C and

3h, respectively, for every step.

i X-ray diffraction studies

Fig. 4.22 shows representative XRD patterns of first and third step calcined BaM and
BaTiM powders. In BaM, single phase was formed in first step calcination. No further
changes were observed after subsequent calcinations. Whereas, BaTiM shows residual
Fe>O3 (~2%) up to second step calcination and diminished in third step calcination. After
third step calcination, a marginal peak shift from 34.08° to 34.14° suggested the effective
substitution. Due to comparable ionic radii of Ti** and Fe3* ions, no noticeable change in
lattice parameters were observed [199]. A marginal increase in calculated crystallite size
[187] from 30 nm to 37 nm was observed with the calcination step.
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Fig. 4.22. Representative XRD plot for BaM and BaTiM. The enlarged plot depicts peak
shift in Ti-substituted powder

ii. Fourier Transformer Infrared (FTIR) spectroscopy

Fig. 4.23 shows the FTIR spectrum (2500 — 100 cm™) of pure and substituted BaM. Among
30 IR active modes (13A2, + 17Eyy), only six active modes were observed due to partial
superimposition of “spinel block” region [184]. FTIR spectrum for BaM shows the
negligible effect on calcination steps, whereas, BaTiM shows a slight variation in the

spectra over successive calcination. The observed frequency modes and the calculated bond
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length are tabulated in table 4.4. The band at 100-150 cm™ (Azu) primarily associated with
dodecacoordinated alkali heavy metals, the redshift (152 - 140 cm™) obtained in this region
shows a stronger correlation between 2b bipyramidal site and Ba®* ions [200]. The splitted
IR band around 220 and 240 cm™ depicts iron-oxygen bond for 2b (FeOs) and 12k; (FeOs)
sites, respectively. This 2b band was not observed for BaTiM calcination 1, however, in
BaTiM calcination 2 and 3 band at 223 and 226 cm™ respectively were observed. The 12k,
band shows an increment in wavenumber over calcination process due to the increase in
site occupation by Ti*"ions. The band at 309 cm™ is due to residual Fe;Os as supported by
XRD. The band at 360 cm™ belongs to Az & E1, modes of 2a (FeOs) site. The Az, mode
of 4f1 and 4f, site are visible at 620 cm™ and 450 cm™, respectively [201]. The gradual shift
of 4f; and 4f, band towards higher wavenumber suggested the substitution of smaller Ti**
ions. An overall blue shift in BaTiM calcination 3 as compared to BaM calcination 3 was
due to Ti** occupation. The bond length for 4f; and 4f, band was calculated by force
constant method as suggested previously [202]. The continuous reduction in bond length
from 2.27 A to 2.25 A and 1.86 A to 1.83 A were observed with calcination steps.
Additionally, this result supports that Ti** ion prefers to occupy the spin down 4f; and 4f;
sites. A broad frequency band at 830 cm™ depicts the existence of heavier Ba?* ions [203].

To verify the substitution of Ti** ions with calcination step; Raman studies were carried out.
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Fig. 4.23. FTIR spectrum of BaM and BaTiM powders.
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Table 4.4. FTIR modes of BaM and BaTiM.

Bond Mode Site | BaM | BaTiM
cm?t | cm?

Ba-O Aoy 135 140

Fe—-O Aoy 2b | 222 226

Ay 12k, | 238 242
Fe-O A+ Ew | 2a | 362 366

Fe—-0O Ay 4f, 458 464
Fe-0O Ay 4f, | 620 625
Mass of Ba?* - - 837 | 833

iii. Raman Spectroscopy

Fig. 4.24 shows the fitted Raman spectra recorded in the range of 200 — 800 cm™. Among
42 Raman active modes (11A14 + 14E1g + 17E2g) [189] only five distinct signature peaks
were observed at 271, 438, 522, 621 and 694 cm™ for substituted BaM. The obtained Raman
modes of calcined powders are given in table 4.5. The peak at 271 cm™ signifies vibration
mode of Eiq for O — Fe — O bridge. The broad frequency band at 438 cm™ corresponds to
Aigmetal oxide mode of 12k (1) site [204]. The minor peak at 522 cm™ denotes E1g mode
of metal oxide bonds for the mixed site 12k (1) and 2a (7). The modes at 694 cm™ seem to
be superimposed band of weak 2b (690 cm™) and strong 4f1 (710 cm™) sites. This band
shows the characteristic behaviour of Ajg tetrahedral oxygen coordinates. The slight blue

shift observed in the Raman spectroscopy confirm the substitution of Ti** ions.

(a) BaM o Experiment 694 cm™
Fit Peak 1 AN
——Fit Peak 2 F &
Fit Peak 3
Fit Peak 4
= Fit Peak §

271 cm’

(b) BaTiM 723 cm’

Intensity (arb. units)

200 300 400 500 6601 700
Wavenumber (cm™")

Fig. 4.24. Micro-Raman spectrum of BaM 3 and BaTiM 3 powders.
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Table 4.5. Raman modes of BaM and BaTiM.

Bond Mode Site BaM | BaTiM
cm? | cm?
Fe-O bridge | Eigq - 271 | 276
Fe-O Ezq 12k 438 | 440
Fe-O Eig | 12k +2amixed | 522 | 528
Fe-O Aqg 41, 621 626
Fe-O Agg 4f, 694 703

iv. Magnetic studies
Fig. 4.25 shows the M-H behaviour of BaM and BaTiM samples. The measured magnetic
properties are tabulated in table 4.6. The reduction in M, M, and H. suggest Ti*" ions
effectively substituted in BaM crystal structure. Further, Ha was found to reduce from 8.89
— 8.45 kOe with Ti substitution due to the substitution of nonmagnetic Ti** ions.
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Fig. 4.25. M-H plots of BaM and BaTiM powders.

Table 4.6. Magnetic properties of BaM and BaTiM powders.

Samples M M Hc | Ha
(at1T) | emulg | kOe | kOe
emu/g

BaM 54.45 | 29.60 | 1.75 | 8.89
BaTiM 48.82 | 13.45 | 0.47 | 8.45
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V. Microstructural study

Ti-substituted BaM thick films of 100 um were screen printed on Al>O3 substrate and
sintered at 1250 °C. Fig. 4.26 (a & b) shows the surface topography of BaM and BaTiM
films. Films exhibit equiaxed grain with occasional porosity irrespective of Ti substitution.
EDS spectrum shown in fig. 4.26 (c & d) confirms the presence of Ba, O, Fe and Ti in the
substituted system. The average grain size (Fig. 4.27) of the BaM films were found to be

3.66 um whereas, Ti4+ substitution shows 3.32 um
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Fig. 4.26. SEM micrographs of (a) BaM, (b) BaTiM and (c & d) respective EDS
spectrum
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Vi. Magnetic studies Ti-substituted BaM thick film

Fig. 4.28 (a & b) shows the direction depended magnetic plots for pure and Ti substituted
BaM thick film. Low M and H¢ were found in Ti-substituted samples. The films exhibit
isotropic magnetic behaviour with comparable M, Hc and SQ in || and L direction. The

reduction in magnetic properties (Table 4.7) are due to Ti ions substitution.
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Fig. 4.28. M-H plots of (a) pure and (b) Ti-substituted BaM films.

Table 4.7. Magnetic properties of the BaM and BaTiM sintered thick films.

Sample 47M 4nMy SQ Hc Ha
kG kG kOe kOe
L1 0[<+ N N
BaM |3.32|315|191|185| |057]0.59 254|258 |8.65|7.90
BaTiM | 2.74 {256 | 1.11 | 0.81 | | 0.40 | 0.33|0.94 | 0.95 | 8.06 | 7.30

Vil. High frequency complex permittivity and permeability

The variations in the dielectric constant (¢') and loss (¢") in K- band are shown in fig. 4.29
(@ & b). In BaM, the decrease in ¢’ is due to suppression of interfacial and dipole
polarization at higher frequencies [205]. The presence of Ba?*, Fe** and O% ions in BaM
contributes oscillatory behaviour of ¢ and ¢” as an effect of dipole polarization and
relaxation [127]. The ¢’ for BaM was found maximum (19) at 13.97 GHz and comparable
to previous studies [206]. The minimum in &’ at maximum &" gives good agreement for
damping of dipole polarization [198]. On the other hand, substituted BaM shows a
suppressed oscillatory behaviour in &' throughout the frequency range. This suppressed
behaviour is associated with multiple dipoles and relaxation, persuaded by Ti** ions [127].
Minimal &" was observed (0.4-0.5) for substituted BaM, which, suggest Ti** substitution
lower the lossy behaviour in the Ky- band, which is prerequisite for microwave absorbing

materials [29].
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Fig. 4.29 (c & d) shows u” and i of complex permeability spectra in K- band. The
w’ and u' for pure BaM show oscillatory behaviour and increase with frequency. The
variation in x' and " were attributed to domain wall resonance with relaxation type
dispersion [198]. The peak maxima of x' (1.53) and " (0.62) for BaM was obtained at
14.98 and 14.45 GHz, respectively. The observed oscillatory behaviour in x” and ¢ are in
comparison with previously reported studies [206]. However, suppression in such
oscillations was observed for substituted BaM (Fig. 4.29 (d)). Highest x” for substituted
samples were found to be ~1.52 at 15.31 GHz for BaTiM. The peaks in x” and ¢” at same

frequency may contribute to reduces the impedance mismatch [206].
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Fig. 4.29. Real and imaginary part of (a & b) complex permittivity, and (¢ & d) complex
permeability for substituted BaM in Ky- band.

viii.  Microwave absorbance
Absorbance A(w) in a microwave region is related to reflection coefficient and transmission

coefficient by the relation:

A(w) = 1 — Reflectance (R(w)) — Transmittance (T(w)) = 1 - |S11]% - |S12]? (4.11)

where Si1 is reflection and Si2 is transmission coefficient.
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Fig. 4.30 shows A(w) plots for substituted BaM sintered pellets. BaM showed A(w)
peaks at 14.53 GHz and 16.43 GHz with the coefficients of 0.93 and 0.70 respectively.
Since the full FMR values cannot be obtained from these data as natural FMR of BaM
occurs at much higher frequencies (above 40 GHz); therefore, the observed absorbance
peaks in Ky- band were primarily due to domain wall motion as evident from our
permittivity and permeability studies [205]. Ti** substitution suppressed oscillatory
behaviour in the A(w) obtain Ky-band. The maximum absorbance for BaTiM was found to
be 0.90 at 15.93 GHz. It is to mention that the absorption in the X and Ku bands is still of
great interest for radar absorbing RAM applications [13,207]
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Fig. 4.30. Microwave absorbance vs frequency plot of BaM and BaTiM.
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4.2.3.3 Effect of La-Co substitution

La-Co substituted BaM samples were prepared by solid state ceramic method. To provide
more insight, to their preferential site occupation, simultaneously substituted La-Co
hexaferrites were studied and compared with individually substituted La and Co ions.

Furthermore, screen printed thick films has been made with the best suitable materials.

i. X-ray diffraction studies
Fig. 4.31 (a & b) shows the X-ray diffraction patterns of pure and substituted BaM. All
peaks correspond to P63/mmc space group (#00-007-0276 & #00-039-1433) without any

impurity or residual Fe.O3 phase except for samples BaCoM and BalLag.1sCoM.
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Fig. 4.31. XRD plot for pure and substituted barium hexaferrite.
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Lattice parameters obtained from refinement are shown in fig. 4.32 (a & b). No

noticeable variation has been observed in lattice constant ‘a’ except slight shrinkage in
BalLaoisM (5.88 A) due to smaller ionic radii of La®* (1.16 A) at dodecacoordination
[208,209]. On other hand with Co?* ion substitution, c- axis was increased from 23.19 A to

23.24 A for BaCoosM due to its bigger ionic radii (0.72 A) and/or oxygen deficiencies.

Further increase in Co content (BaCoM), a slight reduction in lattice parameters are

observed and traces of minor W-type phase are found. For La-Co co-substitution, the slight

shrinkage in c- axis is observed, which suggests La®*" ion is dominant over Co?" ion

substitution. However, it is found that substitution of Co = 1.0 with La = 0.15, the M-type

phase largely converted into W-type ferrite. The crystallite size for all samples lies in

between 39 nm and 65 nm.
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Fig. 4.32. Variation in lattice parameter for substituted BaM.
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ii. Fourier Transformer Infrared (FTIR) spectroscopy

Fig. 4.33 shows the FTIR plots for pure and substituted BaM. Four well resolved band has

been obtained among 30 IR active mode, as suggested in group theory [184]. The bands

at 613 cmtand 447 cm™ of A2y mode represent 4f; and 4f; sites.
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Fig. 4.33. FTIR spectrum of substituted BaM.

Table 4.8. FTIR modes and bond length of substituted BaM.

Composition Band K R Band | Band | Band K R
cm? N/m | A 2 3 cm? N/m | A
cm® | cm?

BaM 447 146.61 | 2.26 | 506 544 613 275.72 | 1.83
Balao.1M 442 143.35 | 2.28 - 545 595 259.77 | 1.87
Bal.aop.1sM 441 142.70 | 2.28 - 546 596 260.64 | 1.87
Balap.M 443 144.00 | 2.28 - 547 596 260.64 | 1.87
BaCoo..M 442 143.35 | 2.28 - 546 591 256.28 | 1.88
BaCoo.15sM 439 141.41 | 2.29 - 541 588 253.69 | 1.89
BaCoo..M 439 141.41 | 2.29 - 547 588 253.69 | 1.89
BaCoo.sM 439 141.41 | 2.29 - - 587 252.83 | 1.89
BaCoM 446 14595 | 2.27 | 497 - 600 264.15 | 1.86

Balao.15C00.M 453 150.57 | 2.24 | 507 551 609 272.13 | 1.84

Balao.15C00.15sM 459 15459 | 2.22 | 508 551 610 273.03 | 1.84

Bal ao.15C00..M 467 160.02 | 2.20 | 508 551 608 271.24 | 1.84

Bal ao.15C005M 471, |162.78 | 2.19 - - 604, | 267.68 | 1.85
486 626

Balao.1sCoM 444, | 167.42 | 2.27 - - 602, |265.91|1.86
455 633
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La and Co substitution found to decrease the force constant (K) and increase the
bond length (R) (Table. 4.8). The decrease in the force constant may be ascribed to oxygen
deficiency and/or presence of Fe?* and Co?* ions. On contrary, La-Co co-substitution
shows an increase in force constant and decrease in bond length. The result suggests that
La and Co are substituted in BaM and effect of La®* ions dominated in the crystal structure
over Co?" ion substitution as supported from X-ray studies. Further to confirm FTIR

results, Raman modes were analyzed.

iii. Raman Spectroscopy

Fig. 4.34 shows micro Raman spectra of substituted BaM, where peak represents the
various bands suggested in group theory [184]. Peak parameters obtained by 12
Lorentzian fit (Representative spectra shown in fig. 4.35) are given in table 4.9. A doublet
at 171 cm™ and 183 cm™ of E14 band are associated with whole spinel block. The peak
171 cm is unaltered with substitution, which shows that the overall effective mass of
spinel co-ordinate is comparable due to nearly similar atomic weight of Fe (55.8 g/mol)
and Co (58.9 g/mol) ions in Co and La-Co substituted samples. In BaLaM, La*" ion
substitute Ba?* ion in R block, hence its effect in spinel block was negligible. The peak at
183 cm* is more sensitive to localized molecular vibration in spinel block. The presence
of Co?* ions at 2a site distorts local vibration and causes a slight red shift in BaCoo.1sM
substitution [204]. It is noted, the shifted peak is almost constant with increasing the Co
concentration, which suggests no further substitution has occurred beyond BaCog.1sM.
However, no such shift was noticed in La, and La-Co substituted BaM. Peaks at 315, 615,
683 and 719 cm™ represent Alq bands of 2a, 4f,, 2b and 4f; sites, respectively. The peak
position at 337 cm™ denotes E24 band of 12k site, whereas peak 411 cm™ represents Alq
band of mixed 12k and 2a sites. Further, peaks at 212, 285, 468 and 522 cm™ represent

spinel co-ordinates of different crystallographic sites.
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Fig. 4.34. Raman spectra for substituted BaM
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Fig. 4.35. Representative deconvoluted Raman spectra for substituted barium hexaferrite.
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Table 4.9. Raman data for substituted BaM.

Site spinel | spinel -- -- 2a 12k | 12k+2a -- -- 4f, 2b 4fy
blocks | blocks

Elg Elg Elg Elg Alg EZQ Alg Alg EZg Alg Alg Alg

Sample Wavenumber (cm™)

BaM 171.11 | 183.09 | 211.74 | 284.57 | 314.83 | 336.84 | 411.39 | 468.13 | 521.69 | 614.94 | 683.27 | 719.35
Balag.1sM 171.24 | 184.25 | 211.53 | 285.38 | 312.97 | 337.39 414 467.15 | 523.81 | 614.65 | 683.54 | 719.66
BaCoo.1sM 170.02 | 181.08 | 209.82 | 281.73 | 313.01 | 333.02 | 410.2 | 464.6 | 519.9 | 611.29 | 679.89 | 716.09
BaCogsM 170.21 | 181.13 | 209.84 | 283.85 | 314.79 | 335.58 | 411.34 468 | 520.96 | 614.14 | 682.34 | 718.75
BaCoM 169.42 | 181.63 | 204.83 | 286.09 333.23 580.83 | 680.38 | 718.39

BalLao.1sCooaM | 172.25 | 183.8 | 212.82 | 286.14 | 316.74 | 340 417.27 | 469.35 | 524.96 | 616.84 | 685.42 | 719.16
Balao.15C00.15M | 171.07 | 183.25 | 210.67 | 283.91 | 315.38 | 335.93 | 412.58 | 466.04 | 522.02 | 613.12 | 681.87 | 717.19
Balao.15C0020M | 172.2 | 184.47 | 212.11 | 285.86 | 315.97 | 338.88 | 413.28 | 468.09 | 523.51 | 615.6 | 684.16 | 719.78
Balao.1sCoos0M | 171.73 | 184.41 | 210.27 | 286.61 | 317.13 | 339.25 | 414.2 | 469.52 | 525.18 | 616.13 | 684.43 | 719.76
BaLao.1sCoM 17243 | 182.12 | 207.4 | 284.39 - 339.52 | 414.42 | 447.67 | 526.25 | 617.86 | 685.25 | 721.03
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iv. Mdssbauer Studies

RT Mdossbauer spectra were obtained for substituted BaM samples and fitted with five
discrete sextets corresponded to different crystallographic sites. For BaM and Balag.1sM
sub-spectral area ratio were constrained to 6:2:2:1:1, and kept free for remaining samples.
Representative fitted Mdssbauer spectra for BaM and Bal.ao.15C00.15M are shown in fig.
4.36. The fitted parameter, i.e., line width (I), isomer shift (6), quadrupolar shift (QS),
hyperfine field (Bnr) and relative sub-spectral area (S) are given in table 4.10.

= Exp

©Ba,,Lla,,Fe, . Co, .0

11.86 0156719

Relative Transmission (arb. units)

Velocity(mm/s)

Fig. 4.36. Representative deconvoluted Mossbauer spectra of pure and substituted BaM.

The ¢ at 2b site was mostly affected irrespective of substitution with the lowest
value of 0.13 mm/s for BaLao.15C00.15sM. The change in ¢ with a corresponding decrease in
the sub-spectral area suggest that Co?* ion is occupying 2D site. In general, this site is highly
distorted and have close interaction with Ba?* ions, hence, the substitution of La®* ion will
reduce ¢ and QS significantly due to change in chemical environment [210,211]. It is noted
in BaCoo.1sM and Balao.15C00.15M, 2a site shows a negligible variation in ¢ irrespective of

cobalt presence [212]. Fig. 4.37 shows the calculated occupation number (Ng,(i)) and
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vacancy fraction (F(i)) of Fe ions for all five crystallographic sites. The Ng.(i) and F (i)

were determined by following relation:

. S
Nre(D) = Cre [529 (412
F(i) = % x 100 % (4.13)

where, Cr, denotes the Fe content, S(i) and N (i) are the sub-spectral area and occupation
number, respectively, for the i site [44]. For BaCoM, F (i) at 2a and 2b sites increases to
85% and 60% respectively, which confirms Co substitution. The La-Co substitution shows
a marginal increase in F (i) at 4f, site. This change may ascribe to conversion of Fe3* to
Fe?* or Co?" ions occupation [213]. Since La-Co substitution itself can compensate the
charge variation, hence an observed F (i) may ascribed to Co?* ion occupation, as supported
by decrease in Brs (51.68 to 50.09 T) and previous reported studies [147,151,214]. No
measurable changes in hyperfine parameters for 12k and 4f; sites with substitution are

observed.
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(1) (%) ions at different sites.
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Table 4.10. Hyperfine parameters of substituted BaM powders.

Sites | Substitution WID IS QS By S
(mm/s) | (mm/s) | (mm/s) | (T) (%)
BaM 0.36 0.25 0.40 |41.35]| 50.0
12k BaCoo.1sM 0.48 0.26 041 |41.10 | 5241
Balag.1sM 0.46 0.26 0.40 |41.37 | 50.0
Balao15C001sM | 0.51 0.25 0.41 | 41.10 | 55.56
BaM 0.27 0.17 0.22 | 49.05 | 16.66
4%, BaCoo.1sM 0.45 0.17 0.21 | 48.56 | 21.25
Balag.1sM 0.37 0.15 0.21 | 48.53 | 16.66
Balao15C00.1sM | 0.35 0.13 0.20 | 48.47 | 20.28
BaM 0.20 0.26 0.08 |50.42 | 8.33
2a BaCoo.1sM 0.11 0.26 0.06 |49.70 | 1.20
Bal ao.1sM 0.48 0.24 0.05 |49.46 | 8.33
Balao.15C0015M | 0.22 0.27 0.14 | 49.87 | 4.52
BaM 0.23 0.27 0.15 |51.68 | 16.66
4, BaCoo.1sM 0.37 0.28 0.17 |50.96 | 21.96
Balag.1sM 0.33 0.28 0.23 |51.01 | 16.66
Balao 15C00.15M | 0.32 0.27 0.19 |50.09 | 16.71
BaM 0.54 0.30 235 |39.97| 833
2h BaCoo.1sM 0.26 0.23 2.33 |40.09 | 3.18
Balag.1sM 0.68 0.26 221 |39.62| 833
Balao15C00.1sM | 0.27 0.12 2.19 | 39.77 | 2.93
V. Microstructural Study

Fig. 4.38 shows SEM micrograph of BaM and Balao15C0015M calcined powders.
Identical morphology is observed with average particle size of ~2.5 pum and ~ 2 um for
BaM and Balao.15C00.15sM respectively

- .. .~
SElI  15kV WD10mm SS35

Fig. 4.38. SEM micrographs of (a) BaM and (b) BaLao.15C00.15sM
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Vi. Magnetic Studies

Fig. 4.39 (a) shows the M-H behaviour of substituted BaM powders. The obtained magnetic
parameters are given in table 4.11. The magnetic properties are an interplay of Fe ion at
different crystallographic sites and their exchange interaction. In complex oxide,
superexchange interaction occurs through oxygen ions; hence its vacancy significantly
affects exchange interactions. It is noted that Co?* substitution decreases M from 53 to 51
emu/g, which is due to presence of lower magnetic moment Co?* (3.6 us) ions in spin up
sites and/or O* deficiencies. Whereas, BalapisM and Balao.15C001sM showed a
considerable increase in M up to 55 emu/g due to existence of Fe?*/Co?" in antiparallel 4f;
site as evident by Mdssbauer studies. Hc decreases from 1.38 to 1.12 kOe for BalLao.1sM
and further 1.02 kOe for BaCoo.1sM. It was reported that Hc primarily depended upon
magnetocrystalline anisotropy and structural parameters, i.e., crystallite size, particle size
and its shape [215]. The Ha of polycrystalline powders is significantly less than single
crystal due to their random orientation. Nevertheless, its variation provides a suggestive to
Ha. It is clear from table 4.11 that Ha is lower for all substituted powders. For BaCoM, the
reduction in Ha is due to Co occupation, which reduces the collinearity along c-axis [216].
It is to be noted that a decrease in H¢ with La substitution is less compared to Co
substitution, despite a higher reduction in Ha. The effect may be ascribed to smaller
crystallite size of BalLao.1sM. Ha for Balao.1sC00.1sM is decreased due to a perturbation in
2a site as evident from increase in QS. The QS for 2b site decreased to 2.19 mm/s from 2.35
mm/s (Table. 4.10). Fe located at the 2b site contributes to quadrupole splitting most,
therefore, to Ha. However, in the present study Ha of polycrystalline powder found to be
low; hence a marginal increase in Hci dominate by particle size as evident from fig. 4.38
[32,217].

Further, to understand the exchange interaction quantitatively, T¢ of all substituted
powders were determined, as shown in fig. 4.39 (b). For BaLao.1sM, T increase from 497
to 507 °C due to overall lattice reduction, which enhances the superexchange coupling in a
hexagonal crystal. However, the substitution of cobalt in BaM and BalLao.1sM decreases T
to 437 °C. The result suggests that Co?* ion plays a significant role in deciding Tc. The
decrease in Tc may ascribe to two reasons. First, valance state of Fe3* and Co?* weakens
superexchange interaction due to different electronegativity [218]. Second, Co?
substitution creates oxygen vacancies, which also changes the oxidation degree of 3d- metal

cations. The changing of charge state as a consequence of oxygen vacancy will significantly
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affect the magnetic properties such as T [219,220]. M-H behaviour of BalLao.15C00.1sM at

Tc (inset Fig. 4.39 (a)) confirms the paramagnetic nature.
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Fig. 4.39. (@) M-H plots and (b) 6M/8T vs temperature plot for substituted barium
hexaferrite. Inset (a) shows M-H plot for BaLao.15C00.1sM at T¢ =437 °C.

Table 4.11. Magnetic parameter of substituted BaM.

Sample Ms Hc Mr | Ha | SQ | Tc
emu/g | kOe | emu/g | kOe °C

BaM 52.61 | 1.38 | 26.56 | 9.46 | 0.50 | 497
BaCoo.1sM 51.94 | 1.02 | 23.91 | 8.96 | 0.46 | 437
Balao.1sM 53.60 | 1.12 | 32.19 | 8.51 | 0.60 | 507
Bal.ao15C00.1sM | 54.28 | 1.49 | 34.22 | 8.59 | 0.63 | 437

Vil.

Magnetic studies of La-Co substituted BaM thick film

Fig. 4.40 shows La-Co substituted BaM thick films. Isotropic magnetic properties were

found irrespective of substitution. A marginal reduction in magnetic properties was due to

Bi»O3 additive.
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Fig.4.40. M-H plots of pure and La-Co substituted BaM films.
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viil. Microwave absorbance

Fig. 4.41 shows A(w) plot for pure and substituted BaM sintered magnets. Multiple
absorbance peaks were obtained for pure BaM at 13.86, 15.2 and 16.21 GHz. Fig 4.41 (a)
illustrates the effect of Co substitution on A(w), which shows wave-like nature as of pure
BaM. However, the oscillation was compressed, and overall A(w) was improved for
BaCoo.15sM sample. BaCoM shows three visible peaks at 12.96, 15.53 and 16.66 GHz. The
marginal shift from BaM ascribed to the presence of small secondary phase. Fig. 4.41 (b)
shows A(w) plots La and La-Co co-substituted BaM magnets. The oscillatory behaviour
was suppressed, and overall A(w) was improved for all samples. BaLao.15C00.20M shows

90 % absorbance at 16.4 GHz.
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Fig. 4.41. Microwave absorbance vs frequency plots of substituted BaM.
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Chapter 5

Results and Discussion - 11

Overview
In this chapter, screen printed anisotropic thick films are prepared from the BaM powders
milled for different duration of time. The effect of ball mill time on structural and

magnetic properties of powder and microwave sintered BaM thick films are discussed.
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5.1  Development of anisotropic thick films

From the preceding studies on BaM thick films shows that all films were isotropic and in-
plane 47M was higher than the out of plane. The similar kind of effect has been observed in
substituted thick films. Therefore, in the present chapter, an attempt has been made to
develop thick films with perpendicular anisotropy. To accomplish this, BaM powders with
different particle size distribution were made by high energy ball milling (HEBM), for
different duration of time. HEBM is one of the effective way to induce size variation in
ceramic powders. As-milled powders were screen printed on Al>Os substrates coated with
thin melt quenched Bi>Os layer for better adhesion. The perpendicular orientation in the
films was induced by an external magnetic field of 0.8 T. Compared to deposition of BaM
buffer layer, the melt quenched Bi>Oz layer provides ease of processing. Moreover, oriented
films sintered with BaM buffer layer have given poor scrambled morphology.

5.2  Studies on high energy milled powders

i. X-ray diffraction studies

Fig 5.1 shows the X-ray diffraction pattern of Oh, 6h, 12h, 24h, 48h and 72h milled BaM
powders. It is clear from the figure that peak intensity is reducing with ball mill time which
suggests that excessive milling cause amorphous and disorder state of the powders. No
significant shift in characteristic peaks position are observed. Fig 5.2 shows FWHM of
(107) peak and average crystallite size variation for milled samples. An obvious decrease
in crystallite size is observed with milling time. The minimum crystallite size of 14 nm was
obtained for 48h milled powder, which remained constant up to 72h milling. The
interpretation suggests that the extended hours of milling may fragment the BaM particles
and reduce crystallite size which are responsible for broadening in the diffraction peaks.
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Fig. 5.1. X-ray diffraction patterns for BaM powder milled for different time.
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Fig. 5.2. Variation in FWHM and crystallite size with milling time.

ii. Microstructural Study

Fig. 5.3 shows the representative SEM micrographs for BaM powders and its
corresponding energy dispersive spectroscopy (EDS). Clusters up to 10 um are seen for
unmilled powder whereas, agglomerated sub-micron ranged particle are observed in 12h
and 72h milled powders. Inset fig. 5.10 (b & c) shows enlarged view of agglomerated

particles. The EDS spectrum shows that tungsten carbide contamination is increasing with
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milling time. Prolonged hour of ball milling causes abrasion of milling media and

contaminate the powder.
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Fig. 5.3. SEM micrographs of (a) Oh (b) 12h, (c) 72h ball-milled powder (d) EDS of 72h
milled powder. Inset (b & c¢) shows the agglomerated particles.

iii. Magnetic Studies

Fig 5.4 shows room temperature M-H plots for milled BaM powder. It is clear from the

figure that magnetization (M) and retentivity (M) decreases with milling times. The

decrease in M is due to amorphization of the crystallite surface and the contamination by

milling media [221]. Hc of the powders initially increase up to 12h milling and then

decreases. Hc¢ is primarily dominated by intrinsic (Ha and substitution) and extrinsic

(crystallite size and shape) factors. The initial increase is due to particle size reduction

above which crystallinity of the powder decrease and hence the H¢[222]. It is found that Ha

decreases irrespective of He. The magnetic properties are given in table 5.1.
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Fig. 5.4. M-H plots for BaM powder with different milling time

Table 5.1. Magnetic properties of ball-milled powders.

Sample | M Mr | SQ | He | Ha | Kix10°
emu/g | emu/g kOe | kOe | erg/cm®
Oh 52.61 | 26.72 | 0.51|1.38|8.94| 1.24
6h 45,99 | 22.25 (0.48 | 1.52 | 8.45| 1.03
12h | 38.26 | 16.58 | 0.43 | 158 | 7.75| 0.78
24h | 31.38 | 12.37 | 0.39 | 1.57 | 7.05 | 0.58
48h | 30.16 | 10.39 | 0.34 | 1.49 | 6.99 | 0.56
72h | 2494 | 7.47 [0.30|1.30|6.38| 0.42
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5.3  Studies on BaM thick film

As mentioned, screen printed films were made by milled powders and dried under the field
of 0.8 T. The dried films were microwave sintered at 1200 °C for 20 minutes. After studies
the sintering time and temperature (not shown), the sintering conditions for the films are

chosen.

i. X-ray diffraction studies

Fig. 5.5 shows XRD patterns for sintered screen printed BaM thick films prepared from
milled powders. Single phase BaM has been observed in the films, however, a small
secondary Fe>Os3 peak was observed in film fabricated from 48h and 72h milled powders.
Extended millings in powder reduce into Fe>Os due to some recrystallization kinetics
[221,223,224]. It is clear from the enlarged XRD image that the intensity of (008) peak is
high in the films prepared by milled powder. This suggests films are perpendicularly
oriented and confirms textured growth. Film from 12h milled powder shows high (008)
peak compared to its inevitable (107). The variation in relative intensity of (008) and (107)
peaks with milling time, confirms that the particles plays an important role to induce

perpendicular anisotropy.
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Fig. 5.5. X-ray diffraction patterns of screen printed BaM thick film.

To know the degree of crystallographic orientation of the screen printed films, the
lotgering factor is determined from the following relation [225]:

_ P-P
f= 1-Py

(5.1)
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where P = ¥ g01)/2 Iinkry OF screen printed thick film and Py = ¥ Ioco01)/ X locniry Of
polycrystalline powders. The maximum lotgering factor of 0.84 is obtained for 12h milled
powder films. It has been reported that lotgering factor around 0.80 shows low FMR

linewidth for textured polycrystalline BaM sphere [226].

ii. Magnetic studies

Fig. 5.6 shows M-H plots of BaM thick films fabricated from powder milled for different
time. It is clear that films prepared by unmilled (Oh) powder (fig. 5.6(a)) shows isotropic
nature despite orientating it under the magnetic field.
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Fig. 5.6. M-H plots of BaM thick film fabricated from various milled powder.

However, all films prepared by ball milled powder possess a strong perpendicular
anisotropy as evident from fig 5.6 (b-f), which further suggests that the particle orientation
under the magnetic field strongly depends upon the particle size and its distribution. Fig.
5.7 (a & b) shows the angular dependence of magnetization and the corresponding polar
plot of SQ. The polar plots of SQ depict well-defined formation of ‘8’ like shape which

confirms textures growth and perpendicular anisotropy in the films.
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Fig. 5.7. (a) Angular variation in 4zM and (b) Polar SQ plot for screen printed BaM thick
films fabricated with different milled powders.

Fig. 5.8 shows the variation in magnetic properties of the films with milling time.

Film prepared from 12h milled powder shows the highest M in both directions. Further

increase in milling time, M decrease gradually and found lowest, i.e. 1.78 (||) and 2.15 kG

(L) for 72h milled sample.
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Fig. 5.8. Magnetic properties (a) 4zM, (b) SQ and (c) Hc of screen printed BaM thick

films with milling time.
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The SQ found to increase in - direction with milling time, the maximum of 0.80 is
obtained for 48h milled powder film. The corresponding SQ (||) decreases with milling
time up to 12h (0.28) and then remained constant. The result suggests, near single domain
grains have better orientation than multi-domain bigger grains which cancel out the
effective orientation. It is interesting to note that H¢ decreases up to 12h milled powder
films and then increases. The results are contrary to the Hc of powder samples (Table 5.1).
This suggests that particle size distribution up to 12h milled powder is favourable for better
grain growth during sintering. Increase in milling time to 48h, the increase in He might be
due to fine grain structure. Further, a drastic decrease (72h) is due to tungsten carbide

contamination.

iii. Microstructural study

Fig. 5.9 (a-c) shows the representative SEM micrographs of textured BaM thick film
prepared from Oh, 12h, and 72h milled powders, Film prepared by Oh milled powder shows
randomly oriented equiaxed grains with an average grains size of 2.45 pum. It appears that
films are not well sintered and posses porous structure. The larger powder size with low
surface area may require a higher sintering temperature to effect densification. On other
hand, film of 12h milled powder (fig. 5.9 (b)) illustrates a highly textured structure with
low porosity. The average size is found to be 2.18 um with broader grain distribution.
Grains up to 10 pum were seen on the film's surface with hexagonal c- axis of platelets found
parallel to the substrate plane. Film from 72h milled powder display polygon-shaped coarse
grains with relatively higher porosity than 12h sample. The average grain size found to 1.65
um with narrow distribution. The cross sectional view (Fig. 5.10 (a - ¢)) shows that large
shrinkage in the film prepared by milled powder. The enlarged view shows platelets are

stacked well in 12 h and 72h milled powder films suggest the perpendicular orientation.
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Fig. 5.9. SEM micrographs of sintered BaM thick film fabricated from (a) Oh, (b) 12h, (c)
72h milled powders and (d-f) respective grain size distribution.
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Fig. 5.10. Cross sectional micrographs of sintered BaM thick film fabricated from (a) Oh,
(b) 12h and (c) 72h milled powders. Inset shows the typical alignment of
fabricated films.
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Chapter 6

Conclusions

Overview

In this chapter, important outcomes from this research are summarized. The impact of
various substitution (Al, Ti & La-Co) on magnetic and microwave properties of powders
and thick films are concluded. The microwave sintering and novel result obtained from
textured BaM thick films are showcased. All the important parameters obtained in the result
and discussion are summarized in the table. Finally, the future scope of the work is
presented at the end of this chapter.
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In the present dissertation, M-type barium hexaferrite (BaFe12019) powders with Al, Ti and

La-Co substitutions were prepared by solid state ceramic. Further, isotropic sintered screen

printed thick films of as-substituted powder were prepared. Effect of various cationic

substitutions on structural, magnetic and microwave properties of powder and thick films

were investigated. Also, anisotropic microwave sintered thick films were prepared and

effect of particle size distribution on structural and magnetic properties were studied. The

important outcomes from the works are summarized:

Single phase BaFe12019 (BaM) powder has been successfully prepared and hard
magnetic behaviour was confirmed by M-H loop. Screen printed BaM thick film
of 100 um thickness has been fabricated and conventionally sintered at different
temperature (1150 °C - 1350 °C) for 1h. Sample sintered at 1250 °C showed dense
morphology with an average grain size of 4.5 um. M-H plot showed isotropic
magnetic behaviour. The magnetic properties found decreased with sintering
temperature.

Al-substituted BaM powders were prepared by solid state ceramic method. The
effective substitution was confirmed by decrease in lattice constant and crystallite
size. Reduction in Fe-O bond length at octahedral and tetrahedral coordination was
seen by FTIR studies. A linear decrease in magnetization (M), remanence (M),
anisotropic field (Ha) and first anisotropic constant (K1) were observed, whereas,
coercivity (Hc) found to increase with Al substitution. Screen printed thick films
sintered showed drastic rise in the Hc up to 7.47 kOe. M-T measurements showed
a decrease in Curie temperature (Tc) from 497 °C to 437 °C with A" substitution.
Permeability (i) in X-band found to be less in Al-substituted samples. Reflection
losses (RL) showed a minimum value of -47 dB at 9.3 GHz.

In Ti-substituted BaM sample, the single phase was obtained after three-step
calcination. A slight blue shift in FTIR supported the fraction of Ti*" ions
substitution increases with subsequent calcination. Bond length calculated from
FTIR shows contraction in BaTiM samples. Raman spectroscopy confirmed the
presence of Ti** ion in 12k, 4f; and 4f; sites. Drastic decrease in M, Hc and Ha for
was observed in Ti-substituted samples. Micrograph of sintered films showed
spherical grains with nearly comparable grain size for pure and substituted samples.
Microwave studies in Ky-band confirmed Ti** substitution reduces dielectric and

magnetic losses with overall enhancement in microwave absorbance.
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BaiyLayFe12xCoxO19 (x = 0.0, 0.10, 0.15, 0.2, 0.5 & 1, y= 0.0, 0.10, 0.15, 0.20)
powder has been prepared. XRD confirmed single phase BaM without any
secondary phase up to x = 0.5. FTIR and Raman spectra confirmed substitution of
La and Co ions in BaM crystal lattice. A redshift in Raman for 2a, 2b and 4f; sites
suggest an effective substitution of La and Co on its respective sites. Mdssbauer
spectroscopy confirmed that Co?* ions preferably occupies 2a and 2b sites, whereas
it also occupies 4f> site with La-Co co-substituted BaM. The average grain size was
found to be 2.5 and 2 pum for pure and substituted powder. Room temperature M
and squareness (SQ) found to increase with La and La-Co substitution Ha found to
be lower for substituted samples. T, showed a strong dependence on substitution,
where the Co ion effect is mostly dominated. Thick films fabricated from
substituted BaM were isotropic and showed comparable magnetic properties.
Multiple absorbance peaks were obtained for pure and Co-substituted samples Ky
-band. La-substitution found to suppress oscillatory behaviour with absorbance up
to 0.9 at 16.64 GHz.
Anisotropic microwave sintered thick films were prepared from Oh, 6h, 12h, 24h,
48h & 72h milled powder under the presence of an external magnetic field of 0.8
T. Crystallite size found to decrease with milling time as observed by XRD.
Equiaxed particles up to 10 pum were seen for unmilled powder, whereas,
coagulated microstructure with sub-micron ranged particle was found milled
powders. A linear decrease in M, My, SQ and Ha were found with milling time. Hc
found gradually increased up to 12 h milling and then decreases.

Thick films fabricated from as-milled powders were microwave sintered at
1200 °C for 20 min. XRD pattern showed textured growth in the films with milling
time. Lotgering factor of 0.84 was found for 12h milled sample. M-H loop and polar
plots of SQ confirmed perpendicular anisotropy in sintered screen printed film. A
higher M and SQ in - direction compared to || direction were observed. Films
prepared by 12 h milled powders showed maximum M whereas, Hci in L direction
gradually decreases up to 12h and further increased with milling time.
Microstructural studies revealed high dense and textured morphology in BaM thick
film prepared from 12h milled powder. A very high post sintering shrinkage of 53%

was observed in the films.
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Table 6.1. Summarized magnetic and microwave properties of substituted BaM.

Sample Magnetic Properties Microwave properties
47M 47M, Hc Ha A(w) | Rr | Frequency
kG kG kOe kOe dB GHz
= L] +

BaFe1o- 0 414 1353|201 |201|1.73|1.74|12.63|1255| - |14.07 9.29
xAlxO19 1 3.12 1255|170 |136 |4.77 479 |11.17|10.63| - |18.60 8.20

2 120 1.08 |0.71|0.63 |7.47 |7.45| 7.03 | 6.72 - | 15.67 9.46
BaFe1o- 0 3.321315]191|185 (254|258 | 865 | 790 | 0.94 - 14.53
xT1xO19 05 |274]1256|111/0.81]0.94|0.95| 8.06 | 7.30 | 0.91 - 15.98
Bai- 0 317 1295]1.85|162 (230|225 | 899 | 8.65 | 0.57 - 13.87
xLaxFer2- =0 15323[2.85 | 1.87 | 1.66 | 252 | 2.49 | 8.54 | 8.41 | 0.85 - 14.98
yCOyOlQ y:015

Table 6.2. Summarized magnetic properties of textured BaM thick film.

Milling time 47M 4nMy Hc SQ

h kG kG kOe

LTI [E70 ]+ -
0 3.95|3.66|221|245|211|2.27|0.54 | 0.62
6 3.3713.73[233|205|1.26 |2.44|0.37 | 0.66
12 4214682141193 |1.20|2.79|0.28 | 0.60
24 3.58|4.23 (225|208 |1.02|2.81]|0.29 | 0.67
48 257 13.05|244|244|0.81|247|0.31|0.81
72 178 12.15|1.90 | 2.02 | 0.48 | 1.54 | 0.27 | 0.72
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Future Scope
On the basis of work done a few prospective suggestions for future work are:

* For the realization of fabricated BaM thick films in high frequency applications,
FMR measurements need to be investigated.

* The effect of various cationic substitution with the optimized microwave sintering
condition studied in this work can be explored.
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The other supplementary work carried out on the prepared samples are given in this section.
1. Impedance studies of on Co-substituted BaM

The XRD pattern and SEM of BaCoM powder calcined at 1200 °C are shown in fig. S1.
The refinement showed the existence of inevitable minor W-type phase with volume
percent less than 3.5 %. Fractured surface micrograph showed Co substitution promotes
grain growth with well distinguished hexagonal platelets. The increase in average grain size

from 2.9 to 9.8 um is a consequence Of oxygen vacancies and defect transportation.
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Fig. S1. XRD pattern and SEM micrograph BaM and BaCoM sintered pellets.

Fig.S2 shows the room temperature magnetisation plot of BaM and BaCoM. No
visible change in magnetisation was observed, however, coercivity (Hc) were drastically
decreased. The calculated magnetocrystalline anisotropy also found to decrease (10 kOe to
6.9 kOe) with cobalt substitution. It can be concluded that hard magnetic behaviour of BaM
transformed to soft magnetic with nearly retained magnetization, hence makes more
magnetically permeable.

Fig. S3 illustrates the deconvoluted XPS spectra of BaM and BaCoM. The Fe2p
spectra contains seven spectra for Fe®* and Fe?* ions with an area ratio of 76:24 and 68:32
for BaM and BaCoM, respectively. O1s spectra of BaCoM, fitted with two sub spectra of
0% and oxygen defect vacancies (O%). The oxygen defect vacancies were found to be
higher in BaCoM (45%) as compare to BaM (25%). Co2p spectrum fitted for Co* and
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Co?* ions and the calculated area ratio of Co®* and Co?" ions were 69:31. The presence of
Co?* ions increases Fe?* ions and oxygen defects to maintain the charge neutrality.

60
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Fig. S2. M-H plots of BaM and BaCoM.
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Fig. S3. Deconvoluted XPS spectra of sintered pellets, (a) Iron ions in BaM, (b) Iron ions
in BaCoM, (c) Oxygen ions in BaCoM and (d) Cobalt ions in BaCoM

The variation in imaginary impedance (Z") with frequency at different
temperatures for both BaM and BaCoM are shown in fig. S4. Z" found to decrease with
increase in both frequency and temperature which finally merges to a single frequency
that suggests Z" is frequency independent. The broad relaxation peak(s) shifts toward
higher frequency with temperature which confirms electrical responses are thermally
activated. The normalised imaginary part of impedance (Z'/ Z'max) with frequency at
selected temperatures are also shown. The peak position corresponds to relaxation

frequency (fmax). At 323 K, BaM do not show relaxation peak in the observed frequency
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range (10 Hz— 10 MHz). Ttwo resolved asymmetric relaxation peak confirms the multiple
relaxations are present in the material at different frequency domains. For BaCoM, single
Debye like relaxation peak was found for all temperature. The different fnax for BaM and
BaCoM suggested that the relaxations are substitution dependent. The scaling curve, i.e.
Z'lZ" max VS log(w/wmax) for BaCoM indicated that the dynamic conduction process is

temperature independence.
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Fig. S4. Frequency dependent Z~ at different temperature (a) BaM), (b) BaCoM, (c)
Representative frequency dependent normalised Z~ plots and (d) Scaling
behaviour of Z” spectra of BaCoM.

Fig. S5 shows representative complex impedance plane plot for BaM and BaCoM.
In BaM, two well resolved arcs corresponds to grain and grain boundary were observed,
whereas, single arc was obtained for BaCoM. Significant difference between their
impedance behaviour is shown in enlarged view. The representative log-log impedance
plots for BaM and BaCoM at different temperatures are also shown. In order to understand
the electrical response of microstructural elements, the plots were fitted with equivalent
circuits based on the bricklayer model. The model consists of grains, grain boundaries and
minor impurity phase (W-type) contribution. However, the possibility of unsubstituted
metal oxides as an impurity (not traced in XRD) cannot be ignored, which could also be
present along grain boundary. In fitted equivalent circuits C1 and R; are capacitance and
resistance for grain; R> and CPE: denotes resistance and constant phase element (Ycpe =
Ao (jo)" ) assigned for grain boundary contribution, where n is the dimensionless power

S-3



Supplementary studies

constant varies between zero (ideal resistor) to one (ideal capacitor). Variables Rz and C»
are the contributions of impurities at grain boundaries, which were absent in BaM. The

fitted value of n was remained between 0.50-0.80.
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Fig. S5. (a) Complex impedance plane plot for BaM and BaCoM. Representative log —
log plot of complex impedance (Z’ vs Z’”) and Equivalent circuit

The grain (Rg) and grain boundaries (Rgp) resistance obtained from the fit are
shown in table S1. For BaM, Rqp was not observed upto 170 °C which may show their
contribution below 10Hz. However, for BaCoM, grain boundary relaxation was present

for all temperatures.

Table S1. Resistance obtained from complex impedance plane plot

T BaM BaCoM
(K) Rg Rgb Rg Rgb Ri
(ohm) | (ohm) | (ohm) | (ohm) | (ohm)
323 | 1099187 - 131667 | 1003456 | 18.3
373 | 857443 - 107751 | 319320 | 145
423 | 98517 - 42854 | 43227 8.0
473 | 15012 | 21752 | 4726 2531 -
523 | 1485 | 168.2 | 521.5 478.4 -
573 18.3 21.5 89.1 32.8 -
623 4.7 4.4 2.6 0.5 -
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Fig. S6 shows the In & versus 1/T plots for grain (g), grain boundaries (g») and
impurity (1) for BaM and BaCoM. Conductivity found to increase with temperature
however, higher conductivity of BaCoM is a consequence of more charge carriers as
confirmed from XPS. It is also noted, conductivity plot shows three distinct slopes in
different temperatures regime named as R I, R Il and R Ill. The activation energy as
obtained from Arrhenius plots for different temperature regime is shown in table S2.

The studied temperature range was well below any structural/magnetic phase
transition of BaM; therefore, change in the slope may ascribe to parallel conduction
mechanisms in the system. The conduction in R I (323 — 393 K) is due to free charge
carrier which required low activation energy to participate in conduction. The R 11 (393 —
473 K) for BaM shows sudden rise in the og with an activation energy of 0.72 eV. In this
region, grain boundary contribution was also observed. The rise in conductivity is
associated with hopping of charges between Fe?*- Fe®* from the localised oxygen trap
centre to the nearest neighbouring sites as proposed in nearest- neighbouring—hopping
model. In BaCoM, the charge conduction through hopping mechanism is dominated over
to a wider temperature range (393 — 553 K). This could be due to additional hopping due
to Co%*- Co®" ions. Also the presence of cobalt ions at grain boundaries will provide
conduction channels and promote grain to grain conduction as evident by the higher
conductivity and low activation energy. The behaviour is also supported by conductivity
of impurities which showed metallic like behaviour above 443 K. The important feature
is to be noted that for BaM, the transition from R I1to R I11 is occurring at 473 K whereas,
transition in BaCoM took place at 553 K. In R 1lI, the same activation energy for BaM
and BaCoM suggest the effect of substitution was negligible. In this region the conduction
may be due to fragmentation of bigger polaron into smaller polaron which causes a sharp
change in conductivity.

To understand the conduction mechanism, oqc and oac contribution were extracted
from the real part of complex conductivity (¢’) using Jonscher’s power law.

o' = g + (i)s (i)

WH

S
where, (wi) IS oac contribution, wy is hopping frequency of charge carriers and S is a
H

dimensionless frequency exponent lies between 0.0 - 1.0. According to law, odc IS
temperature dependent whereas, oac is both frequency and temperature dependent. The S
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was obtained by fitting frequency dependent conductivity behaviour of BaM and BaCoM
at different temperature. The variation in S with temperature are correlated with various
ac conduction mechanisms associated with the system. In general, S =0 corresponds to
free migration of charge carriers and if S~1, the conduction will be dominated by hopping
mechanism. The variation in S with temperature showed similar behaviour. It is clear that
S value is below one and remains nearly constant upto 533 K. Therefore, the primary
conduction mechanism in this region is due to hopping of charges. The higher S values of
BaCoM compared to BaM is due to additional Co?* and Co** ions as confirmed from XPS.
With increase in temperature, S decrease to its minimum at 503 K. In this region, high
temperature promotes larger lattice vibration which increases the size of polaron.

This behaviour was explained in overlapping large polaron tunnelling (OLPT) model.
According to model, S is defined as:

G- 1 - 8aRy +6BWHoTp/Re (i)

(2aRy + BWHorp/Rw)z

where, R,, is the hopping distance at frequency w, S is 1/ksT (where kg is Boltzmann
constant and T is temperature in K), « is spatial decay parameter for localised wave
function, rpis the polaron radius and W, is polaron hopping energy. The decrease in S with
temperature occurs for larger rp. Further increase in temperature, S increases rapidly due to
fragmentation of larger polaron into smaller one as described in small polaron quantum
mechanical tunnelling model (SPQMT). The S value higher than one is due to site to site
motion of mobile charges by quantum mechanical tunnelling between asymmetrical double
potential. The behaviour of S is in accordance with temperature dependent conductivity
behaviour.
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Fig. S6. (a) Arrhenius plot of conductivity for BaM and BaCoM and (b) Variation of power
law exponent as a function of temperature for BaM and BaCoM

Table S2. Activation calculated from Arrhenius plot for BaM and BaCoM

Microstructural Activation energy (eV)
Elements BaM BaCoM
RI |[RII|RIII R RII R 111
Grain 0.08 | 0.72 | 0.97 0.0069 0.33 0.82
Grain Boundary | - |0.59 | 1.00 0.09 0.35 1.00
Impurity - - - | 323-423 K | 423-443 K | -
- - - 0.041 0.56 -
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2. Dielectric studies on Al-substituted BaM
Fig. S8 shows RT frequency dependent dielectric constant (&) and loss tangent (tan o) for
pure and Al-substituted BaM.

It is clear that & is higher in Al-substituted BaM at lower frequencies and gradually
decreases with increase in the frequency. This behaviour can be described as existence of
interfacial polarization and Maxwell-Wagner two layer model. The dielectric phenomena
of ferrites were explained that poorly conducting large grain boundaries act as a barrier
between well conducting grains. In the previous studies, the possibility of higher & was
explained on the basis of exchange of electrons between Fe*and Fe?* ions, where divalent
Ba or trivalent Fe is substituted by trivalent or tetravalent ions respectively. In the present
work, the possibility of reduction of Fe** to Fe?* can be ignored due to same valency of
AP and Fe** ions. Therefore, the rise in & at lower frequencies is ascribed to larger grain
boundary fraction in substituted BaM with simultaneous increase in space charge
polarization. At higher frequencies, hopping of electrons never follow the frequency of
applied field and dispersion of charge occurs, which leads to decrease in &. The tan o
variation is in agreement with &, where high & in Al-substituted BaM corresponds to
minimum tan 6. On contrary, low & in pure BaM possess higher tan 0. Inset shows a hump
in fan J in Al-substituted BaM, which corresponds to a sharp decrease in & with increase
in frequency. The dielectric losses can be explained as energy dissipation of the materials
caused by conductions of electrons or flow of charges through the materials. The losses in
the dielectric materials can be due to two major reasons. Firstly, the intrinsic factors of the
materials like substitution, crystal defects and secondly, the extrinsic factors such as
particle size and grain size which causes a lag in polarization to the applied field. In the
present study the low tan ¢ in substituted BaM is due to larger grain boundary fraction,
which provide hindrance to charge conduction.

The decrease in & and increase in tan ¢ with temperature at 1 KHz. The observed
variation are due to thermally activated ions which enhances conductivity. As compared to
pure, Al-substituted BaM shows lower losses at higher temperature due to high &. The

similar behaviour were also observed for higher frequencies.
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3. Preparation of BaM Thin film
In-house BaM sputtering target of 2 inch diameter were prepared by solid state ceramic
method. Thin films were deposited on polycrystalline Al>Os substrate using RF-sputtering
in argon atmosphere. Target to substrate (T-S) distance was kept constant to 5 cm. The base
pressure and argon pressure were kept constant at 1x107° and 5x1072 mbar, respectively.
The deposition time of 60 mins were fixed for an optimum deposition rate at 100 W RF
power. Post annealing at 1000 °C for one hour were carried in tubular furnace to check the
magnetic properties of the film. However, as-deposited films were utilized as an underlayer
for thick film fabrication.

Fig. S9 shows X-ray diffraction pattern for BaM sputtered thin films deposited upto
60 mins and annealed at 1000 °C. A substrate peak is inevitable in all sample. As-deposited
film with no ex-situ annealing illustrate no major peak with the observable limit of XRD.
A peak at 33.6 ° confirms the presence of Fe2Os. The peak (110), (107) and (114) for BaM

were seen in 30 — 60 mins sputter deposited samples along with substrate and Fe;O3 peaks.
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Fig. S9. X-ray diffraction pattern for BaM thin film (a & b) ex-situ annealing time and
temperature

It is clear upto 800 °C no crystalline phase for BaM has been obtained. Peak (110), (107)
and (114) originated at 900 °C along with an impurity oxide phase. The peaks intensity
were found increase at 1000 °C, whereas, a sharp peak for Fe2Os suggest higher crystalline
rate of impurity phase. Above 1100 °C fabricated film found volatile and evaporate
completely without any trace of structural and magnetic properties.

Fig S10 shows atomic force micrograph of 60 min as-deposited BaM thin film.

AFM reveals rough surface of ~0.3 um particle size.
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Fig. S10. AFM image of fabricated thin film (a) Surface and (b) Roughness plot
Fig. S11 depicts the SEM micrograph of 60 min sputtered deposited and 1000 °C ex-
situ annealed BaM thin film. Topographical studies suggest annealed samples shows well

defined coagulation of grains
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Fig. S11. SEM micrograph BaM thin film

Fig. 12 (a & b) shows room temperature magnetic plots of BaM thin film. A well-
defined magnetic loop has been observed with squareness of 0.63 and 0.54 for || and -
direction respectively. Fig. 12 (b) shows BaM thick film deposited at higher argon pressure
for 60 min and annealed at 1000 °C. M found to decrease (0.0019 emu/cm?) compare to
lower argon pressure (0.0026 emu/cm?) which may be due to lower sputter yield or higher
crystallisation of Fe>Os. However, no orientation change has be observed by changing
partial argon pressure. Fig. 4 (c) shows the diamagnetic behaviour of polycrystalline
alumina substrate used to deposit BaM thin film.
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In this work, preferential site occupation in La—-Co-substituted barium hexaferrites was systematically investigated by micro-Raman
and Mossbauer spectroscopy. The effect of substitution on the magnetic properties was studied by vibrating sample magnetometer.
Raman studies showed redshift in 2a, 2b, and 4 f, sites with Co and La substitution. The decrease in isomer shift and the relative
sub-spectral area suggest that Co®* ions preferably occupy 2a and 2b sites for Co-substituted sample. For La—Co substitution,
Co also occupies 4 f, site as evidenced by the reduction in hyperfine field. Anisotropic field calculated by the law of approaching
saturation was found to decrease with substitution. Curie temperature showed a strong dependence on La and Co substitution.

Index Terms— Hard magnetic materials, hexaferrite, Raman spectroscopy and Mdéssbauer spectroscopy.

I. INTRODUCTION

ARIUM hexaferrite (BaFe;0j9) is primarily used as

permanent magnet due to its high remanence, coerciv-
ity, uniaxial magnetocrystalline anisotropy, and energy prod-
uct [1], [2]. The magnetic properties of BaFe;;O;9(BaM)
are strongly associated with close-packed hexagonal crystal
structure [3], [4]. A typical unit cell of BaM consists of two
formula units with ABAB stacking of S (two layers of FeOg)
and R (BaFegO;;) block, where 24 Fe3t ions are situated at
five different crystallographic sites, that is, octahedral (12k,
4 f>, and 2a), tetrahedral (4 f;), and trigonal bipyramid (2b)
sites. The parallel (12k, 2a, and 2b) and antiparallel (4 f
and 4 f,) Fe** ion spins contribute a net magnetic moment
of 40 up per unit cell [5].

Over the decades, several processing methods such as
sol-gel auto combustion, co-precipitation, and hydrothermal
methods were adopted to understand the structure processing
property relationship of hexaferrites [6]—[8]. Simultaneously,
significant efforts were made to tailor the magnetic prop-
erties by partial cationic substitution for Fe and Ba ions.
Substitutions such as AT [9], Ga’>* [10], In?* [11], Co*t—
Ti*t [12], and Co?*t=Si*t [13] for Fe’* and La’*t [14],
Sm3* [15], Nd** [16], and so on for Ba’* were extensively
studied. Besides individual, simultaneous ion substitutions for
Fe and Ba were also investigated [17]-[19]. Among these,
La—Co-substituted hexaferrite showed enhanced properties
well-exploited for the production of commercial permanent
magnets. The effect of La/Co substitution on its crystallo-
graphic properties and exchange interaction are well-explained
in various theoretical studies. The superexchange interaction
in the La-substituted BaM was explained by molecu-
lar field approximation (MFA) and random phase approx-
imation (RPA). Studies suggested that antiferromagnetic
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superexchange interactions between various Fe—Fe ions were
more prominent between 2a—4f), 2a-12k, 2b-4f;, and
2b—12k [20], [21]. Recently, Park er al. [22] derived the
electronic structure of the La—Co-substituted strontium hexa-
ferrite by first principle calculation and predicted a reduction
in lattice constant and net magnetic moment. The study also
suggested its half-metallic behavior with cobalt substituted
at 2a sites [22]. Beside theoretical studies, the effect of site
occupation on the intrinsic properties and crystal collinearity
was also experimentally investigated [23], [24]. To provide
more insight, preferential site occupation in simultaneously
substituted La—Co hexaferrite was studied and compared with
the individually substituted La and Co ions.

In this study, BaFe12019, BaFC”‘gsCOo_]sO]g,
Bag gsLag.1sFe2019, and BaggsLag sFei1.85C00.15019 were
prepared. Preferential site occupation was studied by
Mossbauer and micro-Raman spectroscopy. Its effect on
Curie temperature (7;), anisotropic field (H,), and magnetic
properties was investigated.

II. EXPERIMENT

BaF612019(BaM), BaFe11,g5C00,15019(BaC0M), Ba(),gj
Lag 5Fe;2019 (BaLaM), and BaggsLag sFeq185C00.15019
(BaLaCoM) were prepared by the solid-state ceramic method.
Analytical grade BaCO3, Fe, 03, CoO, and La,O3 with 99.9%
purity were used to prepare the samples. The stoichiometric
amount of chemicals were weighed and wet mixed for 3 h in
a planetary ball mill (Fritsch, Germany). The ball-to-charge
ratio and rotations per minute (RPM) were fixed to 5:1
and 250, respectively. Calcination of as-mixed powders was
carried out in a conventional muffle furnace at 1200 °C
for 3 h. Heating and cooling rates were kept constant at
5 °C/ min. Phase analysis of powders was done by X-ray
diffractometer model Shimadzu XRD-6000 using Cu K,
(4 = 1.54 A) at a scan rate of 0.02 °/s. Raman spectroscopy
was carried out by JOBIN YVON HORIBA HRS800 spectra
analyzer (instrumental resolution £1 cm™') equipped with a
632.8 nm helium—neon laser at 9 mW power. Zero-field room
temperature (RT) Mossbauer measurements were performed

0018-9464 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. Refined XRD plot for pure and substituted barium hexaferrite.
(a) BaM. (b) BaLaCoM.

20 70

using ’Co (Rh) gamma-ray source in a transmission
geometry by WissEl make Mdssbauer spectrometer. RT and
high-temperature (HT) magnetic measurements were carried
out by Lake Shore VSM 7404.

III. RESULTS AND DISCUSSION

Fig. 1 shows the representative X-ray diffraction (XRD)
pattern of pure and substituted BaM. All peaks correspond to
P63/mmc space group (#00-007-0276) without any impurity
or residual Fe,O3 phase. A quantitative structural analysis to
signify the effect of La’>* and Co®* cations at various atomic
positions was carried by Rietveld refinement [25], [26]. The
crystallite size and reliability factors obtained from refinement
are presented in Table I. Lattice parameter “a” remains con-
stant for all the samples except slight shrinkage in BaLaM due
to smaller ionic radii of La>* (1.16 A) at dodecacoordination.
On the other hand, with Co?* ion substitution “c”-axis was
increased from 22.19 to 23.22 A due to its bigger ionic
radii (0.72 A) and/or oxygen deficiencies. In BaLaCoM,
slight shrinkage in “c”’-axis was observed, which suggests that
shrinkage due to La3+ ion is dominant over Co** ion substi-
tution. The crystallite size calculated by Scherrer relation was
55 and 39 nm for BaCoM and Bal.aM, respectively, whereas

BaM and BalLaCoM have the same grain size (~50 nm).
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Fig. 2. Representative deconvoluted Raman spectra for substituted barium
hexaferrite.
TABLE I
CRYSTALLITE SIZE AND RELIABILITY FACTORS FROM
RIETVELD FITTING
Sample CS e Ry | Rup | Rexp
Nm % % %
BaM 51.2433) | 1.12 | 1.84 | 2.33 | 2.24
BaCoM 54.96(4) | 1.81 | 524 | 6.62 | 4.92
BalLaM 37.63(7) | 2.22 | 2.99 | 3.78 | 2.53
BalLaCoM | 49.83(6) | 1.17 | 2.14 | 2.75 | 2.54

Raman spectra is a unique technique to identify any
dynamic behavior of substitution at crystallographic sites [27].
Fig. 2 shows the representative micro-Raman spectra of Bal.-
aCoM, where peak represents the various bands suggested
in group theory [28], [29]. The peak parameters obtained
by 12 Lorentzian fit are given in Table II. A doublet at 171 and
183 cm™! of the El, band was associated with whole spinel
block. The peak 171 cm~! was unaltered with substitution,
which shows that the overall effective mass of spinel coor-
dinate was comparable due to nearly similar atomic weight
of Fe (55.8 g/mol) and Co (58.9 g/mol) ions in BaCoM and
BaLaCoM. In Bal.aM, La’* ion substitutes Ba2T ion in the R
block, and hence its effect in the spinel block was negligible.
The peak at 183 cm~! is more sensitive to localized molecular
vibration in the spinel block. The presence of Co** ions at 2a
site distorts local vibration and causes a slight red shift in
BaCoM [27]. However, no such shift was noticed in BaLaM
and BaLaCoM for the whole spinel coordinate. The peaks
at 315, 615, 683, and 719 cm™! represent Al, bands of
2a, 4 f>, 2b, and 4 f; sites, respectively. The peak position
at 337 cm™! denotes the E2, band of 12k site, whereas peak
411 cm™! represents the Alg band of mixed 12k and 2a
sites. Furthermore, peaks at 212, 285, 468, and 522 cm™!
represent the spinel coordinate of different crystallographic
sites. A slight redshift in bands was apparent in BaCoM due
to its higher crystallinity as confirmed from Scherrer relation.
It is a well-known fact that the optical and exchange interaction
parameters for complex oxides strongly depend on the average
crystallite size and crystallite size distribution [30], [31].
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TABLE II
BAND ASSIGNMENT AND RAMAN SHIFT FROM DECONVOLUTED SPECTRA FOR SUBSTITUTED BARIUM HEXAFERRITE

peak band | BaM | BaCoM | BaLaM | BaLaCoM
whole spinel blocks | E1, | 171 | 170 171 171
whole spinel blocks | E1, | 183 | 181 184 183
-- El, | 212 |210 212 211
-- El, | 285 |282 285 284
2a Al, [ 315 |312 313 314
12k E2, | 337 |334 337 336
12k+2a Al, | 411 | 410 414 413
-- Al, | 468 | 465 467 466
-- E2, | 522 | 520 524 522
41 Al, | 615 | 612 614 613
2b Al, | 683 | 679 683 682
41 Al, | 719 | 716 719 718
TABLE III

HYPERFINE PARAMETERS OF SUBSTITUTED BARIUM HEXAFERRITE POWDERS

Sites | Sample r 0 os By S Nre(i)
(mm/s) | (mm/s) | (mm/s) | (T) (%)
BaM 036 | 025 | 040 |4135]500 |6.00
BaCoM | 048 | 026 | 041 | 41.10 | 52.41 | 621
12k galaM [ 046 | 026 | 040 | 4137500 |6.00
BaLaCoM | 051 | 025 | 041 | 41.10 | 55.56 | 6.58
BaM 027 017 022 |49.05] 16.66 | 2.00
BaCoM | 045 | 0.17 | 021 | 4856 |21.25 | 2.60
Y BalaM [ 037 | 015 | 021 | 4853 | 16.66 | 2.00
BalaCoM | 035 | 0.13 | 020 | 4847 | 2028 | 2.40
BaM 020 026 |008 |5042]833 |1.00
BaCoM | 0.11 | 026 | 006 |49.70 | 120 |0.14
2 "RilaM | 048 | 024 | 005 | 4946|833 |1.00
BalaCoM | 022 | 027 | 014 | 4987 | 452 | 054
BaM 023 027 | 015 |51.68] 1666|200
BaCoM | 037 | 028 | 017 | 5096 | 21.96 | 2.60
42 TBalaM | 033 | 028 | 023 | 5101|1666 200
BaLaCoM | 032 | 027 | 0.19 |50.09 | 1671 | 1.98
BaM 054 030 |235 |3997]833 |1.00
BaCoM | 026 | 023 | 233 | 4009 |3.18 | 038
2b BalaM | 068 | 026 | 221 |39.62 833 | 1.00
BalaCoM | 027 | 012 | 219 |39.77 | 2.93 | 035

However, it is noted that redshift is more prominent for
2a and 2b sites, which suggests preferential occupation of
Co?* ion at respective sites. On the other hand, BaLaM
was expected to show a negligible effect; however, a notable
redshift for 2a site is observed, which may be ascribed to
the formation of Fe’* ions for ionic charge compensation.
In BaLLaCoM, a prominent shift in 4 f, site was due to Co*t ion
substitution, whereas no significant changes were observed in
other crystallographic sites due to comparable crystallite site.
Furthermore, to verify micro-Raman signatures, the Mossbauer

spectroscopy of powders in transmission geometry was carried
out.

RT Mossbauer spectra were obtained for all the samples and
fitted with five discrete sextets corresponded to different crys-
tallographic sites. For BaM and BalLLaM, the sub-spectral area
ratio was constrained to 6:2:2:1:1 and kept free for the remain-
ing samples. The representative fitted Mossbauer spectra for
BaM and BalLaCoM are shown in Fig. 3. The fitted parameters,
that is, linewidth (I'), isomer shift (d), quadrupolar shift
(QS), hyperfine field (Byf), and relative sub-spectral area (S),
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Fig. 3. Representative deconvoluted Maossbauer spectra for pure and

substituted barium hexaferrite.

are given in Table III. The ¢ at 2b site was largely affected
irrespective of substitution with the lowest value of 0.13 mm/s
for BaLaCoM. The change in J with a corresponding decrease
in the sub-spectral area suggests that Co ion is occupying the
2b site. In general, this site is highly distorted and has close
interaction with BaZt ions, and hence, the substitution of La3*t
ion will reduce ¢ and QS significantly due to the change in
chemical environment [32], [33]. It is noted that in BaCoM
and BaLaCoM, the 2a site shows a negligible variation in &
irrespective of the presence of cobalt [34].

Fig. 4 shows the calculated occupation number (Ng.(i)) and
vacancy fraction (F(i)) of Fe ions for all five crystallographic
sites. Npe(i) and F(i) were determined by the following

relation:
) S(@@)
Nre(i) = Cre| —l— 1
Fe (1) F |:Z?1 S(i):| (D
F(i) = %ZN)FE(Z) « 100% 2)

where Cpg. denotes the Fe content, and S(i) and N (i) are the
sub-spectral area and the occupation number, respectively, for
the ith site [12]. For BaCoM, F(i) at 2a and 2b sites increases
to 85% and 60%, respectively, which confirms Co substitution.
The La—Co substitution shows a marginal increase in F (i)
at 4 f, site. This change may ascribe the conversion of Fe**
to Fet or Co occupation [35]. Since La—Co substitution
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Fig. 4. Variation in (a) site occupation number (Ng.) and (b) vacancy fraction
for Fe ions at different sites.

itself can compensate the charge variation, an observed F (i)
may be ascribed to Co?>" ion occupation, as supported by
a decrease in By (51.68-50.09 T) and previous reported
studies [23], [36], [37]. No measurable changes in hyperfine
parameters for 12k and 4f; sites with substitution were
observed.

Fig. 5(a) shows the M—H behavior of substituted BaM
powders up to a maximum field of 1 T. The obtained
magnetic parameters are given in Table IV. The magnetic
properties are an interplay of the Fe ion at different crystallo-
graphic sites and their exchange interaction. In complex oxide,
superexchange interaction occurs through oxygen ions, and
hence, its vacancy significantly affects exchange interactions.
As per Goodenough—Kanamori empirical rule, the exchange
near the oxygen vacancies is negative, which also leads to
weak magnetic state as reported elsewhere [38]-[40]. It is
noted that Co’>* substitution decreases magnetization (M)
from 53 to 51 emu/g, which is due to the presence of lower
magnetic moment Co>* (3.6 ug) ions in spin up sites and/or
0%~ deficiency. Whereas BaLaM and BaLaCoM showed a
considerable increase in M up to 55 emu/g due to the existence
of Fe’*/Co’* ions in antiparallel 4f, site as evident by
Mossbauer studies. Coercivity (H,) decreases from 1.38 to
1.12 kOe for BaLaM and further 1.02 kOe for BaCoM. It was
reported that H. primarily depended on magnetocrystalline
anisotropy and structural parameter, that is, crystallite size,
particle size, and its shape [41]. To understand this change in
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barium hexaferrite. Inset: law approaching saturation and a representative
M — H plot at T, =437 °C.

Hg, H, of powders was calculated by the law of approaching
saturation (Fig. 5(a), inset) [9], [42]. However, H, of poly-
crystalline powders is significantly less than single crystal due
to its orientation. But its variation provides a suggestive to
magnetocrystalline anisotropy. It is clear from Table IV that H,
is lower for all substituted powders. For BaCoM, the reduction
in H, is due to Co occupation, which reduces the collinearity
along c-axis [43]. It is to be noted that a decrease in H; with
La substitution is less compared with Co substitution despite
a higher reduction in H,. This may be ascribed to smaller
crystallite size of BaLaM. H, for BaLaCoM was decreased due
to perturbation in 2a site as evident from the increase in QS,
while the QS for 2b site decreased to 2.19 from 2.35 mm/s of
BaM (Table III). Fe located at 2b site contributes to quadrupole
splitting most, and therefore, to magnetocrystalline anisotropy.
However, in this study, H, of the polycrystalline powder is
found to be low; hence, a marginal increase in H. may be
dominated by the particle size [5].

Furthermore, to understand the exchange interaction quanti-
tatively, Curie temperature (7;) of all the substituted powders
was measured by plotting M /6T graph, as shown in Fig. 5(b).
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TABLE IV
MAGNETIC PARAMETER OF SUBSTITUTED BARIUM HEXAFERRITE
Sample M; H. | M H, SQ | Tt
emu/g | kOe | emu/g | kOe °C
BaM 52.61 | 1.38 | 26.56 | 9.46 | 0.50 | 497
BaCoM 51.94 | 1.02 | 2391 | 8.96 | 0.46 | 437
BalLaM 53.60 | 1.12 | 32.19 | 8.51 | 0.60 | 507
BaLaCoM | 5428 | 1.49 | 34.22 | 8.59 | 0.63 | 437

For BalLaM, T increases from 497 °C to 507 °C due to overall
lattice reduction, which enhances the superexchange coupling
in a hexagonal crystal. However, the substitution of cobalt in
BaM and Bal.aM decreases 7. to 437 °C. This suggests that
Co ion plays a significant role in deciding 7.. The decrease
in T, may be ascribed to two reasons. First, the valance state
of Fe’* and Co?* weakens the superexchange interaction due
to different electronegativity [44]. Second, Co?* substitution
creates oxygen vacancies, which also change the oxidation
degree of 3d-metal cations. The change in charge state as
a consequence of oxygen vacancy will significantly affect
the magnetic properties such as 7. [45]. It is reported that
exchange integral (J,) which determines 7. depends on the
number of nearest neighboring atom/ion and its distance [46].
The M — H behavior of BaLaCoM at T, (Fig. 5(a), inset)
confirms the paramagnetic nature.

In summary, Co-, La-, and La—Co-substituted BaM have
been synthesized by the solid-state ceramic method. The
XRD refinement confirmed single-phase BaM without any
secondary phases. Raman spectra confirmed a redshift at 2a,
2b, and 4 f, sites with La and Co substitution. Mdssbauer
spectroscopy confirmed that Co>* ions preferably occupy
2a and 2b sites in BaCoM, whereas BalLaCoM also occu-
pies 4f, site. H, is found to be lower for all sub-
stitutions compared with pure BaM. 7. shows a strong
dependence on substitution, where the Co ion effect is largely
dominated.
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The conduction and charge transport mechanism of cobalt substituted barium hexaferrite (BaCoM) were studied
by impendence spectroscopy at different temperatures and compared with BaM. Frequency dependent im-
pedance spectra showed two distinct relaxations in BaM whereas a single relaxation peak was present in BaCoM.
The relaxation frequencies were found to be temperature dependent. Scaling behaviour confirmed the dynamic
conduction process is temperature independent and deviates from Debye type relaxation. Brick layer model has
been employed to investigate the charge conduction through grain and grain boundaries. Arrhenius plot of
conductivity showed two sharp transitions in three different temperature regime which indicates parallel con-
duction mechanism in the system. The frequency dependent conductivity was fitted with Jonscher’s power law
at different temperatures. The variation in frequency exponent with temperature confirmed the evidence of three
types of conduction process. Higher conductivity and different transition temperature was observed for BaCoM
as compared to BaM. The conduction process was in accordance with overlapping-large polaron tunnelling

model.

1. Introduction

M —type barium hexaferrite (BaFe;3019) are widely used as per-
manent magnets, magnetic recording media and magnetic strip cards
[1]. Recent studies suggest that BaFe 3019 (BaM) has an impressive
magnetodielectric (MD) characteristic and successfully employed for
various applications such as antenna substrates, tunable filters and non-
reciprocal microwave devices, etc.[2,3]. The magnetic properties of
BaM strongly depends on its complex hexagonal crystal structure, in
which 24Fe®* jons occupy five different crystallographic sites (octa-
hedral, tetrahedral and trigonal bipyramidal) with a net magnetic
moment of 40 pp/unit cell. Moreover, wide substitution flexibility for
Ba and Fe can drastically change their magnetic properties. Over the
decades, large amount of work was dedicated to understand the role of
various cationic substitution on the structural and magnetic properties
[4,5]. Apart from magnetic studies, charge transport mechanism and
magnetoelectric effect were also investigated in substituted M —type
ferrite [6-8]. However, the dielectric properties of BaM were scarcely
investigated. Previous reports suggest that the substitution of various
divalent and tetravalent cation, i.e. NiZ*, Zr**, Ti** and Si** for Fe**
ions remarkably affect the permittivity and permeability of BaM
[9-12]. Recently, MD properties of CopZ and Mg,Y hexaferrites were
investigated for their potential use in antenna substrates [13-15].
However, complexity in phase formation is one of the major constraint

* Corresponding author.
E-mail address: puneet.sharma@thapar.edu (P. Sharma).
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associated with these ferrites. Therefore, BaM could be an alternate for
MD substrates due to its phase stability over wider compositional and
temperature range [16]. However, pure BaM show large difference
between complex permittivity (¢,) and permeability (i), which creates
impedance mismatching and makes this material not recommendable as
MD substrate [17,18]. On the other hand, Co2* /Co>* substitution
showed a drastic decrease in magneto-crystallige_anisotropv (H.
which eventually enhances its g, with nearly reta
provide insight for substrate application [19]. Cg
brought more complex relaxation mechanism th: v .
tional hopping between Co®™ and Co®" ions. Hence, investigating the
charge transport mechanism for such materials will be of greater in-
terest. Previously, structural, magnetic and dielectric properties of co-
balt substituted BaM were widely explored [20-22]. Recently, this
ferrite was investigated as a broadband microwave absorber and re-
ported an enhanced polarization and multiple scattering with maximum
reflection losses of —45 dB at 13 GHz, which suggests this material is
an excellent microwave absorber at Ku band [17,23,24]. However,
impedance studies of Co substituted BaM have not been reported. In the
present work, frequency and temperature dependent charge transport
behaviour of BaCoM was studied and compared with BaM hexaferrite.
Further, a comprehensive grain & grain boundary contribution to
electrical conductivity has been illustrated with the bricklayer model.
The detailed study on temperature dependent conduction mechanism
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Fig. 1. (a) Refined XRD pattern of BaCoM. SEM micrograph of (b) BaM and (c)
BaCoM sintered pellets.

has been illustrated with overlapping large polaron tunnelling model.
2. Synthesis and characterization

Analytical grade BaCos, Fey03 and Co;03 powders were used to
prepare BaM and BaCoM by solid-state synthesis method.
Stoichiometric composition of precursors were mixed and wet milled
for three hours in planetary ball mill. The as-milled powders were
calcined at 1473 K for three hours in resistance furnace. The calcined
powders were pressed in cylindrical pellets of 10 mm diameter and
1.5 mm thickness. The pellets were sintered at 1523 K for one hour in
ambient atmosphere. X-ray diffractometer model Shimadzu XRD -
6000 was used for phase analysis. Microstructure analysis was carried
out by scanning electron microscope (SEM) coupled with energy dis-
persive spectroscopy (EDS) model JEOL (JSM-IT100). Magnetic mea-
surements were performed using VSM model Lake Shore VSM 7400
with a maximum field of 1 Tesla. The valence states of ions in BaM and
BaCoM were analysed by X-ray photoelectron spectroscopy model XPS
spectrometer-ESCA + using Al-Ka (1486.7 eV with line-width of
0.85 eV). The frequency dependent impedance spectroscopy (10 Hz-
10 MHz) at different temperature were measured by impedance ana-
lyzer solarton- SI 1260.

3. Results and discussion

Fig. 1 (a) shows the XRD pattern of BaCoM powder calcined at
1473 K. The Rietveld refinement was carried with M —type and W-type
phases of P6;/mmc space group. The ¥ value (< 3) suggests that the
refinement is best fitted. The refinement showed the existence of in-
evitable minor W-type phase with volume percent less than 3.5%.
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Fig. 2. M—H plots of BaM and BaCoM.

Previous studies reported the formation of a single M — type phase in Co
substituted BaM for a similar composition [17,25]; however, minor W-
type phase remains obscure due to the close Bragg position of both the
phases in manual identification that misleads to the formation of a
single phase. The cobalt substitution induces spinel (CoFe;04) parasitic
phases at much lower temperature which promotes the formation of W-
type ferrite (M + 2Spinel), a similar result has been reported elsewhere
[20,26]. Fractured surface micrograph showed (Fig. 1 (b & ¢)), Co
substitution promotes grain growth with well distinguished hexagonal
platelets. The increase in average grain size from 2.9 to 9.8 um is a
consequence of oxygen vacancies and defect transportation [27].

Fig. 2 shows the room temperature magnetisation plot of BaM and
BaCoM. No visible change in magnetisation was observed, however,
coercivity (H,) were drastically decreased. The calculated magneto-
crystalline anisotropy also found to decrease (10 kOe to 6.9 kOe) with
cobalt substitution [28]. It can be concluded that hard magnetic be-
haviour of BaM transformed to soft magnetic with nearly retained
magnetization, hence makes more magnetically permeable.

Fig. 3 (a-e) illustrates the deconvoluted XPS spectra of BaM and
BaCoM. The Fe2p spectra shown in Fig. 3 (a & b) contains seven spectra
for Fe>* and Fe?* ions with an area ratio of 76:2
and BaCoM, respectively. Fig. 3(c) shows Ols spe|
with two sub spectra of 0%~ and oxygen defect
oxygen defect vacancies were found to be higher in BaCoM (45%) as
compare to BaM (25%). Fig. 3(d) shows Co2p spectrum fitted for Co3+
and Co?* ions and the calculated area ratio of Co®* and Co?* ions
were 69:31. The presence of Co?* ions increases Fe2* jons and oxygen
defects to maintain the charge neutrality.

In order to understand the electrical heterogeneities at microscopic
level; impedance spectroscopy was employed [29]. The variation in
imaginary impedance (Z£”) with frequency at different temperatures for
both BaM and BaCoM are shown in Fig. 4 (a & b) respectively. Z” found
to decrease with increase in both frequency and temperature which
finally merges to a single frequency that suggests Z” is frequency in-
dependent. The broad relaxation peak(s) shifts toward higher frequency
with temperature which confirms electrical responses are thermally
activated [30]. Fig. 4 (c) shows the normalised imaginary part of im-
pedance (Z”/Z"” nax) With frequency at selected temperatures. The peak
position corresponds to relaxation frequency (fiax)- At 323 K, BaM do
not show relaxation peak in the observed frequency range (10 Hz—
10 MHz), which may appear below 10 Hz. Above 443 K, two resolved
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Fig. 3. Deconvoluted XPS spectra of sintered pellets, (a) Iron ions in BaM, (b) Iron ions in BaCoM, (c) Oxygen ions in BaCoM and (d) Cobalt ions in BaCoM.

asymmetric relaxation peak confirms the multiple relaxations are pre-
sent in the material at different frequency domains [31]. For BaCoM,
single Debye like relaxation peak was found for all temperature. The
different fiq for BaM and BaCoM suggested that the relaxations are
substitution dependent. The scaling curve, i.e. Z”/Z” ax VS log(w/@,4x)
for BaCoM (Fig. 4 (d)), indicated that the dynamic conduction process is
temperature independent [32]. The calculated FWHM of the curves
were higher than ideal Debye type relaxation (1.141 decades), which
suggests multiple relaxations at closely distributed frequency domains
due to microstructural inhomogeneities such as defects and secondary
phases [29,33].

Fig. 5 (a) shows representative complex impedance plane plot for
BaM and BaCoM. In BaM, two well resolved arcs corresponds to grain
and grain boundary were observed, whereas, single arc was obtained
for BaCoM. Significant difference between their impedance behaviour is
shown in enlarged view (inset Fig. 5(a)). The representative log-log
impedance plots for BaM and BaCoM at different temperatures are
shown in Fig. 5. (b & ¢). In order to understand the electrical response
of microstructural elements, the plots were fitted with equivalent cir-
cuits based on the bricklayer model. The model consists of grains, grain
boundaries and minor impurity phase (W-type) contribution. However,

the possibility of unsubstituted metal oxides as a
in XRD) cannot be ignored, which could also b
boundary [34]. The fitted equivalent circuits are
where C; and R, are capacitance and resistance for grain; Ry and CPE,
denotes resistance and constant phase element (Ycpg = Ag(jw)™) as-
signed for grain boundary contribution [35], where n is the di-
mensionless power constant varies between zero (ideal resistor) to one
(ideal capacitor). Variables Rz and C, are the contributions of im-
purities at grain boundaries, which were absent in BaM. The fitted
value of n was remained between 0.50 and 0.80.

The grain (Ry) and grain boundaries (Rg) resistance obtained from
the fit are shown in Table 1. For BaM, Rg;, was not observed upto 170 °C
which may show their contribution below 10 Hz. However, for BaCoM,
grain boundary relaxation was present for all temperatures.

The conductivity (o) was calculated using resistances obtained from
fitted complex impedance plane plot (Table 1).

Fig. 6 (a) shows the In o versus 1/T plots for grain (g), grain
boundaries (gy) and impurity (I) for BaM and BaCoM. Conductivity
found to increase with temperature however, higher conductivity of
BaCoM is a consequence of more charge carriers as confirmed from
XPS. It is also noted, conductivity plot shows three distinct slopes in
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Fig. 4. Frequency dependent Z” at different temperature (a) BaM), (b) BaCoM, (c) Representative frequency dependent normalised Z” plots and (d) Scaling behaviour

of Z” spectra of BaCoM.

different temperatures regime named as R I, R II and R III. The acti-
vation energy as obtained from Arrhenius plots for different tempera-
ture regime is shown in Table 2.

The studied temperature range was well below any structural/
magnetic phase transition of BaM; therefore, change in the slope may
ascribe to parallel conduction mechanisms in the system. The conduc-
tion in R T (323-393 K) is due to free charge carrier which required low
activation energy to participate in conduction. The R II (393-473 K) for
BaM shows sudden rise in the g, with an activation energy of 0.72 eV. In
this region, grain boundary contribution was also abserved. The rise in
conductivity is associated with hopping of charges between Fe?*-Fe3*
from the localised oxygen trap centre to the nearest neighbouring sites
as proposed in nearest-neighbouring-hopping model [36,37]. In
BaCoM, the charge conduction through hopping mechanism is domi-
nated over to a wider temperature range (393-553 K). This could be
due to additional hopping due to Co%*-Co®* ions. Also the presence of
cobalt ions at grain boundaries will provide conduction channels and
promote grain to grain conduction as evident by the higher con-
ductivity and low activation energy. The behaviour is also supported by
conductivity of impurities which showed metallic like behaviour above

443 K. The important feature is to be noted that fd
from R II to R III is occurring at 473 K whereas, P22 View PDF
took place at 553 K. In R III, the same activatio
BaCoM suggest the effect of substitution was negligible. In this region
the conduction may be due to fragmentation of bigger polaron into
smaller polaron which causes a sharp change in conductivity.

Further, to understand the conduction mechanism, oz and o,
contribution were extracted from the real part of complex conductivity
(0’) using Jonscher’s power law [38].

S
h w
g =04 +|—
Wy

(<]
where, (w”

(1)

)b is 0, contribution, wy is hopping frequency of charge
carriers and S is a dimensionless frequency exponent lies between 0.0
and 1.0. According to law, oy is temperature dependent whereas, 0, is
both frequency and temperature dependent. The S was obtained by
fitting frequency dependent conductivity behaviour of BaM and BaCoM
at different temperature. The variation in S with temperature are cor-
related with various ac conduction mechanisms associated with the
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Table 1

Resistance obtained from complex impedance plane plot.
T (X) BaM BaCoM

R, (ohm) Ry (ohm) R, (ohm) Rgp (ohm) R; (chm)

323 1,099,187 - 131,667 1,003,456 18.3
373 857,443 - 107,751 319,320 14.5
423 98,517 - 42,854 43,227 8.0
473 15,012 21,752 4726 2531 -
523 148.5 168.2 521.5 478.4 -
573 18.3 215 89.1 328 -
623 4.7 4.4 2.6 0.5 -

system. In general, S = 0 corresponds to free migration of charge
carriers and if S ~ 1, the conduction will be dominated by hopping
mechanism. Fig. 6(b) shows the variation in S with temperature; both
BaM and BaCoM showed similar behaviour. It is clear that S value is
below one and remains nearly constant upto 533 K. Therefore, the
primary conduction mechanism in this region is due to hopping of
charges. The higher S values of BaCoM compared to BaM is due to

additional Co®* and Co®* ions as confirmed from XPS. With increase in
temperature, S decrease to its minimum at 503 K

temperature promotes larger lattice vibration whi®22 M View PDF

of polaron.
This behaviour was explained in overlapping large polaron tunnel-
ling (OLPT) model [39]. According to model, S is defined as:

8aR,, + 68Wisorp/ Ry

§S=1-
(ZC{R:.) + ﬁWHn rp/Ra)}z (2)

where, R, is the hopping distance at frequency w, 8 is 1/kgT (where kg
is Boltzmann constant and T is temperature in K), a is spatial decay
parameter for localised wave function, r,, is the polaron radius and Wy,
is polaron hopping energy. The decrease in S with temperature occurs
for larger r,,. Further increase in temperature, S increases rapidly due to
fragmentation of larger polaron into smaller one as described in small
polaron quantum mechanical tunnelling model (SPQMT) [39]. The S
value higher than one is due to site to site motion of mobile charges by
quantum mechanical tunnelling between asymmetrical double poten-
tial [40]. The behaviour of S is in accordance with temperature de-
pendent conductivity behaviour.
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Table 2
Activation energy calculated from Arrhenius plot for BaM and BaCoM.

Microstructural Elements  Activation energy (eV)

BaM BaCoM

RI RII RO RI RII RII
Grain 0.08 0.72 0.97 0.0069 0.33 0.82
Grain Boundary - 0.59 1.00 0.09 0.35 1.00
Impurity - - - 323-423 K  423-443K -

- - - 0.041 0.56 -

4, Conclusion

In summary, charge transport mechanism for cobalt substituted
barium hexaferrites has been investigated by impedance spectroscopy
and compared with BaM. VSM confirms the soft magnetic nature
BaCoM. XPS revealed that the cobalt substitution increases the fraction
of Fe* jons and oxygen defect vacancies. Two individual relaxation
peaks as observed in BaM were converge to a single relaxation peak
with Co-substitution. The scaling behaviour confirms a deviated Debye

7pe relaxation. The brick layer model were fitted by considering grain

Journal of Magnetism and Magnetic Materials 514 (2020) 167174

and grain boundary contribution for BaM with an additional impurity
contribution for BaCoM. The In o versus 1/T plots concludes three
different conduction mechanisms. At low temperatures (323 — 393 K)
the conduction is by free ions, followed by hopping of individual
charges in intermediate temperature range (393 — 553 K). At higher
temperatures (> 553 K), the larger polarons fragmented into smaller
ones and dominated the conduction process. Above this temperature,
the conductivity of BaM and BaCoM converges that indicates the con-
duction process is substitution independent. The frequency dependent
conductivity follows the Jonscher’s power law. The variation in fre-
quency exponent with temperature also confirmed three types of con-
duction process in different temperature regime. The studied conduc-
tion mechanism are in accordance to overlapping large polaron
tunnelling (OLPT) model.
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BaFe;,0,9 and BaFe;; 5sTip 5019 were prepared by three-step calcination method. Phase analysis and micro-
structural study were carried out by X-ray diffraction (XRD) and scanning electron microscopy (SEM). Site
occupancy of Ti** ions with calcination step were investigated by Fourier-transform infrared (FTIR) and Raman
spectroscopy. The magnetic and microwave properties (K,-band) were measured by vibration sample magnet-

ometer and vector network analyzer. XRD patterns confirmed the hexaferrite phase formation in all samples.
FTIR showed the presence of Ti** ions at spin down octahedral and tetrahedral sites. The peak shift in FTIR and
Raman spectra suggested that ion occupancy increases with calcination step. A drastic decrease in the coercivity
was observed with substitution. Low dielectric and magnetic losses in were observed in Ti— substituted samples.
SEM revealed that Ti— substitution promotes hexagonal grain with decreased size. Overall microwave absor-
bance was greatly improved by three step calcination method.

1. Introduction

Owing to high natural ferromagnetic resonance (FMR) frequency
43-50 GHz, M-type barium hexaferrite (BaFe;»0;9) has gained con-
siderable attention for high-frequency device application [1,2]. Its high
magnetocrystalline anisotropy field (H,) overcomes the requirement of
external bias magnetic field and facilitates miniaturization [3]. The
FMR frequency (w,) is determined by the relation [4]:

wr = y(Ho + Hy + 4mMy) @

where, H,, y and M; are external bias magnetic field, gyromagnetic ratio
and saturation magnetization respectively. It is evident that w, can be
tuned by intrinsic parameters (H, and M;) and external bias field. The
high H, of BaFe;,019 (BaM) lies in its crystal structure; consisted of two
formula units, where 24 Fe®** ions occupies five different crystal-
lographic sites i.e, three octahedral sites (12k, 4f, and 2a), one tetra-
hedral (4f;) and one trigonal bipyramidal (2b) site respectively. Pre-
sence of Fe*>* ions at spin up 12k, 2a, 2b sites and spin down 4f;, 4f,
sites contributes to a net magnetic moment of 40ug per unit cell [5].
Suitable partial cationic substitution for Fe** ions is widely adopted
method to tune H, and hence operable frequency. It is reported that
substitution of Sc, or In ions reduces H,, and frequency can be tuned to
X- and Ku-band [6]. Further, suitable substitution of Co—Ti ions for Fe
can change FMR to 1 GHz [7]. On contrary, Al and Ga leads to increase

* Corresponding author.
E-mail address: puneet.sharma@thapar.edu (P. Sharma).
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H, for application upto U—, E— and W— bands [8]. Several other work
by researchers well demonstrated the role of cationic substitution on
magnetic and microwave properties of BaM [9-12]. The effective cation
substitution also depends on adopted processing method and para-
meters. Therefore, effect of processing methods were also investigated
for the same cationic substitution [13-15]. It is worth to mention that in
all processing method, calcination is an important parameter. An in-
adequate calcination may lead to secondary phase formation and un-
substituted cations [16]. The single step calcination method is widely
adopted method to prepare substituted BaM [17]. However, it does not
confirms effective site occupancy of chosen cation even upto 1400 °C
reported earlier [18]. It is reported that unsubstituted cations affect
structure-sensitive coercivity (H,.) due to pinning effect [14]. In order to
understand the role of calcination on cation occupancy, Ti-substituted
BaM (BaFe;;5Tigs019) were prepared by three-step calcination
method. Previously, multiple calcination with intermediate grinding
were suggested to reduce impurities in hexagonal ferrite [19]. The
present work focuses to investigate the effect of calcination step on the
occupancy of Ti** ions by XRD, FTIR, and Raman spectroscopy. The
effect of calcination on the microwave and magnetic properties were
studied by vibrating sample magnetometer (VSM) and vector network
analyzer (VNA). It was observed that three-step calcination significantly
improves the substitution fraction and affects magnetic and microwave
properties of BaM.
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2. Experimental
2.1. Preparation

In the present work, analytical grade BaCOs, Fe,O3 and TiO, of
99.9% purity from Sigma-Aldrich were used to prepare BaFe;, ,Ti,019,
(x = 0.0, 0.5) by three-step calcination method. Precursors were
weighed in stoichiometric composition and wet-mixed for 3h using
planetary ball mill. As mixed powders were subsequently pelletized at a
pressure of 150 MPa using hydraulic press. In the first step, as-prepared
pellets were calcined at 1200 °C for 3 h using muffle furnace. Heating
and cooling rate were kept constant at 5°C/min. The calcined pellets
were pulverized to powder using vibratory mill. In the second step,
pulverized powder was pelletized and re-calcined at 1200 °C for 3 h.
Similar step was repeated for third step calcination. The pure BaM
powder obtained from first, second and third step calcination process
were labelled as BaM 1, BaM 2 and BaM 3, whereas Ti-substituted
powders as BaTiM 1, BaTiM 2 and BaTiM 3 respectively. As-calcined
powders from each step were mixed with binder (5% PVA) and pressed
in rectangular die (16 X 8 mm) at a pressure of 250 MPa. Thickness of
pellets were kept constant to 4 mm. The as-pressed pellets were sintered
at 1250 °C for 1h. For VNA measurements; the sintered rectangular
pellets were ground to the size of wave guide cavity
(15.74 x 7.96 mm).

2.2. Characterisation

Phase analysis was carried by X-ray diffractometer model Shimadzu
XRD-6000 using Cu K,; (1.54 f\) radiation with a scan rate of 0.02°/sec.
Nujol mull plots for Fourier Transform Infrared (FTIR) was carried out
by Perkin Elmer spectrum 400. The measurements were done between
wavenumber 100 cm ™! to 2500 cm ™! on KBr setting (ratio between
KBr and ferrites were fixed to 25:1). Raman spectroscopy was carried by
Renishaw RA 802 series equipped with a 514.5 nm Ar* laser at 20 mW.
Microstructure analysis of sintered pellets were carried out by scanning
electron microscope (SEM) coupled with energy dispersive spectro-
scopy (EDS) model JEOL (JSM-IT100). Prior to SEM, surface was made
conducting by Au sputtering to avoid any charging during SEM.
Average grain size was calculated statistically with the help of
AxioVision SE64 and originPro 9 software. Magnetic measurements
were performed using VSM model Lake Shore VSM 7400 with a max-
imum field of 1T. Microwave absorption studies in Kg-band
(12.4-18 GHz), were carried out by VNA model Agilent 5225A PNA
series.

3. Results and discussion
3.1. XRD study

Fig. 1 shows representative XRD patterns of first and third step
calcined BaM and BaTiM powders. In BaM, single phase was formed in
first step calcination. No further changes were observed after sub-
sequent calcinations. Whereas, BaTiM shows residual Fe,O3; (~2%)
upto second step calcination and diminished in third step calcination.
After third step calcination, a marginal peak shift from 34.08° to 34.14°
suggested the effective substitution. Due to comparable ionic radii of
Ti** and Fe®** ions, no noticeable change in lattice parameters were
observed [20]. A marginal increase in calculated crystallite size [21]
from 30 nm to 37 nm was observed with the calcination step.

3.2. Morphological study

Fig. 2(a and b) shows pulverized BaM particles of calcined samples.
BaM 1 possess uniform particles with an average size of ~1.2pum.
However, repeated calcination coarsen the particle in BaM 3. The si-
milar trends were obtained for BaTiM powders. Fig. 3(a—d) shows the

Ceramics International xxx (XXxXX) XXX—XXX

fa-FeO, ||| #00-007-0276
I
i BaTiM3

1 1
i)
) x *JL A BaTiM 1 s
3 R I | ll TR "
£ v-vv—-—l"r'—vw—v wgrv'n
> [
= e
5 L)
BaM3
i VY L
T s
LS o = T oz = S5, I
= = 8 05 = ~ ~S9O o - © =
8 g | Aggfaé s g8 8 2 ol IEE
o= = N S Y T WA
ad brapstl ' gt i)
o
A A \J \J A

N
[
o
3
=)
o
o
-3
=3
~
o
=3
o
5
=3
I3
N
[
1Y

Fig. 1. Representative XRD plot for BaM and BaTiM. Magnified plot depicts
peak shift in Ti-substituted powder.

microstructure of fractured surface of sintered BaM pellets. BaM1 shows
elongated grains with an average grain size of 3.6 um. The larger grains
size (4.9 um) were observed for BaM3 sample, which suggest that cal-
cination step has significant effect on grain size. In BaTiM1 (Fig. 3 (c))
confirms that Ti— substitution promotes hexagonal morphology; it has
been reported hexagonal grains around single domain size or greater
tend to give improved microwave properties [22]. The grains for
Ti** substituted ferrites in Fig. 3(c and d) appear smaller than BaM. The
average grain size of BaTiM1 was 2.6 um. Morphology of BaTiM3
(Fig. 3 (d)) shows comparatively bigger grains with an average grain
size of 3.62pum, however, the hexagonal morphology remains un-
affected.

3.3. Fourier Transform Infrared Spectroscopy (FTIR)

Fig. 4 shows the FTIR spectrum (2500-100cm ') of pure and
substituted BaM. As the result of group theory, BaM compounds may
give rise to 30 IR active modes (13A,, + 17E;,), however, in the
present spectra, only 6 active modes were observed due to partial su-
perimposition of “spinel block” region [23]. FTIR spectrum for BaM
shows the negligible effect of calcination steps, whereas, BaTiM shows a
slight variation in the spectra over successive calcination. The observed
frequency modes and the calculated bond length are tabulated in
Table 1. The band at 100-150 cm ™' (A,) primarily associated with
dodecacoordinated alkali heavy metals, the red shift (152 - 140 cm™ Y
obtained in this region shows a stronger correlation between 2b bi-
pyramidal site and Ba*>* ions [24]. The split IR band around 220 and
240 cm ™~ ! depicts iron-oxygen bond for 2b (FeOs) and 12k; (FeOg) sites
respectively. This 2b band was not observed in BaTiM 1, however, in
BaTiM 2 and BaTiM 3 band at 223 and 226 cm ™! respectively were
observed. The 12k; band shows increment in wavenumber over calci-
nation process due to increase site occupation by Ti** ions. The band at
309 cm ! is due to residual Fe,O3 as supported by XRD. The band at
360 cm ! belongs to A, & E;, modes of 2a (FeOg) site. The A,, mode
of 4f; and 4f, site are visible at 620 cm ™' and 450 cm ™! respectively
[25]. The gradual shift of 4f; and 4f, band towards higher wavenumber
suggested the substitution of smaller Ti** ions. An overall blue shift in
BaTiM 3 as compared to BaM 3 was due to Ti** occupation. The bond
length for 4f; and 4f, band were calculated by force constant method as
suggested previously [26]. The continuous reduction in bond length
from 2.27 A to 2.25A and 1.86 A to 1.83 A were observed with calci-
nation steps. Additionally, this result supports that Ti** ion prefers to
occupy the spin down 4f, and 4f; sites. A broad frequency band at
830 cm ! depicts the existence of heavier Ba%* ions [27]. To verify the
substitution of Ti** ions with calcination step; Raman studies were
carried out.
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Fig. 2. Scanning electron micrographs of pulverized powder (a) BaM 1 and (b) BaM 3.

3.4. Raman spectroscopy

Fig. 5 shows the fitted Raman spectra recorded in the range of
200-800 cm ™. Among 42 Raman active modes
(11A,; + 14E, + 17Eyg) as reported elsewhere [28] only five distinct
peaks were observed at 271, 438, 522, 621 and 694 cm ~ ! for BaM. No
changes were observed in repeated calcination. However, BaTiM shows
a blue shift towards higher wavenumber due to gradual substitution.
The Raman modes of calcined powders are given in Table 2. The peak at
271 cm ™! signifies vibration mode of E;, for O — Fe — O bridge. The
broad frequency band at 438 cm ™! corresponds to A,y metal oxide
mode of 12k (1) site [29]. The minor peak at 522 cm ™! denotes Eqg
mode of metal oxide bonds for the mixed site 12k (1) and 2a (1). The
gradual shift were observed due to continuous substitution with calci-
nation steps. The modes at 694 cm ™! seems to be superimposed band of
weak 2b (690 cm ™ ') and strong 4f; (710 cm ') sites. This band shows
the characteristic behaviour of A, tetrahedral oxygen coordinates. The
variation in the mode after calcination signifies the effective substitu-
tion of Ti** ions.

3.5. Magnetic study
Fig. 6(a and b) shows the M-H behaviour of BaM and BaTiM pow-

ders with maximum field of 1 T. The measured magnetic properties
were tabulated in Table 3. The gradual rise in the saturation
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Fig. 4. FTIR spectrum of BaM and BaTiM powders.

magnetization (M) with the calcination step for BaM (Fig. 6(a)) may
attributed to decrease in residual Fe,O3, which was below the detect-
able limit of XRD. However, H, and remanence (M,) merely affected by
repeated calcination. The anisotropy field (H,) calculated by law of

Fig. 3. Fractured surface of pure and Ti-substituted sintered pellets (a) BaM 1, (b) BaM 3, (c) BaTiM 1, (d) BaTiM 3.
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Table 1
FTIR modes of BaM and BaTiM.
Bond Mode Site  BaM 3 BaTiM 1 BaTiM 2 BaTiM 3
(em™)  (em™)  (m™)  (m™h
Ba —O Aoy 135 152 144 140
Fe -0 Ay, 2b 222 - 223 226
Asy 12k; 238 239 236 242
Fe —O Ay, + Ejy 22 362 361 363 366
Fe — O Ay, 4f, 458 469 462 464
Fe — O Ay, 4f, 620 616 622 625
Mass of Ba®* - - 837 835 833 833
a — Fe;03 - - - 309 - - =
=
~
s
BaTiM 3 _1 St
703 cm t
§ o
£
[*]
=

) —e—BaTiM 1
i ) —*—BaTiM 2
2 T T T T T —o—BaTiM 3
2 BaM3 0 2 Y s T N T e T . T N
*2 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
= + observed o .
Fit Peak 1 Applied Field (T)
F!t Peak 2 Fig. 6. M-H plot of BaM and BaTiM powders.
—— Fit Peak 3
Fit Peak 4
o —— FitPeak 5 Table 3
271 cm Magnetic properties of the BaM and BaTiM.
Properties Samples
el
438 cm BaM1 BaM2 BaM3 BaTiM1 BaTiM2 BaTiM 3
522 cm’™” M, (at1T) Am*kg 51.64 5317 5445 50.12 51.62 48.82
H,; kA/m 146.42 149.61 139.26 74.08 40.58 37.40
H, kA/m 691.53 683.57 700.28 696.30 689.14 672.43
200 300 400 500 600 700
-1 60
Wavenumber (cm™) [BaTiv 3
Fig. 5. Micro-Raman spectrum of BaM 3 and BaTiM 3 powders. 1
40
Table 2 :U) 1
Raman modes of BaM and BaTiM. ‘E 20
Bond Mode ~Site BaM BaTiM BaTiM BaTiM < 9
3cm ! lem™! 2cm™? 3cm ! E 0
T}
Fe —O bridge E;; - 271 270 275 276 £
Fe —O Eag 12k 438 438 439 440 = 20
Fe —O Eig 12k + 522 524 525 528 9
2a mixed 1
Fe —O A 4 621 622 626 626 404
Fe —O Ay 4 694 695 699 703
4 —e— Powder
- o «Pellet
. _ _ B . T e T . T e =
approaching to saturation [30]; was significantly improved from -800 -600 -400 -200 0 200 400 600 800
691.53 to 700.28 kA/m with cglcmatlon sFep due to reduct1.0n .of Field (kA/m)
oxygen vacancy. Whereas, a drastic decrease in H, was observed in Ti—
substituted (Fig. 6 b) samples. Further, H, also found to decrease with Fig. 7. Comparative M-H plot of BaTiM 3 powder and pellet.

calcination step, which suggests the gradual occupation of Ti*" ion at
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Fig. 8. Real and imaginary part of complex permittivity of (a) BaM and (b) BaTiM in Ku-band.
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Fig. 9. Real and imaginary complex permeability (a & b) BaM and (¢ & d) BaTiM in Ku-band.

respective site. In addition to this, M found to be low in Ti substituted
samples. Among substituted samples, M found to be higher in BaTiM2
despite Ti** occupation. This suggested that increase in M was attrib-
uted to substitution of Ti** ions at spin down 4f; & 4f, site. Further
decrease in M verifies the substitution in spin up sites as suggested by
FTIR and Raman studies. An overall reduction in magnetic parameters
were ascribed to substitution of nonmagnetic Ti*" ions, the results are
comparable to earlier reported studies [31]. Fig. 7 illustrate the com-
parative plot of powder and sintered BaTiM3; similar magnetic beha-
viour was observed.

3.6. Electromagnetic studies

3.6.1. Permittivity
The variations in the dielectric constant (¢’) and loss (¢””) in Ku-band
are shown in Fig. 8 (a, b). In BaM, the decrease in ¢’ is due to

suppression of interfacial and dipole polarization at higher frequency
[32]. However, decrease in & with calcination steps is attributed to
reduction of bulk density. The presence of Ba>*, Fe** and O®~ ions in
BaM contributes oscillatory behaviour of ¢’ and £” as an effect of dipole
polarization and relaxation [33]. The intensity of ¢’ was found to be
reduce from 33 to 19 and shifted to higher frequency
(13.07-13.97 GHz) due to the variation in the dipole strength. The
obtained ¢’ values in Ku -band are comparable to previous studies, the
marginal variation is ascribed to adopted processing methodology [34].
Similar oscillatory behaviour in &” for unsubstituted BaM were ob-
served. The minimum in ¢’ at maximum &” gives good agreement for
damping of dipole polarization [35]. On the other hand, substituted
BaM Fig. 8(b) shows a suppressed oscillatory behaviour in ¢ and
throughout the frequency range. This suppressed behaviour is asso-
ciated with multiple dipoles and relaxation persuaded by Ti** ions
[33]. Minimal ¢” was observed (0.4-0.5) for substituted BaM, which,
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Fig. 10. Microwave absorbance vs frequency plot of BaM and BaTiM.

suggest Ti** substitution lower the lossy behaviour in the K,-band
which is prerequisite for microwave absorbing materials [36].

3.6.2. Permeability

Fig. 9(a and b) shows real (') and imaginary (1) parts of complex
permeability spectra in Ky-band. p’ for Pure BaM (Fig. 9 a) shows an
overall oscillatory increase with frequency. Fig. 9 b shows oscillatory
behaviour of p” and peaks found to be shifted towards higher frequency
with calcination steps. The variation in p’ and p” were attributed to
domain wall resonance with relaxation type dispersion [35]. The peak
maxima of u’ with 2.10 at 17.88 GHz for BaM 1 was reduced and shifted
to 1.53 at 14.98 GHz for BaM 3. This confirms the variation in domain
wall motion and relaxation dispersion varies with heat treatment. The
observed oscillatory behaviour and p’ values are in comparison with
previously reported studies [34]. However suppression in such oscil-
lations were observed for substituted BaM (Fig. 9 b). Highest y’ for
substituted samples were founded to be ~1.73 at 15.31 GHz for BaTiM
2. The peaks in u” and ¢” at frequency may contribute to reduces the
impedance mismatch [34].

3.6.3. Microwave absorbance

Fig. 10(a and b) shows the absorbance (A (w)) plots for BaM and
BaTiM respectively, obtained after each calcination step. Absorbance in
a microwave region is related to reflection coefficient and transmission
coefficient by the relation:

A(w) = 1- Reflectance (R(w)) - Transmittance (T(w)) =1 — |Su|2 -
S22 (2)

where Sy, is a reflection coefficient and S;, is transmission coefficient.

Ceramics International xxx (XXxXX) XXX—XXX

BaM 1 showed multiple A(w) peaks at 13.74 GHz, 15.20 GHz and
16.21 GHz with the absorbance of 0.91, 0.78 and 0.70 respectively. The
peaks at 15.20 GHz and 16.21 GHz were completely diminished for
BaM 2. The peak exhibited at 13.74 GHz showed absorbance of 0.80.
The BaM 3 showed A(w) peaks at 14.53 GHz and 16.43 GHz with the
coefficients of 0.93 and 0.70 respectively. Since the full FMR values
cannot be obtained from these data as natural FMR of BaM occurs at
much higher frequencies (above 40 GHz), therefore, the observed ab-
sorbance peaks in K,-band were primarily due to domain wall motion as
evident from our permittivity and permeability studies [32]. The os-
cillatory behaviour for the sample obtained from the different calci-
nation step might be due to relocation and migration of Fe>* ions in the
crystal structure. The absorbance of BaTiM was observed to be higher
than BaM with suppressed oscillatory behaviour. The absorbance peaks
of Ti-substituted samples might have shifted other frequency bands.
The highest absorbance of 0.95 was obtained for BaTiM 2. It is to
mention that the absorption in the X and Ku bands is still of great in-
terest for radar absorbing RAM applications [2,37].

4. Conclusion

In the present work, the effect of three-step calcination process was
investigated for BaM and BaTiM. XRD confirmed the gradual reduction
of residual Fe,O3 in BaTiM with consecutive calcination steps. A slight
blue shift in FTIR and Raman spectroscopy supported the fraction of
Ti** ions substitution increases with successive calcination. Bond
length calculated from FTIR shows contraction with calcination steps in
BaTiM samples. Microstructural analysis confirmed the formation of
highly dense hexagonal grains with smaller size in Ti-substituted BaM.
Magnetic studies showed Ti** substitution drastically decreases H..
Further, calcination in BaTiM showed remarkable changes in magnetic
parameters. Microwave studies in K,-band confirmed Ti** substitution
reduces dielectric and magnetic losses with enhancement in microwave
absorbance. These results justifies, that the multiple calcination im-
proves occupancy fraction of Ti*" ions which greatly affects the
structural, magnetic and microwave properties of BaM.
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BaFe;;_xAlxO19 (0 < x 0 < 2.5) powders and thick films were prepared by solid state synthesis method
and screen printing technique respectively. X-ray diffraction confirmed the single phase without any
impurity phase. Bond length calculation from FTIR spectra suggested the occupation of AI** ions at octa-
hedral and tetrahedral sites. Magnetic measurements showed that coercivity (H.), saturation magnetiza-
tion (Ms) and anisotropic field (H,) strongly depends on the substitution amount. As compared to the
powder, substituted thick films possess higher H. despite its larger grain size. M-T measurement showed
a decrease in Curie temperature from ~497 °C (x = 0.0) to ~437 °C (x = 2.0). High dielectric constant (&)
and low losses (tand) were observed in AI** substituted samples. However, ¢, decrease and tan s increase
with temperature. Scanning electron micrographs showed that AI** substitution promotes hexagonal
shaped grains in sintered thick films. Complex permeability behavior in X-band frequency is also inves-
tigated and found to be less in Al-substituted samples. Reflection losses are increased with AI** substitu-
tion and found maximum (—47 dB at 9.3 GHz) for x = 1.5.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

M-type Strontium/Barium hexaferrite (Sr/BaM) continuing its
dominance in permanent magnet market due to its high saturation
magnetization (M), moderate coercivity (H:) and high magne-
tocrystalline anisotropic field (H, ~ 17 KOe) [1]. The characteristic
magnetic properties of M-type ferrite lies in its hexagonal crystal
structure, where 24 Fe>* jons are distributed among five different
crystallographic sites i.e. three octahedral (12k, 4f,, 2a), one tetra-
hedral (4f;) and one trigonal bipyramid sites (2b). The spin up (12k,
2a, 2b) and spin down (4f;, 4f>) configuration of Fe>* ions gives a
net magnetic moment of 40 pg per unit cell [2]. Apart from its wide
application as permanent magnets, its high permittivity, self bias-
ing nature, high H,, and high natural ferromagnetic resonance
(FMR) frequency (~35 GHz) makes them suitable for microwave
and millimeter wave applications [3]. The FMR frequency (w;)
depends on applied magnetic field (H,), Ms and H, by the relation
[4]:

@y = y(H, + Hq £+ 47TM) (1)

where 7y is gyromagnetic ratio

* Corresponding author.
E-mail address: puneet.sharma@thapar.edu (P. Sharma).
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0304-8853/© 2017 Elsevier B.V. All rights reserved.

From the Eq. (1), the FMR frequency can be tuned by H, M, and
H,. Any variation in these magnetic parameters will widen the
operable frequency (1-100 GHz) [3]. Efforts have been made to
understand the effect of various cationic substitution for Fe*" ions
on magnetic properties of M-type ferrites. Cations such as Sc** and
In®* reportedly decreases H, [5], whereas increases with Ga>* and
AI®* substitution [6]. Recently, a considerable attention laid to
develop hexaferrite thick films by screen printing method for self
biased microwave devices such as circulators, phase shifters and
isolators etc., where film thickness (>100 pm) is primary criterion
[7,8]. The screen printing technique overcomes the limitation to
grow thick film by Rf sputtering and pulse laser deposition
[9,10]. Previously, various studies on pure hexaferrite thick films
were reported [11-13], however, limited studies were carried out
on substituted thick films [14,15]. Ustinov et al. showed that Al-
substituted single crystal film of BaM possess high H, [16]. Other
studies on Al-substituted BaM showed wide variation in the
magnetic properties [17-21]. Therefore, in the present work,
Al-substituted BaM has been prepared and their structural,
magnetic dielectric properties and microwave properties were
investigated. Further, screen printed thick films has been made
and characterized for realization in future micro/mm wave devices.
It is found that AI** substitution remarkably changes its magnetic
properties and H,.



466 S. Mahadevan et al./Journal of Magnetism and Magnetic Materials 441 (2017) 465-474

x=2.0

| [ [ 1 B | 1 B [N L1 A | L L | 11 1 I |

£}

)

N’

T e R st |
n

=

Q

)

£ .

v T v T
x=0.0 - Yobs
——Y calc
—Yobs -Y calc

(114)

Braggs position

(107)

| [ [ B (1 | I L 11 S (T L I 1 O 1 A I

30 40 50 60 70
2 Theta (degree)

Fig. 1. Refined BaFe;,_xAlyO;9 powder (x = 0.0 and 2.0). Inset depicts peak shift towards higher 20.

6.00 234 =60
—O0—3a
4 = —o—¢ 4 1
—a— Crystalite Size - 50
5.954 T 4232
1 £
1 is 1 Ja0 £
—_ O\O O. i 2 ﬁ
< 5.904 \i——— 42302 @
© & I\é © oy
o 430 =
4 o | =
\ \O E
H— 4 (4
5.854 \D 42238 S’
—_ 420
J \D . ]
5.80 — ———— —r———————— 226 410
0.0 0.5 1.0 1.5 2.0 25

Substitution (x)

Fig. 2. Variation in lattice parameters and crystallite size with substitution amount.



S. Mahadevan et al./Journal of Magnetism and Magnetic Materials 441 (2017) 465-474 467

. — - Octahedral

¢ - .. Tetrahedral

BaFe, ALO, .

3

< BaFe, AlO,,

[}

Q

5

E

[}

=

g BaFe 0,

A%
l M J M J M ) v J v
500 1000 1500 2000 2500 3000

Wavenumer (cm™)

Fig. 3. FTIR spectrum data of BaFe;,_»AlyO1o.

2. Synthesis and characterization

In the present work, analytical grade BaCOs, Fe,03 and Al,0O3
were used to prepare BaFe;; Al,Oq9, (x =0.0-2.5) by solid state
synthesis method. Precursors were weighed in stoichiometric com-
position and wet mixed for 3 h using planetary ball mill. RPM and
ball-to-charge ratio were fixed to 200 and 2:1 respectively. As-

Weight Ato
% %
OK | 2497 5654
FeK 6152 39.90

BaL 1351 356

Element

Table 1
Wavenumber, force constant (K) and atomic radius (r) for octahedral and tetrahedral
sites with substitution amount.

Site Dopant (Al) Wavenumber K R
% cm™! N/m A
Octahedral 0 447 138.27 2.30
1 455 143.26 2.28
2 462 147.70 2.26
Tetrahedral 0 613 260.03 1.87
1 617 263.44 1.86
2 621 266.86 1.85

mixed powders were calcined at 1150 °C for 3 h in a resistance fur-
nace. Heating and cooling rate were fixed to 2 °C/min. Phase anal-
ysis was carried by X-ray diffractometer model Shimadzu XRD-
6000 using Cu Ky; (1.54 A) radiation. The scan rate was fixed to
0.02°/s. To prepare thick films, as synthesized powder were mixed
with PVB (Polyvinyl butyral) binder and screen printed on Al,03
substrate using a screen of 175 um thickness. As-printed films
were sintered at 1250°C for 1h in ambient atmosphere.
Microstructure analysis of powder and thick films were carried
out by scanning electron microscope (SEM) coupled with energy
dispersive spectroscopy (EDS) model JEOL (JSM-IT100). M-H loops
were measured by vibrating sample magnetometer (VSM) model
Lake Shore (VSM) 7404. Fourier Transformer Infrared (FTIR) spec-
troscopy were carried out by IRAffinity-1S. The dielectric measure-
ments were performed in the frequency range of 1kHz-1 MHz
using impedance analyzer Solartron - SI 1260. Microwave proper-

Weight | Atomic
% %
0K | 2919 | 60.08
AlK | 348 | 460
FeK | 52.56 | 31.51
BalL | 1477 | 383

Totals | 100.00

Element
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Fig. 4. SEM micrograph and EDS analysis images of BaFe;,_xAlyOq9 () X =0.0 (b) x = 2.0.
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ties in X-band (8.2-12.4 GHz) were measured using Agilent
5225A PNA series network analyzer. For the study fine powder
where compacted in a rectangular shape with dimension
22.86 x 10.16 x 2.1 mm? under a pressure of 50 MPa. As prepared
pellets were sintered at 1250 °C for 1 h. Reflection and transmis-
sion method were used to calculate permeability, suggested Weir
[22] and Nicolson-Ross [23].

3. Results and discussion
3.1. X-ray diffraction analysis

Fig. 1 shows the representative X-ray diffraction patterns of
BaFe;_xAlxO19 (x = 0.0 and 2.0). Reitveld refinement of all patterns
were carried out by fullprof software. The chi square values and R
parameters were below 1.5 and 5.0 respectively, which shows that
all XRD patterns are best fitted. All the diffraction peaks corre-
sponds to single phase BaM without any impurity. It is clear from
inset Fig. 1 that the peak at 32.2° for pure BaM has been shifted to
32.4° with AI** substitution. The shift towards higher angle sug-
gests tensile stress within the system due to smaller ionic radii
of AI** (0.52 A) compare to Fe3* (0.67 A) ion [21,24]. Fig. 2 shows
the variation in lattice parameters a, ¢ and crystallite size with
AI?* substitution. The crystallite size was calculated by Debye
Scherrer equation [25].

kA
CS= o5t )

where k is dimensionless shape factor taken as 0.92 for hexagonal
system, A is the wavelength, 0 is Bragg’s angle in degree and g is
the full width at half maxima calculated by Caglioti equation [26].

H=[utan?0+ vtan0+w]" (3)

where, u, v and w are the shape parameters as obtained by Reitveld
refinement.

It is clear from the plot that a, c and crystallite size is decreasing
with AI3* substitution due to lower ionic radii of the AI** ion, which
causes lattice shrinkage and reduces crystallite size.

3.2. Fourier Transformer Infrared (FTIR) spectroscopy

Fig. 3 depicts FTIR plot of BaFe;,_xAl,O19(x = 0.0, 1.0 & 2.0) from
3000 cm~'-400 cm™~!. As the result of group theory, BaM com-
pound may give rise to 189 optical modes [27], where only 31
modes (13 Ay, +18 E;y) are IR active. In the present case, only
two active modes at 447 and 613 cm™! of Fe-O bond in octahedral
(4f>) and tetrahedral (4f;) sites are visible due to vibrational modes
of E1, [28]. With the AI** substitution, slight blue shift from 447 to
462 cm~! and 613 to 621 cm ™' is observed, which is due to lesser
atomic weight of AI** ions compared to Fe**ions as wavenumber is
inversely proportional to atomic weight [24]. The bond length of
Fe-0O is determined by using frequency of vibrational modes and
force constant K. The K is correlated to the average bond length
(r) by following relation [29]:

17
K= (4)

where K is calculated by using Eq. [5]

1 /K

=3\ (5)

where v is the frequency of vibration, c is the velocity of light, and p
is effective mass. Effective mass is defined as following:
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Fig. 5. SEM micrograph of BaFe;,_xAlxO1g thick films (a) cross section (b) x = 0.0 (c)
x=2.0.
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where Mo & M, are the atomic weight of O and Fe.

The calculated bond length values are tabulated in the Table 1,
which suggests that the bond length is reducing with AI>* substitu-
tion and supports the unit cell shrinkage as observed from XRD
results. The increase in K and decrease in r is due smaller ionic radii
of A** ion. Further, the reduction in bond length confirms the AI>*
has preferential occupation in the spin down sites (4f; and 4f5) as
reported [30]. Previous studies on site occupation also confirmed
that AI>* preferably occupies 4f; and 12k sites [31,32].
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3.3. Microstructural study

Fig. 4 shows the SEM micrographs of pure and Al-substituted
BaM powders. The powders shows similar morphology, however,
particle size slightly decreased (1.5-1 um) with AI** substitution.
The decrease in particle size could be ascribed to two reasons,
firstly, due to pinning effect by residual Al,Os; particles, which
may remained unsubstituted and secondly, due to decrease in
crystallite size (Fig. 4). However, the residual Al,O5 is not evi-
denced in XRD patterns due to its small fraction. The XRD peak
shift towards higher angle side confirms that AI** jons are also
occupying the vacant Fe" sites. Further, particle size reduction is
confirmed by measuring the crystallinity index (Iy) [29].

D,(SEM,TEM)

IC",V - T(XRD) (7)

where D, is average particle size obtained from micrograph and t is
average crystallite size as obtained from Scherrer equation. The cal-
culated values of Iy for pure and Al-substituted BaM are found to
be same, i.e. ~25, which suggest the lattice shrinkage due to AI**
substitution. The corresponding EDS spectrum shows the elemental
composition of as-synthesized powders which confirms the pres-

ence of Ba, O and Fe. In the substituted sample, a peak of Al is also
present.

Fig. 5(a-c) shows the cross sectional and surface micrographs of
the pure and Al-substituted screen printed films, sintered at
1250 °C. A uniform thickness of ~160 um is evident from fig. 5
(a). Surface micrograph (b and c) shows that films are well sin-
tered, however, film surface is rough with limited porosity. Previ-
ously, screen printed films were hot pressed and sintered to
improve surface roughness and densification [33]. In another work,
amild pressure was applied to the films prior to sintering for better
surface roughness [34]. In the present work, films were prepared
without applying pressure, due to thin Al,O3 substrate. The aver-
age grain size of pure BaM films is ~2.5 um, which found to be
smaller (~2 pum) for substituted film (x = 2.0). It is also clear from
micrographs that AlI>* substitution is promoting hexagonal shaped
grains. The average diameter to thickness ratio of hexagonal plates
is decreasing from 0.65 (x = 0.0) to 0.36 (x = 2.0).

3.4. Dielectric studies

To understand the charge transfer mechanism in BaM, fre-
quency and temperature dependent dielectric measurements were
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carried out. Fig. 6 shows RT frequency dependent dielectric con-
stant (&) and loss tangent (tan ¢) for pure and Al-substituted BaM.

It is clear from Fig. 6 (a) that ¢, is higher in Al-substituted BaM
at lower frequencies and gradually decreases with increase in the
frequency. This behavior can be described as existence of interfa-
cial polarization [35] and Maxwell-Wagner two layer model [36].
The dielectric phenomena of ferrites were explained that poorly
conducting large grain boundaries act as a barrier between well

S. Mahadevan et al./Journal of Magnetism and Magnetic Materials 441 (2017) 465-474

conducting grains. In the previous studies, the possibility of higher
& was explained on the basis of exchange of electrons between
Fe*" and Fe?" ions, where divalent Ba or trivalent Fe is substituted
by trivalent or tetravalent ions respectively [37,38]. In the present
work, the possibility of reduction of Fe** to Fe?* can be ignored due
to same valency of AI>* and Fe3* ions. Therefore, the rise in ¢, at
lower frequencies is ascribed to larger grain boundary fraction in
substituted BaM with simultaneous increase in space charge polar-
ization. At higher frequencies, hopping of electrons never follow
the frequency of applied field and dispersion of charge occurs,
which leads to decrease in ¢, [39]. The tan § variation is in agree-
ment with ¢, where high ¢, in Al-substituted BaM corresponds to
minimum tan 6. On contrary, low ¢, in pure BaM possess higher
tan J. Inset Fig. 6(b) shows a hump in tan ¢ in Al-substituted
BaM, which corresponds to a sharp decrease in &, with increase
in frequency. The dielectric losses can be explained as energy dis-
sipation of the materials caused by conductions of electrons or flow
of charges through the materials. The losses in the dielectric mate-
rials can be due to two major reasons. Firstly, the intrinsic factors
of the materials like substitution, crystal defects and secondly, the
extrinsic factors such as particle size and grain size which causes a
lag in polarization to the applied field [40,41]. In the present study
the low tan ¢ in substituted BaM is due to larger grain boundary
fraction, which provide hindrance to charge conduction.

Fig. 7(a, b) shows the decrease in ¢, and increase in tan § with
temperature at 1 kHz. The observed variation are due to thermally
activated ions which enhances conductivity [39]. As compared to
pure, Al-substituted BaM shows lower losses at higher tempera-
ture due to high ¢&. The similar behavior were also observed for
higher frequencies.

3.5. Magnetic studies

Fig. 8 shows the M-H behavior of the pure and Al-substituted
BaM powders. It is clear that magnetization (M) at 1T is decreasing
and coercivity (H.) is increasing with AI** substitution. The
decrease in M is attributed to the substitution of nonmagnetic
AI** jons at magnetic Fe3" sites. [21]. The decrease in M is attribu-
ted to preferential occupation of AI>* jons at spin up sites (12k, 2a,
2b). Previous Mdssbauer studies reported that spin down 4f; and
4f, sites are also occupied by AI** ions at lower substitution
amount (x = 0.15) [30]. However, the larger fraction of AI** substi-
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Fig. 8. M-H loop of BaFe;>_xAlO,9 powders.
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Table 2
Magnetic properties of BaFe;,_xAlyO,9 powders and thick films.
X M M, H. H, ky x 10°
emu/g emu/g kOe erg/cm?
Powder 0.0 544 333 2.95 8.54 1.57
0.5 458 28.6 3.29 7.82 1.19
1.0 42.2 26.6 3.09 7.45 1.04
1.5 36.4 233 3.48 6.89 0.81
2.0 313 223 3.68 5.75 0.56
2.5 24.4 16.1 4.65 5.67 0.45
0.0 0° 62.2 30.2 1.73 12.63 2.10
90° 53.0 203 1.74 12.55 1.77
Film 1.0 0° 47.5 25.9 4.77 11.17 1.39
90° 38.8 20.6 4.79 10.63 1.06
2.0 0° 18.7 11.0 7.47 7.03 0.34
90° 16.8 9.8 7.45 6.72 0.29

tution predominantly occupies spin up sites which suppresses the
contribution to net magnetization [31]. The H. is increasing with
the increase in AI** substitution. The H. is primarily governed by
intrinsic (magnetocrystalline anisotropy) and extrinsic (particle
size and shape) factors. In the present study, H. is increasing
despite the decrease in anisotropic constant (k;) (table 2), hence,
the increase in H, is dominated by decrease in crystallite size with
AI3* substitution and the pinning by residual Al,O5. The in-plane
(0°) and out of plane (90°) M-H plots of pure and Al-substituted
BaM thick films are shown in Fig. 9. M and remanence (M,) are
found to be higher for in-plane direction; however, H. is nearly
same for both the orientations. At x=0.0, H. of BaM film
(1.7 kOe) is found to be less than the powder (3.0 kOe) due to obvi-
ous increase in grain size after sintering. However, on contrary, the
H, of the substituted films is very high despite its larger grain size.
The highest H. of 7.47 KOe is observed at x = 2.0, which is due to
dominant Al,O3 pinning effect in sintered films [42,43]. The mag-
netic properties of Al-substituted BaM powder and films are shown
in Table 2.

The law of approach to saturation is used to obtain H, and first
anisotropy constant (k;) for the powder and films [44].

The calculated values of H, and k; (table 2) found to decrease
with AI** substitution. Fig. 10 (a) shows the magnetization vs tem-
perature (M-T) behavior at 1000 Oe for pure and substituted
(x=2.0) BaM. The decrease in M with temperature is due to ther-
mal effect. Curie temperature (T.) is measured by plotting deriva-
tive of M (dM/dT) with respect to T (Fig. 10(b)). The T, found to
decrease from 497 °C (x =0.0) to 437 °C (x = 2.0). The T, can be
expressed in term of number of exchange interactions between
Fe3*-0%~-Fe3* jons [45]. The reduction in T, is due to weakening
of super exchange coupling [20]. The inset Fig. 10(b) shows the
M-H behavior at T, which clearly shows the paramagnetic nature
of the samples.

3.6. High frequency complex permeability

Fig. 11(a and b) shows the variation of real (i’) and imaginary
(u*) part of complex permeability (p,=p’ — ju”) for pure and Al-
substituted BaM as a function of frequency.

Parameters p’ and p” represents the storage and losses of mag-
netic energy respectively. It is observed that p’ of the Al-
substituted BaM is lesser than the pure BaM. However, within
the substitution, p’ increases with increase in Al content. The vari-
ation may be attributed to the non-magnetic nature of AI** ions. It
is clear from the Fig. 11(b) that p” for Al-substituted BaM is larger
and maximum were observed for x = 1. These losses may due to
change in grain size, sintered density, or lag between magnetiza-
tion and applied field [46].
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Fig. 9. In-plane and out of plane M-H loop of BaFe;; xAlxO19 films.

3.7. Microwave reflection losses

Fig. 12 depicts the reflection loss of Al- substituted BaM in X-
band. Reflection loss were calculated by the following relation;

(Zin - ZO)
(Zin + ZO)

where, Z;, is given by:

Zin = Zo \/'Z:r’tanh{j <2%ft> M} 9)

where f is the frequency, t is the thickness of sample, p, and ¢, are
the complex relative permeability and permittivity of the sample,
c is the velocity of the light, Z, is the impedance of air and Z;, is
the input impedance at the absorber surface. The reflection loss dips
are observed at the frequency where absorption is maximum. It can

R, = 20log (8)
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be seen that all compositions have reflection dip in the studied fre-
quency range except for the composition x = 1. The observed reflec-
tion loss R; is varying from —14.05 dB (x = 0.0) to —47.06 dB (x = 1.5)
at 9.3 GHz frequency. Thus, these reflection losses dip shows that
Al-substitution improves the absorption property of BaM.

4. Conclusion

Al-substituted BaM powders were prepared by solid state
synthesis method and their structural, dielectric and magnetic
properties have been investigated. XRD patterns confirmed the
formation of single phase for all the substituted samples. Phase
refinement confirmed shrinkage in the lattice parameters and
decrease in crystallite size with AI** substitution. Further, FTIR

confirmed the reduction in Fe-O bond length at octahedral
and tetrahedral co-ordination. Very high ¢, and relatively less
tan § were observed in the Al-substituted BaM. As-prepared
powders were further screen printed on Al,0O3; substrate to pre-
pare thick films. Drastic rise in the H. was observed in substi-
tuted sintered films, irrespective to its larger grain size. The
rise in H, were ascribed to the dominant pinning by residual
Al,O5 in sintered films. M found to decrease with AI** substitu-
tion. T, was found to decrease with AI>* substitution. Frequency
dependent permeability study ensures rise in the AI** substitu-
tion increase the complex permeability (u'). Reflection losses
found to be maximum at x =1.5. The study demonstrated that
Al-substituted BaM thick films with tunable H, can be used
for microwave application.
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