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ABSTRACT 

 

 

M-type barium hexaferrite (BaM) thick films have gained considerable attention for high 

frequency device applications such as circulators, isolators, phase shifters and microwave 

absorbers. The characteristic features of BaM such as high magnetocrystalline anisotropy 

(Ha), high saturation magnetization (M), moderate coercivity (Hc) and high ferromagnetic 

resonance (FMR) frequency. FMR frequency can be tuned by varying intrinsic 

parameters such as Ha and M. Henceforth, the main objective of the present work is 

realization of screen printed BaM thick films with minimal porosity, tunable Ha and Ms. 

The screen printing technique is capable to produce films of few 100 µm thick, which 

overcomes the limitation to grow thick films by other deposition techniques such as RF 

sputtering and pulsed laser deposition (PLD) technique. To prepare BaM thick films, a 

paste of BaM powder and binder were screen printed on alumina substrate. Firstly, BaM 

powders were prepared by solid-state reaction and the effect of processing parameters 

such as powder size and sintering temperature on the structural properties is studied. To 

tune the Ms and Ha, variation of Fe/Ba mole ratio and suitable substitution for Ba and Fe 

ions are adopted. Further, BaM thick films with variable Ms and Ha are developed for 

their potential use in tunable high frequency applications. Various techniques were used 

to examine the structural, microstructural, magnetic properties and high-frequency 

characteristics of BaM powders and screen printed thick films. The magnetic properties 

of non-substituted and substituted BaM thick films suggest a possible candidate for 

microwave applications. 
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Chapter 1 
 

 

INTRODUCTION 
 

 

Overview 

This chapter lists the characteristic features of M-Type barium ferrite as a high frequency 

magnetic material. The important properties required for high frequency applications are 

outlined. Comparative study of microwave ferrites and their properties are described. 

Finally, the motivation, objectives and outline of the present thesis is given. 
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1.1. Introduction 

 

Recently, the research in the field of microwave devices operable upto 100 GHz 

frequency has gained considerable attention. As the operating frequency of microwave 

devices are shifting towards higher frequency bands, the requirement of low loss 

insulating magnetic material has increased. Ideal magnetic material must posses high 

magnetization with high magnetocrystalline anisotropy and ferromagnetic resonance 

(FMR) at high frequencies. Magnetic materials which satisfy the mentioned criteria are 

M-, Y- and Z-type hexaferrites. In comparison to other hexaferrites, M-type hexaferrites 

are more important due to large uniaxial magnetocrystalline anisotropy, high saturation 

magnetization and easy processing.  These ferrites are extensively used for variety of 

micro- and millimeter wave device applications, such as millimetre wave filters, phase 

shifters and non-reciprocal devices. 

 

The performance and behavior of microwave device mainly depends on the structural, 

magnetic and microwave properties of magnetic materials. The important properties 

required for high frequency applications are defined below: 

 

Structural properties: For microwave and millimeter wave devices, magnetic materials 

in the form of thick films (> 50 m) are required. The film thickness greatly affects the 

grain size; larger the thickness bigger is the grain size. For a good microwave device, 

film should have low porosity, high density and large particle size or grain size [1]. 

 

Magnetic properties: For high frequency (HF) applications, material must have high 

saturation magnetization (Ms), high remanent magnetization (Mr), high 

magnetocrystalline anisotropy (Ha), adjustable coercivity (Hc) and self biased [2].  Ms and 

Mr are intrinsic magnetic properties which depend on net magnetic moment originated by 

unpaired Fe
3+

 spins and Hc is extrinsic magnetic property that depends on particle size, 

grain shape and size.  

 



Chapter-1: Introduction 
 

3 
 

Ferromagnetic Resonance (FMR): FMR is absorption of electromagnetic field by a 

ferromagnet material at a particular frequency that coincides with the natural precessional 

frequency (ω0) of the electron in an internal effective magnetic field Heff. The FMR 

frequency for a film is governed by the formulae; 

 

                                                               ,                                             (1.1) 

 

where Ho is applied magnetic field, Ha is magnetocrystalline anisotropy (Ha depends on 

K1 and Ms according to relation Ha = 2K/Ms), γ is gyromagnetic ratio =  
 

   
 = 2.8 

MHz/Oe,   is splitting factor (2 for electron spin) and me is the electron mass. Eq. 1.1 

depicts the strong dependence of FMR frequency on the intrinsic magnetic properties and 

further can be tuned by external applied magnetic field.  

 

For OFF resonance devices such as circulators, isolators and phase shifters, magnetic 

material must have low loss, narrow FMR linewidth, and self-biased [3- 4]. While the 

ON resonance devices include microwave absorbers, required high losses at resonance 

frequency and broad band width that readily allow for the absorption of electromagnetic 

signal [5-6]. 

 

The FMR linewidth of spectrum is related to the relaxation times of magnetization 

presence of defects and inhomogeneities in the material. FMR linewidth (H) can be 

defined as  

 

                                               H = Hi + Ha +H ,                                         (1.2) 

 

where Hi is the intrinsic linewidth, Ha is the broadening due to the random anisotropy 

axes of different grains and Hp is broadening due to porosity [7].  
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1.2. Microwave ferrites 

 

The important ferrites which can be used for microwave frequencies are spinels, garnets 

and hexagonal ferrites [8]. Spinel ferrites and garnets are the cubic ferrites. Ha for spinel 

ferrite is very small, of the order of 10s Oe. The zero field FMR frequency for spinel 

ferrites falls near or below 1 GHz [9]. Thus spinel ferrite can be operated only for C to S-

bands. Y3Fe5O12 (YIG) is one of the most important garnets for microwave applications 

due to its smallest FMR linewidth ∆H = 0.6 Oe [10-11]. As a result, YIG is commonly 

used in microwave devices operating below 1–2 GHz. However, the resonance frequency 

is even lower than that of spinel ferrite. To achieve FMR conditions with spinel and 

garnet in micro and millimeter wave range, large external biased field of 20 kG is 

required. Thus, spinel and garnet ferrites can widely be used only in lower end of 

millimeter band [12-14], seems to fall short on new demands. Therefore, both spinel and 

garnet ferrites are not suitable for high frequency application. 

 

The hexagonal ferrites, which include M, U, W, X, Y and Z-type ferrite can be used for 

high frequency application due to their high magnetocrystalline anisotropy [9]. Among 

the hexagonal ferrites, M-type barium ferrite (BaM) is the compound of greatest 

technological interest due to its highest uniaxial Ha along c axis i.e. having the 

perpendicular anisotropy and moreover easy processing makes it suitable for 

micro/millimeter wave devices. W-, X- and Z- type compounds are not so economical 

because of their relatively difficult processing. The high magnetocrystalline anisotropy 

(Ha ~17kOe), self-biasing nature, and high ferromagnetic resonance frequency makes 

BaM as possible material for microwave and millimeter wave devices. 

 

In contrast to spinel and garnet, the BaM have large Ha due to their hexagonal crystal 

symmetry. Ha of BaM is approximately 1000 times greater than that of spinel ferrites. 

The zero field FMR frequency of BaM is about 36 GHz, could be operated at K-band 

without any external magnetic field [9]. Further the self bias nature of BaM requires 

minimum external biasing field, which greatly reduces the size of the device. BaM also 

generates very low residual losses at high frequencies than soft ferrites. Table 1.1 shows 
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the comparative properties of different type of ferrites commonly used at microwave 

frequency [15-38]. 

 

Table 1.1. Magnetic and microwave properties of ferrites. 

 Material 4Ms (G) Ha (Oe) Hc (Oe) TN(°C) fr 
∆H 

(Oe) 

S
p

in
el

 MgFe2O4     2150 [15] 173 [16] 1.8 320 < 1 MHz 648  

MnFe2O4 4000 [17] 5400 [17] 196 [18] 340 [18] < 300 MHz 600 

CoFe2O4  5370 [19] 6800 [19] 1566[20] 520   

G
a
rn

et
 

Y3Fe5O12  1750 [21] 82 [21]  280 [22] < 1 MHz 25 

Y3Fe5-xGaxO12 400    167  50 

H
ex

a
fe

r
ri

te
 

M BaFe12O19 4000 [23] 17460 [24] 3187 [8] 450 [25] 36GHz   

M SrFe12O19 4320 [26-28] 20000 [8] 3593 [8] 455 [27] 50GHz  

U Ba4Zn2Fe36O60 4223 [29] 10038 [29] 258 [30] 400 30GHz  

X Ba2Co2Fe28O46 3400 [31,32] 9500 [31] 50 [31] 467[31] 3GHz   

Y Ba4MnZnFe12O22 2300 [33] 9500 [33] 60 [33] 100[34]   

W BaCo2Fe16O27 4800 [35] 21000 [35] 80 [35] 430 [36] 3GHz   

Z Ba3Co2Fe24O41 3300 [37] 12000 [37] 23 [37] 400[38] 1.3 GHz  

 

Comparative study of ferrites shows that BaM hexaferrite is suitable material for high 

frequency applications.   

 

1.3. Motivation and Objectives 

BaM hexaferrite thick films have attracted considerable attention due to their significant 

application in high frequency applications. For high frequency device application, the 

films should have thickness of nearly few 100 microns. The screen printing technique is 

capable to produce films of few 100 µm thickness, which overcomes the limitation to 

grow thick films by other deposition techniques such as RF sputtering and pulsed laser 

deposition (PLD) technique. The properties of thick films for high frequency application 

primarily depend upon the structural and intrinsic parameters. For low losses, high 
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density films with low porosity are required. On the other hand, properties such as FMR 

depend upon intrinsic parameters i.e. Ha and M. Therefore, realization of screen printed 

BaM thick films with minimal porosity and tunable Ha and Ms is the main objective of 

this thesis. Firstly, the effect of processing parameters such as powder size and sintering 

temperature on the structural properties is studied. Secondly, BaM thick films with 

variable Ms and Ha is developed for their potential use in tunable high frequency 

applications. The primary approaches adopted to vary the Ms and Ha is by varying Fe/Ba 

mole ratio and suitable substitution for Ba and Fe ions. Adopting the said approaches for 

the present thesis, the work is wanted to achieve the following objectives: 

1. To investigate the effect of process parameters on the structural and magnetic 

properties of BaM thick films. 

2. To investigate the effect of Fe ion vacancy on the magnetic properties of BaM 

thick films. The Fe ion vacancy is created by varying Fe/Ba mole ratio. 

3. To study the effect of La
3+

 substitution for Ba
2+

 and Co
2+

-Ti
4+

 ion substitution for 

Fe
3+

 on the structural and magnetic properties of BaM thick films. 

On the basis of said objective, the present thesis is organized into following chapters: 

Preceding Chapter 1 gives brief introduction about the structural, magnetic and 

microwave properties of magnetic materials required for microwave application. A 

comparative study among common microwave ferrites is presented. Finally the 

motivation and objectives of the present work are mentioned. 

Chapter 2 deals with extensive literature review on M-type hexaferrite. The 

classification of hexagonal ferrites on the basis of its composition is explained. Emphasis 

has been given on M-type hexaferrite, in particular on barium hexaferrite (BaM). 

Important research work related to processing of BaM and effect of substitution for Ba 

and Fe is reviewed. Further, important studies on hexaferrite films deposited by different 

techniques are discussed.  

Chapter 3 gives the detail description of processing method adopted for the preparation 
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of BaM powder and films. Various techniques used for the structural, magnetic and 

microwave characterization are explained briefly.  

Chapter 4 investigates the effect of various process parameters such as calcinations 

temperature, ball milling time and sintering temperature on the phase formation, film 

morphology and magnetic properties. Further, effect of Fe
3+

 ion vacancy in BaM has 

been investigated. The Fe
3+

 ion vacancy is created by varying Fe/Ba mole ratio. 

Preferential site occupation of Fe
3+

 ion at five different crystallographic sites with mole 

ratio is analyzed by Mössbauer measurements.  Structural and magnetic properties of 

BaM thick films ( 60 µm) prepared by different mole ratio powder are discussed.  

This chapter also deals with the substitution of rare earth metal La
3+

 in BaM. The effect 

of La substitution on structural and magnetic properties of Ba1-xLaxFe12O19 (x = 0.0 - 0.2) 

prepared by two different methods is studied. In first method, La
3+

 substituted BaM is 

directly prepared by solid state synthesis from Fe2O3 and BaCO3 with Fe/Ba molar ratio 

of 6:1. In the second method, solid state synthesis of Fe2O3 and Ba1-xLaxFe2O4 in molar 

composition of 5:1 has been adopted. The variation of structural properties and magnetic 

properties with different substitution methods are compared. Further, screen printed BaM 

films with the substituted powder is prepared and their structural and magnetic properties 

are measured. 

In subsequent part of the chapter, Co-Ti substituted BaM powder with BaFe12-xCoxO19 

BaFe12-xTixO19 (x = 0.0 - 2.0) and BaFe12-2xCoxTixO19 (x = 0.0 - 1.0) are studied. 

Individual substitution of Co and Ti is not favorable for single phase hexaferrite at higher 

substitution. The preferential site occupation of Co
2+

-Ti
4+

 ion for Fe
3+

 ion is measured by 

Mössbauer spectroscopy. Consequently, Co-Ti substituted BaM thick films are studied. 

The variation in magnetic properties with substitution is correlated with site occupation. 

Lastly, an attempt has also been made to measure the microwave property i.e. reflection 

losses (RL) in the frequency range of 12-18 GHz for BaM powder with different mole 

ratios. 

Chapter 5 summarizes the results of various experiments obtained from the study. In the 

end, future work in the area is outlined. 
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Chapter 2 

 

 

LITERATURE REVIEW 
 

 

Overview 

In this chapter an effort has been made to provide a detailed review of historical 

development of ferrites. Classification of hexagonal ferrites on the basis of its 

composition is given. The crystal structure and magnetic structure of barium hexaferrite 

are outlined. The magnetic properties of M-type ferrite are tabulated. Research work 

undertaken by various researchers for the preparation of barium hexaferrite powders/thick 

films and the effect of substitution on the magnetic and microwave properties are 

discussed.  
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2.1. History of ferrites 

 

Ferrites have been investigated after the II world war at the Phillips Laboratories by 

Snoek and his co-workers [39-40]. In 1948, Neel described the term ferrimagnetism and 

also offered a theoretical interpretation to the magnetic properties of ferrites [41].  

Anderson has given the theory of super exchange interaction, which helped to study the 

ferrites [42]. M-type hexagonal ferrite was discovered by Went [43] and in 1957 

complete ferroxplanna hexagonal ferrites were discovered by Jonker et al. [44]. The first 

microwave device was realized by Hogan [45] in 1952.    

 

2.2. Hexagonal ferrites 

 

Hexagonal ferrites are magnetic iron oxide that grows in hexagonal crystal structure. 

Based on chemical composition hexagonal ferrites are classified into M-, U-, W-, X-, Y- 

and Z-types. The chemical composition of various hexagonal compounds, as a part of 

ternary compositional diagram is shown in Fig. 2.1 [46]. Table 2.1 shows the different 

type of hexagonal ferrite with their respective formulae.  

 

Fig. 2.1. Compositional diagram of hexagonal ferrites. 
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Table 2.1. Classification of hexagonal ferrites. 

Type of  

hexaferrite 

Chemical 

formula 
Abbreviation 

No. of molecules 

per unit cell 

M BaFe12O19 BaM 2 

U Ba4Me2Fe36O60 BaU or Me2U 1 

W BaMe2Fe16 O27 BaW or Me2W 2 

X Ba2Me2Fe28 O46 BaX or Me2X 3 

Y Ba2Me2Fe12O22 BaY or Me2Y 3 

Z Ba3Me2Fe24O41 BaZ or Me2Z 2 

 

 

2.3. M-Type Hexaferrite 

 

M-type hexaferrite includes PbO.6Fe2O3 (PbM), SrO.6Fe2O3 (SrM) and BaO.6Fe2O3 

(BaM). M-type hexaferrites are isomorphous with the mineral magnetoplumbite. M-type 

hexaferrite was originally examined in the late 1930s by Adelskold [47] and further 

studied by Gorter and Braun at Philips in the 1950s [48-49]. Table 2.2 shows the 

comparison between magnetic properties of M-type hexaferrite. Among these ferrites, 

BaM is of great interest for scientists, due to its unique properties associated with its 

crystalline structures and Ha [50-51]. Its characteristic features are moderate Ms, relatively 

low Hc, high Ha along c-axis, and high ferromagnetic resonance (FMR) frequency, with 

relatively narrow FMR linewidth (∆H). Owing to these properties, BaM has a wide range 

of applications in high performance permanent magnetic material, magnetic recording 

media, and high frequency applications. 

 

Table 2.2.Comparison among magnetic properties of M-type hexaferrites [8]. 

Hexaferrite Ms(emu/g) Hc(Oe) Ha  (Oe) Nature 

BaFe12O19 70 3187 17000 Non-toxic 

SrFe12O19 70 3593 20000 Non-toxic 

PbFe12O19 54 5001 13500 Toxic 
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2.4. Crystal structure of BaM 

 

In 1938, Adelskold reported that the crystal structure of BaM is isostructural with 

naturally occurring magnetoplumbite having space group of P63/mmc[47]. One unit cell 

of BaM contains two formula units. The 24 Fe
3+

 ions are distributed among five different 

crystallographic sites: three octahedral (12k, 4f2 and 2a), one tetrahedral (4f1) and one 

bipyramidal site (2b), as illustrated in Fig. 2.2. Later, Braun [49] described the crystal 

structure of BaM as a sequence of two structural units RSR*S*, where S (Fe8O8)
2+

 is the 

spinel blocks, and R (BaFe6O11)
2-

 is the hexagonal block. S*and R* blocks are similar to 

S and R, but have a rotation of 180° around the c-axis. Magnetic structure of BaM first 

time was explained by Neel in 1948 and Anderson in 1950 [41-42]. According to them, 

the magnetization of BaM comes from Fe
3+

 ions, carrying a magnetic moment of 5 μB. 

Fe
3+

 ions are aligned either parallel or anti parallel ferromagnetic interaction through 

oxygen ions produced superexchange interaction. The exchange scheme of BaM is 

illustrated in Table 2.3. In one unit cell 16 Fe
3+

 ions are present at 12k, 2a and 2b sites 

with up spin and 8 Fe
3+

 ions at 4f2 and 4f1 sites with downspin. Total magnetic moment 

per unit cell is (Ms) = 5 μB× (12 – 4 + 2 – 4 + 2) = 40 μB.  

 

Table 2.3.Wycoff positions and direction of magnetic moment of Fe
3+

in one formula unit 

of BaM. 

 

Coordination 
No. of 

positions 

Wycoff’s 

notation 

Direction of magnetic 

moment per formula unit 

Octahedral 

12 k  

4 f2  

2 a  

Tetrahedral 4 f1  

Trigonal bipyramidal 2 b  
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      Fig. 2.2. Unit cell of BaFe12O19 

 

 

2.5. Previous investigation on BaM powders 

 

The following section reviews the important work done on M-type hexaferrite especially 

on barium hexaferrite. First, the work related to the processing of BaM, followed by 

effect of various ion substitutions is discussed. In the last, the research works carried out 

on BaM films are reviewed. 

 

2.5.1. Single phase BaM 

 

Extensive work for the development of single phase BaM was carried out by different 

research groups. The processing of BaM through different processing methods is well 

reported. The most common processing techniques adopted are conventional solid state 
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reaction [52-53], co-precipitation [54-55], sol-gel [56-57], hydrothermal [58-59], glass 

crystallization [60] and combustion method [61] etc. Solid state synthesis method is 

simplest, cheapest and well acceptable for preparation of BaM powders. It is found that 

preparation methods are responsible for different magnetic as well as microwave 

properties. Further properties of ferrites can be tuned by varying density, grain size, 

chemical composition and grain alignment.  

 

Fe/Ba molar ratio play important role in the formation of single phase BaM. Wang et al. 

[62] prepared BaM from BaCO3 and Fe2O3 by varying Fe/Ba ratio from 2 -12 followed 

by heat treatment at 450 -1000 °C. Single phase BaM was obtained only for Fe/Ba ratios 

of 11 and 11.5, consistent with work reported by Janasi et al. [63]. For molar ratios below 

11, secondary phases of BaFe2O4 and Fe2O3 coexist with BaM [62].The optimum Fe/Ba 

ratio is also greatly dependent on synthesis method. It was reported that 11 is the 

optimum Fe/Ba ratio for sol–gel combustion method [64], and 11.4 for sol–gel method 

[65]. Jean et al. [66] claimed that the optimal Fe/Ba ratio for hydrothermal method is 8, 

being single phase at 1000 °C. They observed the formation of secondary phases; Fe2O3 

and BaFe2O4, for Fe/Ba molar ratio above and below 8.  

 

2.5.2. Substituted BaM  

 

Extensive work has been done to tailor the magnetic and microwave properties of BaM 

by various substitutions at Ba
2+

 and Fe
3+

 sites. The substitution by magnetic and non-

magnetic ions results a wide range of saturation magnetization that helps to cover the 

wide range of microwave spectrum. A brief description of work carried out in past few 

years is as follows: 

 

2.5.2.1. Substitution at Ba
2+

 site  

 

In order to improve the magnetic properties of BaM hexaferrite, various rare earth 

substitution on Ba
2+

 site (RE = La
3+

, Pr
3+

, Sm
3+

, Nd
3+ 

etc.) were reported [67-68]. 

Replacement of divalent Ba
2+

 or Sr
2+

 by trivalent RE
3+

 is associated with a valance 

change of Fe
3+ 

to Fe
2+

, which further changes the magnetic properties of compound. In 
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1974, Lotgering et al. [69] and Kupferling et al. [70] found Ha increased with increase in 

La
3+

 concentration and was maximum for LaFe12O19.  

 

The influence of La
3+

 substitution on structure and magnetic properties of SrM 

hexaferrite, prepared by ceramic and sol-gel methods has been studied by Liu et al [71-

72]. They found that with La
3+ 

substitution, Ms and Hc increases first and then decrease 

gradually. Mössbauer spectra demonstrate that the substitution of Ba
2+

 or Sr
2+

 by La
3+

 

was associated with a valance change of Fe
3+

 to Fe
2+

 at 2a and 4f2 sites. Curie 

temperature was found to decrease with increase with La
3+

 substitution. The single phase 

of SrM hexaferrite was found for lower La
3+

 substituted hexaferrite. However for higher 

La
3+

 substitution, the secondary phases of α-Fe2O3 and LaFeO3 were detected [73]. An 

important magneto-optical activity of 3 eV was also observed in La
3+

 substituted SrM 

[74]. Novak et al. [75] investigate the electronic structure of La
3+

 substituted SrM 

hexaferrite using density functional theory and generalization gradient approximation 

(GGA). Their results also agreed with experimental results, that magnetic moment 

decreases linearly with increasing La
3+

 content.  

 

Ounnunkad et al. [76-77] prepared La
3+

 substituted BaM hexaferrite by citrate 

combustion method  and found that with increase in La
3+

 substitution Ms increased first 

and then decreased, whereas Hc remarkably increased. Similar trend were also found by 

Nga et al. [78]. The enhancement of Hc was due to increase in Ha and reduction of grain 

growth. Recently, Sozeri et al. [79] made an effort to improve magnetic properties of 

La
3+

 substituted BaM hexaferrite with unusually low Fe/Ba molar ratio.   

 

Charge distribution was investigated by Pieper et al. [80] and magnetic properties were 

studied by Lechevallier et al. [81-82] and Grossinger et al. [68] in rare-earth doped 

hexaferrites (R = La
3+

, Nd
3+

, Sm
3+

). Nd
3+

 and Sm
3+

 substitution increased the intrinsic Hc 

without any significant change in M, whereas La
3+

 substitution show a very small effect 

in Hc of SrM. The addition of rare earth metal causes grain reduction, which increased the 

Hc. Mössbauer spectra showed that the higher substitution of  RE
3+

 ions did not enter into 

the M-phase completely, but lead to an another extra phase. Jalli et al. [83] studied the 
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effect of Sm
3+

 substitution to control uniaxial Ha. They found that as the percentage of 

Sm
3+

 increases from 0.79 mol % to 1.17 mol %, the uniaxial Ha increased from 19.5 to 25 

kOe, respectively. The room temperature FMR measurement showed FMR linewidth ∆H 

of 85 Oe at 53 GHz. The large Ha and the narrow ∆H of crystal, enhanced the FMR 

frequency operation at relatively low external bias fields for microwave devices. Lixi et 

al. [84] prepared Sm
3+

 doped barium hexaferrite by ball milling and successfully 

achieved single phase BaM, by calcining the powder at 1250 °C. Substitution of Sm
3+

 

ions convert Fe
3+

 to Fe
2+ 

ion that results in the enhancement of magnetic loss properties 

and microwave absorbing performance.  

 

Litsardakis et al. [85-88] published the series of results for Ba and Sr hexaferrites by 

doping Gd
3+

, Dy
3+

 and Gd
3+

-Co
2+

 ions. Doped hexaferrites showed a small increase in Ms 

and Mr upto x = 0.1. While, Hc gave a remarkably high values at x = 0.2 for Gd doped 

BaM (293 kA/m) and Dy doped SrM (305 kA/m). Enhancement in Hc was explained by 

inhibition mechanism of grain due to presence of Gd. In 2010, Stergiou et al. [89] studied 

the dielectric and magnetic properties of Gd
3+

 and Dy
3+

 substituted BaM in 2-18 GHz 

frequency range and investigated the difference between Gd- and Dy-doped hexaferrites.   

 

2.5.2.2. Substitution at Fe
3+

 site  

 

Various ions such as, Al
3+

 [90], Mn
3+

 [91], Mn
3+

-Ti
4+

 [92], Co
2+

-Ti
4+

 [93] etc, can be 

substituted for Fe
3+ 

site in BaM. Magnetic properties and FMR frequencies of substituted 

ferrites were investigated on the fact that, their structure is closely related to the chemical 

composition and arrangement of ions in the crystal unit cell.  

 

Researchers also substituted Al
3+

 by self-propagating combustion method [94], 

hydrothermal precipitation [95], chemical coprecipitation method [96], sol-sel [56], solid 

state reaction [52] and microwave combustion [97] methods. Al
3+ 

was completely soluble 

in hexaferrite upto x > 1.0 [98]. Since the ionic size of aluminum is small as compared to 

Fe ions, hence crystallite size (C.S.) found to decrease with increasing the Al substitution 

[52]. The presence of non magnetic Al
3+

 ion for Fe
3+ 

site, lead to the decrease in both Mr  
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and Ms. The Hc  value initially increased and reached to maximum value of 617 (at 298K) 

and 547kA/m (at 77 K) for x = 2.0, and then decreased with the increase in Al content. 

Increase in Hc was associated with the decreased of C.S. due to the substitution of Fe
3+

 by 

Al
3+

 [99]. Al
3+

 substitution showed a great effect on Ha and r [95]. Ha and r increased 

with increasing substitution amount. Electromagnetic studies showed that the real part of 

complex permittivity increased and imaginary part of the complex permeability shifted 

towards high frequency range for Al
3+

 substituted hexaferrite [94]. 

 

In 1995, Wartewig et al. [100] first investigated Cr
3+

 distribution in Cr-doped BaM 

ferrites by solid state synthesis. Both lattice parameters ‘a’ and ‘c’ systematically 

decreased with increasing Cr content, due to relatively small ionic radius of Cr
3+

 

compared to Fe
3+

. Ounnunkad et al. [101] found a systematic decrease in Ms and an 

increase in Hc with Cr
3+

 concentration (x = 0.0 - 0.8). The decrease in M with Cr
3+

 

substitution was related with the replacement of less magnetic moment of Cr
3+

 (3 μB) as 

compared to Fe
3+

 (5 μB). The declined grain growth with Cr
3+

 substitution was 

responsible for higher value of Hc. Contradictory results were published by Dhage et al. 

[89] by preparing Cr
3+

 doped hexaferrite with sol-gel auto-combustion technique. They 

found Hc also decreased with increase in Cr
3+

 content. 

 

Decrease in Ms and increase in Hc was also observed in Mn
3+

 substituted hexaferrite [91]. 

The lower value of M was attributed due to the reduction of average magnetic moment of 

the lattice and a high value of Hc was obtained due to the reduction in C.S. respectively. 

For Mn doped hexaferrite, Bukhtiyarova et al. [102] found that hexaferrite phase formed 

after calcination temperature at 800 °C.  

 

An unusual study based on La
3+

 substitution for Fe
3+

 site is also reported [103]. However, 

the substitution of La
3+

 for Fe
3+

 is virtually not possible because of large ionic radii 

difference. The reported results are as follows. Ms increased and Hc decreased with 

increase in temperature from 700 °C to 1000 °C, while Ms and Hc increased first with 

La
3+

 substitution x = 1.0 and then decreased for higher substitution [104]. Increased Ha 

was observed in La
3+

 substituted samples. Crystallographic distortion was also observed 
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in La-doped samples due to lattice expansion, as the radius of La
3+

 ion is very larger than 

those of Fe
3+

. A similar increase in Hc was also observed for Ho-doped hexaferrite [105]. 

Ankush et al. [106] found resistivity of the order of 10
9
 Ωcm for La

3+
 substituted 

hexaferrite. 

 

Substitution of Fe
3+

 with various combinations, such as Co
2+

-Ti
4+

 [93], Co
2+

-Sn
4+

 [107]   

Mn-Co [108], Zr-Mn [109], Ni-Zn [110] were also investigated. The purpose of 

simultaneous substitution of di-valent and tetra-valent ions was to develop the charge 

compensation in the system. Despite many studies on simultaneous substitutions, the 

most extensive studies were based on Co-Ti ions. Such hexaferrite (MCoxTixFe12-2xO19) 

reportedly gives excellent magnetic and microwave properties [111]. In 1960, Smit et al. 

[112] was first who studied magnetic properties of prepared Co
2+

 doped hexaferrite and 

found relatively small Hc without any loss in Ms. Commercially, Toshiba in 1980s 

developed Co-Ti doped hexaferrite with Hc of 159 kA/m [113]. Various techniques have 

been explored to prepare single phase Co-Ti doped hexaferrite [114-117]. Low 

temperature Co-Ti substituted BaM has been prepared by Chen et al. [118] for low 

temperature co-fired ceramic (LTCC) multilayer devices. Co-Ti substituted samples 

showed enormous drop in Ha due to its changing behavior from axial to planer [119]. 

Guan et al. [120] found that M increased and reached to maximum value at x = 0.5. The 

increase in magnetization can be attributed to the partial substitution of Fe
3+

 ions by low 

spin Co
2+

 (3 μB) on antiparallel 4f2 site and replacing of Ti
4+

 ions on 2b site. Curie 

temperature Tc shifted to lower temperature (491 K) for x = 2.5. Drop in Ha was 

observed, due to Ti
4+

 ions that occupy 2b site and Co
2+

 occupies 4f2 site, which leads to 

major contribution for Ha. Magnetization decreases slightly, while Hc drops dramatically 

for higher substitution. Such kinds of properties are suitable for perpendicular magnetic 

recording and microwave device applications [116].  

 

The effect of dc magnetic field on magnetic loss tangent and antenna radiation 

performances was investigated by Lee et al. [121]. Magnetic loss tangent decreased 

dramatically from 11.8% to less than 1% at 200 MHz with increasing dc magnetic field 

from 0 to 400 Oe. A small dc magnetic field increased antenna radiation efficiency from -
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22.9 to -9.2 dB, hence high efficiency antennas can be realized with a small dc magnetic 

field. Microwave absorption properties of BaCoxTixFe12-2xO19 in Ka band were studied by 

Kim et al. [122] and Dong et al. [123]. A wide bandwidth of microwave absorption was 

predicted in substituted samples compared to un-substituted samples. Therefore, 

BaCoxTixFe12-2xO19 can be a good candidate for electromagnetic materials with low 

reflectivity in Ka band.   

    

2.6. Hexaferrite Film 

 

Research based on the development of BaM films is well reported. The techniques that 

have been adopted for the development of the films are given below: 

 

1. Physical vapor deposition: includes RF sputtering, magnetron sputtering, ion 

beam sputtering, molecular beam epitaxy and pulsed laser deposition. 

2. Chemical solution deposition: includes sol-gel and metal organic decomposition. 

3. Chemical vapor deposition: includes metalorganic chemical vapor deposition and 

atomic layer deposition.  

 

In the following section, various growth processes related to BaM and Strontium 

hexaferrite (SrM) thin or thick films are discussed. Emphasis is laid on the magnetic and 

microwave properties.  

   

2.6.1. Pulsed Laser Deposition (PLD) 

 

PLD technique is used to grow high quality films of garnet, spinel, hexaferrite materials 

and various ferroelectric oxide materials. In PLD, a laser pulsed beam is focused onto 

target such that the beam ablates the target material. The interaction of beam with target 

produces a molecular flux or plume of material towards the heated substrate.   

 

The first BaM film grown on sapphire by PLD was reported by Dorsey and his co-

workers in 1992 [124]. They reported that post annealing of films reduce Hc and ∆H. 

Later, researchers also deposited BaM films by PLD method. In 2000, Sc-doped barium 
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hexaferrite films (2.2 - 5 μm) were deposited by Shi et al. [125] onto a sapphire substrate, 

with the crystallographic c-axis aligned normal to the film plane. At frequency 34 GHz, 

∆H and Hc increased from 310 to 2000 Oe and 281 to 517 Oe with increase in thickness 

of film. While, Yoon et al. [126] subsequently reported in-plane uniaxial anisotropy and 

in-plane c-axis oriented Sc-doped barium hexaferrite films (2 - 3 μm) on sapphire 

substrate. Substitution of Sc cation for iron reduced Ha from 17 to 10 kOe. It was also 

reported that the film thickness above 2-3 μm promotes crack formation. The self 

resonant frequency of 32.8 GHz with ∆H of 1.3 kOe for Sc-doped films was reported.    

 

Highly oriented BaM films deposited onto MgO (111) substrate were obtained in contrast 

to BaM film on Al2O3 substrate [127]. Yoon et al. [128] deposited film on MgO substrate 

with no cracks up to 28 μm. ∆H of 700 Oe at frequency 54 GHz was observed, which 

was considerably larger than previous reported value of ∆H = 66 Oe at 58 GHz for BaM 

films deposited on Al2O3 substrate. Etching of MgO substrate and annealing of film was 

employed to reduce magnetic loss. ∆H for thick films decreased from 66 Oe to 45 Oe 

upon removal of 75% of substrate. Further reduction in ∆H of 20 Oe was obtained after 

two hour annealing.    

   

Majority of research has been focused on hexaferrite thick film deposition on (0001) 

Al2O3 and (111) MgO substrate, due to their excellent magnetic properties and 

microwave properties without any crack in films [129]. However, these films do not have 

dual functionality for truly self-biased microwave devices. To overcome this, BaM thick 

films (1 - 14 μm) was deposited onto a-plane (1120) sapphire substrate. Such films have 

(1010) orientation and exhibits dual functionally as gyrotropic media and permanent 

magnets.  

 

To improve magnetic properties, Chen et al. [130] deposited BaM film on 6H-SiC (0001) 

substrate and obtained Ha greater than 15 kOe, but unable to obtained FMR peak to peak 

derivate ∆H less than 1000 Oe. In 2009, to improve the lattice mismatch and 

interdiffusion between film and substrate, BaM film was deposited by introducing 10 nm 

MgO (111) layer on 6H-SiC substrate. These films showed perpendicular Ha field of 16.9 
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kOe and a FMR peak-to-peak derivate of 96 Oe at 53 GHz [131]. Further the magnetic 

properties especially magnetic loss was decreased with etching [132].  

 

A magnetic ferroelectric hetrostructure film with a large electric field tuning of FMR 

mode was also fabricated [133]. Beside BaM, SrM and PbM hexaferrite films were also 

deposited by PLD [134]. Co-Ti co-doped BaM and Al-doped SrM were deposited to 

optimize the magneto-optical properties [135-136]. Researchers have also investigated 

the effect of substrate temperature on structural, optical and magnetic properties of BaM 

films [137]. Also the effect of oxygen pressure during the growth of films has been 

investigated [138]. 

 

Masoudpanah et al. [139] studied the microstructural and magnetic properties of La-Co 

co-doped SrM films deposited on commercial Si(100)/SiO2/Ti/Pt(111) substrate by PLD. 

In another work, they reported the effect of post annealing on SrM films deposited on 

Pt(400nm)/(Ti(400 nm)/SiO2/Si substrate [140]. In most of the reports hexaferrite films 

were grown onto Al2O3 (0001) substrate, but the restriction of using this substrate is its 

cost. Films deposited on SrM/Pt(111) films have same microstructural and magnetic 

properties as SrM/Al2O3 (0001), thus replacement of Al2O3 (0001) substrate by the 

Si(100)/Pt(111) substrate is suggested [141].  

 

PLD is also very effective technique for the growth of epitaxial M-type hexaferrite films. 

Hexagonal crystal structure can be grown at an atomic scale from multiple targets 

possessing technique referred as alternating target laser ablation deposition (ATLAD). 

This technique allows for the growth of complex magnetic structures and to tailor the 

specific requirements of M and Ha. In 1995, Karim and Vittoria [142] were the first who 

introduce the hexaferrite films by ATLAD to control ionic distribution in hexagonal unit 

cell, and later refined by Geiler et al. [143-144] and Mohebbi et al. [145]. Geiler et al. 

[144] prepared the PbM films by utilizing PbO and Fe2O3 on MgO substrate. These films 

were highly useful for lower microwave frequency applications due to low value of Ha 

(12 kOe). However, these deposited films also showed secondary phase, low saturation 

magnetization and broad FMR linewidth. To overcome these limitations, BaM films were 
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deposited on Al2O3 substrate by alternatively ablating orthorhombic BaFe2O4 and 

hematite α-Fe2O3 targets. High quality of BaM was obtained with Ha of 16.5 kOe with 

narrowest ∆H of 42 Oe at frequency 52 GHz. Mohebbi et al. [145] change the BaFe2O4 

target by BaFe4O7 and found a noticeable improvement in resistivity ( 4.3 × 10
2
  – 7.2 × 

10
2
 Ω).  

 

2.6.2. RF magnetron sputtering  

 

Magnetron sputtering is widely used for fabrication of metals, ceramic and granular 

ferrite thin films. In sputtering, substrate is bombarded by energetic ions and the target 

atoms. The sputter ions travel through plasma and undergo many collisions with gas ions 

before deposition on substrate, which usually occurred at high temperature. Some time 

magnetic field is applied by using magnetron to increase the sputtering yield. Magnetic 

field increases electron residence time in the plasma, which leads to higher ion collision 

and hence higher discharge current.  

 

Well defined c-axis oriented SrM ferrite films (2-3 μm) were synthesized by RF 

sputtering onto polycrystalline Al2O3 substrate at temperature 500 - 650 °C. At deposition 

temperature 600 °C to 650 °C, the film grains have random three dimensions c-axis 

orientations with Mr/Ms of 0.62. The Hc of film was found to increase by post-deposition 

annealing in O2 [146]. Gee et al. [147] prepared multilayered BaM film (0.63 μm) on Si 

substrate and found that stacking of BaM layers, with ex situ annealing between each 

layer. Annealing after each layer deposition improves the c-axis orientation and Ha (17 

kOe) as compared to Ha (14.5 kOe) of a single layered film with the same thickness.  

 

Capraro et al. [148] studied the stress and transmission coefficient of c-axis oriented BaM 

thick films (1-10 μm) deposited on alumina and silicon substrates. The residual stress in 

the films was found to be compressive after deposition and a tensile upon annealing. 

However, the stress was much lower for films deposited on alumina than on silicon 

substrate. Transmission coefficient (S12 and S21) of isolator show a non-reciprocal effect 
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that reached to 3.3 dB/cm at frequency 50 GHz [149]. Magnetic properties were found to 

very close to the bulk BaM. 

 

Dehlinger et al. [150] investigated morphological and magnetic properties of BaM thick 

film (10-15 μm) with high deposition rates by varying sputtering gas pressure from 3 to 

20 Pa. Stoichiometry was obtained only for film deposited at pressure 3 Pa, however, 

excess of Ba was found for other films. The film density was also highest (5.0 g cm
-3

) for 

film deposited at P = 3 Pa. Recently Mallick et al. [151] reported film density of 4.45 

g/cc for Co doped BaM films.  

 

Xu et al. [152] deposited BaM film onto sapphire substrate by altering pressures. With 

increase in pressure the thickness of film decreased and atomic ratios of Fe to Ba 

increased from 9.3 to 15.0. Surface morphology changed from platelet-like to needle-like 

crystalline because of more bombardment on the film under high pressure. The Hc was 

found to decrease monotonically with sputtering pressure. 

 

The effects of processing parameters such as oxygen partial pressure, chamber pressure, 

and substrate bias on magnetic properties of BaM films were investigated by Zhuang et 

al. [153]. Morisako et al. [154-155] studied the influence of oxygen partial pressure and 

total discharge gas pressure on BaM films. They reported that the microstructure and 

magnetic properties of BaM films strongly depend on the processing parameters and on 

film thickness. The film thickness also greatly affects the nucleation sites and strain in 

films, which were responsible for different textures and c-axis orientations of BaM films. 

    

Xu et al. [156] reported that the crystallographic, morphological and magnetic properties 

of BaM thin films strongly dependent on thickness. Thin films of 150 nm showed 

excellent perpendicular c-axis orientation. Randomly orientation increased as thickness 

increased to 500 nm, due to increases of random nucleation sites. Ms and Ha also  

decreased with increase in thickness.  
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Substrate effect on orientation of BaM films have been studied by depositing films with 

target facing sputtering (TFS) on SiO2, ZnO, GGG and Al2O3 substrates [157]. High Hc 

(2200 Oe), c-axis oriented Co-Ti doped BaM films have been achieved by rf sputtering 

and post annealing. Co-Ti reduces the grain size with improved c-axis in plane 

orientation. Film Hc was controlled over a wide range through the diffusion process 

[158]. Magneto optical properties of Pr-Ni [159] and CoTi [160] substituted BaM on 

GGG substrate were studied. Gomi et al.[159] reported that Ni substitution induced a 

large negative faraday rotation, while no contribution of Pr
3+

 ion was observed.   

 

Crystallographic and magnetic properties of SrM and BaM thin films can be improved by 

using appropriate substrate or underlayer. Various under-layer materials such as Pt [161], 

Au [162] and Al2O3 [163] were studied. These films exhibit strong perpendicular c-axis 

orientation. The maximum Hc and Mr/Ms of 5.7 kOe and 0.86 for Au under layer and 4.9 

kOe and 0.61 for Al2O3 under layer was observed.  

 

Hajndle et al. [164] and S. Srinath et al. [165] first time reported the growth conditions 

and properties of co-sputtered BSTO/BAM film (2 μm) and multilayers films of 

BSTO/BAM. They found that the presence of BSTO in the BaM films affected the Ha 

and shape anisotropy. Reduction in Ms and Hc were observed in multilayered samples, 

compared to pure BaM film. Narrowest ∆H was required for microwave devices, for 

which thicker poly crystalline film was needed.  

 

The main advantages of rf sputtering is possibility to sputter on large area substrate, good 

adhesion of the film and ability to get stoichiometric and conformal films. However, the 

deposition of the films with limited thickness (10-200 nm) makes it impractical for most 

of microwave and millimeter wave applications, where thick films are required.  
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2.6.3. Floating zone method  

 

Srinivasan et al. studied millimeter wave magnetoelectric interactions of high quality 

single crystal and film [166]. Ustinov et al. [167] developed Al
3+

 substituted single 

crystal and investigate magnetic and dielectric excitations for 100 μm thick films in sub-

terahertz frequency range [168]. Al
3+

 substitution dramatically increased Ha from 17.88 

kOe to 33.68 kOe and decreased Ms from 4.4 to 1.85 kG with maintaining ∆H. The use of 

single crystal Al
3+

 substituted BaM, reduce external magnetic field and consequently 

reduce weight and size of micro/millimeter wave devices. Particular BaAl2Fe10O19 at 90 

GHz would require a remarkably small applied field of 2.8 kOe. Pavlova et al. [169] also 

developed single crystal of Al
3+

 substituted BaM by floating zone method with optical 

heating and found that higher Al
3+

 content was not good for the crystal.  

 

2.6.4. Liquid phase epitaxy (LPE) 

 

LPE was first employed to deposit high quality YIG film by Linares in 1968 [170]. 

Hexagonal ferrite films prepared by LPE gained much attention in 20
th

 century. The 

smallest ∆H of 27 Oe at 60 GHz was obtained for 45-50 μm BaM thick film, grown on 

both side of (111) MgO substrate [171]. To improve the thickness of films to 50 μm to 

200 μm, Al2O3 substrate was used. The films grown on Al2O3 substrate required less 

hours of deposition time (30 μm/h) w.r.t. films grown film grown onto MgO substrate  

(0.05 μm/h). 200 μm thick film of BaM grown on double sided Al2O3 with c-axis aligned 

along the in-plane direction has ∆H of 70 Oe at 60 GHz [172]. Significant increase in 

growth rate of 20 μm/h was obtained for high quality BaM films deposited on single and 

double-sided (111) Gd3Ga5O19 (GGG) substrate. This growth rate was five times greater 

than films grown on (111) MgO substrate [173]. Relatively narrow ∆H was measured to 

be 40 Oe for single sided and 67 Oe for double sided film deposited on GGG at 58 GHz. 

The c-axis found to aligned perpendicular for films deposited onto (111) GGG substrate, 

whereas in plane alignment was found for film deposited onto Al2O3 substrate [174].   

Multi layers of BSTO/BAM films were also grown by liquid phase epitaxy using well 

textured BaM sputtered films as a seeding layer [175]. Symmetric FMR peaks as narrow 

as 41 Oe at 60 GHz were obtained. 
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2.6.5. Electron Beam Evaporation 

 

Magnetic properties of in-plane oriented BaM films deposited on Si (100) substrate  were 

studied [176]. To increase adhesion and reduce cracks, Wane [177] first deposited the 

film on the thin (1 μm) metallic underlayer of either Gold (Au), Copper (Cu) or Gold on 

Titanium (Au/Ti). Obtained deposition rate (≥ 40 μm/h) for electron beam deposition was 

quit high compared to PLD (1 - 30 μm/h). Magnetic properties were acceptable for 

realization of integrated circulator working at 77 GHz, but failed to obtain 

crystallographic orientation perpendicular to the film plane.  

 

2.6.6. Spin Coating  

 

In spin coating nitrates compounds was dissolved in a solvent to make sols. Finally, the 

achieved homogeneous solution was spin-coated onto substrate. The process was 

performed again and again to achieve the desired film thickness. Films deposited by spin 

coating are suitable candidate for high density recording media, but fail to meet the 

thickness needed for microwave and millimeter wave devices applications. Now a days, 

lots of work were reported on synthesis and magnetic properties of thin films prepared by 

spin coating [178-180]. Effect of citric acid [181] and effect of pH value [182] were also 

studied on the magnetic properties of hexaferrite films. Ghasemi et al. [183] investigated 

the magnetic properties of of Dy-Gd substituted SrM hexaferrite thin film and found that 

M and Hc increased with substitution amount.  

 

2.6.7. Other methods  

 

Magneto-optical characteristics of Co-Ti substituted BaM film (1 - 1.8 μm) deposited on 

SiO2 substrate by dip coating method has been studied [184]. Ruikar et al. [185] prepared 

SrM films on Al2O3 substrate by chemical bath deposition and investigated the effect of 

pH value on the microwave properties of thin films. Thin film synthesis at pH 10 showed 

highly dense surface morphology and hence, high microwave transmittance of 65% in 8-

12 GHz frequencies. These films also showed very high dielectric constant, permeability 

and very low losses. Molecular beam epitaxial growth technique was applied to grow 
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BaM hexaferrite film onto Mg(001)/SiC(0001) substrate [186]. Recently BaM film was 

also deposited onto SiC (0001) substrate. The selected area diffraction (SAD) patterns 

revealed crystallography relation in BaM(0001)SiC(0001) and BaM(1010)SiC(1010) 

[187]. MBE has great utility to study the properties of ferrite, but not suitable for 

microwave devices applications because of limited thickness of the film (10 - 200 

nm).Various researchers also deposited hexaferrite films by atmospheric plasma spraying 

[188] and chemical solution deposition [189] methods, to study the orientation and 

magnetic properties of films. 

    

2.6.8. Screen printing 

 

Screen printing technique is capable to deposit thick films with thickness ranging from 

(50-500 μm). In screen printing, a paste of BaM powder and binder was printed onto the 

substrate followed by heat treatment. A group at the Northeastern University, Boston 

(USA) is actively involved in the development of the screen printed thick films. 

Important work carried out on screen printed BaM thick films are discussed below.  

 

Yuan et al. [190] prepared SrM film (8 to 15 μm) by screen printing on alumina substrate 

and studied the effect of sintering temperature on magnetic properties. Highest Ha of SrM 

films was obtained at a temperature between 1200 °C and 1300 °C. These films were not 

fully dense and failed to meet the requirement of self biased microwave devices.  

 

Chen et al. [7] prepared c-axis self-biased BaM thick films (100 - 400 μm) on alumina 

substrate, oriented under magnetic field of 8 kOe. At 40 GHz these polycrystalline thick 

films have Ha of 16.7 kOe, Hc of 2.4 kOe (in easy axis), a high Mr/Ms of 0.93 and line 

width ∆H of 1.2 kOe was obtained. Further high quality thick films (200-500 μm) with 

dense microstructure were developed by hot pressing [23,191]. Structure, magnetic and 

microwave measurement confirmed that these films were suitable for self-biased 

microwave devices with large remanance (3800 G) and low microwave loss. A minimum 

peak to peak ∆H, 320 Oe was observed at U band.  
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BaM thick films (50 -100 μm) were fabricated on silicon (100) substrate, with buffer 

layer of SiO2 or Al2O3, to prevent the excessive diffusion [192-193]. These films have 

linewidth of 1.1 kOe at 28 GHz. Substituted Ba ferrite film were deposited on Al2O3 

substrate by Chinnasamy et al. [194] to obtain in-plane aligned grains with moderate Hc 

and high Mr. A minimum ∆H of 860 Oe was achieved for In-doped BaM thick films.       

 

The screen printing technique is capable to produce films of few 100 µm thick, which 

overcomes the limitation to grow thick films by other deposition techniques such as RF 

sputtering and PLD technique etc. However, these screen printed thick films have high 

FMR linewidth of the order of ~ 2 kOe which was too large for microwave devices. It 

was reported that this large ∆H is attribute to porosity in the films. Clearly, if the screen 

printing technique can be refined to produce thick films with dense microstructure 

without any porosity, it will offer unique potential to develop cost effective and scalable 

process microwave devices. Also FMR frequency can be tuned by various ion 

substitutions, therefore main focus of the study to develop BaM thick films with dense 

microstructure and tunable magnetic properties. 
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Chapter 3 

 

 

                                    EXPERIMENTAL PROCEDURE 

                                                                & 

                                                                  TECHNIQUES 

 

Overview 

This chapter gives the detail description of processing methods adopted for the 

preparation of BaM powder and films. The basic principles of various techniques used for 

the structural, magnetic and microwave characterization are explained briefly.  
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3.1. Sample preparation 

 

3.1.1 Preparation of powders 

 

In the present thesis, Barium hexaferrite (BaM) powders were prepared by solid state 

reaction method. The basic chemical equation used for the formation is give below: 

                         BaCO3 + 6.Fe2O3                           BaFe12O19 + CO2                          (3.1)                

Following series of BaM powders were prepared: 

 

i) Pure BaM Powder 

ii) BaM powder with different mole ratio 

iii) Ba1-xLaxFe12O19 ( x = 0.0 - 0.2) 

iv) BaFe12-xCoxTixO12 ( x = 0.0 - 1.0) 

 

High purity (99.0% Sigma-Aldrich grade) BaCO3, Fe2O3, La2O3, Co2O3 and TiO2 

powders were used for the preparation of above mentioned series. Powders were weighed 

in desired composition and wet mixed in acetone media using a planetary ball mill. The 

ball-to-charge ratio was 2:1 and mixing time was 3 hours for all the experiments. The 

mixed powder was dried and pressed in the form of pellets and calcined in the muffle 

furnace. The calcination temperature and time were fixed to 1200 °C and 3 hours 

respectively. The heating and cooling rates were fixed to 5 °C/min. Calcined pellets were 

pulverized in vibrating micro mill using tungsten carbide grinding media. The pulverized 

powder was further milled in planetary ball mill in tungsten carbide media. The milling 

time was kept 1 hour for all the powders. The ball-to-charge ratio was fixed to 10:1. Fig. 

3.1 shows the flow chart for the preparation of BaM powders. 
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                   Fig. 3.1. Flow chart to prepare BaM powders. 

 

3.1.2. Preparation of hexaferrite thick films  

 

BaM thick films were prepared by screen printing method on alumina substrate (Al2O3). 

A paste of 85 wt % BaM powder, 5 wt % Bi2O3 and 10 wt % polyvinyl butyral (PVB) 

binder were prepared by mixing them thoroughly. Al2O3 substrate was ultrasonically 

cleaned for 1 hour. Stencil of thickness 50 - 100 μm was used to print rectangular disks of 

the BaM material on the substrate having dimensions 0.5 mm × 0.5 mm × 1.0 mm. The 

appropriate amount of paste was screen printed on Al2O3 substrate. Metallic blade or 

squeegee was employed to spread the paste on the substrate and to maintained uniform 

Drying 

La2O3/Co2O3 /TiO2 

Wet mixing in planetary ball mill for 3 hours 

Calcination at 1000 °C -1200 °C for different hour 3 hours 

 

Characterization of calcined powders  

 

Fe2O3 BaCO3 

Mixing in pestle and mortar for 30 minutes 

Pulverization and ball milling   

Drying 
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thickness of the film. Proper care has been taken while deposition to maintain uniform 

thickness. The printed films were dried in oven at 60 °C for 1 hour. The dried thick films 

were sintered in a muffle furnace at 1200 °C – 1300 °C for 2 hours. The heating and 

cooling rate was kept constant to 5 °C/min. Fig. 3.2 shows the systematic diagram of 

screen printing method. Fig. 3.3 shows the respective BaM film prepared by screen 

printing on Al2O3 substrate. Fig. 3.4 shows the steps involved in the preparation of BaM 

thick films. 

 

 

 

 

 

 

              

             

    Fig. 3.2. Screen printing process to deposit BaM thick films. 

 

 

 

 

 

Fig. 3.3. BaM screen printed thick film deposited on Al2O3 substrate. 
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Fig. 3.4.  Flow chart for the preparation of BaM thick film. 

 

 

 

Characterization of films by XRD, SEM and VSM 

 

 

Calcination in muffle furnace at 1200 °C - 1300 °C 

Mixing in agate motor for 45 minutes 

    Spread over the stencil with squeegee by applying constant pressure  

BaFe12O19 (85%) Bi2O3 (5%) 

Add PVB (10%)  

Mixing in agate motor for 15 minutes 

Drying in oven at temperature 60 °C for 1 hour 

Appling pressure with hydraulic press  



Chapter-3 Experimental Procedure & Techniques  

 

33 
 

3.2. Characterization Techniques 

 

Various characterization techniques were used to measure the properties of BaM powders 

and films. The characteristic tools involved were X-Ray Diffraction (XRD), Scanning 

Electron Microscope (SEM), Mössbauer Spectroscopy, Vibrating Sample Magnetometer 

(VSM) and Vector Network Analyzer (VNA). The techniques used for this work are 

discussed below: 

 

3.2.1. X-Ray Diffraction (XRD) 

 

The phase analysis of the calcined powders was carried out by X-ray diffraction (XRD), 

model X’PERT Pro-Panalytical using Cu-Kα radiation (λ = 1.5405 Å). The patterns were 

recorded in the 2θ range from 15° to 70°
 
with a step size of 0.02°. All diffraction patterns 

were refined by Rietveld method using Fullprof suite software. 

 

3.2.1.1. Rietveld Refinement  

 

The refinement is a technique developed by Hugo M. Rietveld for the use of the 

characterization of crystalline materials [195-196]. Method of refining diffraction data 

helps to find the unknown crystal structure, percentage of different phases present in the 

sample, lattice parameters and crystallite size. The Rietveld refinement is an automatic 

procedure and uses a least squares approach to refine a theoretical line profile until it 

matches the measured profile. The minimized function (Φ) is given as:  

 

                                             
      

     
  

    ,                                                  (3.2) 

 

where    is the weight assigned to the     data points. 

 

The principle of refinement is to minimize the difference of observed profile    
     and 

calculated profile   
    . For good fitting both the patterns should overlap to each other 

i.e.    
       

        In refinement the profile residual factor (Rp), the weight profile 
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residual (Rwp), the expected profile residual (Rexp) and chi square (χ
2
) are obtained. 

Formulas for these factors are  
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,                                 (3.6) 

 

For best fitted data   should be near to one. 

 

3.2.1.2. Determination of Crystallite Size (C.S.) 

 

The average crystallite size of the samples can be determined from Scherrer’s formula 

[197]. According to Scherrer’s formula 

 

                                                C.S.   
  

     
 ,                                                    (3.7) 

 

where k  is constant dependent on crystallite shape (0.89), λ is x-ray wavelength,  β is  

FWHM (full width at half max) calculated from Caglioti equation                  

     , function u ,v and w are the shape parameters obtained from refinement and θ = 

Bragg angle. 

 

3.2.2. Scanning Electron Microscopy (SEM) 

 

Scanning electron microscopy (SEM) is a powerful tool to examining the surface 

morphology i.e. the shape, size and arrangement of particles [198-199]. SEM provides 
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greater magnification factors and depth of field compared to optical microscopes. The 

SEM microscope operates by emitting electrons from the gun which travel along the 

microscope column being focused by condenser and objective lenses until the final spot 

size is a few nanometers in diameter. This focused beam interacts with the sample 

causing excitation of electrons in the surface layers. Secondary and backscattered 

electrons are detected by detector which provides information about the surface of the 

sample. 

 

In the present study, JEOL model 6510 was used for the microstructural examination of 

powders and films. A thin film of Au was sputtered onto the film surface to avoid any 

charging during SEM analysis. The thickness of the films was measured by observing 

cross sectional view of the films.  

 

3.2.3. Vibrating Sample Magnetometer (VSM) 

 

VSM is most common technique employed to measure and characterized magnetic 

materials at room temperature. The principle of VSM is based on Faraday’s law of 

induction i.e. changing magnetic field produced electric filed. 

 

                                                              
  

  
  ,                                                           (3.8) 

 

where E is the magnitude of the induced voltage, Φ is the magnetic flux and 
  

  
 is rate of 

change of magnetic flux through the coils. 

 

In VSM, a sample is subjected to vibrations nearby a set of pick–up coils under an 

external magnetic field. The magnetic flux change due to the vibration of a magnetic 

sample causes an induction voltage across the pickup coil that is proportional to 

magnetization of the sample. The greater the induced current, greater will be the 

magnetization of the sample. In other words, the intensity of an induced voltage in the 

sample is a measure of the magnetization of the sample. 

 



Chapter-3 Experimental Procedure & Techniques  

 

36 
 

In this study, LakeShore model 7404 vibrating sample magnetometer was used to 

measure hysteresis loop of all samples. The maximum applied field was kept 1.0 Tesla. 

From the hysteresis plots the Ms, Mr, Hc and Ha were determined.  

 

3.2.4. Mössbauer Spectroscopy 

 

Mössbauer spectroscopy is a spectroscopic technique based on the Mössbauer effect 

[200]. Mössbauer spectroscopy gives very precise information about the chemical, 

structure, magnetic and time dependent properties of a material. In this spectroscopy, a 

solid sample is exposed to a beam of gamma radiation, and a detector measures the 

intensity of the beam that is transmitted through the sample and amount of gamma rays 

are absorbed by the sample. The atoms in the source emitting the gamma rays are the 

same as the atoms in the sample absorbing them. The nucleus most favorite and amenable 

to Mössbauer spectroscopy is 
57

Fe and hence iron containing compounds are widely 

investigated. The gamma-ray energy can be varied by accelerating the gamma-ray source 

through a range of velocities with a linear motor. The relative motion between the source 

and sample results in an energy shift due to the Doppler effect. 

 

In resulting spectra gamma-ray intensity is plotted as a function of the source velocity. At 

velocities corresponding to the resonant energy levels of the sample, some of the gamma-

rays are absorbed, resulting in a drop in the measured intensity and a corresponding dip in 

the spectrum. The number, positions, and intensities of the dips provide information 

about the chemical environment of the absorbing nuclei and can be used to characterize 

the sample. The recorded spectrum is characterized by line shapes, positions, intensities 

and widths. The most important Mössbauer spectral parameters are the isomer shift, 

electric quadrupole splitting, hyperfine field and magnetic dipole splitting.  

 

Mössbauer characterizations were performed in the transmission geometry, using a 

conventional spectrometer in a constant acceleration mode, with the gamma rays 

provided by a 
57

Co(Rh) source. The Mössbauer spectrum was analyzed with a non-linear 

least-square routine, with Lorentzian line shape. 
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3.2.5. Vector Network Analyzer (VNA) 

 

A vector network analyzer (VNA) is an electronic instrument widely used for high-

frequency measurements. VNA is used to measure the frequency dependent electrical 

properties i.e. permittivity (ε), permeability (μ), reflection loss (RL) and shielding 

effectiveness (SE) simultaneously from measured S-parameters. S-parameters are 

scattering parameters and described as reflection (S11) and transmission coefficients (S21). 

Prior to measuring the sample, the VNA and associated cable connections should be 

calibrated. To check the calibration, an empty sample holder can be measured first. If the 

test of the empty sample holder showed no losses with a permittivity and permeability of 

1, the calibration is completed and the VNA facility is ready for use. 

   

Microwave absorption properties of BaM were evaluated by determination of their 

reflection and transmission properties with the help of a HP 8720D network analyzer (1 

GHz – 20 GHz). For measurement, the prepared BaM pellet was placed into the 

rectangular waveguide, sample holder, which was lying between two longer waveguides. 

The reflection coefficient (S11), and the transmission coefficient (S21), were determined 

over the frequency range 12 to 18 GHz for Ku band.  
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Chapter 4 

 

 

RESULTS & DISSCUSSION 
 

 

Overview 

This chapter deals with the experimental results of prepared BaM powders and films. 

Influence of milling time, sintering temperature, Fe
3+

 ion vacancy and substitution on the 

magnetic properties of prepared powders and their respective films are studied. 

Substitution is made by rare earth metal La
3+

 on Ba
2+

 and Co
2+

-Ti
4+

 on Fe
3+

 site 

respectively. Preferential site occupation of Fe
3+

 ion with varied mole ratio and Co
2+

 -Ti
4+

 

ions at five different crystallographic sites are studied by Mössbauer spectroscopy.  La
3+

 

substituted barium hexaferrite prepared by two different methods is studied. In first 

method, La
3+

 substituted BaM is directly prepared by solid state synthesis from Fe2O3 

and BaCO3 with Fe/Ba molar ratio of 6:1. In the second method, solid state synthesis of 

Fe2O3 and Ba1-xLaxFe2O4 in molar composition of 5:1 has been adopted. The effect of 

individual Co
2+

, Ti
4+

 substitution and simultaneous substitution of Co
2+

-Ti
4+

 is 

investigated. Magnetic properties of all the deposited films are measured in parallel and 

perpendicular directions. Magnetocrystalline anisotropy for all the films are calculated by 

the law to approach saturation. Finally, microwave property i.e. shielding effectiveness 

(SE) and reflection losses (RL) in the frequency range of 12-18 GHz for BaM powders 

with different mole ratio are studied. 
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BaM is identified as a potential candidate for high frequency applications. The operating 

frequency of material is often determined by its FMR frequency, which in turn depends 

upon the magnetization (Ms), coercivity (Hc) and anisotropic field (Ha). These magnetic 

properties of materials are directly associated with phase purity, microstructure as well as 

on nature of ion substitution at Ba or Fe sites. Henceforth, in the present work we 

investigate the effect of process parameters, Fe/Ba mole ratio and ions substitution on the 

structural, magnetic and microwave properties of BaM films. This chapter is 

systematically organized on the following points. 

 

1. Effect of milling time and sintering temperature on structural and magnetic 

properties of BaM powders and films. 

 

2. Effect of Fe/Ba mole ratio on structural and magnetic properties of BaM powders 

and films.  

 

3. Effect of La
3+

 substitution on structural and magnetic properties of BaM powders 

and films.  

 

4. Effect of Co
2+

 and Ti
4+

 substitution on structural and magnetic properties of BaM 

powders and films. 

 

5. Investigation of microwave properties of BaM powders. 
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4.1. Preparation of single phase BaM powder  

 

BaM powder is prepared by solid state synthesis method at different calcination 

temperature. As-mixed powders are calcined between 1000 °C - 1200 °C. Fig. 4.1 shows 

the representative XRD patterns of BaM powders calcined at different temperatures. 

Samples calcined at 1000 °C and 1100 °C shows minor peak of residual Fe2O3. Single 

phase BaM is obtained at 1200 °C without any impurity phase.  

 

 

 

Fig. 4.1. XRD patterns for BaM powders calcined at 1000°C - 1200°C for 3 hours. 
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4.2. Effect of milling time  

 

BaM powder has been prepared by conventional solid state reaction method. To induce 

particle size variation, calcined pellets were crushed and wet milled for 1, 2, 3, 4, and 8 

hours, in a planetary ball mill using tungsten carbide milling media. The ball-to-charge 

ratio was kept constant i.e. 10:1 for all the sample.  

 

4.2.1. XRD analysis  

 

Fig. 4.2 shows the XRD patterns of BaM powder, milled for 1, 2, 3, 4 and 8 hours 

respectively. All XRD patterns are refined by Rietveld refinement using fullprof software 

with hexagonal symmetry (space group P63/mmc). The values of R-parameters suggest 

that refinement is best fitted. Refined patterns confirm the single phase of BaM. 

However, a minor peak of tungsten carbide (WC) is also detected in 4 and 8 hour milled 

powders. The presence of WC as impurity phase in BaM is due the wear of WC milling 

media. The intensity of WC found to increase with milling time. Lattice parameters a = b 

= 5.89 Å and c = 23.21 Å are nearly constant for all the samples. The average crystallite 

size (C.S) and fitted parameters (Rp, Rwp Rexp and χ
2
) as obtained from refinement are 

listed in Table 4.1. The average C.S. is found to decrease from 90 nm to 67 nm with 

increasing milling time from 1 hour to 8 hour respectively.  

 

Table  4.1. Crystallite size and R-factors of BaM powders as a function of milling time. 

Milling time 

(hour) 
C.S. (nm) 

R-factors 
χ

2
 

Rp Rw Rexp 

1 90.03 2.69 3.39 3.13 1.08 

2 85.18 2.70 3.41 3.13 1.18 

3 76.07 2.65 3.36 3.12 1.18 

4 74.12 3.33 3.65 3.16 1.33 

8 67.42 2.83 4.64 3.18 2.13 
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Fig. 4.2. X-ray diffraction patterns of BaM powders milled different hours. 

 

4.2.2. Particle size measurement  

Fig. 4.3 shows the SEM micrographs of the BaM powders milled for 1, 2, 3, 4 and 8 

hours. It is clear that powder milled for 1 hour shows discrete particle, however with 

increasing milling agglomeration in the powder is observed. The inset included in 1 hour 
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and 4 hour milled powder micrographs reveal the hexagonal shape of the powder. The 

particle size is measured by Axio-vision software measuring atleast 100 particles.  

 

 

Fig. 4.3. The SEM micrographs of BaM powders milled for 1, 2, 3, 4, and 8 hours. 

Representative micrographs milled for 8 hour showing 8 hour particle size 

measurement.  
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Fig. 4.4.  Particle size distribution measured by SEM. 
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Fig. 4.4 shows the particle size distribution of BaM powder milled for different hours. 

The x-y axis is kept constant for all histograms for visual comparison. It is clearly visible 

that particle diameters are in the range of 0.7 – 1.4 μm for 1 hour milled powder. The 

average particle size is 1.06  0.20 μm. While for 8 hour milled powder, particle 

diameters are lying in range of 0.3 – 0.7 μm.  It is observed that the particle size 

distribution is narrowing and continuously shifting towards the lower particle size with 

milling time [201]. The variation in the average particle size with milling time 

graphically depicted in the Fig. 4.5. 

 

 

Fig. 4.5. Variation of particle size with milling time. 

 

4.2.3. Magnetic measurement  

 

Fig. 4.6 illustrates the M-H loop of BaM powders milled for 1, 3 and 8 hours. The M is 

found to decrease with increase in milling time. However no remarkable change in Hc is 

observed. The decrease in M is directly associated with the presence of non magnetic 

phase of WC. As explained earlier, the content of WC increases with milling time, hence 

M decreases. The magnetic properties of the powders are listed in Table 4.2. 
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Fig. 4.6. Hysteresis loop of BaM powders milled for different time. 

 

Table 4.2. Magnetic properties of BaM powder milled for different milling time. 

 

Milling time 

(hour) 
M (emu/g) Mr (emu/g) Hc (kOe) 

1 56.12 33.62 2.01 

2 56.04 33.18 1.95 

3 51.91 29.44 1.92 

4 48.47 27.61 1.84 

8 47.63 25.73 1.73 
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4.2.4. Preparation of BaM films 

 

It is observed that BaM powder calcined at 1200 °C shows the single BaM phase without 

any residual Fe2O3. Higher milling time of the powders shows adverse effect on the 

magnetic properties due to the presence of WC phase. Therefore, one hour milled powder 

calcined at 1200 °C is chosen for the preparation of BaM thick films.  

 

Fig. 4.7 shows the XRD pattern of the screen printed BaM films sintered at 1300 °C. 

XRD pattern shows peaks corresponding to Al2O3 substrate and BaM phase. No other 

impurity phase is observed.  

 

 

Fig. 4.7. XRD pattern of BaM film sintered at 1300 °C. 

 

4.2.5. Surface morphology  

 

Fig. 4.8 shows the SEM micrographs of the films sintered at 1200 °C, 1250 °C, 1300 °C 

and 1350 °C. The grain size is increases with sintering temperature from 1200 °C - 1300 
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°C. The film sintered at higher temperature shows dense microstructure with low 

porosity. However, SEM micrographs of the film sintered at 1350 °C shows the molten 

characteristics. During sintering, the observed microstructural changes are porosity 

reduction and grain growth. However, thick film sintered at 1300 °C shows fractional 

porosity and microstructure is not uniformly dense. Further to improve the 

microstructural features, pressure of 0.5 kg/cm
3
 is applied on BaM film by hydraulic 

press, prior to sintering.  

 

Fig. 4.9 (a) shows the effect of the pressure on the surface morphology of BaM thick film 

sintered at 1300 °C. It is clear that slight pressure improves the densification and reduces 

the porosity fraction. Micrographs also illustrate the co-existence of equiaxed and 

elongated grains. Fig. 4.9 (b) shows sharp interface between the film and substrate, 

suggesting no inter diffusion is between the films and substrate during sintering.  

 

 

Fig. 4.8. SEM micrographs of BaM thick film sintered at 1200 °C - 1350 °C. 



Chapter-4 Results & Discussion 

 

49 
 

 

 

Fig. 4.9. (a) Effect of the pressure on the surface morphology of BaM thick film sintered 

at 1300 °C (b) Cross section view of BaM film. 

 

4.2.6. Magnetic measurement 

 

Fig. 4.10 shows M-H loops for BaM films, parallel () and perpendicular () direction to 

the applied magnetic field. It is evident that M and Mr are higher in  direction as 

compared to  direction, suggesting in plane anisotropy in the films. M of films is 

relatively lower than powder sample. It is due to addition of nonmagnetic Bi2O3 phase. 

Bi2O3 or glass frit is required for better adhesion between substrate and films. Without 

addition of these phases, film chip-out from the substrate. Magnetic properties of BaM 

film in parallel () and perpendicular () direction to the applied magnetic field are listed 

in Table 4.3. 

 

Table 4.3.  Magnetic properties of BaM film in parallel and perpendicular direction to the 

applied magnetic field. 

 

Direction Ms (emu/g) Mr (emu/g) Hc (kOe) 

parallel () 52.62 25.89 1.31 

perpendicular () 46.64 14.42 1.32 

 



Chapter-4 Results & Discussion 

 

50 
 

 

Fig. 4.10. M-H loop in parallel () and perpendicular () direction for BaM film. 
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4.3. Effect of Fe/Ba mole ratio  

 

4.3.1. XRD analysis  

 

Fig. 4.11 shows the XRD patterns of calcined BaM powders with different Fe/Ba mole 

ratios. All XRD patterns are refined using P63/mmc space group. Single phase BaM is 

obtained in the samples with mole ratio of 5.5 - 6.0.  However, a minor peak of 

orthorhombic barium monoferrite (BaFe2O4) is also detected for lower mole ratios. The 

estimated volume percent of BaFe2O4 phase is below 0.25. The lattice parameters (a and 

c) and R-factors (Rp, Rw, Rexp and 2
), as obtained from refinement are given in Table 4.4. 

R-factor values suggest that refinements are best fitted. Lattice constant ‘a’ and ‘c’ are 

nearly constant for all the samples. The average crystallite size (C.S.) of prepared 

hexaferrite powders are ~90 nm. The refined atomic positions for the x = 5.0 and x = 6.0 

are shown in Table 4.5. The difference in atomic position parameters values are due to 

vacant Fe
3+

 ion sites.  

 

Table 4.4. Lattice parameters, R-factor, volume of unit cell and phase percentage of 

Ba.Ox(Fe2O3) powders. 

 

x 
Lattice parameters R-factors Vol 

(Å)
3
 

Phase (%) 

a (Å) c (Å) Rp Rw Rexp 2
 BaFe12O19 BaFe2O4 

5.0 5.899(7) 23.231(3) 3.95 5.00 4.62 1.17 700.31 99.76 0.24 

5.25 5.898(6) 23.220(3) 3.95 4.97 4.58 1.18 699.33 99.83 0.17 

5.5 5.899(7) 23.230(3) 3.68 4.62 4.37 1.12 700.11 100 0 

5.75 5.900(4) 23.236(2) 3.84 4.83 4.53 1.14 700.49 100 0 

6.0 5.901(4) 23.239(2) 3.26 4.12 3.90 1.11 700.59 100 0 
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Fig. 4.11. Refined XRD patterns of BaO.x(Fe2O3) powders. 
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Table  4.5. Atomic positions for BaO.x(Fe2O3), x = 5.0 and x = 6.0 samples, as obtained 

from the Rietveld analysis. 

 

Atoms Site 
BaO.5(Fe2O3) BaO.6(Fe2O3) 

x y z x y z 

Ba 2d 0.6666 0.3333 0.2500 0.6666 0.3333 0.2500 

Fe1 2a 0 0 0 0 0 0 

Fe2 2b 0 0 0.2641(2) 0 0 0.246(4) 

Fe3 4f1 0.3333 0.6666 0.0237(1) 0.3333 0.6666 0.028(8) 

Fe4 4f2 0.3333 0.6666 0.1901(4) 0.3333 0.6666 0.1912(5) 

Fe5 12k 0.1670(2) 0.3339(3) 0.8917(3) 0.1675(3) 0.3350(2) 0.8915(4) 

O1 4e 0 0 0.1497(2) 0 0 0.150(12) 

O2 4f 0.3333 0.6666 0.9470(4) 0.3333 0.6666 0.9443(16) 

O3 6h 0.1821(4) 0.3129(1) 0.2501 0.1817(2) 0.3411(3) 0.250 

O4 12k 0.1568(7) 0.3129(1) 0.0520(3) 0.1590(1) 0.3138(4) 0.0516 

O5 12k 0.5106(1) 0.0043(4) 0.1533(5) 0.5026(5) 0.0043(1) 0.1469(10) 

 

4.3.2. Mössbauer analysis  

 

Fig. 4.12 shows the R-T Mössbauer spectra for different Fe/Ba mole ratio. Mössbauer 

spectra are fitted for five discrete sextets. Each sextets corresponding to one of the five 

different crystallographic Fe sites i.e. 12k, 4f1, 4f2, 2a and 2b respectively. No component 

for residual BaFe2O4 is considered due to its negligible volume fraction. The obtained 

fitted parameters, hyperfine field (Bhf), quadrupolar shift (QS), isomer shift (δ) and the 

line width (Γ) are given in Table 4.6. The fitted Mössbauer parameters are in good 

agreement with the previously reported data for BaM [202].  

 

The number of Fe vacancy (NFe) and vacancy fraction (Fv) on the i
th

 site can be estimated 

from respective relative areas by using the formula [202] 

 

                                                             
    

      
   

 ,                                               (4.1) 
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       ,                                             (4.2) 

 

where CFe denotes the iron content (CFe = 12-2x), S(i) is the subspectral area of i
th

 site 

obtained from the least square fit and N(i) is the number of vacancy for i
th

 site. 

 

 

    Fig. 4.12. Mӧssbauer spectra for BaO.xFe2O3. 
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    Table 4.6. Mössbauer parameters of BaO.xFe2O3. 

Sites x  (mm/s) IS (mm/s) QS (mm/s) B
hf 

(T) S (%) 

12k 

 

5.0 0.373 0.248 0.405 41.000 50.5 

5.25 0.401 0.242 0.407 41.034 50.7 

5.5 0.316 0.238 0.399 41.341 50.8 

5.75 0.404 0.242 0.406 41.325 50.4 

6.0 0.362 0.240 0.402 41.216 50.2 

4f1 

5.0 0.302 0.159 0.247 48.516 17.3 

5.25 0.423 0.144 0.244 48.745 16.8 

5.5 0.392 0.163 0.244 49.109 16.1 

5.75 0.398 0.157 0.226 48.935 16.5 

6.0 0.382 0.159 0.227 48.756 16.8 

2a 

 

5.0 0.251 0.325 0.196 51.452 8.2 

5.25 0.264 0.306 0.166 51.501 8.2 

5.5 0.133 0.292 0.278 52.391 8.3 

5.75 0.274 0.272 0.192 51.803 8.2 

6.0 0.207 0.299 0.216 51.763 8.1 

4f2 

5.0 0.381 0.232 0.178 50.295 16.7 

5.25 0.309 0.217 0.194 50.316 16.4 

5.5 0.245 0.269 0.182 51.168 16.2 

5.75 0.330 0.248 0.156 50.876 16.5 

6.0 0.302 0.255 0.179 50.483 16.7 

 

 

2b 

 

5.0 0.281 0.220 2.255 40.183 7.3 

5.25 0.271 0.213 2.282 40.283 7.9 

5.5 0.294 0.218 2.308 40.772 8.6 

5.75 0.288 0.211 2.343 40.562 8.4 

6.0 0.301 0.207 2.330 40.387 8.2 
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The number of iron site vacancy NFe(i) and relative vacancy fraction Fv(i) of Fe on the 

five sites are shown in Fig. 4.13 (a) and (b) respectively. It is clear that Fv is more at 4f1 

and 4f2 sites for Fe/Ba mole ratio of 5.5. Further decreasing the mole ratio, Fv is 

apparently higher for 2b site which suggest that 2b site has more Fe ion vacancy as 

compared to other sites. The variation of Bhf for each site first increased and then 

decreased as Fe/Ba mole ratio varies from 5.0 - 6.0 [Table 4.6]. The Bhf is found to higher 

for Fe/Ba mole ratio of 5.5. No variation in δ and QS is observed. 

 

 

Fig. 4.13. (a) Site occupation number for Fe (NFe) and (b) site vacancy fraction Fv, as 

obtained from mӧssbauer fitting for BaO.xFe2O3.     

 

4.3.3. Magnetic measurement  

 

The ferromagnetic hysteresis (M-H) loops for BaM powders are shown in Fig. 4.14. and 

Fig. 4.15 shows the M-H loop for films measured in parallel direction only, because not 

much change in magnetic properties is observed in parallel () and perpendicular ()  
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Fig. 4.14.  M-H loop for BaO.xFe2O3 powders. Inset shows the dependence of M on 1/H
2
 

for x = 5.0. 
 

 

Fig. 4.15.  M-H loop spectra for BaO.xFe2O3 films. Inset shows the dependence of M on 

1/H
2
 for x = 5.0. 
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direction. The samples show the behaviour of hard magnetic materials with high Hc and 

large M. The variations of magnetic properties of powders and films with Fe/Ba mole 

ratio are given in Table 4.7. M is found to increase with decreasing Fe/Ba mole ratio, and 

is maximum for 5.5 mole ratio. The higher M is attributed due to the larger vacant 

fraction of Fe ions at spin down sites (4f1 and 4f2), which is also evident from estimated 

Fv from the mössbauer measurements. Further decreasing the mole ratio, M decreases due 

to larger Fv at spin up site (2b). Larger hyperfine field for 5.5 mole ratio sample also 

supports the higher magnetization in the powder and films. It is noted that Hc has no 

measurable variation among the studied samples. Hc primarily depends upon the grain 

size and Ha. The similar microstructural features imply the invariable Hc for all the films 

[Fig. 4.16]. 

 

The Ha field of the magnetic materials was deduced from the law of approach to 

saturation [203]: 

 

                                                      
 

 
  

 

     
 
                                  (4.3) 

where, H is applied field, 
 
 is field associated with the induced increase in the 

spontaneous magnetization of domains.   is the inhomogeneity parameter and the term 

A/H is related to the existence of inhomogeneities in the microcrystals. The B/H
2 

gives 

the magnetocrystalline anisotropy contribution. A plot of M vs 1/H
2
 in the field region 6 

kOe < H < 10 kOe for each sample gave a straight line, indicates that the terms A and p 

terms are negligible [204]. The slope of straight line (B) was used to determine Ha. B can 

be expressed as  

 

                                                         
 

  
   

                                                           (4.4) 

 

The first anisotropy constant was evaluating from relation: 

 

                                                         
   

  
                                                                  (4.5) 
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Inset in Fig. 4.14 and 4.15 shows the dependence of M on 1/H
2 

for powders and films 

respectively. The calculated values of Ha and K1 are listed in Table 4.7 and found that Ha 

and K1 first increases and then decrease with mole ratio. Ha is an intrinsic property and 

does not depend upon the grain size and shape. Therefore, the variation in Ha is arising 

due to different Fe ion occupancy with mole ratio as is evident from Fig. 4.14.  The Ha 

for single crystal BaM is ~ 17 kOe, the low Ha value is due to the polycrystalline nature 

and random crystal orientation of the films. Hence we conclude that site occupancy of Fe 

ion plays a key role in Ha variation. 

 

Table 4.7. Magnetic properties of BaM powder and films for different mole ratios. 

 

x 
M (emu/g) Mr (emu/g) Ha (kOe) K1× 10

6 
(erg/cm

3
) 

Powder Film Powder Film Powder Film Powder Film 

5.0 49.63 44.42 22.40 23.22 9.31 9.25 1.22 1.41 

5.25 50.84 47.46 24.99 24.66 9.40 9.36 1.26 1.49 

5.5 56.09 53.91 28.48 25.56 9.75 10.33 1.45 1.53 

5.75 55.06 52.55 26.41 23.82 9.61 10.22 1.40 1.49 

6.0 54.66 52.28 27.05 29.83 9.55 9.74 1.38 1.41 

 

 

4.3.4. Surface morphology of films 

 

Fig 4.16 (a - c) shows the surface morphology of sintered BaM films for Fe/Ba mole 

ratio of 5.0 and 6.0. All films have dense microstructure with limited porosity. No 

variation in microstructure with mole ratio is observed. The microstructure consisted of 

elongated and equiaxed grains with well separated grains boundaries. The random 

orientation of the grains suggests the isotropic nature of the films. Few hexagonal shaped 

grains are also observed. The average grain size of the films is 2-3 μm. However, the 

elongated grains show an aspect ratio of  3. Fig. 4.16 (d) shows the cross sectional 

image of the BaM thick film sintered at 1300C. The initial thickness of the BaM film 

was kept constant to  75 μm. The measured final thickness of the film is  67 μm and 

remains uniform throughout the cross section. The reduced thickness is the effect of 
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shrinkage during the sintering, which leads densification of the films [205]. The sharp 

interface between the film and substrate suggest no inter diffusion. 

 

 

Fig. 4.16. Surface morphology for BaO.xFe2O3 films of (a) x = 5.0 (b) x = 5.5 and (c) x = 

6.0. Circle in fig. 4.16 (a) shows the hexagonal shape of the particles. (d) Cross 

section view of BaM thick film. 
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4.4. Effect of La substitution  

 

Ba1-xLaxFe12O19 (x = 0.0 - 0.2) has been prepared by solid state synthesis, adopting two 

different substitution methods. In first method (M-I), Ba1-xLaxFe12O19 is directly prepared 

by mixing BaCO3, Fe2O3 with La2O3 in planetary ball mill. In the second method (M-II), 

first Ba1-xLaxFe2O4 is prepared by solid state synthesis of equimolar composition of 

BaCO3 and Fe2O3 with La2O3. As-mixed powders were calcined at 1000 °C for 2 hour. 

Further, as-prepared powder of Ba1-xLaxFe2O4 and Fe2O3 were mixed in 1:5 molar 

compositions in ball mill for 3 hours followed by calcination.  

 

4.4.1. XRD analysis  

 

Fig. 4.17 shows the refined XRD pattern of Ba1-xLaxFe2O4 (x = 0.0 - 0.2) prepared at 

1000
 
°C for 2 hour. The patterns are refined with orthorhombic symmetry with space 

group Bb21m [206]. Samples shows single phase of BaFe2O4 for x = 0.0; however a 

secondary phase of LaFeO3 was also detected for x = 0.1 and 0.2. The percentage of 

secondary phase increases with increasing La substitution. The refined lattice parameters 

and Bragg R- factors for all the Ba1-xLaxFe2O4 samples are listed in Table 4.8.  

 

Table 4.8. Lattice parameters, R- factors and phase percentage for Ba1-xLaxFe2O4. 

 

x Lattice parameters R-factors Phase (%) 

a(Å) b(Å) c(Å) Rp Rwp Rexp Ψ
2
 BaFe12O19 Fe2O3 

0.0 19.040(2) 5.381(2) 8.444(4) 5.03 6.35 5.71 1.23 100 0 

0.1 19.039(8) 5.382(3) 8.445(4) 5.61 7.2 5.76 1.56 90.72 9.28 

0.2 19.037(9) 5.383(3) 8.445(4) 5.82 7.5 5.82 1.66 83.18 16.82 

 

The representative X-ray diffraction patterns for La substituted BaFe12O19 prepared by 

M-I and M-II methods at 1250 °C are shown in Fig. 4.18 and 4.19 respectively. XRD 

patterns are refined with hexagonal symmetry (space group P63/mmc). Fitting parameters 

Rp, Rwp and Rexp for all the samples are below 4.5 and Ψ
2
 is ≈ 1.5, which suggests that the 

refinement of all the samples is best fitted. Single phase BaFe12O19 is found for all the 
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samples. However, a small trace of residual α-Fe2O3, (< 0.50%) is observed for 

substituted samples. Lattice parameters show shrinkage along c-axis, due to higher ionic 

radii of Ba
2+

 (0.135nm) as compared with the La
3+

 (0.106nm). Further increase in La 

substitution to, x = 0.2 a slight increase in ‘c’ is observed. The higher substitution amount 

of La
3+

 converts Fe
3+

 ion into Fe
2+

 ion, which may also increase the lattice parameters 

due to larger ionic radius of Fe
2+

 (0.080 nm) than that of Fe
3+

 (0.067nm). Refined 

parameters and phase composition of Ba1-xLaxFe12O19 as obtained from refinement is 

listed in Table 4.9. The refined atomic positions values for x = 0.0 and x = 0.2 samples 

prepared from M-I and M-II methods are given in Table 4.10 and 4.11 respectively. The 

difference in atomic positions is due to smaller ionic radii of La
3+

 as compared to Ba
2+

.  

 

 

Fig. 4.17. XRD patterns for Ba1-xLaxFe2O4 (x = 0.0 - 0.2). 
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Fig. 4.18. XRD patterns of Ba1-xLaxFe12O19 prepared by M-I method. 

 

Fig. 4.19. XRD patterns of Ba1-xLaxFe12O19 prepared by M-II method. 



Chapter-4 Results & Discussion 

 

64 
 

Table 4.9. Crystallite size, lattice parameters and phase composition of Ba1-xLaxFe12O19. 

 

x Method 
Lattice parameters Volume  

(Å)
3
 

Phase (%) 

a(Å) c(Å) BaFe12O19 Fe2O3 

0.0 
(M-I) 5.8955(2) 23.2161(18) 698.81 100 0 

(M-II) 5.8889(2) 23.1871(7) 696.34 100 0 

0.1 
(M-I) 5.8894(2) 23.1615(12) 695.70 99.78 0.22 

(M-II) 5.8890(9) 23.1725(6) 695.97 99.85 0.15 

0.2 
(M-I) 5.8897(3) 23.1570(12) 695.61 99.80 0.20 

(M-II) 5.8937(5) 23.1941(2) 697.73 99.57 0.43 

 

 

Table 4.10. Atomic positions for Ba1-xLaxFe12O19, x = 0.0 and x = 0.2 samples prepared 

from M-I method. 

 

Atoms Site 
BaFe12O19 Ba0.8La0.2Fe12O19 

x y z x y z 

Ba 2d 0.6666 0.3333 0.2500 0.6666 0.3333 0.2500 

Fe1 2a 0 0 0 0 0 0 

Fe2 2b 0 0 0.2563(2) 0 0 0.2629(9) 

Fe3 4f1 0.3333 0.6666 0.0267(4) 0.3333 0.6666 0.026(8) 

Fe4 4f2 0.3333 0.6666 0.191 0.3333 0.6666 0.1904(7) 

Fe5 12k 0.1689(2) 0.3378(3) 0.8907(3) 0.1617(3) 0.3234(2) 0.8913(4) 

O1 4e 0 0 0.1508(2) 0 0 0.157(3) 

O2 4f 0.3333 0.6666 0.9428(4) 0.3333 0.6666 0.943(2) 

O3 6h 0.1817(4) 0.3654(1) 0.2500 0.1674(2) 0.3411() 0.250 

O4 12k 0.1565(7) 0.3120(1) 0.0532(3) 0.1670(1) 0.4138(4) 0.0524(3) 

O5 12k 0.5047 0.0049(4) 0.1508(5) 0.4953(5) 0.0043(1) 0.1531(4) 
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Table 4.11. Atomic positions for Ba1-xLaxFe12O19, x = 0.0 and x = 0.2 samples, prepared 

from M-II method. 

 

Atoms Site 
BaFe12O19 Ba0.8La0.2Fe12O19 

x y z x y z 

Ba 2d 0.6666 0.3333 0.2500 0.6666 0.3333 0.2500 

Fe1 2a 0 0 0 0 0 0 

Fe2 2b 0 0 0.2563(2) 0 0 0.260(2) 

Fe3 4f1 0.3333 0.6666 0.02671 0.3333 0.6666 0.0271(9) 

Fe4 4f2 0.3333 0.6666 0.191 0.3333 0.6666 0.1898(8) 

Fe5 12k 0.1689(2) 0.3378(3) 0.8907(3) 0.170(3) 0.340(3) 0.8908(4) 

O1 4e 0 0 0.1508(2) 0 0 0.149(3) 

O2 4f 0.3333 0.6666 0.9428(4) 0.3333 0.6666 0.947(2) 

O3 6h 0.1817(4) 0.3654(1) 0.2500 0.20(3) 0.367(12) 0.250 

O4 12k 0.1565(7) 0.3120(1) 0.0532(3) 0.179(1) 0.306(9) 0.0553(4) 

O5 12k 0.5047 0.0049(4) 0.1508(5) 0.499(7) 0.0043(7) 0.1515(4) 

          

4.4.2. Mössbauer study  

 

R-T Mössbauer spectra of Ba1-xLaxFe12O19 (x = 0.0 - 0.2) prepared by M-I and M-II 

methods are shown in Fig. 4.20 and 4.21. All spectra are fitted with a non-linear least-

square method. The spectrum shows five discrete sextets, each sextet corresponding to 

one of the five crystallographic sites for Fe
3+ 

i.e. 12k, 4f1, 4f2, 2a and 2b. The fitted 

parameters are the hyperfine field (Bhf), the quadrupolar splitting (QS) and the isomer 

shift (δ). It is observed that the fitted values are consistent for both methods and 

comparable with previously reported results for BaFe12O19 [71]. The obtained hyperfine 

parameters are listed in Table 4.12. For both M-I and M-II methods, Bhf for all sites is 

found to increase with La-substitution amount till x = 0.1 and then decreases for x = 0.2. 

QS for Ba1-xLaxFe12O19 is smaller than that of BaFe12O19, which shows that La
3+

 

substituted samples are more symmetric, due to smaller radius of La
3+

 as compared to  
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(a) (b) 

Fig. 4.20. Mössbauer spectra for Ba1-xLaxFe12O19 (x = 0.0 - 0.2) prepared by M-I method.  

 

Fig. 4.21. R-T Mössbauer spectra for Ba1-xLaxFe12O19 (x = 0.0 - 0.2) prepared by M-II 

method. 
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Table 4.12. Mössbauer parameters for BaxLaxFe12O19 prepared by M-I and M-II method. 

 

Ba
2+

. δ is found to be increased with La substitution for 2a, 2b and 4f2 sites, which 

suggests the change of Fe
3+ 

ion into Fe
2+

 ion. δ is found to be more for samples prepared 

from M-II method, which may be due to higher site occupancy of La by the M-II method, 

and therefore more tendency to convert Fe
3+ 

to Fe
2+

 for charge compensation. 

 

4.4.3. Magnetic measurement 

 

The R-T hysteresis loops of Ba1-xLaxFe12O19 powders prepared by M-I and M-II methods 

are shown in Fig. 4.22 and 4.23 respectively. The M of the samples is measured at 

maximum field of 10 kOe. The magnetic properties are shown in Table 4.13. The value  

Site x 
IS (mm/s) QS (mm/s) B

hf 
(T) 

M-I M-II M-I M-II M-I M-II 

12k 

 

0.0 0.24 0.24 0.41 0.39 41.0 41.3 

0.1 0.25 0.24 0.38 0.39 41.4 41.6 

0.2 0.24 0.24 0.36 0.39 41.1 41.5 

4f1 

0.0 0.16 0.16 0.21 0.21 48.7 49.0 

0.1 0.17 0.16 0.20 0.20 48.8 49.2 

0.2 0.17 0.16 0.21 0.22 48.6 49.1 

4f2 

0.0 0.26 0.26 0.16 0.15 51.4 51.6 

0.1 0.27 0.25 0.14 0.08 51.7 51.8 

0.2 0.27 0.26 0.19 0.19 51.4 51.8 

2a 

0.0 0.24 0.25 0.09 0.07 50.0 50.4 

0.1 0.26 0.26 0.12 0.04 50.3 50.5 

0.2 0.26 0.26 0.09 0.08 50.1 50.5 

2b 

0.0 0.23 0.30 2.24 2.35 39.9 39.9 

0.1 0.28 0.39 2.37 2.50 40.2 40.6 

0.2 0.18 0.30 2.17 2.24 40.1 40.4 
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Fig. 4.22. M-H loop for Ba1-xLaxFe12O19 prepared from M-I method. 

 

 

Fig. 4.23. M-H loop for Ba1-xLaxFe12O19 prepared from M-II method. 
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Table 4.13. Magnetic properties of Ba1-xLaxFe12O19 powders prepared from M-I and M-II 

method. 

 

x Method M (emu/g) Hc (kOe) Ha (kOe) K1 × 10
6
 (erg/cm

3
) 

0.0 
(M-I) 55.08 2.46 8.31 1.34 

(M-II) 51.41 2.57 8.45 1.24 

0.1 
(M-I) 59.13 2.68 8.25 1.25 

(M-II) 67.52 2.32 8.55 1.34 

0.2 
(M-I) 46.51 2.39 8.42 1.41 

(M-II) 55.34 2.51 9.18 1.75 

 

of M increased to the maximum value for x = 0.1 and then decreased for x = 0.2 for both 

M-I and M-II, which is in agreement with previously reported results [76-78, 207]. The 

increase in M for x = 0.1 is due to enhancement of Bhf at all crystallographic sites. Bhf 

depends upon superexchange interaction and exchange interaction mainly depends on M–

O–M bond length. Due to substitution of Ba
2+

 by smaller La
3+

 ion, c-axis decreases, 

which reduces the Fe–O–Fe bond length [71]; hence exchange interaction increased. Due 

to increase in exchange interaction, M and Bhf also increases. The decrease in M is mainly 

caused by magnetic dilution and decrease in superexchange interaction field. Substituting 

La
3+

 for Ba
2+

, charge compensation occurs by change of valence state of Fe
3+

 to Fe
2+

 at 

2b site, as is evident from isomer shift, which dilutes the overall magnetization. Thus 

changing behaviour of magnetic dilution depends on the conversion of Fe
3+

 to Fe
2+

 ionic 

state on 2b site which caused reduction in spin canting, superexchange field and presence 

of secondary phase α-Fe2O3 [71]. However, contrary results are published by H.Sozeri, 

where M decreased continuously with increase in La substitution x = 0.0 - 0.5 [79].  

 

Hc remains nearly constant for all samples; however, a little variation was observed with 

substitution [Table 4.13]. Hc is an extrinsic property which depends upon crystallite size 

(C.S.), particle size, defects, etc. In the case of M-I method, the Hc first increases for x = 

0.1 and then decreases for x = 0.2. Hc is directly related to reduction of C.S, from 173.7 

nm for x = 0.0 to minimum value 142.0 nm for x = 0.1, and then increase to 156.2 nm for 

x = 0.2. Decrease in C.S. is obtained due to shrinkage along c-axis, because of low ionic 
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radius of La
3+

 (0.106 nm) as compared to Ba
2+

 (0.135 nm). Further increase in C.S. for x 

= 0.2 is due to a slight increase in c-axis. The higher substitution amount of La
3+

 converts 

Fe
3+

 ion into Fe
2+

 ion, which may also increase the lattice parameters due to larger ionic 

radius of Fe
2+

 (0.080 nm) than that of Fe
3+

 (0.067nm). In the case of M-II method, Hc 

decreased first for x = 0.1, due to increase in C.S from 154 nm to 175 nm as x varies from 

0.0 to x = 0.1 and further Hc increased for x = 0.2, due to decrease in C.S. to 169.2 nm. 

However, the previous studies suggest that with La substitution Hc shows a gradual 

increase [74]. Nevertheless, in the present work, enhancement in M is observed with 

marginal variation in Hc.  

 

The magnetic anisotropy field Ha of the samples is determined by the law of approach to 

saturation. Inset in Fig. 4.22 and 4.23 shows a plot of M vs 1/H
2
 in the field region 7 kOe 

< H < 10 kOe, gave a straight line. The obtained values of Ha and K1 are listed in Table 

4.12. With increasing the La substitution, a monotonic increase in Ha and K1 are 

observed. The increase is explained by the changing Fe
3+

 to Fe
2+

 at the lattice sites, in 

order to compensate the additional charge due to valance difference of La
3+

 ion and the 

Ba
2+

 ion.   

 

Fig. 4.24 shows M-H loop for La
3+

 substituted BaM films parallel () and perpendicular 

() direction to the applied magnetic field. M is found to be higher in  direction. 

However, for x = 0.1 M remains nearly same due to random orientation of grains in both 

directions. Fig. 4.24 (d) shows the variation of M and Hc of film in  and  direction with 

La
3+

 substitution. M of films is relatively lower than powder sample due to the addition of 

non-magnetic Bi2O3 phase. Hc for La substituted film x = 0.2 is quit high than powder 

due to the higher value of Ha. Table 4.14 illustrates the observed value of Ha and K1 for 

films measured in  and  directions.  
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Fig. 4.24. (a-c) Hysteresis loop for Ba1-xLaxFe12O19 films in parallel and perpendicular 

direction (d) variation of Hc and M with La substitution. 

 

Table 4.14. The value of Ha and K1 for films measured in  and  directions. 

 

x 
Ha (kOe) K1 × 10

6
(erg/cm

3
) 

    

0.0 9.46 9.42 1.27 1.04 

0.1 10.59 11.30 1.48 1.52 

0.2 9.84 9.68 1.13 0.92 
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4.4.4. Surface morphology  

 

Fig. 4.25 shows surface morphology of the sintered Ba1-xLaxFe12O19 films. Sintering of 

the samples results a dense film with limited porosity. The average grain size of the films 

is found in the range of  2 -3 μm. Micrograph shows that La successfully substituted in 

BaM, as no pinning effect on the gain boundaries are observed. For x = 0.0 films some 

aligned grains are found, however the same type of gains morphology are observed for all 

the films. 

 

 

 

Fig. 4.25. Surface morphology of Ba1-xLaxFe12O19 thick film. 
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4.5. Effect of Co substitution  

 

4.5.1. XRD analysis  

 

Fig. 4.26 shows the x-ray patterns of BaFe12-xCoxO19. For un-substituted sample single 

phase BaM is formed where all the diffraction peaks matched with standard PCPDF card 

27-1029. However, for substituted samples, secondary phase of Ba2Co2Fe12O22 is also 

observed. Intensity of secondary phase increases with increase in substitution amount.  

 

 

Fig. 4.26 XRD patterns of BaFe12-xCoxO19. 

4.5.2. Magnetic measurement 

 

R-T hysteresis loop for all the samples are shown in Fig. 4.27. The values of magnetic 

properties obtained from M-H loop are given in Table 4.15. M is found to increase from 
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57.2 emu/g to 59.0 emu/g as ‘x’ increased from 0.0 to 0.5, and then decreases to 48.4 

emu/g for x = 1.0. Increased magnetization suggests that Co is substituting at down spin 

site. Further decrease in M for x = 1.0 - 2.0, is attributed to the presence of less magnetic 

Ba2Co2Fe12O22 phase [208] and non-magnetic Fe2O3 phase. As concentration of 

substituted amount increases, intensity of secondary phase increases hence Hc decreases. 

Due to the presence of impurity phase in Co
2+ 

substituted BaM powders, studies on BaM 

thick films are not carried out. 

 

 

Fig. 4.27 M-H loop of BaFe12-xCoxO19. 

Table 4.15. Magnetic properties of BaFe12-xCoxO19. 

x M (emu/g) Mr (emu/g) Hc (kOe) 

0.0 57.20 30.66 1.31 

0.5 59.01 13.67 0.41 

1.0 57.20 9.57 0.22 

1.5 50.93 8.71 0.19 

2.0 48.36 13.48 0.40 
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4.6. Effect of Ti substitution  

 

4.6.1. XRD analysis  

 

The refined x-ray diffraction patterns of BaFe12-xTixO19 are shown in Fig 4.28. Single 

phase BaFe12O19 is observed for x = 0.0 - 1.0. However for x = 1.5 - 2.0, the major phase 

formed is Ba6Fe45Ti17O106 along with minor BaM and Fe2O3 phases. The fitted 

parameters (Rp, Rwp and Rexp) and chi
2
 (χ

2
) for all the samples are below 4.0 and 1.37 

respectively, which suggest the refinement is best fitted. Lattice parameters, crystallite 

size and phase percent as obtained from refinement is listed in Table 4.16.   

 

Fig. 4.28. Refined X-ray diffraction patterns for BaFe12-xTixO19 (x = 0.0 - 2.0). 
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Table 4.16. Crystallite size, lattice parameters and phase percentage of BaFe12-xTixO19. 

 

x 
C.S. 

(nm) 

Lattice parameters Phase (%)  

a(Å) c(Å) BaFe12O19 Ba6Fe45Ti17O106 Fe2O3 

0.0 145.11 5.8964(8) 23.2246(3) 100.0 0.0 0.0 

0.5 148.57 5.8896(8) 23.2328(6) 100.0 0.0 0.0 

1.0 136.99 5.8889(9) 23.2523(10) 100.0 0.0 0.0 

1.5 151.39 5.8886(2) 23.2352(11) 51.54 48.21 0.25 

2.0 178.90 5.8909(3) 23.2392(14) 5.68 93.94 0.38 

 

4.6.2. Magnetic measurement 

R-T hysteresis loop of BaFe12-xTixO19 is shown in Fig. 4.29. M-H loop clearly shows that 

lower substitution of Ti
4+

 (x = 0.5) shows high magnetization; however, it decreased 

dramatically to a very small value for large concentration of Ti
4+

. Hc does not show much 

variation with substitution amount. Relevant magnetic properties of BaFe12-xTixO19 are 

tabulated in Table 4.17.  

The decrease in M with increasing substitution of Ti
4+

 ions can be understand by 

considering the magnetic moments of the substituted ions. In the present ferrite system, 

Fe
3+

 ions of magnetic moment (5μB) are replaced by non magnetic Ti
4+

 ions. This leads to 

decrease in superexchange interaction field and hence magnetization of the samples. 

Further, the magnetic dilution is also caused due to the presence of paramagnetic phase 

Ba6Fe45Ti17O106 [209], which increase with increase in doping concentration. Mössbauer 

spectroscopy shows that the Ti
4+

 ion preferred to occupy the 2b (spin up site), hence M 

decreases. It is well known that Hc is associated with its Ha and particle size. The 

obtained values of Ha and K1 are listed in Table 4.17. Table shows that with increasing 

the Ti substitution above x = 0.5, a monotonic decrease in Ha and K1 are observed. The 

decrease in Ha is responsible for low value of Hc.  
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Fig. 4.29. Hysteresis loop for BaFe12-xTixO19 (x = 0.0 - 2.0). Inset shows the  dependence 

of M and 1/H
2
 for x = 0.0. 

 

 

Table 4.17: Magnetic properties and first anisotropy constant (K1) for BaFe12-xTixO19 (x = 

0.0 - 2.0). 

 

x M (emu/g) Mr (emu/g) Hc (kOe) Ha (kOe) K1 × 10
6
 (erg/cm

3
) 

0.0 57.24 30.78 1.34 9.52 1.45 

0.5 62.42 34.21 1.65 9.92 1.61 

1.0 46.51 21.25 0.91 8.43 1.02 

1.5 31.14 16.12 1.32 6.31 0.31 

2.0 15.32 8.13 1.51 4.82 0.22 
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4.7. Effect of Co-Ti substitution  

 

4.7.1. XRD analysis  

 

Fig. 4.30 shows the refined XRD diffraction patterns of calcined BaFe12-2xCoxTixO19 

powders. All peaks correspond to single phase BaM with P63/mmc space group. No 

secondary phase is detected within the measurable limits of XRD. The lattice parameters  

 

 

 

Fig. 4.30 Refined XRD patterns of BaFe12-2xCoxTixO19 powders. 
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(a and c), R-factors (Rp, Rw, Rexp and 2
) and average crystallite size (C.S.), as obtained 

from refinement are tabulated in Table 4.18. The values of fitting parameters suggest that 

refinement is best fitted. The increase in lattice parameters is attributed to the fact that 

ionic radii of substituted Co
2+

 and Ti
4+

 ions are larger compared to the Fe
3+

 ion [121]. 

Peaks shift towards lower angle indicates the compressive strains due to larger ionic radii 

of Co
2+

 and Ti
4+

 [Fig. 4.31]. Average crystallite size is also found to increase from 123.7 

nm to 151.2 nm. The refined atomic positions for the BaFe12O19 and BaFe10Co1Ti1O19 are 

listed in Table 4.19. The difference in atomic position parameter values resulting from 

the substitution of Co
2+

-Ti
4+

 for Fe
3+

 ion. 

 

 

Fig. 4.31. XRD patterns of the peaks in 2θ range 31.5 - 35.0°. 
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Table 4.18. Crystallite size (C.S.), lattice parameters (a and c) and R-factors (Rp, Rw, Rexp 

and 2
) of BaFe12-2xCoxTixO19 powders. 

 

x 
C.S. 

(nm) 

Lattice parameters R-factors 

a(Å) c(Å) Rp Rw Rexp 
2
 

0.0 123.11 5.8912(2) 23.2005(2) 3.06 3.85 3.65 1.12 

0.25 124.67 5.8936(5) 23.2091(2) 3.15 3.97 3.62 1.20 

0.50 140.04 5.8937(5) 23.2121(2) 3.09 3.86 3.66 1.11 

0.75 145.18 5.8941(4) 23.2182(9) 3.01 3.78 3.61 1.09 

1.0 151.04 5.8952(3) 23.2331(9) 2.96 3.74 3.52 1.13 

 

 

Table 4.19.  Atomic positions for BaFe12O19 and BaFe10Co1Ti1O19 samples, as obtained 

from the Rietveld analysis. 

 

Atoms Site 
BaFe12O19 BaFe10Co1Ti1O19 

x y z x y z 

Ba 2d 0.6666 0.3333 0.2500 0.6666 0.3333 0.2500 

Fe1 2a 0 0 0 0 0 0 

Fe2 2b 0 0 0.2605(1) 0 0 0.2604(4) 

Fe3 4f1 0.3333 0.6666 0.0265(3) 0.3333 0.6666 0.0292(8) 

Fe4 4f2 0.3333 0.6666 0.1901 0.3333 0.6666 0.1900(3) 

Fe5 12k 0.170(4) 0.3404(7) 0.8911(5) 0.1642(3) 0.3285(1) 0.8918(8) 

O1 4e 0 0 0.1507(2) 0 0 0.1548(9) 

O2 4f 0.3333 0.6666 0.9416(9) 0.3333 0.6666 0.9465(6) 

O3 6h 0.1972(1) 0.3655(5) 0.2500 0.1817(2) 0.3292(2) 0.2500 

O4 12k 0.1560(7) 0.3123(8) 0.0572(4) 0.1558(1) 0.3119(4) 0.0523(6) 

O5 12k 0.4767(5) 0.0043(2) 0.1527(3) 0.4993(5) 0.0043(1) 0.1519(4) 
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4.7.2. Mössbauer analysis of BaFe12-2xCoxTixO19 powders 

Fig. 4.32 shows R-T Mössbauer spectra of BaFe12-2xCoxTixO19 powders. Spectra is fitted 

with five discrete sextets, corresponding to five different crystallographic Fe
3+

 sites i.e. 

12k, 4f1, 4f2, 2a and 2b. For non-substituted sample, sub-spectral areas are constrained in 

the ratio of 6:2:2:1:1, and are kept free for substituted samples. The obtained fitted 

parameters, hyperfine field (Bhf), quadrupolar shift (QS), isomer shift (δ) line width (Γ) 

and relative sub-spectral (S) area are given in Table 4.20. The occupation number for Fe 

ion (NFe) and occupancy fraction of Co-Ti (FCo-Ti) on the i
th

 site are estimated by using 

the formulae [210]; 

 

                                                             
    

      
   

                                                 (4.6) 

 

                                                     
            

    
                                             (4.7) 

 

The NFe(i) and FCo-Ti for Fe on the five sites are plotted in Fig. 4.33 (a) and (b) 

respectively. It is evident that Co-Ti ions sequentially occupies at 2b, 4f2, 12k, 4f1, 

however, 2a site is  least substituted which is diverse to previously reported results [16]. 

The preferential site occupation of ions depends on its ionic radii and electronegativity. 

Owing to larger void space in octahedral (12k, 2a and 4f2) compared to tetrahedral (4f1) 

and bi-pyramidal (2b) site; the ion with larger ionic radii (Co
2+

) preferably occupies 12k, 

2a and 4f2, whereas with smaller Ti
4+

 ion at 4f1 and 2b site.  Moreover, electronegativity 

of Co
2+

 and Ti
4+ 

ions are 1.83 and 1.54 respectively; hence higher electronegative Co
2+

 

ion preferably occupies octahedral sites [211]. 

 

Cumulative sum of Bhf at parallel and antiparallel site shows an increase with maximum 

at x = 0.75 and then decreases [Table 4.20]. This suggests that occupancy fraction is 

relatively higher at antiparallel 4f1 and 4f2 sites [Fig. 4.33 b]. Decrease in Bhf for x = 1, is 

attributed to higher occupancy fraction of low magnetic moment Co
2+

 (3.0 μB) and 

nonmagnetic Ti
4+

 ions. No measurable change in δ is observed, suggests no change in 
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valence state for Fe
3+

 ion. A small change in QS with increasing ‘x’ indicates slight site 

distortion due to larger ionic radii of Co
2+

 and Ti
4+

 ions.   

 

 

Fig. 4.32. Mӧssbauer spectra for BaFe12-2xCoxTixO19 powders.  
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  Table 4.20. Mössbauer parameters of BaFe12-2xCoxTixO19 powders. 

Sites  X  (mm/s)  δ (mm/s) QS (mm/s) B
hf 

(T) S (%) 

12k 

 

0.0 0.36 0.25 0.40 40.57 50.0 

0.25 0.42 0.24 0.38 40.81 51.08 

0.50 0.48 0.22 0.31 41.27 52.55 

0.75 0.53 0.26 0.36 41.35 53.01 

1.0 0.58 0.31 0.28 40.96 53.45 

 4f1 

0.0 0.28 0.25 0.23 48.71 16.66 

0.25 0.39 0.25 0.17 48.82 17.62 

0.50 0.41 0.26 0.16 48.75 17.02 

0.75 0.48 0.27 0.15 46.87 17.23 

1.0 0.52 0.29 0.14 46.85 18.22 

2a 

 

0.0 0.24 0.22 0.18 51.52 8.33 

0.25 0.26 0.16 0.16 51.64 8.64 

0.50 0.30 0.13 0.17 51.84 9.06 

0.75 0.38 0.22 0.19 52.93 9.28 

1.0 0.42 0.24 0.15 52.01 9.46 

  4f2 

0.0 0.27 0.24 0.22 50.07 16.66 

0.25 0.33 0.24 0.23 50.22 15.32 

0.50 0.42 0.25 0.25 50.59 14.35 

0.75 0.52 0.25 0.32 51.96 14.08 

1.0 0.61 0.29 0.34 51.09 13.75 

2b 

0.0 0.45 0.22 2.25 40.41 8.33 

0.25 0.51 0.29 2.20 40.53 7.34 

0.50 0.68 0.31 2.12 40.64 7.02 

0.75 0.72 0.35 1.99 42.52 6.41 

1.0 0.81 0.42 1.34 40.01 5.12 
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Fig. 4.33 (a) Site occupation number for Fe (NFe) and (b) occupancy fraction of Co-Ti 

(FCo-Ti) ions as obtained from mӧssbauer fitting for BaFe12-2xCoxTixO19. 

 

4.7.3. Magnetic measurement 

 

Fig. 4.34 shows M-H loops of BaFe12-2xCoxTixO19 powders. Variation in M, Hc and 

remanence (Mr) with substitution is given in Fig. 4.35. M was found to increase from 

55.6 emu/g to 62.1 emu/g as ‘x’ increases from 0.0 to 0.75, and then decreases to 58.5 

emu/g for x = 1.0. The M is directly associated with Bhf which is found to be highest for x 

= 0.75. Mr also decreases gradually with minimum ( 4 emu/g) at x = 1.0. The sharp 

decrease in Hc from 1.98 kOe (x = 0.0) to 0.08 kOe (x = 1.0), exhibits a soft magnetic 

behavior [211]. 
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Fig. 4.36 (a-e) shows M-H loops for Co-Ti substituted BaM films in parallel () and 

perpendicular () to the applied magnetic field. It is evident from figures that M and Mr 

are higher in  direction. Fig. 4.36 (f) shows the variation of M and Hc of films in   and  

directions. The magnetic properties of films are comparable to the powders. However, M 

of films is relatively lower than powder which is due to addition of nonmagnetic Bi2O3 

phase for better adhesion between substrate and films. Hc of BaM is governed by its 

anisotropy field (Ha) according to the relation [46] 

 

                                                                                                                 (4.8) 

 

where, C is constant and    is demagnetization factor which depends upon grain size and 

shape.  Ha can be obtained from the law of approach to saturation. The linear nature of M 

vs 1/H
2
 in the field region 6 kOe < H < 10 kOe is found for all powder samples and films. 

Inset Fig. 4.34 shows the linear dependence of M with 1/H
2
. The calculated values of Ha 

and K1 for powders and films are listed in Table 4.21 which shows that Ha declined 

considerably for substituted films. Higher value of Ha in  direction (x = 0.5) shows that 

Co-Ti promotes out-of-plane anisotropy. The site anisotropy of  BaM has following 

order: 2b > 4f2 > 2a > 4f1 > 12k [213], hence reduction in Ha and Hc also supports that Co 

and Ti ions replaces Fe
3+

 at high anisotropic site 2b and 4f2 sites Fig. 33(b). 

 

Table 4.21. The variation of magnetocrystalline anisotropy (Ha) and first anisotropy 

constant (K1) with Co-Ti substitution ‘x’ of powders and films measured in 

parallel () and perpendicular () direction.    

x 
Ha (kOe) K1 × 10

6
 (erg/cm

3
) 

Powder Film (  ) Film () Powder Film (  ) Film () 

0.0 8.59 9.84 9.42 1.26 1.32 1.05 

0.5 8.26 8.68 10.02 1.34 1.33 1.31 

1.0 3.14 4.53 4.43 0.49 0.62 0.55 
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Fig. 4.34. Hysteresis loop of BaFe12-2xCoxTixO19 powders. The inset shows the 

dependence of M on 1/H
2
. 

 

 

Fig. 4.35. Variation of Hc, M and Mr with Co-Ti substitution. 
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Fig. 4.36. Hysteresis loop for BaFe12-2xCoxTixO19 films in parallel and perpendicular 

direction (a) x = 0.0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.75 (e) x = 1.0 and (f) 

variation of Hc and M with Co-Ti substitution. 
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4.7.4. Surface morphology  

 

Fig 4.37 (a-c) shows the SEM micrographs of sintered BaM films for x = 0.0, 0.5 and 1.0 

respectively. All films show dense microstructure with limited porosity. Microstructural 

features of substituted films are remarkably distinct. Non-substituted film shows 

elongated grains, whereas grains become hexagonal for substituted films. The enlarged 

view of hexagonal grain is also depicted in fig. 6c. The higher Ha in  direction for 

substituted film may attribute to higher fraction of perpendicularly aligned hexagonal 

grains (x = 0.5). Fig. 4.37 (a) shows the cross sectional image of the BaM thick film. The 

initial thickness of the BaM film is kept constant to  80 μm. The measured final 

thickness of the film is  72 μm. Thickness of film is uniform throughout the cross 

section. The decrease in thickness is the effect of shrinkage during the sintering, which 

leads densification of the films [205]. The sharp interface between the film and substrate 

suggest no inter diffusion.  

 

Fig. 4.37.  SEM images of BaFe12-2xCoxTixO19 films (a) x = 0.0 (b) x = 0.5 (c) x = 1.0 (d) 

film cross section. Inset in fig. 4.38(c) shows the hexagonal grain. 
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4.8. Investigation of microwave properties of BaM powder 

 

Microwave electromagnetic SE and RL are measured at room temperature by using two 

ports vector network analyzer. Shielding is the process of limiting the flow of 

electromagnetic field between two locations. Electromagnetic shielding effectiveness of a 

material is defined as the ratio of transmitted power to incident power and is given by  

 

                               
  

  
          

  

  
          

  

  
 ,  (4.9) 

 

where SEt is the total shielding effectiveness, Sr is shielding due to reflection, SEa is 

shielding due to absorption and SEm is shielding due to multiple reflection, PI (EI or HI) 

and PT (ET or HT) are power (electric and magnetic field intensity) of incident and 

transmitted electromagnetic waves respectively. The incident and transmitted wave can 

be mathematically represented by scattering parameters (S- parameters) i.e. S11 (or S22) 

and S12 (or S21) respectively. Where, S11 and S12 represent the reflection (R) and 

transmittance (T) wave i.e.  

                                                             
        

                                              (4.10) 

                                                           
        

                                              (4.11) 

The absorbance was calculated as 

                                                                                                                 (4.12) 

If the effect of multiple reflections is negligible, then the effective intensity of EM wave 

is                                                        
     

   
                                                     (4.13) 

Also, SEM is negligible, when SEA ≥ 10 dB. Therefore 

                                                                                                              (4.14) 

where,                                                                                                  (4.15) 

                                                              
 

   
                     (4.16) 

The microwave reflection loss (RL) are calculated according to equation  
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                                                                                                                                       (4.17) 

Fig. 4.38 – 4.40 shows the frequency dependent shielding effectiveness (SEa, SEr , SEt) of 

the BaM powder for different Fe/Ba mole ratio in the frequency range of 12-18 GHz. 

Shielding spectra shows a resonance peak for each sample which shifts continuously 

towards lower frequency band with in decrease Fe/Ba mole ratio ‘x’. Maximum 

absorption shielding effectiveness (SEa) 10.20 dB is obtained for x = 5.0 at frequency 

14.0 GHz. Same trend is obtained for reflection shielding effectiveness (SEr); however 

this variation is very small. Thus the total shielding effectiveness (SEt) mainly dominated 

by SEa, while SEr remains nearly constant.  Total shielding effectiveness SEt is found to 

be maximum 15.12 dB for x = 5.0 at frequency 13.9 GHz and minimum 7.8 dB for x = 

6.0 at 15.8 GHz respectively.  

 

 

Fig. 4.38. Absorption shielding effectiveness (SEa) vs frequency plots for BaO.xFe2O3. 
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Fig. 4.39. Reflection shielding effectiveness (SEr) vs frequency plots for BaO.xFe2O3. 

 

 

Fig. 4.40. Total shielding effectiveness (SEt) vs frequency plots for BaO.xFe2O3. 
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Fig. 4.41 shows the frequency dependent reflection loss (RL) of the BaM for different 

Fe/Ba mole ratio in the frequency range of 12-18 GHz. Minimum RL or a dip in spectra is 

equivalent to the occurrence of minimal reflection or maximum absorption of 

microwaves. Absorption spectra show intensity and frequency of RL increases with the 

mole ratio. Tunable microwave absorption spectra in the frequency range of 14.1 GHz to 

16.2 GHz is observed.  RL found to be varies from -7.4 dB to -29.26 dB with mole ratio. 

It is noteworthy that in frequency range 16.0 - 16.25 GHz, BaM with mole ratio of 6.0 

exhibits a maximum reflection loss of -29.26 dB at 16.12 GHz. This resonance frequency 

is shifted towards lower frequency from 16.06 GHz to 14.17 GHz with lower Fe/Ba mole 

ratio, suggesting that by decreasing the Fe/Ba mole ratio, resonance absorption peak can 

be tuned to lower side of the frequency band.  

 

 

Fig. 4.41. Reflection losses (RL) vs frequency plots for BaO.xFe2O3. 
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Chapter 5 

 

 

CONCLUSIONS 
 

 

Overview 

The present chapter summarizes the results of the various experiments described in the 

previous chapters. The effect of important process parameters on the magnetic properties 

of barium hexaferrite is outlined. The influence of Fe/Ba mole ratio, lanthanum and 

cobalt-titanium substitutions on the magnetic properties of barium hexaferrite powders 

and films are discussed and tabulated. In the end, the suggestions for further research 

work in this area are outlined. 
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In summary, structural and magnetic properties of BaM powders and screen printed thick 

films are investigated.  Firstly, pure BaM powder and films are prepared. The effect 

various process parameters such as calcinations temperature, milling time and sintering 

temperature are studied. Secondly, the effect of Fe/Ba mole ratio is studied. Finally, the 

effect of La
3+

 ion substitution for Ba and Co-Ti ion substitution for Fe site are studied. 

The conclusions drawn from the work are as follows: 

 

 BaM powders are prepared from solid state synthesis at different calcinations 

temperature. Single phase BaM are obtained at1200 °C. Calcined powders are 

further milled for 1 to 8 hours to investigate the effect of particle size on their 

structural and magnetic properties. XRD patterns confirmed the formation of 

single phase for upto 3 hour milled sample; however, a minor peak of tungsten 

carbide (WC) is also observed due to higher milling time. Magnetization and 

coercivity decreases continuously as milling time increases. One hour milled 

powder shows maximum magnetization and is found suitable for the preparation 

of the thick films. BaM films are screen printed and sintered at different 

temperatures. The dense microstructure with limited porosity is obtained at 1300 

°C. Magnetization for BaM films found is to be lower than BaM powders, 

because of addition of nonmagnetic Bi2O3 phase during screen printing.  

 

 Single phase BaM powders and thick films with varying Fe/Ba mole ratio have 

been successfully prepared. Their structural, magnetic and microwave properties 

has been investigated. XRD patterns confirms the formation of single phase BaM 

for x = 5.5 - 6.0. However, secondary phase of BaFe2O4 is also observed for x = 

5.25 and 5.0. The formation of BaFe2O4 suggests that lower Fe/Be mole ratios are 

not favorable for the formation of single phase BaM. Microstructural feature 

reveals the densely packed grains with an average grain size of ~3µm. Mössbauer 

results show that Fe ion vacancy preferably occurred at (4f1, 4f2) and 2b sites for 

mole ratio 5.5 and 5.0 respectively. Films with mole ratio 5.5 show the higher 

value of magnetization and magnetocrystalline anisotropy. Shielding effectiveness 

(SE) and Reflection loss (RL) results shows that the microwave absorption 
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properties can be tuned in 12-18 GHz frequency range by varying Fe/Ba mole 

ratio.  

 

 Ba1-xLaxFe12O19 (x = 0.0, 0.1 and 0.2) powder has been successfully prepared by 

solid state reaction method by adopting two different substitution methods. In first 

method, La
3+

 substituted BaM is directly prepared from Fe2O3 and BaCO3 with 

Fe/Ba molar ratio of 6:1. In the second method, solid state synthesis of Fe2O3 and 

La substituted barium monoferrite (Ba1-xLaxFe2O4) in molar composition of 5:1 

has been adopted. Refined XRD patterns confirmed the formation of single phase 

barium hexaferrite by both the methods. Mössbauer studies show the increase in 

hyperfine field for all crystallographic sites. Higher value of isomer shift suggests 

change in ionic state from Fe
3+

 to Fe
2+

. Magnetization is found to increase for x = 

0.1 and then decreased for x = 0.2. However, the maximum value of 

magnetization (67.5emu/g) is obtained for the samples prepared by the second 

method. Coercivity is nearly constant for all the samples. The present experiments 

suggest an alternative method to develop substituted BaFe12O19 with high 

magnetization. As-prepared powders are further screen printed on alumina 

substrate to prepare BaM thick films. All films show dense microstructure without 

any measurable porosity. Magnetization is found to be higher in parallel direction 

due to higher fraction of parallel aligned grains. Coercivity for La
3+

 substituted 

films is higher than powder samples due to higher value of magnetocrystalline 

anisotropy. 

 

 BaFe12-xCoxO19 and BaFe12-xTixO19 with (x = 0.0 - 2.0) are prepared from solid 

state reaction method and their structural and magnetic properties have been 

investigated. For Co
2+

 substituted BaM powders, a secondary phase of 

Ba2Co2Fe12O22 is detected. The magnetization is found to increase from 57.2 

emu/g to 59.0 emu/g as x increased from 0.0 to 0.5, and then decreases to 48.4 

emu/g for x = 1.0. Increased magnetization suggests that Co
2+

 is substituting at 

down spin site. Further decrease in magnetization for x = 1.0 - 2.0, is attributed to 

the presence of less magnetic Ba2Co2Fe12O22 phase and non-magnetic Fe2O3 

phase. As concentration of substituted amount increases, intensity of secondary 



Chapter-5 Conclusions  

 

96 
 

phase increases hence coercivity also decreases. For Ti
4+

 substituted BaM 

powders, single phase is observed for only for x = 0.0 - 1.0. However, for x = 1.5 - 

2.0, the major phase formed is Ba6Fe45Ti17O106 along with minor BaM and Fe2O3 

phases. The decrease in magnetization with substitution of Ti
4+

 ions is observed. 

The decrease in magnetization is attributed due to replacement of Fe
3+

 ions (5μB) 

by Ti
4+

 ions (0 μB). Moreover, the magnetic dilution is also caused due to the 

presence of paramagnetic phase Ba6Fe45Ti17O106. The decrease in coercivity is 

observed due to the decrease in magnetocrystalline anisotropy.  

 

 Co-Ti substituted BaM powders are prepared from solid state synthesis method 

and their structural and magnetic properties have been investigated. XRD patterns 

confirm the formation of single phase for all the substituted samples. The 

preferential site occupation of Co
2+

 and Ti
4+

 ion is studied by Mössbauer 

spectroscopy. It is observed that the Co-Ti ions preferred to occupy the 2b, 4f2 and 

12k, sites. As-prepared powders are further screen printed on alumina substrate to 

prepare BaM thick films. Drastic decrease in Hc from 2 kOe to  0.080 kOe is 

observed, which is attributed to decrease in Ha. M initially increase up x = 0.5 and 

then decreases for x = 1.0. Magnetization for BaM films is found to be lower than 

BaM powders because of addition of nonmagnetic Bi2O3 phase during screen 

printing. Mr also decreased from 34 emu/g (x = 0.0) to 4 emu/g (x = 1.0). SEM 

micrographs shows that suitable substitution of Co
2+

 -Ti
4+

 ions promotes 

hexagonal grains and out-of-plane anisotropy.  

 

 Summary of magnetic properties screen printed BaM thick films prepared from 

Fe/Ba mole ratio, La
3+

 and Co
2+

-Ti
4+

 substitution are summarized in Table 5.1. 

Table demonstrate a versatile nature of BaM can be obtained by creating Fe ion 

vacancy and by substitution for Fe ion, which further drastically reduce or 

increase the Ha. Variation in Ha thus shifts the operating frequency i.e. FMR 

frequency of device. The Fe ion vacancy and La substitution allowing for 

applications from X- to Ku bands, while Co-Ti substitution allowing devices 

operated at S-, C-,X- to Ku bands.  
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Table 5.1. Summarized magnetic properties of screen printed BaM thick films for 

different series.  

Series Name  x 
Ms (emu/g) Mr (emu/g) Ha (kOe) Hc (kOe) 

() () () () () () () () 

BaO.x(Fe2O3) 

5.0 44.4 - 23.2 - 9.3 - 1.9 - 

5.25 47.4 - 24.7 - 9.4 - 1.9 - 

5.5 53.9 - 25.6 - 10.3 - 1.9 - 

5.75 52.5 - 23.8 - 10.2 - 1.7 - 

6.0 52.2 - 29.8 - 9.7 - 2.0 - 

Ba1-xLaxFe12O19 

0.0 51.4 42.1 28.5 20.1 9.5 9.4 2.0 2.0 

0.1 52.1 51.0 33.2 29.5 10.6 11.3 2.7 2.8 

0.2 44.1 36.3 26.2 19.7 9.8 9.7 2.5 2.5 

BaFe12-2xCoxTixO19 

0.0 50.9 42.0 28.8 20.1 9.9 9.4 1.9 1.9 

0.25 58.6 50.9 19.6 9.8 9.9 9.5 0.7 0.7 

0.5 58.2 49.7 16.2 7.2 8.7 10.0 0.6 0.6 

0.75 52.8 44.0 10.5 2.8 5.3 6.4 0.2 0.2 

1.0 51.7 47.2 4.6 1.5 4.5 4.4 0.05 0.06 

 

Scope for Future Work 

On the basis of work done in the present study the few prospective suggestions for future 

work are following: 

 For the realization of BaM thick films for high frequency applications, 

ferromagnetic resonance (FMR) measurements need to be investigated.  

 

 The film thickness greatly affects the microwave absorption frequency, therefore 

the effect of thickness need to be investigated. 

 

 It has been observed that the microstructure of conventionally sintered films is not 

uniform. Such films have defects such as porosity, grain shape etc. Therefore, 

microwave sintered thick films has to be processed. Their magnetic and 

microwave properties of microwave sintered films need to be investigated.     
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