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Abstract 
 

In recent years, there has been intense search for materials which are ferri-

magnetic and possess high values of electrical resistivity and magnetization together 

with low dielectric losses. Such materials are considered to have potential for useful 

applications in technology. Cationic doping in ferrites presents a promising technique 

for achieving such characteristics in ferrites. Here we report that doping hexagonal 

strontium-barium nanoferrites (Sr0.5Ba0.5Fe12O19) with a binary mixture of RE-Ni (RE 

= La, Ce, Pr and Nd) can surprisingly modify the properties of hitherto undoped 

strontium-barium hexaferrite. Different series of nanosized strontium-barium 

hexaferrite of nominal composition of Sr0.5Ba0.5-xRExFe12-yNiyO19 (x = 0.00-0.10; y = 

0.00-1.00) are prepared by the chemical co-precipitation method. The formation of 

nanosized hexaferrites with single hexagonal phase and homogenous morphology is 

probed using transmission electron microscopy, X-ray diffraction and scanning 

electron microscopic analyses. The electrical properties are measured by the DC-

electrical resistivity and the dielectric measurements. The magnetic susceptibility is 

measured by a magnetic susceptometer and the hysteresis loops are traced by the DC-

magnetization measurements. The results obtained reveal that, by introducing a 

relatively small amount of RE-Ni (RE = La, Ce, Pr and Nd) ions, an important 

modification of the structural, electrical and magnetic properties can be obtained. 

Thermal analysis reveals magnetoplumbite phase begins to be formed at ~1000 K and 

is completed at 1323 K; a conclusion also complimented by  XRD studies. XRD 

studies show that all the synthesized samples are composed of a single 

magnetoplumbite phase. The average crystallite sizes in differently doped samples are 

in the range of 18-48 nm. TEM analysis of the undoped strontium-barium hexaferrite 

shows that particles appear to have well-defined hexagonal geometry having an 

average particle size in the range of 30-40 nm, which is comparable to the size of 36 

nm calculated by the Scherrer equation. The results of SEM analysis indicate the 

appearance of homogenous surface of the synthesized sample with uniform particle 

sizes. Temperature dependence of electrical resistivity reflects the semi-conducting 

nature of the ferrites. The values of electrical resistivity and activation energy increase 

by substitution with different dopant contents of La-Ni, Ce-Ni and Pr-Ni up to a 

certain level but decrease by substitution with Nd-Ni. The dielectric constant and 

dielectric loss tangent decrease by increasing applied field frequency. The values of 



 
 

drift mobility, dielectric constant and loss tangent decrease by increasing the La-Ni, 

Ce-Ni and Pr-Ni contents but they increase by increasing Nd-Ni content. Possible 

mechanisms for the above mentioned result are discussed in terms of conduction 

mechanism via electron-hopping between Fe2+ and Fe3+ ions and Maxwell-Wagner 

type of interfacial polarization. The value of Curie temperature decreases by the 

substitution of RE-Ni (La, Ce, Pr and Nd) ions, which has been explained in terms of 

the strength of exchange interactions. Doping with Ce-Ni, Pr-Ni and Nd-Ni, increases 

both the saturation magnetization and remanence in the ranges 66-102 emu/g and 43-

64 emu/g, respectively, but substitution with La-Ni ions results in their decrease. 

However, the value of coercivity decreases by increasing the content of La-Ni, Ce-Ni 

and Pr-Ni ions. The variations in the magnetic parameters shown by Mossbauer 

spectral analysis are explained on the basis of preferential site occupancy of the 

substituted cations. The compositional variation of hyperfine interaction parameters 

confirms the site occupancy of the doped cations in hexaferrite materials. The value of 

isomer shift for 2b, 12k and 4f2 sites decreases by increasing the content of RE-Ni 

(RE = La, Ce, Pr and Nd) ions. The value of quadrupole splitting for 2b site in the 

undoped strontium-barium hexaferrite decreases by the substitution of rare-earth ions 

and it slightly increases for the 4f2 site.  The variation of hyperfine magnetic field 

with dopant content of RE-Ni ions is akin to the compositional variation of saturation 

magnetization of RE-Ni doped strontium-barium hexaferrites. The results of the study 

have shown potential for application of these materials in the area of magnetic 

recording, permanent magnetic materials and surface mount devices for fabricating 

multilayer chip inductors. The Nd-Ni doped strontium-barium hexaferrites may be 

more useful as permanent magnets, owing to high values of magnetization and 

coercivity. High electrical resistivity and low dielectric losses are the characteristics 

required to reduce the eddy current losses.  
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                      (a) x = 0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40,  

                      (d) x = 0.06; y = 0.60, (e) x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00. 

Figure 3.44    Mössbauer spectra for Sr0.5Ba0.5-xCexFe12-yNiyO19 hexaferrites                       142 

                      (a) x = 0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40,  

                      (d) x = 0.06; y = 0.60, (e) x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00 

Figure 3.45   Mössbauer spectra for Sr0.5Ba0.5-xPrxFe12-yNiyO19 hexaferrites                        143 

                     (a) x = 0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40,  

                     (d) x = 0.06; y = 0.60, (e) x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00. 

Figure 3.46   Mössbauer spectra for Sr0.5Ba0.5-xNdxFe12-yNiyO19 hexaferrites                       144 

                     (a) x = 0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40,  

                     (d) x = 0.06; y = 0.60, (e) x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00. 

Figure 3.47   Site population of iron ions at different lattice sites in                                     154 

                     Sr0.5Ba0.5-xLaxFe12-yNiyO19 hexaferrite (x = 0.00-0.10; y = 0.00-1.00) 

Figure 3.48   Site population of iron ions at different lattice sites in                                     155 

                     Sr0.5Ba0.5-xCexFe12-yNiyO19 hexaferrite (x = 0.00-0.10; y = 0.00-1.00) 



 
 

Figure 3.49   Site population of iron ions at different lattice sites in                                  156 

                     Sr0.5Ba0.5-xPrxFe12-yNiyO19 hexaferrite (x = 0.00-0.10; y = 0.00-1.00) 

Figure 3.50   Site population of iron ions at different lattice sites in                                  157 

                      Sr0.5Ba0.5-xNdxFe12-yNiyO19 hexaferrite (x = 0.00-0.10; y = 0.00-1.00) 
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1.      INTRODUCTION 

1.1     Nanoscience 

Nanotechnology is one of the most important future technologies involving 

several disciplines of science including physics, chemistry, solid state ionic, materials 

sciences and medical science [1]. Using building blocks with dimensions in the nano-

size range, it is possible to design and create new materials with novel or improved 

properties. Nanostructured materials made of nanosized grains or nanoparticles as 

building blocks, have a significant fraction of grain boundaries and a large ratio of 

surface area to volume. One of the most important characteristics of nanostructured 

materials is the significant dependence of certain properties upon the size in nanoscale 

region. For example, electronic properties are directly dependent on the particle size. 

Porous surface morphology, grain boundaries, and other crystal lattice defects are 

examples of some of the other structural features that depend on the manner in which 

the nanostructured materials are synthesized and processed [1]. Some examples are 

lowered melting temperatures, improved wear resistance of nanostructured ceramics, 

increased strength of metals and magnetic state transition from ferro/ferrimagnetic to 

paramagnetic or superparamagnetic state as a function of size. This opens up the 

doors for tailoring material properties by precise synthesis of the building blocks and 

their assembly to fabricate functional materials with improved properties [2]. 

There are numerous techniques used for the creation of nanostructured 

materials, which are generally divided into two main strategies, top-down methods 

and bottom-up methods. Various micro-technologies can be used to synthesize nano-

scale materials and devices, which collectively considered as top-down nano-

fabrication technologies, such as, photolithography, nano-molding and nanofluidics. 

However, the limits for the traditional top-down methods are restricted by the 

miniaturization and precision manufacturing of semiconductor products at a smaller 

scale. Alternatively, in bottom-up approaches, nanostructured materials are 

synthesized from building blocks of atoms, molecules, clusters or nanoparticles in a 

controlled manner either monitored by thermodynamic means or using different ways 

such as self-assembly. These include wet chemical synthesis routes. Therefore, the 

idea of artificially creating substances and materials as well as their unique 

functionality using the bottom-up approach is increasingly important for developing 

novel and multi-functional materials [3]. In this thesis, bottom-up methods are used 



 
 

for the creation of ferrite nanomaterials (which could be used for technological 

applications).  

 
1.2     Ferrites 

Ferrites are defined as oxide materials composed of Fe3+ ions, as the main 

cationic component. These are the member of a class of mixed iron oxides MO.Fe2O3, 

where M is metal such as Ba, Sr, Pd, Co, etc. The iron oxides (generic name for iron 

oxides, hydroxides, oxyhydroxides, and other related compounds) have been known 

for millennia. Such minerals were used originally as pigments for paints and in the 

magnetic compass. This was the first application of magnetic iron oxides, also known 

as lodestones, historically employed to locate the magnetic ‘north’ [4]. 

Among the advanced magnetic materials, ferrites are the most widely used 

materials. These are hard, brittle, ceramic-like materials and regarded as structure-

sensitive materials owing to their much higher values of electrical resistances than 

metals [5]. The research on manufacturing ferrite materials with superior properties 

has begun since past few decades, when J. L. Snoek [6] synthesized a soft ferrite 

material for commercial applications. Ferrite materials occupy a key position in many 

essential areas of interest. The most important of these are the generation and 

distribution of electrical power, storage and processing of information and industrial 

machines including motors for various applications. Due to their high electrical 

resistivity and consequently low eddy current losses, ferrites are the best-suited 

materials for communication including telephony, radio and television [7]. 

  The breadth of applications of ferrites continues to expand when the materials 

dimensions are reduced to the nanoscale. For example, ultra small, less than 20 nm, 

ferrite particles are the leading materials investigated in high-density recording media 

and biomedical applications, such as magnetically targeted drug delivery [8]. Many 

new avenues for diverse applications have been conceived for ferrite materials, when 

the dimensions are reduced to nanometer length [9]. Ferrites can be classified on the 

basis of their crystal structure, as cubic versus hexagonal and also based on their 

magnetic behavior, i.e. soft versus hard ferrites [10]. Soft ferrites can easily be 

magnetized and demagnetized as they posses an obvious magnetism only in the 

presence of magnetic field. They have high value of high permeability, low coercivity 

(Hc <1000 A/m) and narrow hysteresis loop, e.g., Mn ZnFe2O4, NiZnFe2O4, etc. Soft 



 
 

ferrite materials are used extensively in applications such as voltage and current 

transformers, electronic circuits, transformer cores, motors for generators, saturable 

reactors, magnetic amplifiers, inductors, and chokes, etc [10].  

The main composition of hard ferrites is MFe12O19 (M = Ba, Sr, Pd, Ca), retain 

their obvious magnetization more or less permanently. These are characterized by 

high value of coercivity, typically 10,000 Am-1, which makes them difficult to 

magnetize and demagnetize. The magnetism of a hard ferrite is strongly bound to its 

hexagonal axis, which is the reason for its hard magnetic behavior, i.e. high value of 

permeability in plane, remanent magnetization, and coercivity with a wide hysteresis 

loop. Such materials are referred to as permanent magnets because once magnetized 

they tend to remain magnetized for a long. Permanent magnets are used as magnetic 

field source-components in a wide range of products including consumer electronic 

equipment, computers, data storage devices and electrochemical devices, etc. It has 

been estimated that an average home contains more than fifty permanent magnets and 

every car uses an average about eight of them. The applications of permanent magnets 

range from electric motors, loudspeakers, generators, door latches, electric watches 

and microwave tubes. The wide range of crystal geometries, the excessive 

improvements in material properties and their relative cost-effectiveness make these 

ferrite materials the potential candidate for innovative applications [11]. The 

examples of hard ferrites are hexagonal ferrites.  

 

1.3 Classification of ferrites 

 According to their crystal structure; ferrites can be divided into four families. 

Spinels 1Fe2O3-1MeO (MeO = transition metal oxide), garnets 5Fe2O3-3Me2O3 

(Me2O3 = Rare-earth metal oxide) and hexagonal ferrites 6Fe2O3-1MeO (MeO = 

group IIA oxide, e.g., CaO, BaO, SrO). The detailed description of hexagonal ferrites 

is given as follows:   

 

 

1.3.1 Hexagonal ferrites 

    These compounds are still by far the most pertinent materials for practical 

applications and constitute the great majority of present-day hard ferrite production. 

They are very attractive materials for high frequency circuits and operating devices. 



 
 

Due to their novel electromagnetic properties, hexaferrites are extensively useful in 

the field of telecommunication and electronic industries. They are used as in high 

frequency microwave devices and also as permanent magnets because of their high 

uniaxial anisotropy and high coercive force [12]. The crystal structure of hexagonal 

ferrites [13] can be considered as a system of close packed stacking of two types of 

oxygen layers parallel to the hexagonal basal plane (110 plane).The first oxygen layer 

contains 4-oxygen ions and the second layer contains 3-oxygen ions and one barium 

ion. Between these layers several interstitial sites, namely tetrahedral (surrounded by 

four equidistant nearest neighbours), octahedral (have six octahedrally surrounded 

oxygen ions) and trigonal bipyramidal site (have five oxygen ions).  

The crystal structure of hexagonal ferrites is built up from three basic sub-units 

namely S, R and T. The S*, R* and T* are the rotational symmetry of S, R, and T at 

1800 around the hexagonal c-axis. The repeating unit ‘S’ has composition of either 

[M2+
2Fe3+

4O8]0 (S0) or [Fe3+
6 O8]2+ (S2+) with neutral or uncompensated charge of +2 

per sub unit, respectively. It consists of two layers of oxygen ions having four ions per 

layer which are cubically closed packed. The ‘R’ sub-unit has the composition 

[M2+Fe3+
6O11]2− and it is composed of three layers of oxygen ions, where one of the 

oxygen ions is substituted by one Me2+ ion in the middle layer. The layers of the R-

block are hexagonally packed. The T block has composition [M2+
2Fe3+

8O14]0 and 

composed of four layers of oxygen ions, where one of the oxygen ions is replaced by 

one Ba+2 ions in each of the two middle layers. The T block contains no mirror plane, 

consequently, there are no tetrahedral sites sharing faces [14]. 

 

1.3.2 Classification of hexaferrites  

The S, R and T blocks are considered as the basic blocks from which a range 

of hexagonal structures has been synthesized and can be classified into M, Y, W, Z, X 

and U type, as shown in table 1.2. 

                     Table 1.1:  Classification of Hexaferrites. [14] 

Symbol 
Chemical 

formula 

Unit cell 

Structure 

No of 

oxygen 

layers 

M BaFe12O19 RSR*S* 10 

W (M+S) BaMe2Fe16O27 RSSR*S*S* 14 



 
 

Y Ba2Me2Fe12O22 3 (ST) 18 

Z (M+Y) Ba3Me2Fe24O41 RSTSR*S*T*S* 22 

X (2M+S) Ba2Me2Fe28O46 3(RSR*S*S*) 36 

U (2M+Y) Ba4Me12Fe36O60 RSR*S*T*S* 16 

 

Where, Me is a divalent cation, e.g Co, Ni, Mg, Zn, etc. In many cases, the Ba2+ ion 

can be replaced by Ca2+, Sr2+, or Pb2+ ions, which have approximately the similar 

ionic radius. When the ‘R’ sub-unit combines with sub-unit ‘S2+’, it yields basic 

repeating unit of M-phase with the composition of MFe12O19. Similarly, Y-phase 

hexaferrite with composition Ba2Me2Fe12O22 is built-up by combining sub-unit ‘T’ 

with the S0. Various other combinations of basic sub-units leading to different 

compositions such as W, X, Y, Z and U-types hexaferrites are also known as shown in 

table 1.1 [14].  

However, one of the major constituent blocks of compounds are referred to as 

M-compounds, which have the chemical formulae of BaO.6Fe2O3 (BaM), SrO.6Fe2O3 

(SrM) and PbO.6Fe2O3 (PbM) were initially developed as a typical hexagonal 

ferromagnetic oxide [14]. The M-phase hexaferrites are the potential candidates as 

permanent magnets due to their striking magnetic properties such as high values of 

magnetization, anisotropy and coercivity. More commonly, hexagonal ferrites are 

used as a medium of high-density recordings [15].  

 

1.4     M-type hexaferrites 

This class of ferrites is called a “magnetoplumbite” structure from the mineral 

of the same name. The magnetoplumbite formula is MFe12O19 or MO.6Fe2O3, where 

M can be Ba2+, Sr2+ or Pb2+. The Fe3+ cations may also be replaced by other trivalent 

ions, e.g., Al3+, Mn3+, Ga3+, or by a binary mixture of divalent and tetravalent ions, 

such as Co2+ and Ti4+, without distorting the crystal structure. The addition of such 

metal oxides in various amounts may result in many different materials with tailored 

properties.  

 

1.4.1   Crystal structure of M-type hexaferrites 

The unit cell of magnetoplumbite structure comprises of two formula units; as 

five oxygen layers constitute one formula unit and two such units constitute one unit 



 
 

cell (figure 1.1). Each molecule shows 180o rotational symmetry around the 

hexagonal c-axis. The O2- layer containing M2+ act as a mirror plane since it is 

perpendicular to the c-axis. It can be said, therefore, that each unit cell consists of 10 

oxygen layers, sequentially built up from 4 blocks as, S (spinel), R (hexagonal), S* 

and R*. S* and R* have similar arrangement of atoms as that of the S and R blocks 

but rotated 180° with respect to S and R about the c axis. The S (spinel) or S* block 

consists of two oxygen ions layers; while R or R* block contains three oxygen layers, 

with one oxygen site in the middle layer substituted by one M2+ ion [11]. Each block 

has 6 interstitial Fe3+ ions in different crystallographic lattice sites, having spins in 

upward and downward directions. The space group of the M-type compound is 

denoted as P63/mmc (D4
6h) with the values of lattice constants are c = 23.2 Ǻ and a = 

5.88 Ǻ [16]. 

 

 

 

Figure 1.1 Unit cell of M-type hexaferrite based on two formula units of MFe12O19 

[14] 

 

The cations (M2+, Fe3+) occupy the interstitial positions of the oxygen lattice. 

The M-type hexaferrite crystallizes in hexagonal geometry with 64 ions per unit cell 



 
 

distributed in 11 different symmetry sites [5]. The unit cell contain contains 38 

oxygen, 24 iron and 2 M ions (M= Ba+2, Sr+2, Pb+2 and La+3). “The 24 iron ions are 

distributed over five different lattice sites i.e. 2a, 2b, 12k, 4f1 and 4f2. Out of these 

five sites, 2a, 12k and 4f2 are octahedral, 4f1 is tetrahedral and 2b is a trigonal 

bipyramid (2b) site [17]”. The oxygen ions occupy 4e, 4f, 6h, and 12k sites form a 

closed pack lattice [18]. The M ions (M2+ = Ba, Sr, Pb and La) occupy 2d sites [19]. 

The number and spin of the 12Fe+3 is shown below in different sites located in R 

(hexagonal) and S (spinel) block. They are arranged as: 6 Fe+3 are in 12k site having 

the spin up, 2 ions in 4f2 and 4f1 having spin down and 1 ion in 2a and 2b site having 

spin up.  So the 8 Fe+3 are in the upward direction and 4 in the downward direction, 

hence, 4 upward and downward cancel each other and the net moments is obtained of 

4 Fe+3 per formula units. As  each Fe+3 ion has 5 unpaired electrons in the 3d orbital 

contributing magnetic moment of 5μB, where μB is a Bohr magnetons; so according to 

the spin orientation (table 1.2) the total magnetic moment per formula unit is 

  BB FeFeFeFeFe  20]5[6]4[2]3[2]2[1]1[15  .  

      Table 1.2 Number of Fe3+ ions in sublattices of hexaferrites and their spin [20] 

Site Co-ordination No. of Fe3+ 
ions 

Spin Block 

12K Octahedral             6 Up R-S 

2a Octahedral             1 Up S 

4f1 Tetrahedral             2 Down S 

4f2 Octahedral             2 Down R 

2b Trigonal 

bipyramidal 

            1 Up R 

 

 

1.5     Properties of strontium-barium M-hexaferrites  

 The strontium-barium hexaferrites have attracted the attention of researchers 

since past few decades [20]. One reason for this is the great potential of this material 

for applications, which are based on the high values of magnetocrystalline anisotropy, 

together with high saturation magnetization, electrical resistivity and low dielectric 

losses. The ordering of the magnetic moments of ferric ions and the strong exchange 

interactions explain the excellent magnetic behavior of this material [17]. 



 
 

 

1.5.1    Electrical properties 

1.5.1.1  DC-electrical properties 

              Solid materials are generally classified based on their ability to carry electric 

current at room temperature, into: (i) metals ( = 104-106 S/cm) (ii) Insulators (<10-

10 S/cm) (iii) semiconductors (104>>10-10 S/cm). Materials having the higher 

conductivity at room temperature have the lower activation energy. The conductivities 

of most semiconductors/insulators increase rapidly with increasing temperature 

whereas that of metals shows a slight but gradual decrease. The electrical properties in 

ferrites depends on number of factors such as; synthesis route, annealing 

temperatures, amount and type of substituents, etc. Ferrites have much higher 

electrical resistances than metals and they are regarded as very structure-sensitive 

materials, their resistivity at room temperature can vary between 10-2-1011 ohm cm 

[21]. The electrical resistance can further be increased by special sintering conditions 

and selecting suitable compositions with small amounts of metal oxide substitution in 

ferrites [22].  

Electrical conduction is essentially governed by the manner of generating 

charge carriers and their transport in a material. According to the Verwey model [23] 

for conduction, the electronic conduction in ferrites is mainly due to the hopping of 

charge carriers between ions of the same element having variable valancies and 

distributed randomly over crystallographic lattice sites (octahedral sites). “The 

hopping probability directly depends on the distance (separation) between ions 

involved in conduction and the potential barrier that must be overcome known as 

activation energy for hopping [24]”. M-type hexaferrite material is a hopping or a 

small polaran hopping semiconductor with a large concentration of mobile electrons 

[25]. Electronic conduction in this material mainly originates from an electronic 

hopping between the Fe3+ and Fe2+ ions, when both the ions are located at the adjacent 

octahedral sites i.e. Fe3+-O-Fe2+  [26]. This exchange process depends upon an orbital 

overlap of the transition metal ions with oxygen [27].  

Activation energy of hopping can be calculated from the temperature-

dependence of the resistivity (for ln-1/T), and the values are found to be in the range 

of 0.6-0.8 eV for the M-type hexaferrites, as also discussed by Iqbal et al [28] for M-

type hexaferrites. “The increase in temperature actually thermally activates the 



 
 

charge-carriers and hence increases their mobility”. The high values activation energy 

(0.6-0.8 eV) approves the high resistivity of the compound at room temperature. In 

addition, these values are higher than the transition energy of Fe2+ / Fe3+ ion-pair (Ee = 

0.2 eV), which indicates that the small-polaron model of electron-hopping is favored 

in the studied samples [29]. Small polaron is defined as a combination of hopping 

electron and its accompanying lattice polarization field [30]. When the electron 

interacts through its electrical charge with the surrounding ions or atoms of the lattice, 

it creates polarization of the surrounding lattice, and this deformation (polarized 

lattice) then follows the path of electron as it moves through the lattice. Hopping 

process occurs between eg orbitals on adjacent Fe3+/Fe2+ cations on the octahedral 

lattice site [31]. So the hopping and hence the resistivity in ferrites depends on the 

number of ferrous and ferric ions in the material.  

 

1.5.1.2 Dielectric properties 

 Ferrites have attracted importance as dielectric materials, owing to their high 

electrical resistivity. A dielectric material is defined as a non-conducting substance, 

i.e. an insulator and the study of dielectric properties demonstrate that how an applied 

electric field interacts with an atom inside a material. The most important property of 

dielectrics material is that when an electric field is applied they induce electric dipole 

moments in the material (get polarized). In the presence of an electric field, the cloud 

of negatively charged electrons of an atom in dielectrics is distorted, creating dipoles. 

As each dipole is characterized by its dipole moment thus they produce their own 

field, which interact with the external applied field [32]. The process of relative 

displacement of the negative and positive charges of atoms or molecules, the 

orientation of existing dipoles toward the direction of the field, or the separation of 

mobile charge carriers at the interfaces of grain-boundaries, caused by an external 

electric field is referred to as an electric polarization [33].  

There are four types of polarization, as electronic, ionic or atomic, dipolar and 

interfacial or space-charge polarization. Electric polarization associated with mobile 

and trapped charges is generally referred to as interfacial or space-charge polarization. 

This mainly occurs in amorphous or polycrystalline materials consisting of traps, 

charge carriers (electrons, holes or ions) [34]. The dielectric behavior provides 

knowledge about the localized charge carrier involved in conduction, which in turn 

helps to explicate the mechanisms responsible for charge transport processes (i.e., 



 
 

conduction and polarization). One of the important electrical properties of dielectric 

materials is permittivity (or relative permittivity, which is generally referred to as the 

dielectric constant). The dielectric constant depends strongly on the frequency of the 

alternating electric field or the rate of the change of the time-varying field. It also 

depends on the chemical structure and the imperfections (defects) of the material, as 

well as on other physical parameters including temperature and pressure, etc. [32].  

The dependence of dielectric constant of dielectrics on the frequency of an 

applied electric field is known as dielectric dispersion. There is always a lag between 

matching of the fluctuations occurring in the dielectric polarization and an applied 

electric field. The dielectric constant indicates the strength of the relation between 

dielectric polarization and an applied field, as both directly depends on each other, so 

if a polarization process does not follow the fluctuations in the applied field then 

dielectric constant decreases. The frequency-dependent response of any dielectric 

material for the external alternating field can be elaborated as follows: when a 

dielectric material is placed in an alternating electric field the polarization tend to 

reverse as the polarity of the field changes.  

If the frequency of the applied field is low, up to 106 Hz, then the polarization 

can follow the alternations of the field without any significant lag and hence the 

dielectric constant or permittivity remains almost static. Under alternating field 

conditions of high frequency (greater than 1 MHz) the oscillation of dipoles lag 

behind those of the applied field. If the frequency is further increased up to 

microwave region around 1010 Hz, then they are totally unable to follow the 

alternations in the field and hence the orientation polarization (in polar dielectric 

materials) ceases due to relaxation in the dielectric material. As frequency is further 

increased, other polarizing mechanisms start ceasing one after another, e.g. ionic 

polarization (present in ionic dielectric materials) ceases in the infrared or far-infrared 

region (1013 Hz), electronic polarization losses its response to the electric field in the 

ultraviolet region around 1015 Hz. All types of polarization encounter some sort of 

internal friction counteracting the change of the dipole alignments which is dissipated 

as heat by the material, referred to as dielectric loss. M-type hexaferrites are found to 

be useful to applications in microwave and surface mount devices due to their high 

electrical resistivity and low values of dielectric constant and dielectric losses.  

 



 
 

1.5.2 Magnetic properties 

The magnetic properties of materials are basically the result of the magnetic 

moments associated with each of the individual electrons. The total magnetic field 

inside the material (magnetic induction ‘B’) is a function of the applied external field 

and the magnetization. 

)(0 MHB          (1.1) 

Where, B is the magnetic induction, H is applied field and M is the net magnetization. 

The relationship between net magnetization in material (M) and an applied magnetic 

field (H) is defined by magnetic susceptibility (χ) of the material, such as: 

H

M
         (1.2) 

Where, χ is the measure of an ease by which the material magnetizes, by aligning its 

magnetic moment to the externally applied field. 

Materials are classified into following categories on the basis of their magnetic 

properties, either inherent or shown in an external magnetic field.  Materials, which 

are weakly repelled in a magnetic field, and usually have paired electrons, show 

diamagnetism (figure 1.2a). Diamagnetic substances are made up of atoms with no 

unpaired electrons and hence having no net magnetic moments. Paramagnetism 

occurs when atomic magnetic dipoles, created by an incomplete cancelation of 

electron spin, are randomly arranged and then preferentially align with an external 

field as shown in figure 1.2a. These materials are magnetic as long as the external 

field is present and loses their magnetization in the absence of applied field, because 

unpaired spins of one atom exert little or no influence on the magnetic dipole 

(unpaired spins) of the other magnetic atoms, i.e., exchange interactions are 

negligible.  

Ferromagnetic materials have large net magnetization even in the absence of a 

magnetic field because of the parallel alignment of their magnetic moments (figure 

1.2b). As a result, in a ferromagnetic material there will be regions known as domains, 

which exhibit spontaneous magnetization. These domains have intrinsic magnetic 

moment even in the absence of an external magnetic field [30]. Anti-ferromagnetism 



 
 

occurs when all the magnetic moments of adjacent atoms exhibit anti-parallel 

alignment. These magnetic moments cancel one another, and there is no net magnetic 

moment (figure 1.2c). These materials may have a net magnetic moment due to spin 

canting and lattice defects. 

(a) Paramagnetism 
and diamagnetism

(b) Ferromagnetism 

(c) Antiferromagnetism (d) Ferrimagnetism  

Figure 1.2: Classification of magnetic materials (a) paramagnetism and 

diamagnetism, (b) ferromagnetism, (c) antiferromagnetism and (d) ferrimagnetism 

[14] 

 

Ferrimagnetic materials have very large permanent magnetization even in the 

absence of magnetic field (figure 1.2d). This permanent magnetic moment is due to 

the cooperative interactions of large number of atomic spins in domains, where all 

spins are aligned in the same direction (figure 1.3c). At or above Curie temperature, 

the spins in ferrimagnetic materials are aligned randomly and behave as paramagnetic 

material. Ferrimagnetism is similar to the ferromagnetism exhibiting all 

characteristics of the ferromagnetic materials: saturation magnetization, remanence 

and Curie temperatures. However, both have different magnetic ordering and 

ferrimagnets possess higher electrical resistivity than the ferromagnets [35]. The 

strontium-barium hexaferrites are also ferrimagnetic materials. 

When ferrimagnetic materials are placed in external magnetic field, they trace 

magnetization curves known as hysteresis loops (figure 1.3a). Some of the magnetic 

parameters defined by hysteresis loops are: Saturation magnetization Ms: is a state in 



 
 

magnetic materials when it get saturates at an applied magnetic field, such that an 

increase of applied magnetization produces no significant changes in the inherent 

magnetization of material (magnetic flux density) (figure 1.3a). The behavior of 

magnetic flux density and the magnetization under the action of applied magnetic 

field is an important factor in the actual use of permanent magnets.  

 

(a)

(b)

 

Figure 1.3: (a) Typical hysteresis loop for a magnetic material, (b) Hyteresis loop for 

soft and hard magnetic materials, soft magnetic materials possess intrinsic coercivity 

of 1000Am-1 [36]. 

 

Remanence Mr: is the magnetic memory of a material as it denotes the value 

of magnetization left behind in a material after an external field is removed (figure 

1.2a). The functionality of recording media depends upon the remanence value of 

magnetic material used, so in order to keep the recording informations for a longer 

time, magnetic material must have large remanence. The performance of the 

recording media also depends upon the remanence. If the remanence value is high 

then the recording media keep the information for longer time and vice versa. 



 
 

Coercivity Hc: is the negative (reverse) applied field required to decrease the 

magnetization to zero (figure 1.3a). If a material posses coercivity values less than 

1000Am-1 then these are termed as soft magnetic materials which form narrow 

hysteresis loop and vice versa, as shown in figure 1.3b.  

 Diversity in the crystal structure of ferrites and their magnetic orderings lead 

to wide range of magnetic properties and hence applications. Hexaferrites are 

ferrimagnetic materials possessing high electrical resistivity. Generally, 

ferrimagnetism is a consequence of an antiparallel alignment of magnetic moments of 

atoms on different sublattices in the crystal. The origin of the coupling among 

magnetic ions in the lattice is generally explained by super-exchange of valence 

electrons between the neighboring ions. Since the cations are mediated by oxygen 

anions in the lattice, so the direct exchange interaction among cations (occurring 

between their 3d electron spins) is negligible and indirect coupling mechanism of 

exchange interactions, the super-exchange interactions is expected to occur. Super-

exchange can be described as covalent bonding between filled 2p-orbitals of oxygen 

and unfilled 3d-orbitals of transition metal cations. In strontium-barium hexaferrite 

(Sr0.5Ba0.5Fe12O19), ferric ions are distributed among five crystallographic sites: three 

octahedral sites (12k, 2a and 4f2), one tetrahedral (4f1) and one trigonal bipyramidal 

(2b). “Out of 12 Fe3+ ions, 8 have upward spins (↑) at 12k, 2a (octahedral) and 2b 

(trigonal bipyramidal) while the remaining 4 have downward spins (↓) at 4f1 

(tetrahedral) and 4f2 (octahedral) sites. According to the configuration of Fe3+, the 4 

upward and 4 downward spins would cancel each other out, and the remaining 5 

unpaired electrons in the 3d orbital of the Fe3+ ions would have the magnetic moment 

of 5 B. Therefore, each M-type hexaferrite owes the total magnetic moment of 20B 

per unit cell [37]”. 

 The behavior of magnetic flux density of a magnetic material 

(magnetization) as a function of an applied magnetic field (hysteresis loops) and 

temperature (susceptibility) gives various magnetic parameters such as saturation 

magnetization (Ms) and remanence magnetization (Mr), coercivity (Hc), magnetic 

moment (nB) and Curie temperature (Tc), respectively. These parameters are greatly 

affected by the chemical composition and microstructure in nanomaterials. Indeed, 

magnetic behavior of the ferrimagnetic hexaferrite material is largely governed by the 

distribution of iron ions on crystallographic sites and hence the Fe3+- Fe3+ exchange 



 
 

interactions (the spin coupling of the 3d electrons), so magnetization of the hexaferrite 

material varies with the factors influencing the strength of these exchange 

interactions. “Magnetization reduces with the substitution of Fe3+ ions in the spin-up 

states (12k, 2a, 2b) and increases with the substitution in the spin-down (4f1, 4f2) 

states [37]”. The performance of the recording media also depends upon the 

remanence. If the remanence value is high then the recording media keep the 

information for longer time and vice versa. 

The coercivity (Hc), which measures the strength of the magnetic field, 

required for overcoming the magnetocrystalline anisotropy to flip over the aligned 

magnetic moments, is related to the width of the hysteresis loop (figure 1.3a). The 

value of coercivity and hence the width of the hysteresis loop classifies the magnetic 

behavior as hard and soft magnets. Sr-Ba M-type hexaferrite materials are considered 

to be hard magnetic materials owing to their high values of coercivity (Hc > 1000 

A/m). The coercivity of M-type hexaferrites (SrM, BaM and PbM) depends on the 

particle size, porosity and the magnetocrystalline anisotropy. The material having 

smaller particle size in single domain and large magnetocrystalline anisotropy has 

high value of coercive force and vice versa. According to Li et al [38] the demand for 

a magnetic material to be employed as a magnetic recording media depends upon the 

value of coercivity, as the longitudinal magnetic recording media, which is the general 

type of recoding media used in industries, requires high enough coercivity (above 600 

Oe). While, materials having much higher coercivity value (above 1200 Oe) can be 

used for perpendicular recording media which is a developing new technology in the 

magnetic recording materials.  

The Curie temperature (Tc) is the transition temperature beyond which a 

previously ferrimagnetic material becomes paramagnetic. On the atomic level, below 

the Curie temperature the magnetic moments are aligned in their respective domains. 

As the temperature increases to Tc and above however, fluctuations due to the 

increase in thermal energy destroy that alignment. This temperature dependent 

phenomenon of ferri-to paramagnetic transition is used in erasing and writing of new 

data in magneto-optical storage media industry. Other uses include thermo-magnetic 

generators and temperature-control devices, where a temperature-controlled 

magnetization is desirable [39].  

 

 



 
 

1.5.3   Thermal properties 

The thermal conductivity of hexaferrites is rather low (10-15 10-3 

cal/sec/cm/oC) in comparison to other magnetic ceramics. This feature is important in 

their application in power transformers where low thermal conductivity is beneficial 

to minimize the accumulation of heat in the centre of a ferrite core. Linear expansion 

co-efficient of hexaferrites is in the range of 7-1210-6 K-1. Ferrimagnetic materials 

have greater value of specific heat than the paramagnetic substances and it value for 

hexaferrites ranges from 700 to 800 Jkg-1K-1. The value of specific heat increases 

greatly at the Curie temperature where the spin alignment is against thermal energy is 

greatest. This gives evidence for transformation of ferrimagnetic to paramagnetic 

behavior at Curie point. Melting points for SrM and BaM are 1692 and 1611 K, 

respectively [40].  

  

1.5.4  Chemical stability 

  Strontium-barium M-type hexaferrites have good chemical stability, e.g. 

oxidation resistance. These hexaferrite materials are stable in week acids (CH3COOH, 

Citric acid and phenol solutions), alkalis (NH3, NaOH, NaCl, KOH) and other 

chemicals. These materials are unstable in strong acids (HF, HCl, HNO3, H2SO4 and 

H3PO4). It is found that they are completely dissolved in hydrofluoric acid and 

hydrochloric acid after 14 days.  

 

1.6     Applications of strontium-barium M-type hexaferrites 

In the past few decades, a renewal of the interest in hexaferrites has been 

induced by the diversity in the applications, e.g. magneto-optical storage, millimetrer 

wave devices, and magnetic recording [17]. Potential benefits of ferrite magnetic 

materials are dramatic. Ferrites are used in the applications from magnets to the most 

complex microwave devices and high-frequency devices such as radars, satellite 

communications and also computer applications. Unlike a magnetic metal, a 

hexaferrite is a magnetic dielectric, having higher electrical resistivity (>106 ohm cm) 

than other magnetic metals (10-5 ohm cm). The most significant reason for the up-

surge in the hexaferrite interest has been the development of miniaturization of 

devices, higher operating frequencies and power supplies which are being used in 

computers, processors and telecommunication device applications.  



 
 

The combination of magnetization, high electrical resistivity and low losses of 

hexaferrite materials make them very suitable as core for transformers in switched-

mode power supplies, as deflection yokes in the television receivers, surface mount 

devices for fabrication of chip inductors and capacitors. M-type hexaferrites are 

importantly used for recording heads for audio, data storage, video recorder and thus 

use in inductive elements for radio interference suppression due to its large 

magnetization. Hexaferrite materials play an important role in electronic industry such 

as electric motors, transformers, loudspeakers, microwave isolators or computer 

memories, etc., due to their high remanence, magnetization, long time stability and 

economical price. The permanent magnetic materials are also used in loudspeakers, 

permanent magnetic motors and moving-coil instruments such as galvanometers, 

ammeters and voltmeters. 

The strontium-barium M-type hexaferrites due to their large tunable 

anisotropy field are extensively exploited in the recent years in higher gigahertz 

range. Microwave in the higher gigahertz range are being increasingly utilized in 

wireless communication, radar, local area network, secret system, satellites 

communication, precise guidance system and remote sensing techniques [41-43].   

 

1.7 Literature Survey of M-type hexaferrites 

“Williams et al. [44] reported the distribution of magnetic moments of Fe3+ 

and Co2+ in Co2+-, Ti4+-substituted M-type barium hexaferrite, Ba(Co,Ti)xFe(12−2x)O19, 

as a function of doping rate,x (x = 0, 0.25, 0.50, 0.70 and 0.85). The magnetic 

moments of Fe3+ and Co2+ were calculated from the combined results of Mössbauer 

measurements for Fe3+ ions in the sublattices and neutron diffraction data for the total 

moments of Fe3+ and Co2+. A comparison of the signs of the magnetic moments of 

Fe3+ and Co2+ ions enabled us to attribute spin directions of the Co2+ ions in the 

sublattices of the substituted ferrite samples. A quantitative analysis shows that Co2+ 

and Ti4+ ions were preferably substituted into 4f2 and 12K sublattices, respectively. In 

addition, while the hyperfine field of Fe3+ in the 2b sublattice gave rise to the 2b–4f2 

interaction it is the partially substituted Co2+ ions in the 4f1 and 12K sublattices that 

contribute to the near neighbour 2a–4f1 and 2b–12K types of interaction. 

Chen et al. [45] synthesized the barium ferrite ultrafine particles by 

coprecipitation in an aqueous solution with polyacrylic acid (PAA) as a protective 



 
 

agent. Thermal analysis by TGA/DTA showed that the precursor could yield barium 

ferrite after calcination above 700oC for 2 h. By analyses of the XRD and electron 

diffraction pattern, the formation of pure barium ferrite was confirmed and the 

appropriate molar ratio of Ba/Fe in aqueous solution was determined to be 1/11. The 

TEM measurements indicated that the average diameter of the precursor was 4.5 nm, 

and the diameters of the particles calcined at 700 and 800oC were 23–34 and 49–82 

nm, respectively. The magnetic properties characterized by a SQUID magnetometer 

showed that the barium ferrite ultrafine particles calcined at 700–800 oC had a 

saturation magnetization of 36.9–60.8 emu/g, a remanent magnetization of 19.0–31.0 

emu/g, a coercivity of 117.3–221.8 Oe, and a squareness ratio of 0.51. The 

magnetization was also observed to increase with a decrease of temperature at 5–400 

K. These magnetic properties all reflected the nature of ultrafine particles and also 

were influenced by the morphology and microstructure of final products. 

Perkin et al. [46] used self propagating high temperature synthesis from a 

mixture of MO2 and heating mixture at 1150oC for 2h to synthesize pure crystalline 

MFe12O19. The ferrites were characterised by X-ray powder diffraction (Rietveld 

analysis), FT-IR, magnetometry, EDAX/SEM and Mössbauer spectroscopy. The 

ferrites showed good purity, coercivity, remanence and hysteresis loops compared to 

commercial samples. The new synthetic route also allowed a range of mixed metal 

ferrites SrxBa1-xFe12O19 to be made. It is rapid (ca. 10 s), inexpensive and does not 

require the use of special reaction containers or an oxygen atmosphere. 

Chen et al. [47] prepared the strontium ferrite ultrafine particles using the 

microemulsion processing. The mixed hydroxide precursor was obtained via the 

coprecipitation of Sr2+ and Fe3+ in a water-in-oil microemulsion of water/CTAB/n-

butanol/isooctane. According to the investigation on the thermochemical properties by 

TGA/DTA and the phase analysis by XRD, it was shown that the precursor could 

yield pure strontium ferrite after calcination at 700oC for 5 h while using an 

appropriate molar ratio of Sr/Fe in microemulsions. From TEM measurement, the 

diameters of the precursor and calcined particles were 3.8±0.7 and 50–100 nm, 

respectively. The magnetic properties characterized by a SQUID magnetometer 

showed that the saturation magnetization, remanent magnetization, coercivity, and 

squareness ratio were 55 emu/g, 28 emu/g, 492 Oe, and 0.51, respectively. The 

magnetization was also observed to increase with the decrease of temperature at 5–

400 K. Compared with those reported earlier, the quite low coercivity implies the 



 
 

potential application of final product in the high-density perpendicular recording 

media. 

Wang et al. [48] synthesized Sm doped Sr hexaferrite particles 

hydrothermally. Post-synthesised calcination with the aim of improving the magnetic 

properties of as-synthesised particles was conducted at temperatures ranging from 

900oC to 1150oC for 2 h in air. The effects of the Sm/Sr ratio and the calcination 

temperature on the crystallography, particle morphology and magnetic properties of 

Sm doped Sr hexaferrite were investigated by an X-ray diffractometer, scanning 

electron microscope and vibrating sample magnetometer. It was found that, unlike 

transition metal element substitution, Sm substitution does not decrease the 

hexaferrite particle size. It had been observed that Sm substitution can increase the 

intrinsic coercivity of Sr hexaferrite without causing any deterioration of the 

saturation magnetisation and remanence. 

Ataie et al. [49] synthesized uniform size and ultra-fine particles of strontium 

hexaferrite, SrFe12O19, with a particle size range from 0.1 to 0.2 μm modified co-

precipitation from mixed aqueous solutions of iron and strontium nitrates. The results 

obtained showed that single domain particles of strontium hexaferrite exhibiting a 

significantly higher coercivity of 444.5 kA/m (5.55 kOe) can be produced by 

hydrothermally processing a NaOH-precipitated precursor nitrate solution at a lower 

temperature of 130°C, followed by calcination of the product phase at 850°C for 45 

min in air. The effects of the calcination temperature on the phase composition, 

particle size and shape as well as the magnetic properties of the products had been 

investigated. It was found that the coercivity increased rapidly on increasing the 

calcining temperature from 650 to 750°C and then exhibited a maximum at 850°C. 

The saturation magnetisation increased on increasing the calcination temperature 

above 650°C. 

An et al. [50] prepared Ba1-xSrxFe12O19 nanomaterials by a sol–gel method. 

Magnetic and structural properties of Ba1-xSrxFe12O19 (x = 0.0, 0.25, 0.5, 0.75, 1.0) 

were characterized by scanning electron microscopy (SEM), Mössbauer spectroscopy, 

X-ray diffraction (XRD), and a vibrating sample magnetometry (VSM). Liu et al. [51] 

synthesized M-type strontium ferrites with substitution of Sr2+ by rare-earth La3+, 

according to the formula Sr1-xLaxFe12O19 by the ceramic process. Influences of the 

substituted amount of La3+ on structure and magnetic properties of Sr1-xLaxFe12O19 

compounds had systematically been investigated by XRD, VSM and Mössbauer 



 
 

spectrum. When the substituted amount x was below 0.30, X-ray diffraction showed 

that the samples are single M-type hexagonal ferrites. It was found that the suitable 

amount of La3+ substitution may remarkably increase saturation magnetization σs and 

intrinsic coercivity HcJ. With the La3+ addition for the same sintering temperature, σs 

and HcJ increased at first, and then decreased gradually. Mössbauer spectroscopy of 

57Fe in Sr1-xLaxFe12O19 had shown that the substitution of Sr2+ by La3+ is associated 

with a valence change of Fe3+ to Fe2+ at 2a or 4f2 site. The different exchange paths 

between the iron sublattices were discussed according to the increased hyperfine 

fields of the 12k- and 2b-site. The Curie temperature of Sr1-xLaxFe12O19 decreased 

linearly with increasing La3+ substitution. 

Morel et al. [52] investigated the cationic distribution of Co2+ in Sr1-xLaxFe12-

xCoxO19 hexagonal ferrite was investigated by Mössbauer spectrometry and Raman 

spectroscopy. The two complementary techniques lead to the same conclusion: the 

majority of the Co2+ is substituted for Fe3+ in the octahedral 4f2 and 2a sites, in 

agreement with the magnetization measurements. A valence change of some Fe3+ to 

Fe2+ in the 2a site was also evidenced. Wang et al. [53] produced ultrafine (~80 nm), 

single domain Sr hexaferrite (SrM) particles with Sm additives by chemical co-

precipitation. The effects of the Sm3+/Sr2+ ratio on the crystallography and magnetic 

properties of Sm doped SrM ultrafine particles had been investigated. A very high 

coercivity of 528 kA/m (6635 Oe) with a magnetisation at 1100 kA/m of 63.07 J/T kg 

was obtained for the sample of Sm3+/Sr2+ = 1/14 calcined at 850oC for 2 h in air. 

Wang et al. [54] synthesized Nd-substituted Sr-hexaferrite (Sr1-xNdxFe12O19) 

plate-like particles hydrothermally and then calcined at temperatures ranging from 

1100oC to 1250oC for 2 h in air. The effects of the Nd–Sr ratio and the calcination 

temperature on the phase stability and magnetic properties were investigated. Nd 

substitution up to a Nd–Sr ratio of 1/8 increased the coercivity without causing any 

significant deterioration in either the saturation magnetization or the remanence. 

Grössinger et al. [55] studied the magnetic properties of La-Co substituted hard-

magnetic M-type ferrites of compositions Ba1-xLaxFe12-xCoxO19 and Sr1-xLaxFe12-

xCoxO19 (x = 0, 0.1, 0.2, 0.3, 0.4). Due to this substitution, the anisotropy as well as 

the coercivity increased. The effect of the ion size was studied on the system (Sr1-

yCay)1-xLaxFe12-x Co0.75xFe2+
0.25xO19 (x = 0.2, 0.4; y = 0, 0.33, 0.66, 1). Additionally, 

Sm substitution which leads to a strong increase of the coercivity was studied, but the 

effect on the anisotropy is small (1%). 



 
 

Niem et al. [56] prepared a series of single magnetic domain SrBa ferrites with 

composition (Sr0.75Ba0.25)1-x(La2O3)x/2 .5.3Fe2O3 by the conventional ceramic 

technology. Doping of La not only enhanced the coercivity of these materials but also 

improved the remanence. The reasons for improving the hard magnetic properties of 

the investigated ferrites were discussed. Sharma et al. [57] described the role of the 

substitution of Nd and Sm on the magnetic properties of anisotropic strontium ferrite 

sintered magnets. The composition was chosen according to the formula [SrO-

5Fe2O3]1-x+y(Nd2O3)x (Sm2O3)y , where x and y were varied between 0 and 5.0. The 

calcination and sintering were carried out at 1200 and 1300oC, respectively. A full 

factorial statistical design-involving x and y at three levels was used to investigate the 

effect of Nd and Sm doping on the important magnetic properties of strontium ferrite, 

such as coercivity, remanence and energy product. The intrinsic coercivity of doped 

strontium ferrite increased, whereas, remanence and energy product showed 

decreasing trend, with increasing amounts of Nd2O3 and Sm2O3. A microstructural 

study and phase analysis of doped ferrite was also carried out. 

Mali et al. [58] synthesized a novel sol–gel combustion process to synthesize 

the ultrafine particles of barium hexaferrite. The nitrate–citrate gels were prepared 

from metal nitrates and citric acid solutions under various molar ratios of the metal 

nitrates to citric acid of 0.5, 1, 1.5 and 3 by sol–gel process. The results showed that 

the nitrate citrate gels exhibit a self-propagating behavior after ignition in air at room 

temperature. The thermal decomposition of nitrate–citrate gels and the phase 

evolution of calcined powder were investigated respectively, by DTA/TG and XRD 

techniques. Scanning electron microscope was used to characterize the microstructure 

of the products. The results revealed that the formation temperature and the crystallite 

size of barium hexaferrite are influenced significantly by the molar ratio of the metal 

nitrates to citric acid. The formation temperature of barium hexaferrite decreases with 

increasing the molar ratio of the metal nitrates to citric acid. 

Pieper et al. [59] investigated the charge distribution in rare-earth (R = La, Nd, 

Sm) doped hexaferrites RxSr1-xFeO19 at x≤0:33; T = 4.2 K and in magnetic fields up to 

7 T with the local probe of 57Fe- nuclear magnetic resonance (NMR). All five 

crystallographic Fe-sites in the doped material were subject to an additional internal 

field ∆Bhf ; independent of R. ∆Bhf  increases to 0.4 T with x≤0:06; then decreases 

again. For x > 0:15; the Fe-spectrum was nearly indistinguishable from the one 

observed in undoped samples. The homogeneous shift of all Fe-lines was ascribed to 



 
 

the formation of large polarons with a magnetic polarization increasing at small x; and 

decreasing again when additional states were involved in their formation. Tenaud et 

al. [60] presented recent improvements performed on hard ferrite magnets with the 

Sr1−xLaxFe12−yCoyO19 composition. The influence of the composition on both 

structural and magnetic properties of samples with y = x and y/x = 0.75 is emphasized. 

The optimum composition contained more lanthanum than cobalt at the benefit of 

both lower irreversible losses and lower raw material costs. 

Martirosyan et al. [61] prepared rare-earth-doped ferrites with the general 

formula M1-xRx. n Fe2O3 (M = Ba, Sr, Pb; R = La, Ce, x = 0-0.1, n = 4-6) by solid-

state combustion synthesis. The effects of the doping procedure (before or after 

combustion synthesis), dopant content, and heat-treatment conditions on the magnetic 

and mechanical properties of the ferrites were examined. The results indicated that 

doped materials can be used to fabricate permanent magnets with enhanced density, 

remanence, and energy product. In addition, rare-earth doping improved the strength 

of the ferrite materials, eliminating their main drawback—inherent brittleness. 

Wang et al. [62] prepared La-substituted Sr hexaferrite particles by 

hydrothermal synthesis and subsequent calcinations. The effects of the initial La/Sr 

ratio and the calcination temperature on the structure, particle morphology and 

magnetic properties of La-substituted Sr hexaferrite were investigated by X-ray 

diffraction, scanning electron microscopy, vibrating sample magnetometry and a 

pulsed field magnetometer. It was found that, under hydrothermal conditions, the La3+ 

additives did not substitute exclusively into the SrM structure but this could be 

achieved to a greater extent by subsequent calcinations at high temperatures. 

Compared to the effect of Sm and Nd substitutions, La substitution only increases 

slightly the coercivity for the samples with initial La/Sr ratios up to 1/8, and for the 

samples with La/Sr ratios such as 1/4 and 1/2, the coercivity is smaller than that of the 

sample without La. This can be attributed to grain growth during calcination. Most of 

the La-substituted samples exhibit a similar magnetisation to that of SrFe12O19. 

Mocuta et al. [63] produced M-type hexagonal ferrites of composition 

Sr1−xNdxFe12O19 with x = 0, 0.06, 0.08, 0.11, and 0.20 by hydrothermal synthesis. The 

phase composition of the samples was investigated by X-ray diffraction and 

Mössbauer spectrometry. The analyses reveal for all the samples the presence of the 

hexagonal M-type phase as the main phase. However, Nd containing secondary 

phases of the (Sr,Nd)FeO3−δ type are also detected. Mössbauer spectrometry indicates 



 
 

that the Nd content in the M-type phase is very weak, as the hyperfine parameters of 

the M-type phase contribution do not vary with the Nd content. This is in agreement 

with the fact that both saturation magnetisation and remanence remain almost 

constant as the Nd content increases. The variations of the coercive field are thus 

attributed to microstructural changes, in relation with the presence of the Nd 

containing secondary phases. 

Lechevallier et al. [64] synthesized M-type hexagonal ferrites of composition 

Sr1-xSmxFe12O19 with x = 0; 0.06, 0.11, 0.2 and 0.33 by hydrothermal synthesis. The 

purity of the samples was investigated by X-ray diffraction and Mössbauer 

spectrometry. The analyses reveal for all the samples the presence of the hexagonal 

M-type phase as the main phase, but also the presence of Sm containing secondary 

phases of the (Sr,Sm)FeO3−δ type. The results of the Mössbauer analysis show that the 

hyperfine parameters of the M-type phase contribution do not vary with the Sm 

content, indicating that the Sm content in the M-type phase is very weak. This is in 

agreement with the fact that no Fe2+ is detected in the spectra. As both anisotropy 

field and saturation magnetization remain constant, the increase of the coercivity is 

thus attributed to microstructural changes, in relation with the presence of the Sm 

containing secondary phases. 

L.-Breton et al. [65] investigated Sr1-xLaxFe12-xCoxO19 (x = 0–0.4) powders 

produced by chemical co-precipitation by Mössbauer spectrometry and X-ray 

diffraction. The results showed that the powders are not single hexagonal M-type 

phase, (La,Sr)(Fe,Co)O3−δ (mainly) and (Co,Fe)Fe2O4 (traces) being present in the 

substituted powders, with a proportion that increases with x. The Mössbauer spectra 

were fitted with a model that accounts for the presence of the secondary phases. The 

interpretation of the Mössbauer data showed that in the hexagonal M-type phase, La3+ 

and Co2+ are substituted for Sr2+ and Fe3+ respectively, with a content that is lower 

than the nominal content, due to the formation of the secondary phases. Dimri et al. 

[66] prepared barium ferrite nanoparticles by the citrate precursor method by varying 

the pH of the solution and calcination temperature. The effect of particle size and 

capping reagent on the structural, dielectric and magnetic properties of the resulting 

barium hexaferrite particles was studied, and reported in the present paper. 

Sláma et al. [12] investigated the substituted M-type Ba hexaferrites of 

composition BaFe12−2xMexZrxO19, where Me stands for Ni2+, Co2+ or Zn2+. The series 

with x varying from 0 to 0.6, were prepared by two processing routes. A Fe/Ba ratio 



 
 

of 10 for mechanical alloying and of 10.8 for the citrate precursor method was chosen. 

It was shown that (Co, Ni, Zn)-Zr doped Ba ferrite particles have positive temperature 

coefficient of Hc, which decreases with increasing x. Lee et al. [67] fabricated La–Zn 

substituted Sr-ferrite nanoparticles by a sol–gel method. Their magnetic and structural 

properties were characterized by using the XRD, VSM, TG/DTA, and Mössbauer 

spectroscopy. We focused on the Mössbauer effects of non-magnetic ions such as the 

Zn occupation of 4f1 and 2b sites in the M-type hexagonal structure. As substitution x 

increased, the saturation magnetization increased, and took a maximum at x = 0.2 

before decreasing again, which was attributed to Zn occupation of 4f1 and 2b. This 

was thought to be caused by the preferential location of Zn2+ at the down-spin Fe3+ 

site. 

Dho et al. [68] investigated the magnetic and micro-structural properties of 

both polycrystalline and single-crystal samples of BaFe12O19 to elucidate the 

relationship between the coercivity and the grain boundary pinning effect. With 

increasing the sintering temperature of the polycrystalline sample from 1100 to 

1300oC, the grain size gradually increased while the coercivity largely drops from 

about 4 kOe to a few Oe. The M(H) curve for single-crystal sample, which has little 

grain boundaries, showed almost negligible coercivity. The difference in the 

coercivity between the single-crystal and polycrystalline samples was discussed in 

terms of the pinning of magnetization at the grain boundaries. 

Qiu et al. [69] prepared aluminum and chromium-substituted barium ferrite 

particles with single magnetic domain using self propagating combustion method. The 

crystalline structure, size, coercivity and microwave absorption property of the 

particles were investigated by means of X-ray diffraction, transmission electron 

microscopy, vibrating sample magnetometry and vector network analyzer. The results 

showed that the crystalline structure of BaFe12-xAlxO19 is still hexagonal. But when 

the chromium substitution amount y exceeds 0.6, the extra chromium ions could not 

enter the lattice of BaFe12-yCryO19. After Fe3+ was partly substituted with Al3+ and 

Cr3+, the microwave absorption properties of barium ferrite were improved. 

Aluminum and chromium substitutions changed the ferromagnetic resonant frequency 

of barium ferrite, which is an important channel to absorb microwaves with high 

frequency. The multi peak phenomenon of the ferromagnetic resonance increased the 

microwave absorption capability of barium ferrite. 



 
 

Mali et al. [70] used the sol–gel combustion synthesis to produce nano-

crystalline particles of barium hexaferrite. The results revealed that the nitrate citrate 

gels exhibit a self-propagating behavior after ignition. The decomposition of the gel 

indicated a gradual transition from an amorphous material to a crystalline phase. High 

values of coercivity field and saturation magnetization were obtained for sample 

calcined at 1000oC. Gee et al. [71] prepared well dispersed 50–60 nm sized spherical 

barium–strontium ferrite (S-Ba/Sr-Fe) nanoparticles with 40 nm sized hematite 

precursor particles and BaCO3/SrCO3 colloid. The coercivity and saturation 

magnetizations of S-Ba/Sr-Fe nano-particles were 1568 Oe and 48.6 emu/g, 

respectively. In order to evaluate magnetic interaction, magnetic tape was prepared 

using an Eiger mill with binder and organic solvent._ measurement showed the S-

Ba/Sr-Fe nanoparticles in the tape had negative magnetic particle-to-particle 

interaction. 

Wang et al [72] obtained Pr-substituted Sr hexaferrite particles by 

hydrothermal synthesis and subsequent calcinations. The effects of the initial Pr/Sr 

ratio and the calcination temperature on the structure, particle morphology and 

magnetic properties of Pr-substituted Sr hexaferrite were investigated by X-ray 

diffraction, scanning electron microscopy and vibrating sample magnetometry. It was 

found that, under hydrothermal conditions, the Pr3+ additives did not substitute 

exclusively into the SrM structure but this could be achieved to a greater extent by 

subsequent calcinations at high temperatures. Compared to the effect of Sm, Nd and 

La substitutions, Pr improves the coercivity by 14%, which is only smaller than that 

of Sm substitution but higher than those of Nd and La substitution. Pr substitution 

increases the coercivity without causing any significant deterioration in either the 

magnetisation or the remanence. 

Lechevallier et al. [73] obtained significant improvements of the magnetic 

properties of M-type hexaferrites (SrFe12O19) through partial substitutions with a rare-

earth element and a transition metal. The effects on the Mössbauer spectrum of the 

substitution of a rare earth ion (Sm3+, Nd3+ or La3+) in the Sr2+ site, and the 

substitution of a metal ion (Co2+ or Zn2+) in the Fe3+ sites were discussed. Singhal et 

al. [74] prepared nanosize pure and metal substituted barium hexaferrites BaMFe11O19 

(M = Fe, Co, Ni and Al) through aerosol route. The particle size of as-obtained 

samples were found to be ~15nm through TEM, which increased up to 100–130nm 

after annealing at 1000oC. The saturation magnetization for all the samples after 



 
 

annealing at 1000oC was in the range 45.7–59.8 emu/g. In case of Co substituted 

barium hexaferrite, the saturation magnetization was maximum and coercivity was 

minimum. Room temperature Mössbauer spectra of BaFe12O19 exhibited a doublet 

suggesting super paramagnetic nature, however, after annealing at 1000oC this 

doublet got converted into four magnetic sextets, which are typical of bulk barium 

hexaferrite. 

  Ounnunkad et al. [75] prepared the Cr-substituted M-type barium 

hexaferrites, BaFe12-xCrxO19, with x = 0-0.20 by nitrate–citrate auto-combustion 

process using citric acid as a fuel/reductant and nitrates as oxidants. The resulting 

precursors were calcined at 1100oC for 1 h and followed by sintering at 1200oC for 12 

h in oxygen atmosphere. The ferrites were systematically investigated by using 

powder X-ray diffractometer (XRD), magnetic hysteresis recorder, Mössbauer 

spectrometer, and scanning electron microscope (SEM). The XRD data showed the 

formation of pure magnetoplumbite phase without any other impurity phases. Both a 

and c lattice parameters calculated by the Rietveld method systematically decreased 

with increasing Cr content. The effects of Cr3+ ions on the barium ferrites were 

reported and discussed in detail. The site preference of Cr3+ and magnetic properties 

of the ferrites had been studied using Mössbauer spectra and hystereses. The results 

showed that the magnetic properties are closely related to the distributions of Cr3+ 

ions on the five crystallographic sites. The saturation magnetization systematically 

decreased, however, the coercivity increases with Cr concentration. The 

magnetization and Mössbauer results indicated that the Cr3+ ions preferentially 

occupy the 2a, 12k, and 4fVI sites. The average size of hexagonal platelets obtained by 

SEM photographs was found to decrease with respect to Cr content. 

Dong et al. [76] synthesized M-type Ba hexaferrites by sol-gel method. 

Several synthesizing factors, such as pH value, citric acid/metal ion ratio, and 

dispersion agent were mainly discussed. Fine and pure powders of BaFe12O19 were 

optimally synthesized under the conditions of the pH value is 7 and citric acid/metal 

ion ratio is 3. The X-ray diffraction analysis demonstrated that no impurity is 

observed in the synthesized powders after presintered at 450 °C and calcinated at 

1100 °C. SEM observations indicated that the size of the synthesized BaFe12O9 

powders is small and uniform distribution. It was also found from SEM that the co-

synthesizing sol-gel method can be in favor of the formation of finer particles. 



 
 

Xu et al. [77] produced BaFe12O19 powders with nanocrystalline sizes by sol–

gel auto-combustion. Fe3+ and Ba2+, in a molar ratio of 11.5, were chelated by citric 

acid ions at different pH. After dehydration, auto-combustion and calcinations, 

BaFe12O19 powders were formed. TG/DSC indicated the action to form BaFe12O19 

first occurred at about 800. XRD patterns of the annealed powders showed that the 

well-crystalline powder was produced when pH = 10. In addition, the data from XRD 

showed the lattice parameters a and c, and the unit-cell volume V had a little decrease 

and the density went up with the increasing pH. The data from PPMS exhibited that 

pH in the starting solution had an important influence on magnetic properties. In this 

case, BaFe12O19 powder, of maximum magnetization M(3T) ≈ 60Am2/kg, the 

remanent magnetization Mr ≈ 60Am2/kg and the intrinsic coercive Hc ≈ 432 kA/m, 

was produced under the molar ratio of citric acid to the metal nitrate of 1.5 when pH = 

10. 

Choi et al. [78] investigated La–Co substituted Sr ferrite (La–Co)xSr1-xFe12-

xO19 (x = 0.0-0.4) powders synthesized by sol–gel process for their magnetic 

properties. The crystalline structures were characterized by X-ray diffractometer 

(XRD), and magnetic properties were measured by vibrating sample magnetometer 

(VSM) and Mössbauer spectrometer. The crystalline structure of (La–Co)xSr1-xFe12-

xO19 was single M-type hexagonal phase. Magnetization under an applied maximum 

field of 15 kOe was measured 63.9 emu/g for x = 0.0, and decreased gradually for x = 

0.2, and increased slightly over x = 0.2. Coercivity, Hc, measured 7.5 kOe of 

maximum value for x = 0.2. With increasing x, we interpret that it is closely related to 

La–Co occupation of 4f2 and 12k sites from the analysis of Mössbauer spectra. 

Wang et al. [79] studied the magnetic properties of Sm substituted SrM 

hexaferrite, which is observed to have the largest beneficial effect both on the 

coercivity and on the inhibition of grain growth at high temperature among the other 

elements such as La, Nd and Pr. The average grain size of the samples decreased with 

increasing Sm/Sr ratio. All the magnets with Sm additions exhibited a bigger 

coercivity and remanence than those of the SrM magnet without Sm and the 

coercivity of the magnets increases with increasing Sm/Sr ratio. EDX quantitative 

analysis suggested that the solubility of Sm3+ in the SrM-type structure is very small 

and that the Sm3+ preferably goes into SrFeO3-x, which is probably located around the 

SrM grain boundaries. The formation and the distribution of the SrFeO3-x phase 

around the SrM grain boundraies probably provided the inhibition of SrM grain 



 
 

growth, the reduction of the reverse domain nucleation at the grain surface and the 

isolation of the SrM grains. All these factors would contribute to the improvements of 

the coercivity of the magnets with Sm additions. 

Liu et al. [80] prepared M-type strontium ferrites with substitution of Sr2+ by 

rare-earth La3+, and a little amount of Fe3+ by Co2+ according to the formula Sr1-

xLaxFe12-xCoxO19, by the ceramic process. Effects of the substituted amount of La3+ 

and Co2+ on structure and magnetic properties of Sr1-xLaxFe12-xCoxO19 compounds had 

systematically been investigated by X-ray diffraction (XRD), vibrating sample 

magnetometer (VSM) and B–H hysteresis curve measurements. The suitable amount 

of La3+–Co2+ substitution may remarkably increased saturation magnetization. 

Intrinsic coercive force (Hcj) of Sr ferrite magnets was evidently increased without 

significant decrease in residual flux density (Br) by La3+–Co2+ substitution. 

Alamolhoda et al. [81] synthesized ultra-fine strontium hexaferrite, and the effect of 

the surfactant on the crystallite size of the final product was investigated for the first 

time. The DTA/TGA plot exhibited the formation temperature of hexaferrite. The 

XRD results showed that adding surfactant to the sol did not change the composition 

of the combustion product and the surfactant burnt completely during the combustion 

process. The average crystallite size of hexaferrite powders was also measured by the 

X-ray line broadening technique employing the Scherrer formula. The results showed 

that adding surfactant to the gel made the particle size of the final product much 

smaller. 

Moghaddam et al. [82] prepared nano-crystalline particles of barium 

hexaferrite (BaFe12O19) by a co-precipitation/mechanical milling technique using 

aqueous solutions of iron and barium chlorides with a Fe/Ba molar ratio of 11 and 

subsequent mechanical milling with a high-energy planetary mill. The thermal 

properties, phase composition and morphology of the products were studied. 

DTA/TGA results confirmed by those obtained from XRD indicated that the 

formation of barium hexaferrite occurs at relatively low temperature of 634◦C in co-

precipitated/40 h milled sample. The XRD results also showed that intermediate phase 

of BaO·Fe2O3 does not form in milled samples. Nano-size particles of barium 

hexaferrite with a diameter of 50–100 nm could be observed in the SEM micrograph 

of co-precipitated/40 h milled sample after calcination at 800 ◦C for 1 h. SEM 

micrographs of the samples calcined at 1100 ◦C for 1 h exhibited hexagonal plate-like 



 
 

particles of barium hexaferrite; an intermediate milling resulted in decreasing of mean 

particle size from 1.3 μm to 750 nm. 

Narang et al. [83] investigated the microwave dielectric properties of M-type 

hexagonal ferrites having the general formula MeFe12O19 in which Me was Ba2+, Sr2+ 

or Ca2+ and Fe3+ ions were replaced partly by Co2+Ti4+ ions. The microwave dielectric 

constants of these hexaferrites were measured in the X band of the microwave 

frequency range after successively increasing the amount of substituted ions in the 

ferrites. The variation of complex permittivity of these hexaferrites with change in 

composition as well as change in frequency had been measured in this frequency 

range. Important inferences had been drawn using theoretical concepts. S. Ounnunkad 

[84] synthesized La or Pr substituted barium hexaferrites, Ba1-x(La or Pr)xFe12O19, x = 

0.00–0.20 by a citrate combustion process. The sintered bodies were structurally and 

magnetically studied by powder X-ray diffraction (XRD) and vibrating sample 

magnetometry (VSM). All XRD patterns showed the single phase of the 

magnetoplumbite barium ferrite without other intermediate phases. Magnetization 

(Ms) and coercive field (Hc) could be improved by substitutions of La or Pr ions on 

Ba ion basis sites. The Ms revealed magnetic behavior with respect to La or Pr ions 

content, showing an increase at first and then a decrease. The Hc increased 

remarkably with increasing La or Pr ions content. 

Lixi et al. [34] prepared barium hexaferrites doped with Sm3+, Ba1-

xSmxFe12O19, x = 0.0, 0.1, by the conventional ceramic technology. The structure and 

electromagnetic properties of the calcined samples were studied using powder X-ray 

diffraction (XRD) and network analyzer (Agilent 8722ET). All the XRD patterns 

showed the single phase of the magneto-plumbite barium ferrite without other 

intermediate phase. The lattice parameters of ferrites doped with Sm3+ decreased, 

indicating that the substitution of Sm3+ occurred on Ba2+ basis site and resulted in a 

contract of the crystal cell. The microwave electromagnetic properties of the samples 

were studied at the frequency range from 2 to 18 GHz. It was shown that ' increased 

slightly, and the maximum of ” appeared at higher frequency position with Sm3+ 

doping. μ” and tanμr were improved significantly, and the maxima were 2.3, 2.0, 

respectively. All the reasons were discussed using electromagnetic theory”. 

“Radwan et al. [85] prepared nanocrystalline barium hexaferrite (BaFe12O19) 

powders through the co-precipitation–calcinations route. The ferrite precursors were 

obtained from aqueous mixtures of barium and ferric chlorides by co-precipitation of 



 
 

barium and iron ions using 5M sodium hydroxide solution at pH 10 in room 

temperature. These precursors were calcined at temperatures of 800–1200◦C for 

constant 2 h in a static air atmosphere. The effect of Fe3+/Ba2+ mole ratio and addition 

of surface-active agents during co-precipitation step on the structural and magnetic 

properties of produced ferrite powders were studied. It was found that the formation 

of single-phase BaFe12O19 powders was achieved by decreasing the Fe3+/Ba2+ molar 

ratio from the stoichiometric value 12–8 and increasing the calcination temperature 

≥1000 ◦C. In addition, the Fe3+/Ba2+ mole ratio of 8 the surface active agents 

promoted the formation of homogeneous nanopowders (ca. 113 nm) of BaFe12O19 at a 

low-temperature of 800◦C with resultant good magnetic saturations (50.02 emu/g) and 

wide intrinsic coercivities (642.4–4580 Oe). 

Hua et al. [86] investigated the effect of La–Zn substitution on the 

microstructure and magnetic properties of Ba1−xLaxFe11.6−xZnxO19 (0≤x≤0.8) ferrites 

synthesized by sol–gel method. When 0≤x≤0.6, there mainly existed hexagonal ferrite 

phase in the samples, the lattice constants a and c decreased monotonously with the 

increase of x. The magnetization σ increased with the change of x to the maximum at x 

= 0.6 and then decreased, whereas the coercivity Hc, the anisotropy field HA and 

Curie temperature Tc decreased monotonously. In order to obtain the maximum 

magnetization, the sample with more substitution amount should be annealed at more 

high temperature. The results of the experiment were explained qualitatively in the 

paper. 

Litsardakis et al. [87] conducted a first examination concerning possible 

replacement of La by Gd in Ba–La–Co hexaferrites. Substituted samples according to 

the formula Ba1−xGdxFe12−xCoxO19 (x = 0.0, 0.1, 0.2, 0.3, 0.4) were prepared by 

classical ceramic route. A La–Co substituted sample with composition 

Ba0.8La0.2Fe11.8Co0.2O19, (x = 0.2) was also prepared for comparison. The structural 

and magnetic characteristics have been studied by XRD, VSM, SEM and EDX 

techniques. The substituted samples contain small amount of α-Fe2O3 impurities and 

traces of CoFe2O4, Fe2GdO4 and GdFeO3. The coercivity of samples with x = 0.1–0.2 

is higher up to 15% than in BaFe12O19, while the saturation magnetization and 

remanence values are lower. The Ba0.9Gd0.1Fe11.9Co0.1O19 sample (x = 0.1) presents 

similar values of Hc and σx to the La–Co (x = 0.2) sample Ba0.8La0.2Fe11.8Co0.2O19, 

demonstrating the potential for use of Gd in rare-earth substituted hexaferrite 

permanent magnet materials.  



 
 

Ataie et al. [88] synthesized nano-size particles of barium hexaferrite by 

mechano-combustion after milling of intermediate products obtained in the sol–gel 

combustion process using nitrate–citrate gels. The effects of precursor milling 

conditions on the phase evolution, crystallite size and annealing behavior of the 

products were investigated using XRD technique. The XRD results indicated the 

presence of γ-Fe2O3 as a major phase and BaCO3 as a minor phase in as-burnt 

powder. Analysis of the XRD patterns also confirmed the transformation of γ- to α-

Fe2O3 via mechanical milling; the rate of this transformation is strongly affected by 

milling conditions. Barium hexaferrite started to form at 700◦C and fully formed at 

1000◦C for milled sample under the optimum milling conditions. XRD and 

DTA/TGA results showed that an intermediate precursor milling accelerates the 

formation of magnetic phase. SEM micrograph of the sample milled for 120 h and 

then annealed at 1000◦C exhibited nano-size particles of BaFe12O19 with mean 

particle size of around 100 nm. 

N.-Moshaie et al. [89] produced barium hexaferrite magnetic powder by self 

propagating high temperature synthesis (SHS) route through putting a hot filament on 

top of the compact mixture of iron, iron oxide and barium nitrate powders with a 

Fe(total)/Ba molar ratio of 12. Morphology, particle size distribution, thermal 

behavior, phase evolution, chemical analysis and magnetic properties of the products 

were investigated by SEM, LPSA, DTA/TGA, XRD, EDS and VSM techniques, 

respectively. EDS analysis confirmed the presence of barium hexaferrite in as-SHS 

sample. An exothermic peak appeared at 814 ◦C in DTA/TGA traces seems to be due 

to the formation of barium hexaferrite. Single-phase barium hexaferrite was formed 

after annealing of SHS product at 1150◦C for 2 h. SEM micrograph of the sample 

annealed at 1150◦C for 2 h showed plate-like hexagonal particles of barium 

hexaferrite with mean size of 2 μm. Saturation magnetization (Ms) and coercivity 

(Hc) for sample annealed at 1150◦C for 2 h were obtained 66 emu/g and 192 kA/m, 

respectively. The microstructure of as-SHS sample after it was pressed and then 

sintered at 1250◦C for 3 h exhibited nano-grains of barium hexaferrite with mean 

diameter of 200 nm. 

Lisjak et al. [90] investigated the formation of barium hexaferrite via the 

coprecipitation method. Fine precursor powders were obtained with co-precipitation 

from water and ethanol solutions of various reagent salts. The co-precipitates were 

calcined at 300–800◦C for 0–50 h. The samples were characterized with X-ray 



 
 

powder diffraction, thermal analysis, electron microscopy and magnetometry. The 

formation of barium hexaferrite was a combination of two competing mechanisms 

and was not influenced by the reagent salts or the solvent. The formation temperature 

of the barium hexaferrite was reduced to 500 ◦C by optimizing the co-precipitation 

conditions.  

Shepherd et al. [91] synthesized stoichiometric and single-phase barium 

hexaferrite (BaM) by co-precipitation and an additional solid-state preparative method 

using high-purity nitrates, oxides and carbonates of iron (III), barium (II) and 

ammonium hydroxide. The isochronally and isothermally measured permeability and 

magnetic loss tangents over 1 MHz–1GHz in frequency remained moderately constant 

until a sintering temperature of 1300oC where relative permeability of 1.3 and loss 

tangent of 0.06 at 1 GHz, indicated high frequency magnetic characteristics for BaM. 

TGA/DTA studies showed the hexaferrite formation temperature was found to be 

1050oC. The apparent densities before and after each firing cycle showed a monotonic 

increase. X-ray diffraction studies established the presence of a single phase with the 

theoretical space group P63/mmc, and computed cell parameters of a = b = 5.895A˚ 

and c = 23.199A˚. The samples exhibited a Curie point (Tc) of 452oC and displayed 

ferromagnetic resonance characteristics centred on a frequency of 500 MHz. 

Lechevallier et al. [92] produced Sr1-xRExFe12O19 and Sr1-xRExFe12-xCoxO19 (x 

= 0–0.4 and RE = Pr, Nd) M-type hexaferrite powders according to a conventional 

ceramic process. The X-ray diffraction analysis of the calcinated material revealed the 

presence of secondary α-Fe2O3, PrFeO3 or NdFeO3 and CoFe2O4 phases in substituted 

samples, with proportions that increase with x. However, for the same x value, the 

proportion of secondary phases was lower in Co-containing powders than in Co-free 

powders. This indicated that the presence of Co in the M-type phase increased the 

solubility of the rare earth. The results of the Mössbauer investigation indicated that 

the solubility of Pr was higher than that of Nd in Co-containing samples. 

Sharma et al. [93] prepared barium hexaferrite powders by ordinarily mixing 

and high energy ball-milling stoichiometric amounts of the BaCO3 and Fe2O3 

precursors, followed by heat treatments at 900–1100◦C. The structural and magnetic 

properties of the resulting powders were analyzed by differential thermal analysis, X-

ray diffraction, scanning electron microscopy, Mössbauer spectroscopy and 

magnetization measurements. The milled powder showed a lower decomposition 

temperature and higher surface area than the ordinarily mixed powder. Formation of 



 
 

the BaFe2O4 intermediate phase was observed in conventionally prepared hexaferrites. 

Diversely, the mechanical process before annealing allowed for the hexaferrite 

formation at much lower temperatures but without formation of intermediate phases. 

The hyperfine parameters showed to be independent of the processing method. Higher 

saturation magnetization and coercivity were observed in the barium hexaferrites 

prepared by high-energy ball milling. 

Qiao et al. [94] prepared La–Cu substituted strontium hexaferrites with the 

chemical composition of Sr1-xLaxFe12-xCuxO19 by self-propagating high-temperature 

synthesis. The effects of La–Cu substitution on the microstructure and magnetic 

properties of Sr-ferrites were studied. The XRD results showed that all the samples 

are single SrM-type phase for x<0.4. Compared with the samples without La–Cu 

substitution, the magnetic properties of the samples with the composition of Sr1-

xLaxFe12-xCuxO19 were remarkably improved for x<0.4. The possibility that the 

substitution of Sr2+ by La3+ in the Sr-layer made the Cu2+ preferably substitutes the 

Fe3+ in 4f2 sites was predicted to be associated with the improvement of the magnetic 

properties of La–Cu substituted samples. Iqbal et al. [95] synthesized a series of Zr–

Ni-substituted strontium hexaferrite materials, SrZrxNixFe12-2xO19 (x = 0.0–0.8), by the 

co-precipitation method and the crystallite size determined to be in the range of 30–47 

nm. The saturation magnetization increased from 72 to 98 kA m-1 while coercivity 

decreased from 1710 to 428 Oe with Zr–Ni substitution. This improvement in both 

these properties makes these materials suitable for applications in recording media. 

The increase in resistivity suggested that the synthesized materials can be useful for 

application in microwave devices”. 

“Iqbal et al. [27] synthesized a series of Al–Ga substituted strontium 

hexaferrite materials of nominal composition SrAlxGaxFe12–2xO19 (x = 0.0–0.8) by the 

co-precipitation method. The XRD analysis confirms the single magnetoplumbite 

phase and various parameters such as lattice constants (c and a), cell volume (V), 

crystallite size (D) and X-ray density (ρx-ray) have also been calculated from the 

XRD data. The crystallite size is found in the range of 30–62 nm. The elemental 

composition is determined by EDX analysis. DC electrical resistivity is measured 

within the temperature range of 300–675 K. It is observed that the resistivity increases 

with the Al–Ga content. The activation energy (Ea) and drift mobility (μd) are also 

calculated from the resistivity data. The dielectric constant (ε) and dielectric loss (tan 

d) have been measured in the frequency range of 80 Hz–1 MHz. The magnetic 



 
 

properties such as saturation magnetization (Ms), remanence (Mr) and coercivity (Hc) 

are calculated from the hysteresis loops. Values of ε, tan d, Ms, Mr and Hc are found 

to decrease with increase in Al–Ga concentration”. 

“Ghasemi et al. [96] fabricated doped ferrites by usual ceramic sintering 

method. The ferrite powders possessed hexagonal shape and are well separated from 

one another. X-ray diffraction (XRD), scanning electron microscope (SEM), vector 

network analyzer and a.c. susceptometer were used to analyze structures, 

electromagnetic and microwave absorption properties of prepared ferrites. The results 

showed that the magnetoplumbite structures for all the samples have been formed. 

Also the present investigation demonstrated that microwave absorber using 

BaFe9Mn1.5Ti1.5O19/ polyvinylchloride can be fabricated for the applications over 

15 GHz, with reflection loss more than −25 dB for specific frequencies, by controlling 

the molar ratio of the substituted ions. 

N.-Moshaie et al. [97] synthesized barium hexaferrite magnetic particles via 

self-propagating high temperature synthesis (SHS) route by thermal initiation of 

compact mixed powders of iron, iron oxide and barium nitrate using various 

Fe(total)/Ba molar ratios of 9–12. As-SHS treated and post synthesis specimens were 

characterized by X-ray powder diffraction, VSM, DTA/TGA and SEM. DTA/TGA 

studies revealed that the formation temperature of barium hexaferrite decreased by 

increasing of Fe/Ba molar ratio. VSM measurement also indicated that saturation 

magnetization (Ms) and coercivity (Hc) of the annealed specimens increased by 

increasing of Fe/Ba molar ratio. XRD results confirmed by those obtained from 

DTA/TGA and VSM, indicated that the Fe/Ba molar ratio of 12 is favorable for the 

formation of single-phase barium hexaferrite. 

Singh et al. [98] synthesized M-type hexagonal ferrite series, 

Ba0.5Sr0.5CoxZrxFe(12-2x)O19 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) by conventional ceramic 

method. Magnetic properties had been investigated as a function of substitution of Co 

and Zr ions at applied field of 10 KOe. XRD and SEM confirmed hexagonal structure 

of ferrite. The substitution caused reduction in anisotropic field and change in 

microstructure. The magnetic parameters had been characterized by taking into 

account microstructure and preferential site occupancy of sublattice sites by 

substituted ions. Curie temperature decreased with substitution due to weakening of 

superexchange interaction. The change in magnetic parameters resulted in possible 

use of substituted ferrite for recording media. 



 
 

Rashad et al. [99] synthesized nanocrystalline barium hexaferrite (BaFe12O19) 

powders through the co-precipitation route. The produced ferrite precursors were 

obtained from aqueous mixtures of barium and ferric chlorides by co-precipitation of 

barium and iron ions using 5M sodium hydroxide solution at pH 10 in room 

temperature. These precursors were calcined at temperatures of 800–1200◦C for 

constant 2 h in a static air atmosphere. The effect of Fe3+/Ba2+ mole ratio and addition 

of surface-active agents during co-precipitation step on the crystal structure, 

morphology and magnetic properties of produced ferrite powders were studied. The 

results obtained showed that the single phase BaFe12O19 powders was achieved by 

decreasing the Fe3+/Ba2+ molar ratio from the stoichiometric value 12 to 8 and 

increasing the calcination temperature≥1000◦C. In addition, the Fe3+/Ba2+ mole ratio 

of 8 and presence of surface-active agents promoted the formation of homogeneous 

nanopowders (ca. 113 nm) of BaFe12O19 at a low temperature of 800◦C with good 

saturation magnetization (50.02 emu/g) and wide coercivities (642.4–4580 Oe)”. 

“Narang et al. [9] synthesized M-type hexagonal ferrite series, 

Ba(1−x)SrxFe12O19 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0), by conventional ceramic method. 

Hysteresis parameters had been investigated at an applied field of 10 kOe and 

absorption has been studied at X-band as a function of thickness, substitution and 

frequency. Microstructure and X-ray diffraction confirmed hexagonal structure of 

ferrite. The substitution caused profound increase in absorption, coercivity and 

magnetization. The magnetic parameters had been characterized by taking into 

account microstructure and preferential site occupancy. Curie temperature decreased 

with substitution due to the formation of spin canting structure”. “Singh et al. [39] 

synthesized M-type hexagonal ferrite powders Ba0.5Sr0.5CoxRuxFe(12-2x)O19 (x = 0.0, 

0.2, 0.4, 0.6, 0.8, 1.0, 1.2) by conventional ceramic method. Magnetic properties had 

been investigated as a function of substitution of Co and Ru ions at applied external 

field of 10 kOe. XRD and SEM revealed hexagonal structure for these ferrites. The 

Co and Ru ions substitution caused increase in saturation magnetization and rapid 

decrease in magnetocrystalline anisotropy at lower substitution. The magnetic 

parameters variation has been explained by taking into account preferential site 

occupancy of sublattice sites by substituted ions. Curie temperature decreased with 

substitution due to weakening of superexchange interaction. The obtained hysteresis 

parameters suggested that the proposed materials cannot be used for recording 

applications”. 



 
 

 “Lechevallier et al. [15] produced Sr1−xRExFe12O19 and Sr1−xRExFe12−xCoxO19 

(x = 0–0.4 and RE = Pr, Nd) M-type hexaferrite powders conventional ceramic 

process. Structural investigations made by x-ray diffraction and Mössbauer 

spectrometry revealed that the solubility of the rare earth ion in the M-type phase 

depends on both the nature of the rare earth and the presence of Co. The solubility of 

Pr in the M-type phase was higher than the solubility of Nd, and the presence of Co 

increases the solubility of the rare earth ion. It was found that only light rare earths 

can enter the M-type structure, with a solubility that is related to the shape of the 4f 

electronic charge distribution and to its surroundings in the crystal structure. Rare 

earth ions are located in the Sr2+ site, whose surroundings favour an oblate electronic 

distribution. Co2+ ions modify the surroundings of the Sr2+ site, improving the 

introduction of rare earth ions with oblate electronic distribution”.  

“Rezlescu et al. [100] prepared rare earth substituted strontium ferrite 

nanopowders SrFe12−xRxO19 (R = La, Gd and Er; x = 0.2, 0.5 and 1) by sol–gel 

autocombustion method and subsequent heat treatments. The results of X-ray 

diffraction measurements showed the M-type hexagonal structure. Magnetic 

properties, such as specific saturation magnetization Ms, specific remanent 

magnetization σr and coercivity Hc, as well as microstructure depend on the heat-

treatment conditions (temperature and time). The coercivity Hc exhibited a great 

increase after a critical heat-treatment time. This jump of Hc was explained by a 

transition from the super-paramagnetic state to normal state of the single domain 

nanoparticles. The occurrence of an agglomerated structure composed of magnetically 

interacting ultrafine crystallites also contributed to the increase of Hc. With increasing 

R content both the Ms and Mr decreased due to the dissolution of R ions into the 

hexaferrite lattice”. 

“Lishun et al. [16] prepared the La-Zn substituted SrM-type ferrites with the 

composition of Sr1-xLaxFe12−xZnxO19 (x = 0-0.4) by self-propagating high-temperature 

synthesis (SHS). The single SrM phase was detected by XRD in the as-received 

samples by controlling the Fe contents in the reagents. The substitution of La3+ and 

Zn2+ obviously increased the magnetic properties of the as-prepared samples. The 

maximum improvements of Br, Hcb and (BH)m, were 14.4%, 15.3% and 30.7%, 

respectively compared with that of the samples without La-Zn substitution. 

Microstructure observation by SEM showed that the SHS method benefited forming 



 
 

the better particle features and achieving the higher Hcj in comparison with the 

traditional firing method”. 

“Zi et al. [101] prepared M-type strontium hexaferrite particles by a modified 

chemical co-precipitation route. Structural and magnetic properties were 

systematically investigated. Rietveld refinement of X-ray powder diffraction results 

showed that the sample was single-phase with the space group of P63/mmc and cell 

parameter values of a= 5.8751 Å and c= 23.0395 Å. The results of field-emission 

scanning electronic microscopy showed that the grains were regular hexagonal-

platelet with sizes from 2 to 4 μm. The composition determined by energy dispersive 

spectroscopy was stoichiometry of SrFe12O19. The ferrimagnetic to paramagnetic 

transition was sharp with Curie temperature TC = 737 K, which further confirmed that 

the samples were single phase. However, it was found that the coercivity, saturation 

magnetization and the squareness ratio of the synthesized SrFe12O19 samples were 

lower than the theoretical values, which could be explained by the multi-domain 

structure and the increase of the demagnetizing factor”. 

“Hosseini et al. [11] studied the effects of Misch-Metal (MM) oxide addition 

on magnetic properties, crystal structure and microstructure of the M-type strontium 

ferrite. By MM substitution of Sr a significant increase in intrinsic coercivity and a 

slight decrease in remanence was observed. The highest value of energy product was 

obtained at 4 wt.% MM addition. By calculating the lattice constants of 4 and 8 wt.% 

MM added specimens, it was found that the length of c-axis decreases by 4 wt.% MM 

addition and then undergoes a considerable increase at 8 wt.%, while the a-axis 

increases monotonously. The SEM observations revealed that the migration of MM 

oxides to the grain boundaries could be the major microstructural contributor for 

increasing iHc”. “Hussain et al. [102] prepared the effect of Pb doping on the 

structural and electrical properties of Sr0.5Pb0.5
2+Fe12−xPbx

3+O19 (where x = 0.0, 0.2, 

0.4, 0.6, 0.8, 1.0) hexaferrites, by solid-state reaction method, were investigated. The 

X-ray analysis confirmed the multi phase including PbO and hematite (α-Fe2O3) 

formation. The lattice parameters were found to increase, which is attributed to the 

ionic size differences of cations involved. X-ray density was also found to increase 

with the composition (x). The dc-electrical resistivity (ρ) was measured as a function 

of temperature from 298K to 575K using two-probe technique. The variation of ac-

conductivity (σac) with frequency ranging from 80 Hz to 1MHz showed that electrical 

conductivity in these ferrites is mainly due to the electron hopping mechanism. The 



 
 

variation of dielectric constant (ε) and loss tangent (tan δ) in the frequency range 80 

Hz to 1MHz was studied. The conduction phenomenon was explained on the basis of 

a small polaron hopping model. The confirmation of this phenomenon was made with 

the help of ac-conductivity measurements”. 

“Hessien et al. [42] synthesized nanocrystalline strontium hexaferrite 

(SrFe12O19) powders using the co-precipitation–calcination route. The ferrite 

precursors were obtained from aqueous mixtures of strontium carbonate and ferric 

chloride by precipitating strontium and iron ions using 5M sodium hydroxide 

solution. These precursors were calcined at different temperatures ranging from 800 

to 1100oC for constant calcination time 2 h in a static air atmosphere. Effects of 

Fe3+/Sr2+ mole ratio, annealing temperature and pH on the formation, crystalline size, 

morphology and magnetic properties were systematically studied. The powders 

formed were investigated using X-ray diffraction (XRD), scanning electron 

microscope (SEM) and VSM. The results obtained showed that the single-phase 

SrFe12O19 powders were achieved by decreasing the Fe3+/Sr2+ mole ratio from the 

stoichiometric value 12 to 9.23 and increasing the annealing temperature up to 900 oC 

for 2 h and pH 10. The maximum saturation magnetization (84.15 emu/g) was 

achieved by decreasing the Fe3+/Sr2+ mole ratio to 9.23 and the annealing temperature 

1000 oC, annealing time 2 h and pH 10 due to the formation of a platelike hexagonal-

shape structure. Wide coercivities (2937–5607 Oe) can be obtained at different 

synthesis conditions. Moreover, the microstructure and the magnetic properties of the 

produced Sr–M ferrite powders were strongly dependent on he synthesis conditions”. 

“Iqbal et al. [17] reported the magnetic and electrical behavior of 

SrZrxCuxFe12−2xO19 (where x = 0.0–0.8) hexaferrite nanoparticles. Five samples were 

synthesized by the chemical co-precipitation method. SrFe12O19 is a semiconductor 

however doping ZrxCux at iron sites resulted in a semiconductor-metal transition at a 

temperature TM–S. The structural parameters of the samples were obtained by FTIR, 

XRD, EDX, SEM and TEM analyses. The FTIR spectrum and XRD pattern of the 

samples showed that the synthesized materials were of a single phase. The particle 

size was in the range 26–37 nm as estimated by Scherrer formula, which is 

comparable with the values estimated from SEM (40–80 nm) and TEM (30–60 nm) 

analyses. AC magnetic susceptibility and DC electrical resistivity measurements were 

carried out in a temperature range 300–800 K. The Curie temperature (TC) decreases 

on substitution of Zr–Cu. A significant increase in the room temperature resistivity is 



 
 

noted with the addition of Zr–Cu up to x ≤ 0.4. The drift mobility (μd) and the 

activation energy (ΔE) are also calculated from electrical resistivity data. The 

variation of the dielectric constant ( ′) and the dielectric loss factor (tan δ) with 

frequency in the range 80 Hz–1 MHz and composition of the sample is observed”. 

“Mozaffari et al. [41] prepared a series of barium hexaferrite nanoparticles 

(BaO.nFe2O3) with different n values by sol gel method, using goethite and Ba 

carbonate as raw materials. Phase identification of the samples was investigated by X-

ray diffraction (XRD). XRD investigations showed that the samples with n = 5 and 

calcined at temperatures higher than 875°C are single phase Ba ferrite. An average 

crystallite size of 22 nm was obtained for the single phase sample with minimum 

calcining temperature of 875°C, using Scherrer's formula. The morphology of the 

samples was checked by TEM and magnetic properties were measured by a sensitive 

permeameter. The results showed that the samples have nonzero coercivities, which 

shows the particle size are not less than the critical size of Ba ferrite and then are not 

superparamagnet”. 

“Yamauchi et al. [103] prepared barium ferrite particles by the microwave-

induced hydrothermal method. The crystallization of the barium ferrite particles is 

promoted within a short time by microwave irradiation because the seeds of barium 

ferrite having large permeability are rapidly heated through the interaction of barium 

ferrite with the magnetic component of the microwaves. Crystals having unusually 

low thickness were obtained compared with the conventional hydrothermal method. 

The magnetic properties of barium ferrite particles were studied. Singh et al. [104] 

investigated the magnetic, crystallographic properties and grain morphology of 

synthesized Ba0.5Sr0.5CoxTixFe(12−2x)O19 ferrite by XRD, SEM and VSM. XRD and 

SEM confirm M-type hexagonal crystal structure. X-ray diffraction indicated 

expansion of hexagonal unit cell with substitution of Co2+ and Ti4+ ions. The 

microstructure was found to govern the increase in density and inter-grain 

connectivity with substitution. The preferential site occupancy of substituted Co2+ and 

Ti4+ ions resulted in rapid decline of anisotropy field, hysteresis loops also revealed 

same effect of substitution. Coercivity and remanence magnetization can be easily 

controlled by varying substitution while maintaining high saturation magnetization, 

making it useful for recording media”. 

“Liu et al. [5] prepared M-Type strontium ferrites substituted by La3+-Co2+ 

(Sr1-xLaxFe12-xCoxO19) by ceramic process. Effects of the substituted amount of La3+ 



 
 

and Co2+ on structure and magnetic properties of Sr1-xLaxFe12-xCoxO19 compounds had 

systematically been investigated by XRD, VSM and magnetic disaccommodation. In 

the measurement range from 80 K to 500 K, the magnetic disaccommodation was 

represented by means of isochronal curves. It is well known that magnetic 

disaccommodation can not be obviously found in the M-type of pure strontium 

ferrites. However, three peaks were observed in Sr1-xLaxFe12-xCoxO19, and this 

behavior was explained in terms of the presence of Fe2+ cation and to the site 

occupation by the magnetic Co2+ ionic within the hexagonal structure. 

Nga et al. [8] synthesized M-type hexaferrite SrLaxFe12−xO19 (x = 0−0.2) 

powders by sol–gel method. The precursor gels were calcined at temperatures from 

650◦C to 1050◦C in air for 2 h to obtain the SrFe12O19 phase. The thermal 

decomposition of gels was investigated by DTA/TGA. Samples of substituted ferrites 

were characterized by various experimental techniques including X-ray diffraction 

(XRD), transmission electron microscopy (TEM), scanning electron microscopy 

(SEM) and vibrating sample magnetometer (VSM). A very high magnetic coercivity 

(iHC) of 7.0 kOe with the magnetization at 13.5 kOe of 66 emu/g at room temperature 

was observed for the sample of La concentration x = 0.05 calcined at 850◦C. Seifert et 

al. [2] prepared single-phase M-type hexagonal ferrites Sr1-xLaxFe12O19 (0≤x≤1) by a 

ceramic route. The stability limits of the ferrite phases were determined with a 

combination of various microscopy techniques, electron-probe microanalysis, powder 

X-ray diffraction and thermal analysis. SrFe12O19 (x = 0) is stable up to 1420oC, 

where as LaFe12O19 (x = 1) exists between 1360 and 1400oC only. The lattice 

parameters of Sr1-xLaxFe12O19 exhibited a linear variation with x, i.e. ao slightly 

increased and co decreased with x, leading to a decrease of the unit cell volume with 

x. The saturation magnetization at T = 5 K decreased with increasing La 

concentration. Room temperature Mössbauer analysis showed that the Fe3+/Fe2+ 

valence change occurs in the 2a sites for the whole composition range. 

Almeida et al. [25] reported the impedance spectroscopy analysis for M-type 

BaFe12O19 (BaM) ceramics prepared by ceramic route. The main aim was to 

investigate the electric properties in function of the synthesis parameters (milling time 

and milling power). It was shown that milling parameters strongly influence the 

electrical properties such as dielectric constant, whose magnitude increases with the 

milling power. Moreover, the relaxation frequency was fully dependent on the milling 



 
 

parameters and it shifted to high frequencies when milling power decreased. Finally, 

impedance and dielectric loss tangent also changed with milling parameters.  

 “Iqbal et al. [105] synthesized nanoparticles of strontium hexaferrite doped 

with Zr–Zn are synthesized by a chemical co-precipitation method. The crystallite 

sizes of 30–47 nm were small enough to obtain a suitable signal to noise ratio for 

application in the magnetic recording media. The temperature dependent DC 

resistivity of Zr–Zn doped samples showed metal-to-semiconductor transition in the 

temperature (TMS) range of 388–408 K. The Curie temperature, DC resistivity and 

activation energy for hopping decreased but the dielectric constant, dielectric loss and 

drift mobility increased by enhancing Zr–Zn content. With the substitution of Zr–Zn 

content of x ≤ 0.4 the saturation magnetization, magnetic moment and remanence 

increased from 71 to 92 kA m−1, 11.2–13.6 μB and 55–59 kA m−1, respectively, while 

coercivity decreased from 137 to 34 kA m−1. With the improvement in the values of 

the above-mentioned parameters, the synthesized materials may be suitable for 

potential application in recording media.” 

“Iqbal et al. [37] reported the structural, electrical and magnetic behavior of 

Sr0.5Ba0.5−xCexFe12−yNiyO19 (where x = 0.00–0.10; y = 0.00–1.00) hexaferrite 

nanomaterials. The structural analysis indicated that the Ce–Ni doped Sr–Ba M-type 

hexaferrite samples synthesized by the co-precipitation method are stoichiometric, 

single magnetoplumbite phase with crystallite sizes in the range of 35–48 nm. The dc-

electrical resistivity of the pure Sr–Ba hexaferrite was enhanced to almost 102 times 

by doping with Ce–Ni contents of x = 0.06; y = 0.60. The dielectric constant and 

dielectric loss tangent decreased to values 14 and <0.2, respectively, by increasing 

the frequency up to 1 MHz. Small relaxation peaks at frequencies >105 Hz were 

observed for the samples with Ce content of x > 0.06. The values of saturation 

magnetization increased from 66.32 to 84.33 emu/g and remanance magnetization 

from 42.64 to 56.01 emu/g but coercivity decreased from 2.85 to 1.59 kOe by 

substitution of Ce–Ni. Sharp ferri-paramagnetic transition was observed in the 

samples, which was confirmed by DSC results. Ce–Ni substitution acted to reduce the 

electron-hopping between Fe2+/Fe3+ ions and also improved the magnetic properties. 

These characteristics are desirable for their possible use in microwave and chip 

devices.” 

Iqbal et al. [24] studied Sr0.5Ba0.5Fe12O19 hexaferrite doped with a binary 

mixture of lanthanum and nickel using chemical co-precipitation method of synthesis. 



 
 

The crystallite size of the synthesized samples was estimated in the range of 36–58nm 

and their structural analyses had confirmed a single magnetoplumbite phase. The 

magnitude of the dc-electrical resistivity was enhanced, by almost 100 times, but 

Curie temperature (TC) was reduced by doping with La–Ni, which has been explained 

on the basis of the exchange interactions. In addition, the doped samples exhibited 

very low dielectric constant (ε´ = 11–13) and low dielectric loss tangent (tan ı = 0.07–

0.10) determined at a frequency of 1 MHz. These characteristics may be suitable for 

their potential application in electromagnetic attenuation materials and microwave 

devices”. 

“Ashiq et al. [26] synthesized strontium hexaferrite nanoparticles with 

nominal composition SrZrxCdxFe12−2xO19 (for x =0.0–0.6) with step increment of 0.2 

by the chemical co-precipitation technique. XRD, hysteresis loops measurements and 

LCR meter were employed to evaluate the structure, magnetic and dielectric 

properties of SrZrxCdxFe12−2xO19 nanomaterials. The XRD analysis confirms the 

single phase and various parameters such as lattice constants (a and c), cell volume 

and crystallite size have also been calculated from the XRD data. The crystallite size 

is found in the range of 28–39 nm. The magnetic properties such as saturation 

magnetization, remanence and coercivity are calculated from the hysteresis loops. 

Values of saturation magnetization are found to increase up to the substitution level of 

x = 0.0–0.2 while that of remanence and coercivity decrease continuously with 

increase in Zr–Cd concentration. The dielectric properties as a function of frequency 

under normal conditions were also measured in the frequency range of 500 Hz to 

1 MHz. The dielectric constants and tangent of dielectric loss factor remained within 

the range of 3347–30 and 11–0.24, respectively. The decrease in coercivity while 

increase in saturation magnetization confirms that the synthesized materials are 

suitable for applications in high-density recording media”. 

“Bercoff et al [106] prepared non-stoichiometric Nd–Co substituted 

hexaferrites of composition Sr1−xNdxFe12(1−x)CoxO19 (x=0–0.4) by the self-propagating 

combustion method and subsequent heat treatments. Structural characterization of 

samples showed that the M-type hexagonal structure can be maintained for 

substitutions x<0.4 without the segregation of secondary phases on samples calcined 

at 1100 °C. The crystallites sizes range between 50 and 70 nm. Mössbauer 

spectroscopy results indicate that the iron vacancies are not evenly distributed over 

the lattice and that Co/Fe substitution mainly takes place in site 4f2. Magnetic 



 
 

measurements reveal that values of saturation magnetization MS increased from 72 to 

76 Am2/kg (x=0–0.2), while coercivity Hc increased from 26.40 to 58.70 A/m (x=0–

0.3). Nd–Co substitutions enhance magnetic properties in deficient iron Sr 

hexaferrites. 

Lisjak et al [107] prepared barium hexaferrite with the compositions 

BaFe12O19 and BaCoTiFe10O19 using atmospheric plasma spraying (APS) technology. 

The coatings were prepared from pre-reacted powders of the desired composition. The 

as-deposited coatings were poorly crystallized, but their crystallinity was improved 

with a subsequent annealing. The crystallization mechanism of the sprayed 

hexaferrites was studied during annealing up to 1300 °C, using X-ray powder 

diffraction combined with thermal analysis and with electron microscopy including 

microanalysis. Single-phase coatings were obtained after annealing treatments at 

1100–1300 °C. Their magnetic properties showed that they would be suitable for 

absorbers at microwave and mm-wave frequencies, depending on the coating phase's 

composition, the crystallinity and the thicknesses. 

Yourdkhani  et al [108] prepared strontium hexaferrite nano-crystalline 

powders were prepared by carbon monoxide heat treatment and re-calcination from 

conventionally synthesized powder. First strontium hexaferrite was obtained by the 

conventional route with calcination of strontium carbonate and hematite at 1100 °C 

for 1 h. Then strontium hexaferrite was isothermally subjected to carbon monoxide 

dynamic atmosphere at various temperatures and flows for different times. Optimum 

carbon monoxide heat treatment was achieved at 850 °C with 20 cm3/min flow for 

0.5 h. The resultant powder was then calcined at 900 and 1000 °C for 1 h. The single-

phase strontium hexaferrite nano-crystalline powder was finally obtained after 

calcination at 1000 °C. The phase identification of the powders was recorded by an X-

ray diffractometer (XRD) with Cu Kα radiation. Morphology and size of the particles 

were studied by scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) techniques. The magnetic properties were also measured by a 

vibration sample magnetometer (VSM). The results show a good enhancement in the 

coercivity by applying this method on the hexaferrite powder. 

Junliang et al. [109] fabricated Ba-hexaferrite quasi-single crystals as a good 

gyromagnetic material for the applications in microwave and millimeter wave 

devices, by using its nanosized single-domain crystallites as the starting materials via 

press-forming in magnetic field and sintering with minor liquid phase participation at 



 
 

1280 °C for 10 h. The material is characterized by a highly densified and laminar 

fracture microtexture with a grain orientation degree of as high as 99% and shows a 

single-crystal magnetization behavior featured by 4πMs=4654 Gs, Ha=16800 Oe and 

Hc=120 Oe, suggesting a narrower ferromagnetic resonance linewidth ΔH than the 

counterpart fabricated by solid-state sintering technique.” 

“Iqbal et al [28] calcium substituted strontium hexaferrite CaxSr1−xFe12O19 

(x=0.0−0.6) nanoparticles were synthesized by a chemical co-precipitation method. 

The samples were characterized by Fourier Transform Infrared (FTIR), X-ray 

diffraction (XRD), Scanning Electron Microscopy, Transmission Electron 

Microscopy, DC electrical resistivity and dielectric measurements. FTIR data of 

uncalcined sample showed that nitrate ions were present which disappeared on 

calcination at 920 °C. The XRD data showed that a single hexagonal 

magnetoplumbite phase has formed in samples in which the calcium content, x, was 

≤0.20. However, a nonmagnetic phase (α-Fe2O3) in addition to the hexagonal phase 

was also present in samples with x>0.20. The average crystallite size was found 

between 17 and 29 nm. The DC electrical resistivity increased on increasing the 

calcium content up to x=0.2 but decreased on further increase in calcium. The 

increase in electrical resistivity suggests that the materials are suitable for the 

applications in microwave devices. The variations of dielectric constant and dielectric 

loss angle are explained on the basis of Maxwell–Wagner and Koops models.” 

“Tabatabaie et al. [110] synthesized M-type strontium hexaferrite 

SrFe9Mn1.5Ti1.5O19 by solid-state method. X-ray diffraction (XRD), scanning electron 

microscopic (SEM), energy dispersive spectrometer (EDS) and susceptometer were 

used for characterization of obtained powders. The ferrite–polymer composites with 

different ferrite ratios of 50%, 60%, 70% and 80% in polyvinylchloride matrix were 

prepared. The microwave absorption properties of these composites were investigated 

in 12–20 GHz frequency range. The results showed that the particle size had a wide 

range of distribution and the magnetoplumbite structure was formed in the sample. 

The composite with 70% ferrite content has shown a maximum reflection loss of 

−26 dB at 18.84 GHz with the −15 dB bandwidth over the extended frequency range 

of 16.4–19.4 GHz for an absorber thickness of 1.8 mm. It was concluded that the 

prepared composites could be good candidates for electromagnetic compatibility and 

other practical applications at high frequency. 



 
 

Yanbing et al. [111] Sm and SmZn substituted nanocrystalline barium 

hexaferrites (Ba1−xSmxFe12O19 and Ba1−xSmxFe12−xZnxO19, x = 0–0.6) were prepared 

by the sol–gel autocombustion process. X-ray diffraction (XRD) and vibrating sample 

magnetometer (VSM) were used to characterize the phase composition, crystal 

structure and magnetic properties of the as-prepared barium hexaferrites. All results 

indicated that the substitution content (x) critically influenced on the phase 

composition and magnetic properties. When the substitution content x > 0.2, impurity 

phases such as α-Fe2O3, SmFeO3 and ZnFe2O4 were detected, this diluted and 

weakened saturation magnetization (Ms). For the Sm-doped samples, owing to the 

hyperfine field, canting spin, magnetic dilution and impurity phases, Ms increased 

with x firstly, and then decreased when x > 0.03. On the other hand, the coercivity 

(Hc) continuously increased with x. Nevertheless, for the SmZn-doped samples, Ms 

reached maximum when x = 0.06 and Hc almost unchanged with x. Compared the 

magnetic properties of Sm- and SmZn-doped samples, it was proved that Zn2+ 

substituted Fe3+ at 4f2 sites and Sm3+ substituted Ba2+, which changed Fe3+ to Fe2+ at 

2a sites in order to satisfy the electroneutrality principle. 

Sözeri [112] reported a new synthesis route for preparation of single-domain 

barium hexaferrite (BaFe12O19) particles with high saturation magnetization. Nitric 

acid, known as a good oxidizer, is used as a mixing medium during the synthesis. It is 

shown that formation of BaFe12O19 phase starts at 800 °C, which is considerably 

lower than the typical ceramic process and develops with increasing temperature. 

Both magnetization measurements and scanning electron microscope micrographs 

reveal that the particles are single domain up to 1000 °C at which the highest coercive 

field of 3.6 kOe was obtained. The best saturation magnetization of ≈60 emu/g at 

1.5 T was achieved by sintering for 2 h at 1200 °C. Annealing at temperatures higher 

than 1000 °C increased the saturation magnetization, on the other hand, decreased the 

coercive field which was due to the formation of multi-domain particles with larger 

grain sizes. It is shown that the best sintering to obtain fine particles of BaFe12O19 

occurs at temperatures 900–1000 °C. Finally, magnetic interactions between the hard 

BaFe12O19 phase and impurity phases were investigated using the Stoner–Wohlfarth 

model. 

H. Sözeri [113] synthesized barium hexaferrite has been synthesized by three 

different routes, namely oxidation in nitric acid, solid state reaction and co-

precipitation. It was shown that pelletizing before the sintering favors the formation of 



 
 

BaFe12O19 phase when metallic oxides are used as starting materials (i.e. through the 

first two methods) by increasing the reaction rates of the precursors. Thus, 

improvement in the saturation magnetization was observed in these samples, whereas 

the coercive field remained nearly the same with and without pelletizing. Magnetic 

interactions investigated using the Stoner–Wohlfarth model showed that 

demagnetizing-like interactions become stronger in the pelletized samples prepared 

by oxidation in nitric acid and solid state reaction routes. However, this interaction 

was suppressed in the pelletized sample prepared using co-precipitation technique by 

reducing the fraction of antiferromagnetic Ba2Fe6O11 phase. 

Yu et al [114] prepared rod-like and platelet-like nanoparticles of simple-

crystalline barium hexaferrite (BaFe12O19) have been synthesized by the molten salt 

method. Both particle size and morphology change with the reaction temperature and 

time. The easy magnetization direction (0 0 l) of the BaFe12O19 nanoparticles has been 

observed directly by performing X-ray diffraction on powders aligned at 0.5 T 

magnetic field. The magnetic properties of the BaFe12O19 magnet were investigated 

with various sintering temperatures. The maximum values of saturation magnetization 

(σs=65.8 emu/g), remanent magnetization (σr=56 emu/g) and coercivity field 

(Hic=5251 Oe) of the aligned samples occurred at the sintering temperatures of 

1100 °C. These results indicate that BaFe12O19 nanoparticles synthesized by the 

molten salt method should enable detailed investigation of the size-dependent 

evolution of magnetism, microwave absorption, and realization of a nanodevice of 

magnetic media. 

Bsoul et al [115] investigated the structural and magnetic properties of barium 

hexaferrite nanoparticles (BaFe12−xGaxO19) with x = 0.0–1.0, prepared by ball milling, 

using XRD, TEM, and VSM. It was found that the particles and crystallites have 

similar mean size of 41 nm for all investigated samples. The saturation 

magnetization decreased slightly and nonlinearly with increasing x, and this was 

attributed to different preferential site occupation of Ga at low and high concentration 

ranges. The coercivity decreased slightly with increasing x for low concentrations of 

Ga (x ≤ 0.2), and then increased with increasing Ga concentration up to x = 1.0. This 

behavior of the coercivity was attributed to the change in the exchange coupling, 

which was confirmed by the variation of SFD, remanence ratio and Curie temperature 

with Ga concentration in the samples. 



 
 

Jacobo et al. [116] prepared strontium hexaferrite samples of different 

composition by the self-combustion method and heat-treated in air at 1100 °C for 2 h: 

SrFe12O19 (S0), Sr0.7Nd0.3Fe11.7Co0.3O19 (SS), Sr0.7Nd0.3Fe10.7Co0.3O19 (SM) and 

Sr0.7Nd0.3Fe8.4Co0.3O19 (SL). The phase identification of the powders was performed 

using XRD. Only sample SL (with the lowest iron concentration) shows well-defined 

peaks of the hexaferrite phase with no secondary phases. Nd–Co substitution modifies 

saturation magnetization (MS) and coercivity (Hc) but only samples with low Fe3+ 

content (SL and SM) show the best magnetic properties, indicating that the best 

results for applications of this ferrite will be obtained with an iron deficiency in the 

stoichiometric formulation. 

Junliang et al [117] synthesized single phase barium hexaferrite nano-powders 

via a microwave-assisted sol–gel auto-combustion in a specially designed quartz 

vessel using citric acid and ethylene diamine tetraacetic acid as composite chelating 

agents and freeze-drying technique to remove sols’ moisture. The auto-combustion 

product powder is characterized by fluffy particle aggregates with the crystallites 

ranging from 50 to 100 nm in diameter and containing single magnetic domains for 

each with a low apparent coercive field of 260 Oe and a high saturation magnetization 

of 64.1 emu/g. The direct formation of barium hexaferrite is believed to result from 

the effective improvement in the spatial distribution homogeneity of metal ions and 

oxidant in the gels. Moreover, the quartz vessel with barium hexaferrite ceramic pad 

on sample's support and film-strips on its interior wall can effectively build up a 

favorable temperature environment to promote the direct formation of barium 

hexaferrite with microwave assistance during the gel's uniform auto-combustion. 

“Stergiou et al. [118] prepared rare-earth substituted M-type barium 

hexaferrites with nominal formula (Ba1−xREx)O·5.25(Fe2O3), with RE = Dy or Gd 

(x=0–0.20), by the chemical coprecipitation method. Complex permittivity ε*r and 

permeability μ*r of HDPE–ferrite composites were measured with the coaxial line 

method in the 2–18 GHz frequency range. The electromagnetic behavior of the 

composites was correlated to dielectric polarization and magnetic interactions 

mechanisms, on the basis of the ferrite's physical and structural characteristics. The 

results showed dissimilar effects on the microwave properties of the composites, 

which may be ascribed to different structural and physical configurations of the Dy- 

and Gd-substituted hexaferrites. 

 



 
 

Pang et al [119] investigated after being cut, carefully ground, meticulously 

polished and properly eroded, the microstructure and magnetic microstructure of 

La0.3Sr0.7Fe11.8Co0.2O19 hexaferrites by using magnetic force microscopy. The shapes 

of a large amount of the La0.3Sr0.7Fe11.8Co0.2O19 grains were determined to be mostly 

irregular flat columns. The shape anisotropy of the hexaferrite grains can be explained 

by an abnormal grain growth process occurs for La + Co-containing hexaferrite 

powders. The magnetizations mainly align parallel or anti-parallel to the direction of 

oriented magnetic field. The magnetic domain sizes are in the same order of 

magnitude with the grain sizes. No complex domain structures like corrugation and 

spike were observed. Micromagnetic simulations were also performed to help 

analyzing the magnetic microstructure. 

Iqbal et al [120] investigated the synthesis of Ce-Ni ions substituted 

nanocrystalline strontium-barium hexaferrites (Sr0.5Ba0.5Fe12O19) by the chemical co-

precipitation method, with focus on the optimization of annealing temperature for the 

hexagonal phase development. The synthesis involves co-precipitation of aqueous 

solutions of water soluble salts of strontium, barium and iron, at pH 9 using an 

ammonium hydroxide solution as a precipitating agent. The optimum temperature of 

annealing, necessary for the hexagonal phase development, is determined on the basis 

of thermo-gravimetric analysis (TGA). The co-precipitate is annealed at a temperature 

of 1323 K for 6 h, to produce a single magnetoplumbite phase of Sr-Ba hexaferrites, 

with the corresponding average crystallite size ranging from 36-48 nm. Observed 

changes in the lattice structure determined by the powder X-ray diffraction (XRD) 

studies are not in contradiction with the results of TGA. DC-electrical resistivity 

increases from 1.8 ×1010 to 12.5 ×1010 Ohm.cm, whereas the drift mobility, dielectric 

constant and dielectric loss tangent decrease with increasing the Ce-Ni content of the 

samples. Material of above mentioned characteristics is considered to be suitable for 

applications in the microwave and surface mount devices (SMD) for fabricating the 

multilayer chip inductors (MLCI).” 

“Kikuchi et al [121] studied magnetic properties of La–Co substituted M-type 

strontium hexaferrites. The samples were prepared by polymerizable complex 

method. Crystal structure of samples has been investigated by powder X-ray 

diffraction (XRD). Single-phase M-type strontium hexaferrites with chemical 

composition of Sr1.05−xLaxFe12−xCoxO19 (x=0–0.4) were formed by heating at 1173 K 

for 24 h in air. Magnetic properties were discussed by measurements of M–H curves 



 
 

with vibrating sample magnetometer (VSM). La–Co substituted M-type strontium 

hexaferrites prepared by polymerizable complex method showed typical magnetic 

hysteresis of hard ferrite. The coercive force increased significantly by La–Co 

substitution with polymerizable complex method. Maximum coercive force achieved 

in this study is 8.0 kOe (640 kA/m). Scanning electron microscopy revealed that the 

prepared ferrite particles have plate-like shape of diameter range between 20 and 

500 nm. 

Iqbal et al. [122] synthesized a series of M-type strontium hexaferrite samples 

having nominal composition SrZrxMnxFe12−2xO19 (where x = 0.0–0.8) by the co-

precipitation method. All the samples synthesized were of single magnetoplumbite 

phase. The particle size was found to be in the 40–65 nm range for the samples 

annealed at 1193 K while the samples annealed at 1443 K were in the 100–200 nm 

range. The saturation magnetization increase with temperature and reached maxima 

for the samples annealed at 1393 K and then start to decrease while the coercivity 

decreases regularly with temperature. The decrease in coercivity is due to the increase 

in the particle size of the sample with temperature. The saturation magnetization 

increase for the samples doped with Zr–Mn up to x = 0.4 doping rate and higher 

substitution lead to decrease in saturation magnetization. The coercivity decrease with 

the increase in Zr–Mn substitution. The behavior of saturation magnetization has been 

explained on the basis of occupation of the substituted cations at different iron sites. 

The increase in saturation magnetization and decrease in coercivity suggest that the 

synthesized materials can be used for the application of recording media. 

Mohsen [123] synthesized stoichiometric and single phase barium hexaferrite 

by a technique of oxalate precursor. Effect of different annealing temperature on the 

particle size, microstructure and magnetic properties of the resulting barium 

hexaferrite powders has been studied, and reported in the presented paper. The 

Fe3+/Ba2+ mole ratio was controlled at 12, while the annealing temperature was 

controlled from 800 to 1200 °C. The resultant powders were investigated by 

differential thermal analyzer (DTA), X-ray diffractometer (XRD), scanning electron 

microscopy (SEM) and vibrating sample magnetometer (VSM). Single well 

crystalline BaFe12O19 phase was obtained at annealing temperature 1200 °C. The 

SEM results showed that the grains were regular hexagonal platelets. In addition, 

maximum saturation magnetization (66.36 emu/g) was observed at annealing 



 
 

temperature 1100 °C. However, it was found that the coercivity of the synthesized 

BaFe12O19 samples was lower than the theoretical values. 

Wang et al [124] fabricated barium hexaferrite (BaFe12O19) with hexagonal 

structure by sintering the mixture of α-Fe2O3 and BaCO3, ball milling of the mixture 

followed by heat treatment as well as glycin-nitrate method and subsequent heat 

treatment, respectively. The mechanism of formation of the BaFe12O19 in the three 

kinds of procedures was investigated by using sintering shrinkage curve and XRD 

measurements. It was found that the α-Fe2O3 reacted with BaCO3 to form BaFe2O4 

with orthorhombic structure as the mixture were sintered above 660 °C firstly and 

then the BaFe2O4 reacted with α-Fe2O3 to form BaFe12O19 in a sintering temperature 

ranging from 770 to 920 °C. However, the α-Fe2O3 reacted with BaCO3 to form 

BaxFe3-xO4 with spinel structure when the mixture were milled for 80 h, while the 

BaFe12O19 was obtained by annealing the BaxFe3-xO4 at 700-1000 °C. In the glycin-

nitrate procedure, the precursor powders containing α-Fe2O3, Fe3O4 and BaFe2O4 

were fabricated by self-propagating reaction firstly, and then the single BaFe12O19 was 

produced by sintering the precursor powders at 1000 °C. The magnetic properties of 

the BaFe12O19 produced by the three kinds of procedures were reached. The saturation 

magnetization and the coercivity of the BaFe12O19 fabricated by ball milling followed 

by heat treatment were 47.24emu/g and 5086.34Oe, respectively, which were much 

larger than those of the BaFe12O19 produced by other procedures. The mechanism 

leading to that the BaFe12O19 produced by the different methods had different 

magnetic properties was discussed in the present work. 

Amighian et al [125] prepared a series of La-substituted M-type Sr hexaferrite 

powders Sr1−xLaxTi0.05Zn0.2Fe3+
11.75O19, wherein x ranges from 0.1 to 0.5 with a step 

of 0.1, by the conventional ceramic method and were then milled in a high energy 

mill to prepare nanosized powders. XRD investigation of the calcined and the milled 

powders shows that single phase hexaferrite structure has been formed after calcining 

and has not changed after milling. The lattice parameters and the mean crystallite 

sizes of the samples have been determined from the XRD data and Scherrer's formula. 

The results show that the lattice parameters (“а” and “c”) decrease with increase in 

La-substitution and the mean crystallite size of the milled powders is about 17 nm. 

Coercivities and magnetizations of the samples in a magnetic field of 16 kOe have 

been determined from the room temperature hysteresis loops. It was found that both 

parameters increase with La substitutions up to 0.3 and then decrease for higher 



 
 

substitutions. These variations were attributed to the enhancement of hyperfine field 

and spin-canting magnetic structure when La content increases. In addition, the 

magnetizations were smaller for the nanosized samples in comparison with those of 

bulk ones, which were discussed according to the core-shell model. Also the results 

show that annealing of the nanosized samples up to 500 °C can enhance coercivity 

and magnetization of the samples, which is discussed based on crystallite size growth. 

Bsoul et [126] prepared barium hexaferrite samples BaFe12−2xTixRuxO19 were 

prepared by ball milling and their structural and magnetic properties were investigated 

using X-ray diffraction, TEM, Mössbauer spectroscopy, and vibrating sample 

magnetometry. It was found that the particle size increases appreciably, and the 

crystallinity improves with Ti–Ru substitution. Mössbauer spectroscopy revealed that 

the substitution of Fe3+ ions occurs at the 4f2 and 4f1 + 2a sites for low substitution, 

and substitution at the 2b site occurs for x ≥ 0.2. The saturation magnetization 

increases up to x = 0.2, and then starts to decrease for higher x values, while the 

coercivity decreases monotonically, recording a reduction of 55% at x = 0.4. These 

results were interpreted in terms of the site preferential occupation of the Ti2+ and 

Ru4+ ions. The thermomagnetic curves for all samples showed Hopkinson peaks 

indicating the presence of small superparamagnetic particles in the samples. The 

sample with x = 0.0 was found to consist of purely superparamagnetic particles, while 

the substituted samples were found to contain only 22–30% of the powders’ mass as 

superparamagnetic particles. 

  Murtaza et al [127] synthesized holmium doped barium based hexaferrites 

BaFe12−2xHo2xO19 with (x = 0.0–1.0) by solid state reaction method. Structural and 

magnetic characterization of these ferrites provide significant information about their 

reactive physical properties. X-ray analysis reveals that in all samples M-type 

structure exist with few secondary phases. Scanning electron microscope revealed the 

grain size of the specimen. The results show that grain size decreases with the 

substitution degree of Holmium. Thus rare earth element Holmium Ho3+ acts as a 

grain growth inhibitor. The magnetic hysteresis loops show the variation in the values 

of magnetic parameters like saturation magnetization (Ms), remanent magnetization 

(Mr) and coercivity (Hc) were observed by changing Ho3+ content in BaFe12−2xHo2xO19 

ferrites. Coercivity showed a maximum value of 2230 Oe for (x = 0.4) and then 

decreasing trend were observed in the values of Hc, Mr and Ms with the increasing 

substitution degree of rare earth element Holmium. 



 
 

Sable et [128] synthesized samples of varied combinations of M-type 

substituted hexaferrites using sol–gel combustion route by blending nitrates and 

chlorides as oxidants accompanied with fuels like urea, glycine, citric acid, etc. as 

reducing agents. The substitution of Co2+ and Sn4+ ions lie essentially in the 

octahedral and tetrahedral sites. As the Fe3+ ions are being replaced by Co2+ and Sn4+ 

ions, the probability of having oxygen vacancies in the structure was found to be 

greatly reduced. The magnetic particles produced by conventional solid state reactions 

are often larger than those produced by sol–gel combustion route. Larger particles of 

magnetic oxides generally exhibit multidomain magnetic structure whereas nanosized 

particles generally exhibit single domain magnetic structure. The simultaneous or 

coupled divalent and tetravalent substitution of Co2+ and Sn4+ for Fe3+ ions greatly 

helps to improvise the magnetic parameters such as Curie temperature, coercivity, 

remanent magnetization, saturation magnetization, etc. The structural comparison is 

being analyzed through the XRD, TEM. The samples so synthesized are found to be 

reseasonably homogeneous and the average particle size of the sample synthesized is 

found to be in the nanorange. The structural and magnetic properties are observed be 

improved upon those of the samples reported earlier. This confirms the more viability 

of such samples in the various applications of digital data devices. Further attempts 

could possibly lead to investigate their vitality in aerospace and military applications 

as such applications favors for nanosized magnetic materials. 

Jean et al [129] synthesized strontium hexaferrite particles in an alkaline 

medium using a hydrothermal process at 180 °C. Our results show that to obtain a 

quasi-single SrFe12O19 phase, the Fe/Sr ratio in the initial solution must be equal to 8. 

However, the powders obtained contain traces of α-Fe2O3 and SrCO3. The SrFe12O19 

hexaferrite particles are hexagonal-shaped platelets about 2 μm wide and 40 nm thick. 

When heated to 1000 °C, SrCO3 reacts with SrFe12O19 to give Sr4Fe6O13. According 

to XRD analysis, Mössbauer spectrometry and magnetic measurements, the 

magnetization axis of the single-phase SrFe12O19 particle is perpendicular to the 

platelets. For an Fe/Sr ratio higher than 8, the α-Fe2O3 phase becomes the major phase 

and for a ratio lower than 8, the amount of SrCO3 increases. For an Fe/Sr ratio equal 

to 5, the formation of the Sr3Fe2(OH)12 phase is also observed.” 

“Wang et al [22] prepared barium hexaferrites (BaFe12O19) with various 

Fe3+/Ba2+ mole ratio by citrate–EDTA complexing method using citrate and EDTA as 

complexing chelating agents. DSC analysis, XRD patterns, EDS compositional testing 



 
 

and SEM investigations all display that Fe3+/Ba2+ mole ratio is crucial in phase 

formation and crystal grain growth. The electromagnetic parameters of ′, ″, μ′, and 

μ″ were determined by network analyzer (Agilent 8722ET) at the frequency range of 

2–18 GHz by a reflection/transmission technique. The sample with a Fe3+/Ba2+ mole 

ratio of 11.5 has the lowest permittivity ( ′ = 1–3, ″ ≈ 0) and highest permeability 

(μ′ = 1.5–3.5, μ″ = 0.5–2.5), exhibiting excellent microwave performances.”  

In recent years, nanomaterials have emerged as a rapidly advancing field, 

providing vast avenues of research. Rapid growth in the demand for 

telecommunication and high-frequency magnetic devices require production of 

materials with significant improvements in their performance with lower fabrication 

costs. The literature of the last 10-15 years surveyed above reveals that M-type 

hexagonal ferrites of different compositions have been extensively studied and used to 

get useful products. However, search for a better product with lowest energy 

consumption and optimum performance is still going on.  

The conventional ceramic method of preparation involves the mixing of 

suitable metallic oxides with appropriate grinding followed by a solid-state reaction at 

high annealing temperature of 1573-1973 K. Though the route is quite simple yet it 

has several drawbacks, such as; high sintering temperature, large reaction time, large 

particle size and limited degree of homogeneity. However, co-precipitation and sol-

gel methods are preferable because apart from the advantages of an economical and 

low-temperature processing, these methods make it possible to obtain nanoparticle 

ferrite materials. The co-precipitation technique has been known to successfully 

prepare nanocrystalline SrM and BaM with the particle sizes less than 60 nm.  

The electrical and magnetic properties of SrM and BaM hexaferrites systems 

have been studied by substitution of single metal e.g. Cr, Al as well as combinations 

of two different types of metals e.g. La-M (M = Co, Cu, Zn), Gd-Co, Nd-Co and Zr-

M (M = Cu, Mn, Ni and Zn). The electrical and magnetic properties were found 

suitable for various electromagnetic applications. Verwey et al. have found relation 

between the electronic conduction and the arrangement of cations in the crystal 

lattice. It has been found that the electronic exchange takes place between ions of the 

same element with more than one valance state and distributed among the octahedral 

sites in the crystal lattice; hopping conduction mechanism. The DC-electrical 

resistivity of bulk strontium hexaferrite is reported as 107 Ωcm which decreases with 

increasing temperature; a semiconductor like behavior.  



 
 

On the basis of dielectric dispersion, the polycrystalline ferrites are assumed to 

be made up of the layered structure, consisting of conducting grains separated by the 

non-conducting grain boundaries. The mechanism of the dielectric polarization is 

found to be similar to that of the conduction mechanism. It has been observed that in 

M-type hexaferrites, the electron exchange between Fe2+ and Fe3+ ions determines the 

polarization in ferrites. It has been reported that in M-type hexaferrites the value of 

isomer shift for 4f2, 12k and 2b sites decreases by the substitution of binary mixture of 

rare earth and transition metal ions. Because these cations have tendency to occupy 

4f2, 12k and 2b lattice site, which causes to decrease the electron density at these 

lattice sites. The trigonal bipyramidal (2b) site in strontium hexaferrites has maximum 

value of quadrupole splitting due to its highly distorted geometry, which decreases by 

doping a mixture of RE-M ions confirming the site occupancy of these doped cations 

in M-hexaferrites. 

These properties are strongly dependent on the nature of substituted cations, 

magnetic moment values and their site preferences in the lattice. The substitution of 

Sr2+ ions in BaM has been shown to increase the remanence and the saturation 

magnetization. In the available literature, there are only few reports on the bulk 

Sr0.5Ba0.5M materials. Therefore, strontium and barium based M-type hexaferrites 

(Sr0.5Ba0.5Fe12O19) were chosen for the present study.  

 

1.8     Objectives and plan of work  

 Technical requirements for materials suitable for applications in electronic devices 

are the high values of electrical resistivity (~ 109 Ωcm) to curb the eddy current 

losses and low values of dielectric loss (< 1). One of the objectives of this research 

work is to enhance the electrical resistivity and to reduce the dielectric constant 

and dielectric loss of strontium-barium hexaferrites to make it suitable and useful 

in microwave and chip devices.  

 The pre-requisites for ferrite materials useful in magnetic industry are large 

saturation and remanence magnetization. The second aim of the present research 

is to enhance the saturation and remanence magnetization of Sr-Ba hexaferrites.  

In order to attain the above-mentioned objectives of the research work, the 

partial replacement of Ba with rare-earth elements (La, Ce, Pr and Nd) and of Fe with 

the transition metals (Ni) in strontium-barium hexaferrite (Sr0.5Ba0.5Fe12O19) matrix is 



 
 

attempted in the present study. The reasons for selecting the above mentioned dopants 

are summarized as follows. 

Since rare-earth ions are insulators having high electrical resistivity (~108 

Ωcm) so that their substitution in hexaferrite matrix is expected to enhance the 

electrical resistivity and reduce the dielectric loss of Sr-Ba hexaferrites. The rare-earth 

ions with unpaired 4f electrons possess large spin-orbit coupling, magnetocrystalline 

anisotropy and tend to occupy the octahedral lattice sites [84, 130]. These ions are 

known to decrease the Mössbauer parameters such as isomer shift and quadrupole 

splitting of trigonal bipyramidal (2b) site by introducing super-exchange interactions 

owing to their magnetic nature. The substitution of rare-earth ions in Sr-Ba hexaferrite 

could therefore enhance saturation magnetization, remanence magnetization, 

hyperfine magnetic field and coercivity.  

On the other hand, Ni2+ being a transition metal has d8 electronic configuration 

would preferentially occupy octahedral lattice sites (12k, 4f2) [37] so that when 

substituted for iron it could enhance the electrical resistivity by decreasing the number 

of iron ions at the octahedral sites. It has been reported that Ni2+ ions reduce the 

magnetocrystalline anisotropy, the value of isomer shift for 12k and 4f2 lattice site and 

enhance the saturation magnetization and hyperfine magnetic field of hexaferrites, 

because these ions occupy 12k and 4f2 octahedral sites [15, 95]. Therefore, doping by 

binary mixtures of (RE-Ni) is expected to attain the objectives of present research. 

The variation of hyperfine parameters (isomer shift, quadrupole splitting and 

hyperfine magnetic field) further confirms the presence of doped cations in the 

hexaferrite lattice at different crystallographic lattice sites. Ionic radii of La3+, Ce3+, 

Pr3+, Nd3+and Ba2+ are 1.13, 1.10, 1.08, 1.01 and 1.30 Å, respectively and those of 

Ni+2 and Fe3+ are 0.68 Å and 0.65 Å respectively. Therefore, these ions, if doped in 

small quantities, would replace the host cations resulting into single phase of 

hexaferrite.  

The correlation between the electrical and magnetic properties and the dopant 

contents would be established by an investigation of various hexaferrite compositions. 

Moreover, the effect of cationic substitution on the electrical resistivity, dielectric 

dispersion, dielectric loss, Curie temperature, magnetization, coercivity, isomer shift, 

quadrupole splitting and hyperfine magnetic field would be investigated. These 

studies are perhaps the first of its kind that attempts to address the strontium-barium 



 
 

based M-type hexaferrites (Sr0.5Ba0.5Fe12O19) in nanocrystalline regime with different 

cationic substitutions.  
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2.      EXPERIMENTAL 

2.1 Chemicals used  

The chemicals used at various stages of the synthesis of samples were of high 

purity compounds procured from well known suppliers. The details of the chemicals 

are as follows:  

Table 2.1: Specifications for the chemicals used 

S. No. Compound Chemical Formula Purity Supplier 

1 Ferric nitrate 

nonahydrate 

Fe(NO3)3.9H2O 98.0% Aldrich 

2 Strontium nitrate Sr(NO3)2 99.0% Fluka 

3.  Barium nitrate Ba(NO3)2 99.0 % Aldrich 

3 Nickel acetate 

tetrahydrate 

Ni(CH3COOH)2.4H2O 99.0% Merck 

4 Lanthanum nitrate 

hexahydrate  

La(NO3)3. 6H2O 98.0 % BDH 

5 Cerium nitrate 

hexahydrate  

Ce(NO3)3. 6H2O  99% Fluka 

6 Praseodymium 

nitrate pentahydrate 

Pr(NO3)3. 5H2O  99.0 % Aldrich 

7 Neodymium nitrate 

pentahydrate  

Nd(NO3)3. 5H2O  99.0 % Aldrich 

8 Ammonium 

hydroxide 

NH4OH  33.0 % Aldrich 

 

2.2 Methods of preparation  

The diversity of applications of nanosized materials due to their versatile 

properties has attracted many researchers to invent and explore synthesis methods by 

which these materials can be prepared. Different methods have been adopted for the 

fabrication of hexaferrite nanomaterials. These include spray-pyrolysis, sol-gel, 

microemulsion, hydrothermal, sonochemical and co-precipitation methods, etc. 

 The spray-pyrolysis method [131] involves the production of aerosol-

droplets by atomization of the starting medium (solution, suspension or sol). These 



 
 

aerosol-droplets undergo various steps, such as; evaporation process, drying, high 

temperature treatment for thermolysis of particle to form a microporous particle and 

then sintering of microporous particles to finally form a dense particle. This is a 

useful method for synthesis of the nanosized particles of high purity. One of the 

disadvantages of spray pyrolysis technique is the use of excess amounts of solvent 

which results in large expenses for production of nanosized particle.  

In gas condensation technique [132], the nano powder formed normally has 

the same composition as the starting material. The starting material, which may be a 

metallic or inorganic material, is vaporized using some source of energy. The source 

of energy may be a Joule heating (heat), laser or electron beam evaporation. These 

processes are normally carried out in an evacuated chamber with 1-50 mbar pressure 

of some inert gas like helium. The metal atoms that boil off from the source quickly 

lose their energy. They form clusters of atoms in the gas phase by a process called 

nucleation. These clusters of atoms grow by adding atoms from the gas phase and by 

coalescence. The clusters are collected on a cold finger. A cold finger is simply a 

cylindrical shaped device that is cooled by liquid nitrogen. The nanoparticles collect 

on the cold finger; the same way droplets of water condense out on a cold window 

pane. The cluster size depends on various factors such as; residence time of particles, 

gas pressure, type of inert gas used and the rate of evaporation of starting material. 

The size of nanoparticles increases with increasing amount of the inert gas, pressure 

of gas and its vapor pressure.  

 Micro-emulsion method [133] involves synthesis of nanosized particles of 

desired material by mixing two components which are water-soluble and oil-soluble, 

respectively and the resulting medium is known as emulsion. In order to synthesize 

nanoparticles, a surfactant is added to the emulsion that helps to carry out the reaction 

on smaller scale, by stabilizing the size of water droplet. The size of water droplet is 

controlled by monitoring the ratio of water to surfactant; such droplet is termed as 

reverse micelle. The reverse micelle then reacts with other reactants to form 

nanosized particles of required material [133]. A variety of surfactants such as 

cetyltrimethylammonium chloride (CTAC) [134] and sodium dodecyl sulfate (SDS) 

[133] have been used by various researchers for the synthesis of M-type hexaferrites. 

This method is very costly, requires large quantity of liquids and higher annealing 

time of about 12 hours [135].   



 
 

The sol-gel process [20] refers to the hydrolysis and condensation of alkoxide 

based precursor. This method involves the formation of solid gel from liquid sol 

which is then converted into required product after annealing. This process involves a 

series of distinct steps. The domain size of sol particles depends on the composition of 

solution mixture, pH and temperature [136]. The advantage of this method is its lower 

annealing temperature but the disadvantage of this method is its longer time. As it 

takes 20 hours to dry the gel and also the annealing time and temperature is higher 

[136]. There is possibility of impurities due to the presence of chelating agent.  

 

2.2.1 Co-precipitation method 

 Co-precipitation reactions [24] involve the simultaneous occurrence of 

nucleation, growth, coarsening, and /or agglomeration process. Nucleation is the first 

step in the precipitation process when small size precipitates initially form, but these 

precipitates tend to coarse or aggregate together in to large sized particles which are 

thermodynamically more stable, which is termed as growth process or coarsening. In 

order to produce nanosized particles, the rate of nucleation process must relatively be 

higher than the rate of growth process and the nuclei of all species present must form 

at the same time [137]. Reaction for synthesis of oxide can generally be divided into 

two categories: those that produce an oxide directly and those that produce a 

precursor that must be subjected to further processing (drying, calcinations). By the 

addition of any basic solution such as sodium hydroxide or ammonium hydroxide to 

the mixed metallic salt solution then precipitates out the corresponding metal 

hydroxides. The resulting precipitates are filtered followed by the annealing to obtain 

the final mixed oxide product [137]. Co-precipitation method has many advantages 

especially low temperature wet chemical synthesis. In addition, it ensures proper 

mixing of metallic ions resulting into homogenous product with small sized particles. 

The product yield is also high by chemical co-precipitation method as compared to 

the other methods and it also has advantages of reliability and reproducibility. 

 

2.2.2 Sample preparation  

“The strontium-barium hexaferrite having nominal composition 

Sr0.5Ba0.5Fe12O19 was prepared by a chemical co-precipitation method [24]. The 

required molarities of the metallic salts i.e. Fe(NO3)3.9H2O, BaNO3)2 and Sr(NO3)2 



 
 

were dissolved in distilled water and mixed in a beaker. Ammonium hydroxide 

solution (3 M) was used for the precipitation at pH 9. The mixture was stirred for 3h 

followed by an overnight aging. The collected precipitates comprising of hydroxides 

of metal ions, ammonium nitrates and some water contents [138], were dried at 473 K 

in an oven to remove the water contents. The resultant dried product (mainly 

ammonium nitrates and hydroxides of metal ions) was annealed at 1323K for 6h in a 

temperature programmed tube furnace, at a heating rate of 5 Kmin-1. The following 

co-precipitation reaction may occur [137]:  

 

xSr(NO3)2 (aq) + yBa(NO3)2 (aq) + zFe(NO3)2 (aq) + NH4OH   

   [Mes+.OH-]m.nH2O + w NH4NO3                          

 

     [Mes+(OH-)m] + wNH4NO3                                 Sr0.5Ba0.5Fe12O19 

 

 

Grinding of the annealed samples into fine powder was done by using an 

Agate mortar-pestle. The powdered samples were pressed at 50 kNm-2 to form pellets 

of 6.5 mm diameter and ~2 mm thickness which were used in measurements for 

electrical resistivity, AC-magnetic susceptibility and dielectric properties.” The flow 

sheet diagram for the chemical co-precipitation method is shown in figure 2.1. All the 

series of Sr-Ba hexaferrite samples doped with RE-Ni (RE = La, Ce, Pr, Nd) were 

synthesized using the same method as mentioned above by the addition of aqueous 

metallic salt solutions of required molarities of the dopants. The chemicals used for 

the synthesis of the substituted samples are given in section 2.1.  
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Figure 2.1 Flow sheet diagram for the chemical co-precipitation method. 

 

 

 

 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 



 
 

2.3  Characterization techniques   

  The following characterization techniques have been used for analyses of the 

samples in this research work.  

 
1. Thermal analysis 

 Thermal events and phase transformation 

2. Powder X-ray diffraction technique 

 Phase identification  

 Lattice parameters determination 

 X-ray and bulk density calculation  

3. Scanning electron microscopic and tunneling electron microscopic analyses  

 Surface morphological and microstructural studies  

4. DC-electrical resistivity measurements 

 Electrical resistivity  

 Activation energy of hopping  

 Drift mobility of the charge-carriers 

5. Dielectric measurements 

 Dielectric constant determination 

 Dielectric loss tangent determination  

6. AC-magnetic susceptibility measurements 

 Curie temperature estimation 

7. DC-magnetization measurements 

 Saturation magnetization determination  

 Remanence magnetization determination 

 Coercivity estimation  

8. Mössbauer analysis 

 Mössbauer parameters determination (isomer shift, quadrupole 

splitting, hyperfine splitting) 

 

 

2.3.1 Thermal Analysis 
 



 
 

Thermal analysis [139] exhibits the physical and chemical changes taking 

place in the material as a function of temperature. Thermogravimetric analysis (TGA) 

is a technique for used for determination of changes in the composition of material 

such as weight or mass changes, taking place as a function of temperature. 

Thermogravimetric analysis is an essential tool for providing information thermal 

events of samples such as; absorption, desorption, vaporization, sublimation and 

decomposition, etc. In general, the TGA curves are plotted with the mass change 

expressed as a percentage against temperature. A schematic representation of working 

principle of a thermo-gravimetric analyzer is given in figure 2.2. 

 

Computer

Pan (P)

Figure 2.2: Schematic representation for set-up of a thermo-gravimetric analyzer 

[139] 

The analyzer consists of a measuring balance with a pan (P) containing the 

sample to be tested. The pan is placed in an oven with a thermocouple to measure the 

change in temperature, provided with a computer to electronically monitor the 

changes in temperature. The balance records the weight reading of the sample and 

sends it to the computer along with the sample temperature. The TGA curve plots the 

weight signal on the y-axis against the reference material temperature on the x-axis, as 

also shown in figure 2.2. Thermal analysis was performed on unannealed powdered 



 
 

sample using TGA/SDTA 851e Mettler-Toledo instruments at a heating rate of 10 

K/min.  

2.3.2   Structural analysis 

Structural analysis was performed in terms of phase identification, chemical 

composition and morphological studies of the samples. For all X-ray diffraction 

patterns presented in this research, a Jeol (JDX 60 PX) X-ray diffractometer with Cu 

Kα (λ = 1.540 Å) radiation was employed that operates at applied voltage of 45 kV 

and filament current of 40 mA. “The patterns were recorded at 2θ in the range of 10–

80o with a scan step of 0.02o and scan speed of 1 s/step. The microstructure and 

surface morphology of the samples were observed through scanning electron 

microscope (JEOL, JSM-5910). 

 

2.3.2.1 Powder X-ray diffraction
  

The X-ray diffraction pattern of any substance is akin to the fingerprint image 

of the crystal structure of that substance. It is therefore, an ideal method for an 

identification and characterization of polycrystalline substances. The basic purpose of 

this technique is the identification of crystal structure of polycrystalline substances, 

which is done by matching or searching the desired peak pattern with that of the 

standard pattern of the same substance. In addition, the crystallite size of the 

crystalline sample can also be calculated by employing the area under the diffraction 

peaks [140]. 

The interaction of X-ray radiation with crystalline sample is governed by the 

Bragg’s law (Eq. 2.1), which indicates a relationship between the diffraction angle 

(Bragg angle), X-ray wavelength, and inter-planar spacing. According to Bragg, the 

X-ray diffraction can be visualized as X-rays reflecting from a series of 

crystallographic planes as shown in figure 2.4. The path differences between a pair of 

incident waves traveled through the neighboring crystallographic planes are 

determined by the inter-planar spacing. As the total path difference is equal to nλ (as n 

being an integer and λ being the wavelength), the constructive interference will occur 

and a group of diffraction peaks can be observed and give rise to X-ray patterns. The 

quantitative account of Bragg’s law can be expressed as:  

 



 
 

                  sin2 hkldn                                                                           (2.1)  

Where, d is the inter-planar spacing for a given set of hkl, λ is the wavelength, and θ is 

the Bragg angle shown in figure 2.3.  

 

  

 

        Figure 2.3: Illustration of crystal planes and Bragg’s law [141] 

 

The intensity of powder diffraction peaks which depends on the crystal 

structures including types of atoms and unit cell, thermal vibration of atoms, etc. In 

addition to the primary structural factors, the intensity of diffraction is dependent on 

other factors, which are not only relevant to sample effects such as its shape and size, 

particle size and particle size distribution etc., but also with the instruments including 

source, monochromator and detector, etc. [141].  

In most of the X-ray diffractometers, Cu source is usually used as X-ray 

radiation source. The monochromator (Ni filter) is placed in the incident beam path 

between the X-ray tube and the sample. When the incident X-ray radiation beam hits 

the surface of powdered sample, the diffraction of that beam occurs in every possible 

direction (angle) of 2 positions, as shown in figure 2.5. The diffracted beam is 

detected by detector, which sensitively detects the intensities of diffracted beams as 

diffraction peaks. Computer software program then displays the diffracted pattern for 

the sample, which plots the positions and intensities of the diffracted peaks. The 

schematic illustration of X-ray diffractometer is given in figure 2.4.  



 
 

 

Figure 2.4: Schematic diagram of a simple X-ray diffractometer [142] 

  

Powdered samples annealed at 1323 K were used in X-ray diffractometer. The 

hexagonal phase identification for all the synthesized samples reported here was 

performed by matching the peak positions and intensities in the experimental 

diffraction patterns to those patterns in the ICDD standard pattern database. Various 

parameters were calculated from XRD data such as lattice constants, cell volume 

crystallite size and X-ray density. The size of nanomaterials can be derived from the 

peak broadening and calculated by using the Scherrer equation (Eq. 2.2):  

     



cos

K
D                                                                                                (2.2)  

Where, λ is the X-ray wavelength and is equal to 1.542 Å, θ is the Bragg angle, and β 

is the finite size broadening. K is a constant, equal to 0.89 for hexagonal systems. The 

lattice constants (a & c), cell volume (Vcell) and X-ray density (dx) were calculated 

from the following equations using the XRD data. 
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The X-ray density (dx) and bulk density (db) were also calculated using following 

formula [24]. 

cellA
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Where, Z is the number of formula units in a unit cell which is 2 for M-type 

hexaferrite, M the molecular mass of the sample, NA the Avogadro’s number, m is the 

mass of the pellet, h the height of the pellet and r is the radius of the pellet of 

thickness 2 mm and radius 6.5 mm. 

 
2.3.2.2 Scanning electron microscopy (SEM) 

The scanning electron microscopy (SEM) is qualitative technique to provide 

informations about the morphology (texture) and microstructure of the sample. When 

incident radiation beam of high-energy electrons strikes the surface of sample, it 

generates variety of signals that may be recorded by the detector. The results of this 

technique are usually a 2-dimensional image displaying the spatial variations in the 

properties of the sample. The conventional SEM technique involves certain 

specifications about the sample width as 1 cm to 5 microns that can be imaged, 

magnification ranging from 20X to about 30,000X and resolution power ranging from 

50 to 100 nm. The working principle for scanning electron microscope is shown in 

figure 2.5. 

 

 



 
 

 

Figure 2.5: Working principle of scanning electron microscope (SEM) [142] 

An electron gun produces a beam of high-energy of electrons (of few hundred 

eV to 40 keV) at the surface of sample to be tested. Before reaching the surface of 

sample, the electron beam passes through magnetic lens, pairs of scanning coils or 

deflecting plates, which basically deflects the incident beam into x and y planes so 

that it can scan through entire surface of the sample. When the incident beam finally 

strikes the sample surface, energy is released from the sample in the form of electrons 

and X-ray photons, which are then detected by the detector. The detector converts 

them to a signal which is then used to make a final image of sample surface by a 

screen similar to that of the television screen. SEM analysis was performed on the 

sintered pellets (dimensions as mentioned in section 2.3.2.1) of the samples. 

2.3.2.3 Tunneling electron microscopy (TEM) 

The tunneling electron microscopy (TEM) is also a qualitative technique to 

analyze the morphology and crystallinity of the samples using a high energy beam of 

electrons. The beam of electrons is produced by an electron gun with the acceleration 

voltage ranges between 50 and 150 kV. The higher it is, the shorter are the electron 



 
 

waves and the higher is the power of resolution, which usually ranges between 0.5-10 

nm. The working principle for scanning electron microscope is shown in figure 2.6. 

 

 
Figure 2.6: Working principle of tunneling electron microscope (TEM) [142] 

 

The electron beam emitted by an electron gun is focused by condenser lenses. 

It then transmits through the specimen, where it partially gets scattered. The degree of 

beam scattering depends on the atomic masses of the specimen. The greater the mass 

of the atoms, the greater is the degree of scattering. This transmitted portion is 

magnified by the objective lens into an image. The image is viewed by projecting the 

image on a fluorescent screen or can be photographically recorded by a camera.  

 

2.3.3   Electrical properties 

Electrical properties were studied in terms of DC-electrical resistivity 

measurements and dielectric properties. Electrical resistivity was measured in a 

temperature range of 298-673K by employing two-probe method, while dielectric 

properties were carried out at room temperature using “LCR meter (Wayne Kerr LCR 

4275) in a frequency range of 100 Hz-1 MHz.”  

 

2.3.3.1 DC-electrical resistivity measurements 



 
 

Ferrites have higher resistance than metals by several orders of magnitude and 

they are regarded as very structure-sensitive materials. Two methods namely two-

probe and four-probe methods are reported for the measurement of DC electrical 

resistivity of the materials. The two-probe method was used for the measurement of 

resistivity of hexaferrites materials in the temperature range of 300-675K. As the 

resistivity of the hexaferrite is very high and it was not possible to use the four probe 

method because it is used for the samples having low resistance [24]. The use of four-

probe method is also not suitable at high temperature due to instability of silver paste 

used for connections. While the two-probe method is suitable for the samples having 

high resistivity and at high temperature.  

 Two-probe method was employed to measure the electrical resistance, and its 

working principle is given by block diagram in figure 2.7. In this two electrodes are 

used to measure the unknown resistance of a material. Sample holder equipped with 

two electrodes which are symmetrically located with respect to each other on the 

opposite sides of the sample, was inserted in a heater that was clamped inside a 

hollow ceramic pot. A thermocouple was connected with a UT-55 multimeter to read 

the temperature which can measure the temperature in the range 73 to 1473 K. A triac 

control was introduced in series with the heater to heat the sample at a slow rate. DC-

power supply and electrometer (Keithley 2400) was connected in series to the sample 

holder. The temperature was varied with a step of 5 K; the corresponding change in 

current was measured on an electrometer (Keithley 2400) with a fixed voltage applied 

across the sample.  

 

 

Figure 2.7:  Flow sheet diagram of the two-probe resistivity apparatus [14]. 

 



 
 

The electrical resistance of any material is defined as the ratio of the applied 

voltage (V) to the electric current (I) that flows through it, as given by the Ohm’s law: 

                              
I

V
R                                                                       (2.7) 

The resistivity of the samples was calculated by following equation [37]: 

                  
L

RA
                              (2.8) 

Where, R is resistivity, L is the thickness and A is the area of the pellets (of the 

dimensions mentioned above). The variation of electrical resistivity with temperature 

measured by the above mentioned apparatus is shown in figure 2.8.  

 
Figure 2.8 Temperature dependence of electrical resistivity measured by the 

apparatus described in section 2.3.3.1 

 The drift mobility and activation energy of all the samples were also 

calculated from the DC-electrical resistivity data. The drift mobility d  of all the 

hexaferrite samples was calculated using the relation [24]. 




ned
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         (2.9) 

Where, e is the charge of electron, ρ the DC electrical resistivity at given temperature 

and n is the concentration of charge carriers and can be calculated from the relation 

M

pdN
n FebA         (2.10) 

Where, NA is the Avogadro’s number, db the bulk density, M the molecular weight of 

the sample and pFe is the number of iron atom in the chemical formula of the samples. 

The electrical resistivity of the ferrite materials decreases with increasing temperature 

obeying the Arrhenius type equation [37]: 
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Where, kB is the Boltzmann constant, T is temperature expressed in Kelvin and Ea is 

the activation energy of hopping, which is the energy needed for the hopping of 

electron from an ion to the neighboring ion, so give rise to the electrical conductivity.  

 

2.3.3.2 Dielectric properties  

Hexagonal ferrites are an attractive material with novel electrical properties 

and have diverse applications at high frequency microwave devices. Hence, it is 

important to study their electrical behavior (dielectric polarization and conduction) at 

different frequencies. The inductance, capacitance and resistance (LCR) meter 

provides economical, fast and accurate testing of a dielectric material up to several 

frequency ranges. One can automatically measure the inductance (L), capacitance (C) 

and resistance (R) as well as other parameters such as quality factor, impedance, AC 

resistance, conductance and dissipation factor. 

It consists of emf source (power supply) to provide an AC-voltage, resistor, 

and amplifiers. The voltage is applied to the sample through source resistance ‘RS’ 

which varies according to the measurement range. The current flows through resistor 

to the operational amplifiers. The amplifier automatically adjusts the voltage gain 

level, so that an electric current drawn through a resistor is always equal to the current 

flowing through the sample and then provides and output signal proportional to that 

current. The voltage across the sample is measured by a four wire Kelvin connection. 

Out of these four wires Kelvin, two wires are used to measure the voltage and other 

two carry out the current across the surface of sample. The LCR meters are monitored 

by a microcontroller that controls the display buttons, computer-keypad, general 

purpose interface bus (GPIB) computer interfaces and handler interface. The 

schematic diagram of LCR meter is shown in figure 2.9. 



 
 

  

 

   Figure 2.9 Schematic diagram of LCR meter [32]. 

 

Dielectric constant is a measure of the degree to which a medium can resist the 

flow of charge which is calculated using the formula: 

               
A

CL

o
 /                                                                                           (2.12) 

Where, “C is the capacitance of the pellet in farad, L the thickness and A the cross-

sectional area of the pellet (of the dimensions as mentioned above) and o the 

constant of permittivity of free space.” The amount of energy loss during each cycle is 

expressed as loss tangent (tanδ) of dielectric material and its value is directly given by 

the instrument. The variation of dielectric constant (έ) with applied field frequency 

measured by the above mentioned apparatus is shown in figure 2.10. 

 

Figure 2.10 Frequency dependence of dielectric constant measured by the 

                    apparatus described in section 2.3.3.2 
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2.3.4 Magnetic properties 

“Magnetic measurements were performed by using a vibrating sample 

magnetometer at anapplied external field of 10 kOe. AC-magnetic susceptibility was 

measured by a double coil system operating at 273 Hz with a magnetic field of 0.1 Oe 

in the temperature range of 300–703 K.” Mössbauer analysis was carried out using a 

resonant gamma-rays spectrometer (Web Research Co, W302).   

 

2.3.4.1 AC-magnetic susceptibility measurements  

AC-magnetic measurements, in which an AC electric field is applied across 

the sample and the resulting change in magnetic moment is measured, is an important 

tool for analysis of magnetic properties of materials. AC-magnetic measurements 

provides an insight about the magnetization dynamics of the material because the 

induced magnetic moment of the material fluctuates with time, while in contrast to 

that, one cannot get such information by DC-measurements, because the sample 

magnetic moment is constant during measurement time. The flow sheet diagram in 

figure 2.11 shows the experimental set-up for high temperature (300-900 K) 

susceptometer, based upon the principle of mutual inductance. 
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Figure 2.11 Flow sheet diagram for the high temperature susceptibility measurement 

apparatus [19]. 

 

 It consists of an assembly of coils (primary and secondary coils), lock-in 

amplifier, source meter, DC-power supply, and heater. The primary and the secondary 

coils were wounded over a non-magnetic core of made of Teflon, and having hole of 

diameter 27 mm and length 85 mm as shown in figure 2.11. A small heating element, 

placed inside the coil, was used to heat up the sample. The DC power supply 

(Topward 33010D) with a maximum capacity of 30 A current was used to provide 

current to the heater. A cylindrical shaped and small sized glass tube was placed 

between the heating element and coil assembly in order to avoid the excess heating of 

the coil because as the sample is heated the Teflon coil can also get heated. The coils 

were connected to a lock-in amplifier (Stanford SR830 DSP) that was set at frequency 

of 273 Hz, when the sample pellet was present in the coil-set up; the amplifier 

measured the in-phase component (voltage) of an applied signal. A Keithley 

multimeter (Keithley 2000) was used to measure the output resistance from the 

amplifier which is proportional to the susceptibility. The PT-100 thermocouple was 

connected to the multimeter (Keithley 2000) and the other end to the heater for 

sensing the temperature of the sample. The instrument was calibrated with pure 

nickel, and the Curie temperature was found to be 633 ± 5 K (shown in figure 2.12), 

which was in agreement with the reported value of 631± 2 K [19] for pure Ni. Sample 

pellets (dimensions as mentioned in section 2.3.2.1) were used in measurement of 

susceptibility.  
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Figure 2.12: Variation of inverse AC magnetic susceptibility with temperature for 

pure Ni. 

 
2.3.4.2 DC-magnetization measurements 

The purpose of magnetometry is to measure the magnetization of a material 

either intrinsic or induced by application of an external magnetic field. The most 

common technique employed for magnetization measurements at room temperature is 

the vibrating sample magnetometery (VSM). The operation of VSM is based on 

Faraday’s law of induction (Eq. 2.13) which provides the value of an induced voltage 

in a coil, where the applied magnetic field strength (electromotive force) is 

proportional to the rate of change of induced magnetization through it, as shown in 

Eq. 2.13: 

                
dt

d
E B
                                                                                    (2.13) 

Where, E is the magnitude of the electromotive force in volts, ΦB is the 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 (figure 2.13). The magnetic flux change due to the 

motion (vibration) of a magnetic sample causes an induction voltage across the pick-

up coil that is proportional to magnetization of the sample. The greater the induced 

current, greater will be the magnetization in the sample. In other words, the intensity 

of an induced voltage in the sample is thus a measure of the magnetization of the 

sample.  



 
 

 

         Figure 2.13 Flow sheet for the working of vibrating sample magnetometer 
(VSM) [143].  
 
 

In this study, the VSM was used to determine hysteresis plots of the powdered 

samples. From the hysteresis plots the saturation magnetization, remanence and 

coercivity were determined.  

 
2.3.4.3 Mössbauer analysis 

 Mössbauer spectrum deals with the magnetic interactions taking place in 

ferrimagnetic material and Mössbauer spectroscopy is used to study the local 

symmetry as well as the site occupation of cations in ferrite nanoparticles. The 

Mössbauer absorption spectra of ferrite samples were recorded at room temperature in 

transmission geometry using a 57Co/Rh γ-rays source. The Mössbauer effect involves 

the recoil-free absorption of gamma rays photons by atom of the same isotope. The 

photons are absorbed by nuclei and their energy levels can be probed by changing the 

energy of the incident radiation and analyzing the spectrum of gamma rays after 

interaction with the sample. The gamma-rays source is accelerated through a range of 

velocities with a linear motor and thus in this way their energy is varied through the 

Doppler effect, where the range of velocities for 57Fe source usually lies as ±11 mm/s 

(1 mm/s = 48.075 neV). The gamma rays source consists of a parent radionuclide that 

decays to the desired isotope by emitting gamma rays. For example, the 57Co source 

decays in two steps to desired 57Fe isotope, as; firstly 57Co undergoes β-decay to an 

excited state of 57Fe which then subsequently reaches (decays) to the ground state of 

57Fe by emitting desired gamma-rays, as shown by equations 2.14-2.16.   

              57Co 57Fe (5/2)                                                                 (2.14) 



 
 

Where, I is the nuclear spin of iron. The ground state is characterized by spin (I = 1/2) 

 

              57Fe (5/2)         57Fe (1/2) + γ (136 keV)                           

(2.15) 

Or via intermediate state according to the reaction: 

 57Fe(5/2)              57Fe(3/2) + γ (121.6 keV)              57Fe(1/2) + γ (14.4 keV)       

(2.16) 

Both reactions are not equally favorable as the second route (eq. 2.14) is more 

frequent occurring in 91% of cases. The energy 14.4 keV was used in Mössbauer 

experiments.  

A Mössbauer spectrometer (figure 2.14) system consists of a γ-ray source that 

is oscillated toward and away from the sample by a Mössbauer drive, a collimator to 

filter the γ-rays, the sample, detector, amplifier, analyzer and a data acquisition 

system. The Mössbauer drive oscillates the source so that the incident γ-rays hitting 

the absorber have a range of energies due to the doppler effect. During the scanning of 

γ-rays by Doppler shifting, the detector records the energy of gamma-rays which are 

absorbed by the sample. The output of the Mössbauer experiment is the plot of energy 

of the gamma rays being transmitted by the sample and the velocity of the source in 

mm/s. The source shown (57Co) is used to probe 57Fe in iron containing samples 

because 57Co decays to 57Fe emitting a γ-ray of the right energy to be absorbed by 

57Fe.  
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Figure 2.14 Block diagram of typical Mössbauer spectrometer [144].  

 

In the Mössbauer spectra, the intensity of gamma-rays being absorbed is 

plotted versus the source velocity. When gamma-rays are absorbed by the sample, 

their intensity decreases which is marked by a dip (peak) in the Mössbauer spectrum. 

The position, intensity and number of the peaks gives information about the chemical 

environment of the absorbing nuclide and hence the composition of the sample under 

study. Hyperfine interaction parameters such as quadrupole splitting (Δ), isomer shift 

(), magnetic hyperfine field (Hhf) and site population of iron ions (nFe) are computed 

from Mössbauer absorption spectra recorded at room temperature. These parameters 

provide useful information about the nature of various oxygen polyhedra of each 

lattice site and the symmetry of lattice. The isomer shift () arises out of interactions 

between nuclear charge density of absorbing nuclei and the surrounding s electron 

density and tells about the difference in the value of s electron density between the 

source and the absorbing nuclei. The quadrupole splitting (Δ) arises due to the 

interaction between electric quadrupole moment of the nuclei and electric field 

gradient (EFG) set up by electrons surrounding the nuclei and denotes the shift in 

nuclear energy levels of absorbing nuclei that is induced by an electric field gradient 

due to neighboring electrons. In the Mössbauer spectrum, the quadrupole splitting is 

denoted by the separation between the two component peaks of a doublet, and an 

isomer shift is represented as the difference between the midpoint of the doublet and 

zero on the velocity scale. The hyperfine magnetic field (Hhf) tells about the internal 

magnetic field of magnetic material, i.e, the individual magnetic field at each 

sublattice of iron atom. 
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3.      RESULTS AND DISCUSSIONS  

3.1    Thermal analysis  

Thermal analysis (TG/DTG) of unannealed strontium-barium hexaferrite and 

its derivatives is carried out to evaluate the phase formation process and to observe 

thermal events on heating the samples of M-type hexaferrite.  

Figure 3.1 shows the TG/DTG curves for as-synthesized strontium-barium 

hexaferrite (Sr0.5Ba0.5Fe12O19) sample. During heat treatment of the precursor sample, 

several processes such as dehydration, decomposition and sintering take place. The 

TG curve shows three distinct steps of weight loss, which corresponds to minima in 

the derivative (DTG) curve. Between 300 K and 400 K, the weight loss (~ 5 %) is due 

to the removal of the embedded humidity, while weight loss (~ 15 %) from 500-650 K 

is attributed to the degradation of hydroxides into oxides and subsequent evaporation 

of water from the sample [145]. The decomposition of metal hydroxides (R(OH)3 

where, R = La, Ce, Pr and Nd) usually takes place in two steps [145]: 

 

R(OH)3  → ROOH + H2O                                                          (3.2) 

ROOH→ R2O3 +H2O                                                                 (3.3) 

Moreover, NH4NO3 also decomposes to form NOx and O2 in this temperature 

range [138] via the reaction shown below: 

NH4NO3 → NOx + O2 + H2O                                                (3.1) 

The weight loss ( 6 %) observed between temperatures of 850 to 950 K is 

attributed to the formation of M-type hexaferrite and monoferrite (BaFe2O4, SrFe2O4) 

phases [105]. The desired M-type hexaferrite phase begins to form at approximately 

1000 K however intermediate impurity phases, such as MO.Fe2O3 and α-Fe2O3 (M = 

Ba, Sr) are also likely to be in this temperature range. Therefore, in order to get pure 

strontium-barium hexaferrite it is essential to anneal sample at higher temperature, at 

which these intermediate impurity phases are completely converted to form single-

phase hexaferrite structure. Therefore, an annealing temperature of 1323 K has been 

optimized (as discussed in section 3.2.1.1) for the purpose of annealing of all the 

samples. This progressive transformation through intermediate phases before reaching 

the desired structure is evidenced by the XRD (section 3.2, figure 3.7 a-d), and is 

attributed to the complexity of the crystal structure of M-type hexaferrite [8]. The TG 

analysis shows that the M-type hexaferrite material prepared by the co-precipitation 



 
 

method is produced at relatively low temperature of 1323 K as compared to the 

temperature of 1523 K required for the samples prepared by other reported synthesis 

routes [9].  

 

 

       Figure 3.1: TG/DTG curve for as-synthesized undoped strontium-barium 
hexaferrite 
 
  

The TG/DTG curves for the Sr0.5Ba0.5Fe12O19 samples doped with La-Ni, Ce-

Ni, Pr-Ni and Nd-Ni are shown in figures 3.2-3.5. For the purpose of comparison of 

the four series, the samples of composition of x = 0.02; y = 0.20 from each of the 

series are selected. It can be seen from figure 3.1-3.5, that the addition of dopants has 

influenced the thermal behavior of samples.  

A slightly higher temperature is required for the formation of hexaferrite phase 

which begins to form at 1000 K for the La-Ni, Ce-Ni, Pr-Ni and Nd-Ni doped 

strontium-barium hexaferrite samples in contrast to a temperature of 900 K for the 

undoped ample (figure 3.1). This is because the rare-earth elements have high thermal 

stability due to their 4 f electrons so that a large amount of energy is required to form 

RE-O bonds and also for crystallization of RE doped materials than the undoped 

hexaferrite, as also observed [146].  
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         Figure 3.2: TG/DTG curve for unannealed Sr0.5Ba0.48La0.02Fe11.8Ni0.2O19 

hexaferrite 

 

  

  Figure 3.3: TG/DTG curve for unannealed Sr0.5Ba0.48Ce0.02Fe11.8Ni0.2O19 hexaferrite 
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Figure 3.4: TG/DTG curve for unannealed Sr0.5Ba0.48Pr0.02Fe11.8Ni0.2O19 hexaferrite 

 

 
Figure 3.5: TG/DTG curve for unannealed Sr0.5Ba0.48Nd0.02Fe11.8Ni0.2O19 hexaferrite 

 
 

3.2      Structural analyses  

Structural analyses of synthesized strontium-barium hexaferrites are carried 

out to evaluate the phase identification, elemental composition and surface 

morphology of the materials by XRD and scanning electron microscopy, respectively.   

 

3.2.1 X-ray diffraction studies  

3.2.1.1 Optimization of annealing temperature  
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In order to optimize the annealing temperature, required to synthesize single-

phase hexaferrite materials, the undoped strontium-barium hexaferrite 

(Sr0.5Ba0.5Fe12O19) sample was annealed at three different temperatures of 1023 K, 

1223 K and 1323 K. The X-ray diffraction (XRD) patterns are presented in figure 3.6. 

It is evident that both the sample annealed at 1023 K and 1223 K (figure 3.6 (b-c)) 

possess the desired hexagonal phase along with the intermediate hematite (α-Fe2O3) 

and monoferrite (MFe2O4) phases (ICDD-01-076-2496; ICDD-00-003-0800) [147], 

which are then progressively eliminated at higher annealing temperatures. However, 

well-defined diffraction peaks corresponding to the pure M-type hexaferrite, i.e. 

(006), (107), (114), (108), (203), (205) and (317) are observed in the sample annealed 

at 1323 K (figure 3.7 a). “The observed peaks match exactly with the standard pattern 

for M-type hexaferrite (ICDD-00-051-1879)” as shown in figure 3.7d. The results of 

the XRD analysis are also in conformity with the TG analysis described above (figure 

3.1).  

  

 

Figure 3.6 XRD patterns of the Sr0.5Ba0.5Fe12O19 samples annealed at (a) 1323 K, (b) 

1223 K and (c) 1023 K (d) standard pattern for Sr0.5Ba0.5Fe12O19 

 

3.2.1.2 XRD patterns of RE-Ni doped strontium-barium hexaferrites 

“XRD patterns of RE-Ni doped strontium-barium hexaferrites having the 

nominal compositions of Sr0.5Ba0.5-xLaxFe12-yNiyO19, Sr0.5Ba0.5-xCexFe12-yNiyO19, 



 
 

Sr0.5Ba0.5-xPrxFe12-yNiyO19 and Sr0.5Ba0.5-xNdxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-

1.00) are presented in figures 3.7-3.10. “Miller indices (hkl) corresponding to the 

XRD peaks for the synthesized compounds match very well with the standard pattern 

of M-type hexaferrite [ICDD-00-051-1879] indicating the single hexagonal phase of 

magnetoplumbite-type structure of the synthesized materials.” This observation 

demonstrates that the doped cations, in the selected substitution range, must have 

replaced barium and iron ions in the host lattice, without distorting the hexagonal 

geometry of strontium-barium hexaferrite and no intermediate phases such as mono-

ferrite (MFe2O4), ortho-ferrite (RFe2O3), hematite (Fe2O3) etc. are formed.” The XRD 

data retrieved for the samples is used to calculate lattice constants (a & c), crystallite 

size (D), cell volume (Vcell), and X-ray density (dx) of the synthesized samples (tables 

3.1-3.4) using the equations (2.2) to (2.6).  

 

Figure 3.7 “XRD patterns of strontium-barium hexaferrite doped with LaxNiy (a) x = 

0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40, (d) x = 0.06; y = 0.60, (e) 

x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00 and (g) standard pattern (ICDD-00-051-

1879).”   



 
 

 
Figure 3.8 “XRD patterns of strontium-barium hexaferrite doped with CexNiy (a) x = 

0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40, (d) x = 0.06; y = 0.60, (e) 

x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00.”   

 

 



 
 

 

Figure 3.9 “XRD patterns of strontium-barium hexaferrite doped with PrxNiy (a) x = 

0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40, (d) x = 0.06; y = 0.60, (e) 

x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00.”   

 



 
 

 

Figure 3.10 “XRD patterns of strontium-barium hexaferrite doped with NdxNiy (a) x 

= 0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40, (d) x = 0.06; y = 0.60, 

(e) x = 0.08; y = 0.80 and (f) x = 0.10; y = 1.00.”   

 

3.2.1.3 Lattice constants and cell volume  

“The lattice constants (a& c) for the undoped strontium-barium hexaferrite 

(Sr0.5Ba0.5Fe12O19) have values of 5.880 Å and 23.149 Å, respectively. These values 

are comparable to the literature values of a = 5.880 Å and c = 23.153 Å for the 

strontium-barium hexaferrite as reported by Narang et al [9]. It is evident from the 

data presented in table 3.1, that by increasing the La-Ni contents the value of the 

parameter a remains almost constant while the values of the parameter c decreases 

from 23.149 to 23.130 Å and cell volume (Vcell) from 693 to 692 Å3. The decrease in 

the values of cell volume (Vcell) and lattice constant c is due to the reason that the 

ionic radius of Ni2+ (0.68 Å) is comparable to that of the Fe3+ (0.65 Å) while the ionic 

radius of La3+ (1.13 Å) is much less than that of the Ba2+ (1.30 Å). Similar findings 

were reported for the decrease in the values of cell volume (Vcell) and the parameter c 

by the substitution of La and La-Zn ions in the strontium hexaferrite by Ounnunkad 

[84] and Lee et al [67], respectively.  



 
 

The data reported in tables 3.2-3.4 show that values of both the lattice constant 

c and Vcell decrease by increasing the Ce-Ni, Pr-Ni and Nd-Ni contents. However the 

values of lattice constant a, remain almost constant in each case. The decrease in the 

values of cell volume (Vcell) and lattice constant c is attributed to the difference in the 

ionic radii of cations and the binding energy of rare-earth ions in the crystal structure, 

which in turn depends upon their electronic configuration (4f). Although the ionic 

radius of Ni2+ (0.68 Å) is comparable to that of the Fe3+ (0.65 Å) but the ionic radii of 

Ce3+ (1.10 Å), Pr3+ (1.10 Å) and Nd3+ (1.10 Å) are much less than that of the Ba2+ 

(1.30 Å) which causes to decrease the values of both the lattice constant c and Vcell.  

The binding energy of rare-earth ions [148-149] increases by decreasing the 

ionic radius of rare-earth ions and by increasing the number of 4f electrons. The 

binding energy has the lowest value when 4f shell is either empty or occupied by 1 or 

8 electrons. So La3+ (1.13 Å) and Ce3+ (1.10 Å) ions have small binding energy values 

as compared to Pr3+ (1.05 Å) and Nd3+ (1.01 Å) ions, due to zero and one electron in 

the 4f-shell of La3+ and Ce3+ ions, respectively. Therefore, owing to minimum binding 

energies the substitution of lanthanum and cerium in ferrites does not cause amenable 

changes in the crystal structure as compared to the rest of the lanthanide ions.  

In addition, the presence of 4f-electrons along with the 5d-electrons in 

lanthanides produces stronger Columbic attractions that forms strong lanthanide-

oxygen (R-O) bond in the crystal structure. The transition metal ions possess only 5d 

electrons so have less strong transition metal-oxygen (M-O) bonds in the crystal 

structure. In the RE-Ni doped hexaferrites, the binding energy of the lanthanide-

oxygen octahedra (RO6) is larger than the transition-metal cation-oxygen octahedra 

(MO6) [146,150]. As a result the crystal lattice of the RE-Ni substituted strontium-

barium hexaferrites may shrink so that the values of a, c and Vcell decrease as 

observed.  

 

3.2.1.4 X-ray density and bulk density  

X-ray density (dx) and bulk density (db) are calculated by using equations 2.5 

and 2.6. The value of X-ray density (dx) is dependent on the molar masses and cell 

volume (Vcell) of the synthesized compounds as indicated by equation 2.5. It can be 

noted that the values of X-ray density (dx) increases with the increase in the dopant 

contents of the samples (tables 3.1-3.4). Its value ranges from 5.22 to 5.27 gcm-3, 5.22 

to 5.25 gcm-3, 5.22 to 5.24 gcm-3 and 5.22 to 5.25 gcm-3 for La-Ni, Ce-Ni, Pr-Ni and 



 
 

Nd-Ni ions doped strontium-barium hexaferrites, respectively. The molar masses of 

La, Ce, Pr, Nd and Ni ions are 139, 140, 141, 144 and 58 gmol-1, respectively. The 

observed increase in the value of X-ray density (dx) is due to relatively larger molar 

masses of the doped cations compared to that of Ba (137 gmol-1) and Fe (56 gmol-1) 

ions accompanied by a decrease in the value of Vcell , as discussed above. 

It is evident from the data presented in tables 3.1-3.4, that by increasing the 

dopant contents of La-Ni, Ce-Ni, Pr-Ni and Nd-Ni ions, the value of the bulk density 

(db) increases. The reason for this increase is that since the molar masses of the RE-Ni 

doped samples increases by increase in the dopant contents of the samples. The 

observed values of the bulk density (db) are less than those of the X-ray density (dx) 

(table 3.1-3.4) owing to the appearance of inevitable pores during the annealing.” 

 

3.2.1.5 Crystallite size  

“The crystallite sizes (D) of all the synthesized samples are calculated by 

using the Scherer formula (equation 2.2). The crystallite size (D) of the undoped 

strontium-barium hexaferrite prepared in this study by the chemical co-precipitation 

method is 36 nm, which is significantly smaller than the size of 4 μm for Sr-Ba 

hexaferrite reported by Narang et al. [9], which, however, was synthesized by the 

conventional ceramic method. The crystallite sizes (D) for the La-Ni, Ce-Ni, Pr-Ni 

and Nd-Ni doped strontium-barium hexaferrites are in the ranges of 36-58, 36-48, 18-

36 and 20-36 nm, respectively (table 3.2-3.4). The crystallite sizes are quite small 

which can ideally be suitable to get a precise signal to noise ratio for using in the high 

density recording media [105]. 

 

 

 

Table 3.1 “Calculated values of the lattice constants (a, c), crystallite size (D), unit 

cell volume (Vcell), X-ray density (dX), bulk density (db) for Sr0.5Ba1-xLaxFe12-yNiyO19 

(x = 0.00 - 0.10; and y =0.00-1.00).” 

Structural parameters LaxNiy contents 

x = 0.00 
 

x = 0.02 
 

x = 0.04 
 

x = 0.06 
 

x = 0.08 
 

x = 0.10 
 

a (Å) 5.880 5.881 5.882 5.882 5.883 5.882 

c (Å) 23.149 23.156 23.147 23.141 23.135 23.130 



 
 

D (nm) 36 58 51 46 43 39 

Vcell (Å3) 693 694 694 693 693 692 

dx (gcm-3) “5.22 5.20 5.23 5.24 5.25 5.27” 

db (gcm-3) 3.58 3.41 3.47 3.55 3.61 3.66 

 

 

 

  

Table 3.2 Calculated values of the lattice constants (a, c), crystallite size (D), unit cell 

volume (Vcell), X-ray density (dX), bulk density (db) for Sr0.5Ba1-xCexFe12-yNiyO19 (x = 

0.00 - 0.10; and y =0.00-1.00). 

Structural parameters CexNiy contents 

x = 0.00 
 

x = 0.02 
 

x = 0.04 
 

x = 0.06 
 

x = 0.08 
 

x = 0.10 
 

a (Å) 5.880 5.883 5.884 5.883 5.883 5.882 

c (Å) 23.149 23.154 23.145 23.136 23.131 23.127 

D (nm) 36 48 41 42 38 35 

Vcell (Å3) 693 695 694 694 693 693 

dx (gcm-3) 5.22 5.21 5.21 5.22 5.23 5.24 

db (gcm-3) 3.58 3.42 3.46 3.50 3.56 3.61 

 
 

 

 

Table 3.3 Calculated values of the lattice constants (a, c), crystallite size (D), unit cell 

volume (Vcell), X-ray density (dX), bulk density (db) for Sr0.5Ba1-xPrxFe12-yNiyO19 (x = 

0.00 - 0.10; and y =0.00-1.00). 

Structural parameters PrxNiy contents 

x = 0.00 
 

x = 0.02 
 

x = 0.04 
 

x = 0.06 
 

x = 0.08 
 

x = 0.10 
 

a (Å) 5.880 5.883 5.883 5.884 5.884 5.885 

c (Å) 23.149 23.150 23.142 23.132 23.123 23.105 

D (nm) 36 41 32 26 21 18 

Vcell (Å3) 693 695 694 694 693 692 



 
 

dx (gcm-3) 5.22 5.21 5.22 5.23 5.23 5.24 

db (gcm-3) 3.58 3.41 3.48 3.54 3.57 3.59 

 

 

 

 

Table 3.4 Calculated values of the lattice constants (a, c), crystallite size (D), unit cell 

volume (Vcell), X-ray density (dX), bulk density (db) for Sr0.5Ba1-xNdxFe12-yNiyO19 (x = 

0.00 - 0.10; and y =0.00-1.00). 

Structural parameters NdxNiy contents 

x = 0.00 
 

x = 0.02 
 

x = 0.04 
 

x = 0.06 
 

x = 0.08 
 

x = 0.10 
 

a (Å) 5.880 5.881 5.882 5.882 5.883 5.884 

c (Å) 23.149 23.152 23.140 23.128 23.117 23.100 

D (nm) 36 38 29 24 19 16 

Vcell (Å3) 693 694 693 693 693 692 

dx (gcm-3) 5.22 5.18 5.20 5.21 5.23 5.25 

db (gcm-3) 3.58 3.43 3.49 3.56 3.60 3.65 

 

 

 

3.2.2 Scanning electron microscopic analysis 

    The scanning electron microscopic (SEM) image of the undoped strontium-

barium hexaferrite sample (Sr0.5Ba0.5Fe12O19) is shown in figure 3.11. The surface of 

the undoped sample appears to be dense with large agglomerated particles. The 

presence of voids on the sample surface shows their porous nature, as has also been 

concluded on the basis of comparison of the bulk and X-ray densities (table 3.1). This 

observation indicates that the annealing process induces unavoidable pores in the 

synthesized samples leading to the low values of bulk densities.  

 



 
 

 
Figure 3.11 SEM image of Sr0.5Ba0.5Fe12O19 sample annealed at 1323 K 

 
 
 

 
 

 

 

 

 

 

 

 

 

Figure 3.12 TEM image of Sr0.5Ba0.5Fe12O19 sample annealed at 1323 K (a) Typical 

TEM image of Sr0.5Ba0.5Fe12O19 (b) bright-field TEM image of Sr0.5Ba0.5Fe12O19. 

In order to examine the size and shape of ferrite material, TEM analysis for 

the undoped strontium-barium hexaferrite (Sr0.5Ba0.5Fe12O19) is performed. Figure 

3.12(a) shows the typical TEM image of undoped Sr0.5Ba0.5Fe12O19 sample that have 

irregular shaped structure. Bright-field TEM image (figure 3.12b) demonstrates that 

particles appears to be well-defined hexagonal in shape. The average particle size 

ranges from 30-40 nm that are comparable with that calculated by the Scherrer 

formula (36 nm).  

The surface morphology of the samples doped with La-Ni, Ce-Ni, Pr-Ni and 

Nd-Ni are shown in figures 3.13-3.16. Samples with the dopant contents of x = 0.02; 

y = 0.80, x = 0.08; y = 0.80 are selected from the doped sample series. The surface of 

the synthesized samples exhibit well-defined crystalline nanoparticles but some of 

30 nm 
80 nm 

(a) 

30 nm 

(b) 



 
 

them have also formed small agglomerates and appear as lumps. “The individual 

nanoparticles may, however, tend to coalesce together due to annealing of the samples 

at high temperature of 1323 K involved in the synthesis.”The particle size of the 

doped samples (figure 3.13-3.16) is larger than the undoped sample (figure 3.11), 

owing to substitution of the dopant cations in the strontium-barium hexaferrite 

material. Furthermore, in each of the synthesized series, the particle size is reduced 

with an increase in the dopant content (figure 3.13-3.16). This observation is also 

confirmed by the XRD data (tables 3.1-3.4). Figures 3.13-3.16 reflect that the particle 

size is larger for the La-Ni doped samples than the rest of the doped samples because 

ionic radius of La3+ ion (1.13 Å) is greater than that of the Ce3+ (1.10 Å), Pr3+(1.08 Å) 

and Nd3+ (1.01 Å) ions.  

 

 

 

 

 

 

 

 

 

Figure 3.13 (a) SEM image of Sr0.5Ba0.48La0.02Fe11.8Ni0.2O19 and (b) 

Sr0.5Ba0.42La0.08Fe11.2Ni0.8O19 samples annealed at 1323 K 

 

 

 

 
 
 
  

 

 

 

 

 

 



 
 

Figure 3.14 (a) SEM image of Sr0.5Ba0.48Ce0.02Fe11.8Ni0.2O19 and (b) 

Sr0.5Ba0.42Ce0.08Fe11.2Ni0.8O19 samples annealed at 1323 K 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 3.15 (a) SEM image of Sr0.5Ba0.48Pr0.02Fe11.8Ni0.2O19  

         (b) Sr0.5Ba0.42Pr0.08Fe11.2Ni0.8O19 samples annealed at 1323 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        Figure 3.16 (a) SEM image of Sr0.5Ba0.48Nd0.02Fe11.8Ni0.2O19  

       (b) Sr0.5Ba0.42Nd0.08Fe11.2Ni0.8O19 samples annealed at 1323 K 

 
 

3.3 Electrical properties  



 
 

The electrical properties of synthesized materials are determined by 

measurement of their DC electrical resistivity and dielectric properties as discussed in 

section 2.3.3. Various parameters such as electrical resistivity (), activation energy of 

hopping (Ea) and drift mobility of charge carriers (d) are calculated from resistivity 

data retrieved for the strontium-barium hexaferrites samples. The value of dielectric 

constant (έ) and dielectric loss tangent (tan) are estimated from the dielectric 

measurements of the ferrite samples.  

 

3.3.1    DC-electrical resistivity measurements 

3.3.1.1 Variation of resistivity with temperature  

The variation of DC-electrical resistivity for undoped strontium-barium 

hexaferrite sample with temperature is shown in figure 3.17. “It is clear that at initial 

stage the resistivity increases up to a temperature of ~340 K but sharply falls on 

further increase in temperature. The most likely cause of this behavior may be the 

moisture retained in the (porous) samples because the samples were not specifically 

dried in situ before the resistivity measurements. Such resistivity-temperature 

behavior for Zr-Ni substituted strontium hexaferrite has also been reported [95].” The 

resistivity value falls from 1.801010 Ωcm at 393 K to 4.23 106 Ωcm by increasing 

the temperature up to 673 K indicating the semiconductor-like behavior of strontium-

barium hexaferrite. The resistivity-temperature profiles for different compositions of 

La-Ni doped strontium-barium hexaferrites has been shown in figure 3.17. The metal-

semiconductor transition temperature (TM-S) for the doped samples ranges from 343-

380 K beyond which the samples behave like semi-conductor.  

The resistivity-temperature profile of Ce-Ni, Pr-Ni and Nd-Ni doped 

strontium-barium hexaferrite samples are shown in figures 3.18, 3.19 and 3.20, 

respectively. The value of  of samples of the synthesized series is observed to 

increase with temperature similar to that of the La-Ni doped hexaferrites, as discussed 

above (figure 3.17). The metal-to-semiconductor transition temperature (TM-S) for Ce-

Ni, Pr-Ni and Nd-Ni doped samples ranges from 343-378 K, 343-363 K and 343-368 

K, respectively. Transition TM-S is due to the moisture adsorbed on the surface of the 

sample as discussed above. Above TM-S, the value of  of the samples of the 

synthesized series decreases with increasing temperature indicating semiconductor 

like behavior.    



 
 

The source of resistance is the scattering of electrons (charge carriers) by the 

nuclei that make up the conducting materials. Scattering occurs due to lattice 

vibrations and lattice defects [151]. Electrical conduction is essentially governed by 

the manner of generating charge carriers and their transport along the direction of 

applied potential. The electrical behavior can be explained in terms of the conduction 

mechanism as suggested by Verwey [23] which deals with the exchange (hopping) of 

electrons between variable valence states of an element distributed randomly over the 

crystallographic lattice sites. The probability for electronic exchange directly depends 

on the distance or separation between ions involved in the conduction and the 

activation energy for hopping that must be overcome [24]. As the distance between 

the octahedral sites is minimal as compared to the tetrahedral sites the hopping 

between ion pairs at the octahedral sites is considered to be responsible for the 

electrical conduction. 

 In hexaferrites (MFe12O19), iron being a transition metal can exhibit variable 

valence states i.e. +2, +3. Fe2+ ions are believed to have formed during the annealing 

of the synthesized samples [152]. Conduction therefore originates from electronic 

hopping between the Fe3+ and Fe2+ ions at the adjacent octahedral sites i.e. Fe3+-O-

Fe2+ [26]. The magnitude of this exchange process depends upon the number of 

Fe2+/Fe3+ ion pairs at the octahedral site and orbital overlap of the transition metal 

ions with oxygen [27]. 

 

 

             Figure 3.17 “Variation of DC-electrical resistivity (ρ) with temperature for 

Sr0.5Ba0.5-xLaxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00).”   
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Figure 3.18 “Variation of DC-electrical resistivity (ρ) with temperature for Sr0.5Ba0.5-

xCexFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00).”   

 

 

Figure 3.19 “Variation of DC-electrical resistivity (ρ) with temperature for Sr0.5Ba0.5-

xPrxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00).”   
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Figure 3.20 “Variation of DC-electrical resistivity with temperature (ρ) for Sr0.5Ba0.5-

xNdxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00).”   

3.3.1.2 Doping effect on resistivity  

The compositional dependence of resistivity (ρ) (at 393 K) for Sr0.5Ba0.5-

xLaxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00) is presented in table 3.5. It is clear that 

the value of resistivity increases from a value of 1.80 ×1010 Ω cm for the undoped 

sample to 3.25 ×1010 Ω cm for the sample with dopant level of La = 0.06 and Ni = 

0.60, but decreases with further increase in the dopant level.  

The observed variation can be explained in terms of site occupancy and nature 

of the substituted ions. The substitution of La3+ to the Ba2+ ion induces perturbation in 

both the electron-density and symmetry around the 2b lattice site [15]. Lachevallier et 

al. [15] has reported that among five lattice sites of Fe3+, the nearest neighbors of Ba2+ 

ion in the Ba-layer are 12k, 4f2 and 2b (octahedral sites located in R block). 2b site is 

at a minimum distance of 0.340 nm to the 2d site of Ba2+ ions compared to the 

distance of 0.366 nm and 0.365 nm for 4f2 and 12k sites. Thus the presence of La3+ 

near the octahedral site would not only change the separation between the Fe2+ and 

Fe3+ ions but may also reduce the Fe2+-O-Fe3+ bond angle [130] which causes to 

obstruct electron transfer between Fe2+ and Fe3+ ion pairs and increases the resistivity. 

It has already been reported that the Ni2+ ions have a strong tendency to occupy the 

octahedral lattice sites (4f2, 12k) [37], therefore, substitution by La-Ni ions partially 

replaces some of the Fe3+ at the octahedral site to consequently increase the resistivity 

of strontium-barium hexaferrite. Enhancement of resistivity is of significant 
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importance from technological point of view, as higher resistivity materials have 

potentials for applications in high-frequency devices to lower the eddy current losses.  

 

 

 

 

 

 

 

 

 

Table 3.5 Measured values of DC-electrical resistivity (ρ), activation energy for 

hopping (Ea), drift mobility (µd), dielectric constant (έ) and dielectric loss tangent (tan 

δ) for Sr0.5Ba1-xLaxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00). 

Parameters LaxNiy contents 

x = 
0.00 

 

x = 
0.02 

 

x = 
0.04 

 

x = 
0.06 

 

x = 
0.08 

 

x = 
0.10 

 
ρ (1010 cm at 393 K) 1.80 2.25 3.76 4.03 2.16 1.67 

Ea (eV)  0.64 0.66 0.70 0.72 0.69 0.69 

μd(10-14cm2V-1s-1 at 393 

K) 

1.45 1.22 1.01 0.76 1.38 1.98 

έ at 1000 Hz 107.88 73.61 71.56 48.98 70.56 76.76 

έ (at 1 MHz) 13.60 12.99 12.28 11.77 12.18 12.98 

tan δ (at 1000 Hz) 1.651 1.258 1.150 0.874 1.986 1.052 

 tan δ (at 1 MHz) 0.108 0.086 0.081 0.075 0.083 0.092 

 

By increasing the substitution levels of La (x  0.06) and Ni (y  0.60), a 

reduction in the values of ρ is observed (table 3.5). “The increase in the value of ρ can 

be rationalized on the following basis:” Firstly, by increase in substitution level of La-

Ni ions, some of the iron ions are forced to migrate from tetrahedral to octahedral 

sites. Consequently, the number of Fe2+ and Fe3+ ion pairs at the octahedral sites 

increases, leading to decrease in resistivity. “Secondly, some of the Ni2+ may get 



 
 

oxidized to Ni3+ state during annealing of the synthesized samples, following an 

exchange reaction like the one shown as under: 

 

Fe3+ + Ni2+  Fe2+ + Ni3+                                                                                       (3.4) 

In such a case, hole-transfer Ni2+/Ni3+ and the electron-hopping between 

Fe3+/Fe2+can also contribute towards the conduction process [153] and as a 

consequence the value of resistivity decreases.”Similar observation for nano-

crystalline ferrite materials has also been reported by other authors [154].    

The compositional dependence of electrical resistivity, calculated at 393 K, of 

strontium-barium hexaferrite doped with Ce-Ni, Pr-Ni and Nd-Ni is presented in table 

3.6, 3.7 and 3.8, respectively. The value of resistivity (1.801010 Ωcm for pure 

strontium-barium hexaferrite) initially increases with the addition of Ce-Ni as 

12.551010 Ωcm (table 3.6) and Pr-Ni ions as 6.911010 Ωcm (table 3.7) up to 

substitution level of x (Ce, Pr) = 0.06; Ni (y) = 0.60 and then decreases. These 

observations are owing to the nature and site occupancy of the cations.  

It is believed that Ni2+ has strong tendency to occupy octahedral lattice site 

[37], hence substitution of nickel would most likely replace iron ions from the 

octahedral sites, leading to increase in resistivity as discussed above. The addition of 

rare-earth ions i.e. Ce3+ or Pr3+ ions replaces Ba2+ ions and decreases the bond-

distance and bond-angle of Fe2+/Fe3+ ion pairs at the octahedral sites. This results in to 

increase in resistivity, due to perturbation induced in hexaferrite lattice by these rare-

earth ions, as discussed above in case of La-Ni doped hexaferrites. The increase in 

resistivity is also related to the 4f-3d coupling between rare-earth ions and transition 

metals/oxygen ion lattice [155].  

It is has been reported that electrical and magnetic properties of hexagonal 

ferrites are mainly governed by the Fe-Fe exchange interactions (spin coupling 

between 3d electrons) [156]. By substitution of RE ions into the ferrite lattice, the RE-

Fe interactions (4f-3d coupling) appear as hybridization between 4f-orbital of RE ions 

and 3d orbital of Fe ion as well as 2px orbital of O2- ions [157] takes place, which 

alters the electrical and magnetic properties of ferrites. The resistivity of Sr-Ba 

hexaferrite increases almost 12 times as a result of substituting Ce-Ni ions as 

compared to the doped La-Ni and Pr-Ni ions (table 3.5-3.7), this is because Ce has 



 
 

high value of resistivity (828 nΩcm) compared to those of La (615 nΩcm) and Pr 

(700 nΩcm). 

 

 

 

 

 

 

 

 

 

Table 3.6 Measured values of DC-electrical resistivity (ρ), activation energy for 

hopping (Ea), drift mobility (µd), dielectric constant (έ) and dielectric loss tangent (tan 

δ) for Sr0.5Ba1-xCexFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00). 

Parameters CexNiy contents 

x = 
0.00 

 

x = 
0.02 

 

x = 
0.04 

 

x = 
0.06 

 

x = 
0.08 

 

x = 
0.10 

 
ρ (1010 cm at 393 K) 1.80 4.76 6.41 12.55 4.25 1.30 

Ea (eV)  0.64 0.69 0.71 0.76 0.73 0.68 

μd(10-14cm2V-1s-1 at 393 

K) 

1.45 0.61 0.38 0.21 0.71 2.42 

έ at 1000 Hz 107.88 57.25 39.84 36.84 63.38 43.14 

έ (at 1 MHz) 13.60 10.46 9.93 8.01 12.72 15.19 

tan δ (at 1000 Hz) 1.651 0.981 0.795 0.680 0.998 1.212 

 tan δ (at 1 MHz) 0.108 0.096 0.062 0.049 0.155 0.204 

 

 

 

 

 

 



 
 

Table 3.7 Measured values of DC-electrical resistivity (ρ), activation energy for 

hopping (Ea), drift mobility (µd), dielectric constant (έ) and dielectric loss tangent (tan 

δ) forSr0.5Ba1-xPrxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00). 

Parameters PrxNiy contents 

x = 
0.00 

 

x = 
0.02 

 

x = 
0.04 

 

x = 
0.06 

 

x = 
0.08 

 

x = 
0.10 

 
ρ (1010 cm at 393 K) 1.80 4.27 6.15 6.91 3.76 1.04 

Ea (eV)  0.64 0.68 0.72 0.74 0.71 0.69 

μd(10-14cm2V-1s-1 at 393 

K) 

1.45 0.76 0.51 0.46 1.11 4.01 

έ at 1000 Hz 107.88 42.79 35.56 32.21 41.19 65.60 

έ (at 1 MHz) 13.60 9.93 9.79 9.48 8.04 8.06 

tan δ (at 1000 Hz) 1.651 1.152 1.102 0.958 1.082 1.231 

 tan δ (at 1 MHz) 0.108 0.099 0.089 0.048 0.038 0.052 

The undoped Sr-Ba hexaferrite has resistivity value of 1.801010 Ωcm. 

However, the resistivity value decreases to 1.301010 Ωcm and 1.041010 Ωcm with 

the addition of Ce-Ni and Pr-Ni ions in the ranges of x ≥ 0.08; y ≥ 0.80 (table 3.6-3.7), 

respectively. This is mainly attributed to the decrease in the separation between ions 

involved in electronic exchange (also termed as mean-free path for exchange of 

electrons) and an increase in the mobility of charge carriers, which compensate for the 

4f-3d coupling effect [155]. In addition, the valance fluctuations take place between 

3+/4+ in Ce and Pr ions and 2+/3+ in Ni ions [24, 158]. In this manner, the exchange 

interactions of the type shown below may become possible: 

 

Fe3+ + Ni2+    Fe2+ + Ni3+                                                                          (3.5) 

Ce3+ + e  Ce4+                                                                   (3.6) 

Pr3+ + e  Pr4+                                                                   (3.7) 

 

As a consequence of this, the electronic conduction due to hole-hopping 

between Ni2+/Ni3+, Ce3+/Ce4+ and Pr3+/Pr4+ ions would cause to decrease resistivity 

[34]. The purpose of substitution with RE-Ni was primarily to enhance the electrical 

resistivity so that the doped Sr-Ba hexaferrite materials could be used in microwave 

devices where low eddy current losses are required.  



 
 

The electrical resistivity also increases with the substitution of Nd-Ni ions up 

to x ≤ 0.04 (y ≤ 0.40) as presented in table 3.8, whereas it decreases with further 

increasing the substitution level. Ni2+ ions occupy the octahedral (12k) site [37] and 

thus reduce the number of iron ions at the octahedral site, responsible for hopping 

process, consequently decrease the conductivity of the samples. Nd3+ ions replace 

Ba2+ ions at 2d lattice site [15] affecting the hopping exchange process at octahedral 

lattice site and consequently let the resistivity to increase. The value of resistivity 

decreases from 1.801010 Ωcm to 2.0108 Ωcm with increasing the dopant content 

level (table 3.8) owing to the valence exchange between ions (Ni2+/Ni3+ and 

Nd3+/Nd4+) and low ionization potential value of Nd3+ ions (529 kJ/mol). As the 

ionization potential is directly related to the valence exchange between Nd3+/Nd4+ ion 

pair [156]. It has been reported that coupling of RE ions with transition metal ions (as 

discussed above) possibly introduces charge carriers from the hybridized-orbital 

between RE (4f) and O2- (2px) [157]. When RE ions enter into the crystal lattice, the 

RE-Fe interactions increase by a decrease of the ionic radius of rare-earth ions [159]. 

Consequently, the four unpaired electrons (f 4) in the 4f orbital of Nd atoms take part 

in the conduction process and decrease the resistivity.  

 

Table 3.8 Measured values of DC-electrical resistivity (ρ), activation energy for 

hopping (Ea), drift mobility (µd), dielectric constant (έ) and dielectric loss tangent (tan 

δ) for Sr0.5Ba1-xNdxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00). 

Parameters NdxNiy contents 

x = 
0.00 

 

x = 
0.02 

 

x = 
0.04 

 

x = 
0.06 

 

x = 
0.08 

 

x = 
0.10 

 
ρ (1010 cm at 393 K) 1.80 1.92 0.24 0.19 0.13 0.02 

Ea (± 0.02 eV)  0.64 0.66 0.58 0.57 0.55 0.51 

μd(10-14cm2V-1s-1 at 393 

K) 

1.45 1.27 11.14 14.53 21.01 40.11 

έ at 1000 Hz 107.88 75.04 77.75 78.62 80.50 85.76 

έ (at 1 MHz) 13.60 9.84 11.96 12.35 12.73 13.15 

tan δ (at 1000 Hz) 1.651 0.371 1.012 1.328 1.530 2.128 

 tan δ (at 1 MHz) 0.108 0.025 0.043 0.053 0.088 0.092 

 



 
 

 

3.3.1.3 Activation energy for hopping  

“Activation energy of hopping (Ea) is calculated in the temperature range of 

373-473 K by constructing almost linear plots of lnρ versus 103/T (figure 3.21) in 

accordance with the Arrhenius equation [160]. The activation energy of hopping 

accounts for the barrier of potential energy that is experienced by the electrons during 

conduction. The value of the activation energy for undoped sample of strontium-

barium hexaferrite is 0.64 eV, which increases to 0.72 eV by increasing the La-Ni 

contents up to x = 0.06, y = 0.60 (table 3.5).” These values are higher than the 

transition energy of Fe2+ and Fe3+ (Ee = 0.2 eV) [161] indicating that the small-

polaron model of electron-hopping conduction mechanism is favored in the studied 

samples. The compositional variation of Ea is similar to that of the resistivity (table 

3.5) because “the samples with high electrical resistivity are favored to have a high 

value of Ea.”  

Activation energy of hopping (Ea) for Ce-Ni and Pr-Ni doped samples is 

calculated from Arrhenius type plots in the temperature range of 373-473 K (figure 

3.21). The values of Ea are listed in table 3.6-3.7, respectively. The value of Ea 

increases from 0.64-0.76 eV and 0.64-0.74 eV for the Ce-Ni and Pr-Ni substituted 

hexaferrites, respectively. The observed decrease in the values of Ea for the dopant 

content level of 0.08  x  0.10 (y ≥0.80) holds the similar reason as that for the ρ of 

samples as discussed above in section 3.3.1.2 (table 3.6-3.7). 

 “Activation energy of hopping (Ea) calculated in the temperature range of 

373-473 K using Arrhenius-type plots (figure 3.21) is presented in table 3.8. It 

increases from 0.64-0.66 eV for x ≤ 0.02 (y ≤ 0.20) then decreases. The variation of 

activation energy with the substitution content is similar to that of the resistivity 

profile (table 3.8).”Since the value of Ea represents an energy barrier which the charge 

carriers have to overcome for their mobility so the samples having high resistivity 

tend to have high values of activation energy (Ea).    

 



 
 

 

             Figure 3.21 “Arrhenius-type temperature dependence of resistivity (ρ) of 

Sr0.5Ba0.5-xLaxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00) samples.”   

 

 

3.3.1.4 Drift mobility of charge carriers  

The drift mobility (µd) of charge carriers is defined as an average incremental 

(drift) velocity of charge carriers per unit applied electric field. It value is calculated 

from the experimental values of the DC-electrical resistivity using equations (2.9-

2.10). It can be observed that the drift mobility increases with the temperature as 

shown in figure 3.22. This trend represents enhanced mobility of the charge carriers 

due to their thermal activation by increasing the temperature. The magnitude of µd is 

found to be in the range of 10-13-10-14 cm2V-1s-1 for all the synthesized compositions. 

The variation of drift mobility behaves in an inverse manner with respect to that of the 

resistivity, because the samples can have high electrical resistivity only due of the low 

mobility of their charge carriers. The calculated value of µd at 393 K decreases due to 

enhanced electronic hopping at the octahedral sites (table 3.5). Thus the resistivity 

decreases (table 3.5) as has been previously discussed in the explanation for DC-

electrical resistivity measurements.  

The variation of drift mobility with the temperature is presented for Ce-Ni 

(figure 3.23), Pr-Ni (figure 3.24) and Nd-Ni (figure 3.25) doped strontium-barium 

hexaferrites. The Ce-Ni and Pr-Ni doped samples represent that the value of µd 

decreases with increasing temperature. But in case of Nd-Ni substituted samples the 

drift mobility increases with the increase in temperature (figure 3.25). The decrease in 
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the drift mobility with temperature is due to the increase in the electrical resistivity in 

this temperature range which causes to decrease the mobility of the charge carriers. In 

case of Nd-Ni substituted samples the increase in drift mobility with temperature is 

also due to the resistivity of samples (figure 3.20) i.e. it decreases with the 

temperature and it is expected that the drift mobility would increase. The rise in 

temperature infact thermally activates the charge carriers and act as a pumping force 

for their mobility [159].  

The value of drift mobility at 393 K decreases from a value of 1.4510−14 

cm2V-1s-1 to 0.2110−14 cm2V-1s-1 and 0.4610−14 cm2V-1s-1 up to x ≤ 0.06 (y ≤ 0.60) 

for Ce-Ni (table 3.6) and Pr-Ni (table 3.7) substituted samples, respectively. While it 

increases from 1.4510−14 cm2V-1s-1 to 4.010−13 cm2V-1s-1 for Nd-Ni (table 3.8) 

substituted samples. One can notice that the behavior of drift mobility with 

composition is exactly opposite to that of the resistivity (table 3.6, 3.7 and 3.8). This 

is rationalized that samples can have high electrical resistivity only due of the low 

mobility of their charge carriers and vice versa. The data for drift mobility is in 

agreement with the electrical resistivity and activation energy of hopping.  

 

 

Figure 3.22 “Variation of drift mobility (µd) with temperature for Sr0.5Ba0.5-

xLaxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00).”   
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Figure 3.23 “Variation of drift mobility (µd) with temperature for Sr0.5Ba0.5-

 xCexFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00).”  

 

 

 

 

 

Figure 3.24 “Variation of drift mobility (µd) with temperature for Sr0.5Ba0.5-

 xPrxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00).”   
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Figure 3.25 “Variation of drift mobility (µd) with temperature for Sr0.5Ba0.5-

 xNdxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00).”   

 

3.3.2 Dielectric properties  

The study of dielectric properties provides an insight to the behavior of 

electrical charge-carriers. Dielectric constant of any material represents the inherent 

ability of that material to withstand an applied voltage without undergoing any 

structural degradation or becoming electrically conducting. “The value of dielectric 

loss tangent (tanδ) accounts for the amount of energy loss during each cycle. Its value 

depends upon various factors such as stoichiometry, number and types of charge 

carriers, etc., which in turn depends on synthesis route, composition and annealing 

temperature of the samples [37].” M-type hexaferrites are highly resistive materials 

therefore posses low dielectric strengths. Dielectric constants for all the synthesized 

samples are calculated using equation 2.12.     

 

3.3.2.1 Effect of applied field frequency on dielectric constant  

The variation of dielectric constant (έ) for La-Ni doped strontium-barium 

hexaferrite series with respect to frequency from 100 Hz to 1 MHz are reported in 

figure 3.26. It has been observed that έ, in general, show a decreasing trend with 

increasing applied frequency. For the undoped strontium-barium hexaferrite, έ 

decreases continuously from 15.8 ×102 to 13.60 as the frequency is increased from 

100 Hz to 1 MHz. However, the dispersion in the values of έ is fast at low frequencies 

while it slows down at higher frequencies, in the studied range of frequency.  
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Figure 3.26 “Variation of dielectric constant (έ) with applied frequency for Sr0.5Ba0.5-

xLaxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00)” 

The variation of dielectric constant and dielectric loss tangent for Ce-Ni, Pr-Ni 

and Nd-Ni doped strontium-barium hexaferrites with frequency are shown in figure 

3.27-3.29. It is clear from these figures that the value of dielectric constant (έ) follows 

similar dispersion behavior to that of the La-Ni doped samples, which is a normal 

dielectric behavior.  

 

 

Figure 3.27 “Variation of dielectric constant (έ) with applied frequency for Sr0.5Ba0.5-

xCexFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00)” 
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Figure 3.28 “Variation of dielectric constant (έ) with applied frequency for Sr0.5Ba0.5-

xPrxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00)”  

 

Figure 3.29 Variation of dielectric constant (έ) with applied frequency for Sr0.5Ba0.5-

xNdxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00)  

 

The dielectric properties of ferrites are mainly due to interfacial (space-charge) 

polarizations at interfaces of grains and grain boundaries [83]. As oxygen ion 

possesses two extra loosely bound electrons, therefore, polarization can be produced 

even by a small applied electric field and hence the observed high values of dielectric 

constant at low frequencies can be explained due to this reason. To explain the 

dispersion in dielectric constant and loss tangent in ferrites, Koops [162] has proposed 

a general bi-layer model for heterogeneous dielectric materials, i.e., ferrites consist of 

perfectly conducting grains separated by insulating grain-boundaries, which offer 

hindrance to the conduction process. At lower frequencies, mainly grain boundaries 
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are active, in contrast to that grains are mainly active at higher frequencies for the 

conduction process. This depicts that an increase in frequency causes a decrease in 

dielectric constant and dielectric loss tangent, as is observed in the present system of 

synthesized hexaferrites.  

A physical interpretation of dispersion can be done on the basis of electron-

hopping between Fe2+/Fe3+ ions, as process of dielectric polarization in ferrites take 

place through a mechanism which is similar to the conduction [163]. Due to electronic 

exchange, as Fe2+ Fe3++e−1, one can obtain displacements of the charge carriers 

in the direction of an applied field, which actually determine the polarization. But the 

electrons can respond to the change in applied field as long as the time required for 

hopping is less than the alternating period of the field. This is the reason for the 

dispersion in dielectric parameters observed in the synthesized ferrite materials. The 

decrease of polarization with increase in applied frequency is owed to the fact that 

beyond certain applied frequencies, the electronic exchange between the charge 

carriers cannot follow the alternating field. Therefore, the dielectric parameters of 

ferrite material may decrease significantly as the frequency is increased.    

 

3.3.2.2 Effect of applied field frequency on dielectric loss tangent  

The variation of dielectric loss tangent (tan δ) with applied field frequency 

(from 100 Hz to 1 MHz) for the La-Ni doped strontium-barium hexaferrite series are 

presented in figure 3.30. It can be noted that the value of tanδ decreases with 

increasing applied frequency. For the undoped strontium-barium hexaferrite, tanδ 

decreases continuously from 4.5 to 0.10 as the frequency is increased from 100 Hz to 

1 MHz. However, the dispersion in the values of tan δ is fast at low frequencies while 

it slows down at higher frequencies, in the studied range of frequency. 



 
 

 

Figure 3.30 “Variation of dielectric loss tangent (tanδ) with applied frequency for 

Sr0.5Ba0.5-xLaxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00)” 

  

The variation of dielectric loss tangent (tan δ) for Ce-Ni, Pr-Ni and Nd-Ni 

doped strontium-barium hexaferrites with frequency are shown in figure 3.31-3.33. It 

is clear from these figures that the value of dielectric loss tangent (tan δ) follows 

similar dispersion behavior to that of the La-Ni doped samples, which is a normal 

dielectric behavior, except for the dielectric loss tangent of Ce-Ni substituted samples 

(figure 3.30). The decrease in the value of these parameters with increasing frequency 

is rapid at lower frequencies followed by almost constant value at higher frequencies. 

The dielectric dispersion can be explained on the basis of the Koops theory [162] and 

Maxwell-Wagner bi-layer model [32] (as discussed above), i.e. “ferrites consist of 

perfectly conducting grains separated by insulating grain-boundaries, which offer 

hindrance to the conduction process. If resistance of grain boundary is large, the 

charge carriers align themselves at the grain boundaries, resulting in the polarization 

of the dielectric medium that leads to a large dielectric constant [24]. As the 

frequency increases, the increase in electrical resistance due to dopant substitution 

diminishes the probability of charge carriers to reach the grain boundaries. This 

disrupts the polarization buildup in material leading to decrease the dielectric constant 

at higher frequencies [26]. Consequently, the values of dielectric loss tangent (tan δ) 

decrease substantially with increasing frequency.”      
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Figure 3.31 “Variation of dielectric loss tangent (tan δ) with applied frequency 

forSr0.5Ba0.5-xCexFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00)” 

 

However, the value of tan δ for the Ce-Ni doped Sr-Ba hexaferrites present a 

abnormal dispersion behavior for dopant contents level of x ≥ 0.08; y ≥ 0.80. The 

value of tan δ abnormally increases near 1 MHz for these compositions as shown in 

figure 3.29. This particular behavior could be explained under the assumption that the 

dielectric polarization is akin to the conduction mechanism and in Ce-Ni doped 

ferrites two types of charge carriers (electrons in Fe2+/Fe3+ ion pairs) and holes for 

Ce3+/Ce4+ ion pairs) contribute to the conduction for Ce-Ni substitution level of x ≥ 

0.08; y ≥ 0.80, as discussed above in section 3.3.1. “So when the hopping frequency 

of the charge carriers becomes approximately equal to that of the externally applied 

electric field, it causes resonance and results in the appearance of relaxation peak 

[120]. In our samples, hopping frequency of charge carriers of 105 Hz coincides with 

the similar frequency of an applied field and gives rise to a relaxation peak.”  
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Figure 3.32 Variation of dielectric loss tangent (tan δ) with applied frequency for 

Sr0.5Ba0.5-xPrxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00)  

 

 

Figure 3.33 Variation of dielectric loss tangent (tan δ) with applied frequency for 

Sr0.5Ba0.5-xNdxFe12-yNiyO19 (x = 0.00-0.10; y = 0.00-1.00). 

 

 3.3.2.3 Doping effects on dielectric parameters  

Dielectric constant (έ) and loss tangent (tan δ) of La-Ni doped Sr-Ba 

hexaferrites show variation with the dopant content as shown in table 3.5. For 

substituted hexaferrites, dielectric constant at 1000 Hz varies between 73.61-48.98, 

while at 1 MHz the value of έ is between 12.99-11.77 with different content of La-Ni 

ions. The value of tan δ decreases from 1.651 to 0.874 at 1000 Hz and from 0.086 to 

0.075 at 1 MHz for La-Ni content level up to x = 0.06; y = 0.60. Shitre et al. [164] 

have reported that the dielectric losses in ferrites are generally reflected in 
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conductivity measurements; therefore, the materials having high electrical resistivity 

possess low values of dielectric constant and loss tangent. Since both the electrical 

resistivity and dielectric constant are basically electrical transport properties so their 

variation with the dopant content is exactly opposite to each other. The data for 

dielectric parameters excellently supports the electrical resistivity data (table 3.5).    

The compositional dependence of dielectric constant and dielectric loss 

tangent at two different frequencies (1000 Hz and 1 MHz) for Ce-Ni, Pr-Ni and Nd-

Ni substituted strontium-barium hexaferrites are presented in tables 3.6, 3.7 and 3.8, 

respectively. It is observed from these tables that the undoped strontium-barium 

hexaferrite has large values of dielectric parameters (έ, tan δ) as compared to the 

doped samples, indicating that “greater polarization has taken place in the undoped 

hexaferrite. Introducing Ce-Ni and Pr-Ni into the hexaferrite, the value of έ decreases 

to 36.86 and 8.0 at frequency of 1000 Hz and 1 MHz, respectively, while tan δ 

decreases to 0.68 and 0.050 at 1000 Hz and 1 MHz, respectively,  up to x ≤ 0.06 (y ≤ 

0.60) but increases on further substitution (table 3.8).  While at 1000 Hz and 1 MHz, 

the value of έ decreases to 32.20 and 8.06, respectively and the value of tan δ 

decreases to 0.958 and 0.052 at frequency of 1000 Hz and 1 MHz, respectively, for 

the Pr-Ni substituted hexaferrites up to x ≤ 0.06 (y ≤ 0.60), as shown in table 3.7. 

“The formation of an insulating inter-granular layer inside conducting grains of the 

samples reduces the rate of oxidation of Fe2+ ions which is the main reason for decline 

in the values of dielectric parameters.”  

As the substitution of RE-Ni ions in the hexaferrites lattice reduces the 

probability of conduction (as discussed above for resistivity data), therefore, decrease 

the values of dielectric parameters. It is found that the variation of dielectric 

parameters (έ, tan δ) behaves in an inverse manner with respect to that of the 

resistivity and activation energy because the mechanism of dielectric polarization is 

similar to that of the electrical conduction which is a good proof of the Iwauchi’s 

assumption [165]. This means that the variation of the έ and tan δ of these samples 

runs parallel to the exchange of hopping-electrons at the octahedral sites. In other 

words, it is possible to increase the electrical resistivity or decrease the dielectric 

parameters (έ, tan δ) of Sr-Ba hexaferrite by doping it with different content of Ce-Ni 

and Pr-Ni ions. All these properties of high electrical resistivity, low dielectric 

constant and losses are expected to meet the requirement for MLCI applications.” 



 
 

The data presented in table 3.8 represents that dispersion in the values of 

dielectric constant (έ) and dielectric loss (tan δ) for Nd-Ni doped Sr-Ba hexaferrites is 

minimum for the composition with Nd = 0.02; Ni = 0.20 and then both continuously 

decrease with further increase in Nd-Ni content. When comparing the resistivity and 

dielectric data (table 3.8), one can find that the minimum value of έ (22.04 at 1000 Hz 

and 11.96 at 1 MHz) and tan δ (0.371 at 1000 Hz and 0.025 at 1 MHz) for sample 

with x = 0.02;y = 0.20 correspond to the maximum resistivity. These results agree 

well with the relation [156]: 




tan

1
'

o

                                                               (3.8) 

Where, εo is permittivity of free space, ω is the angular velocity, έ is dielectric 

constant and tan δ is dielectric loss tangent. This relation implies that the samples 

having high electrical resistivity tend to have low values of dielectric parameters, 

because both are transport properties so the variation of dielectric polarization runs 

parallel to the hopping conduction mechanism in the hexaferrites. The results for the 

dielectric measurements are in concordance with the resistivity data (figure 3.33; table 

3.8).  

 

3.4 Magnetic properties 

 Magnetic properties of synthesized materials are studied by analyzing AC-

magnetic susceptibility and magnetic hysteresis loops, as discussed in section 2.3.4. 

 

 

3.4.1    AC-magnetic susceptibility measurements 

3.4.1.1 Variation of AC-magnetic susceptibility with temperature  

The magnetic susceptibility accounts for degree of magnetization of material 

in response to an applied magnetic field. It is a major parameter in characterization of 

magnetic properties of a material, as the magnitude of susceptibility and its 

temperature dependency provides a significant measure for various types of magnetic 

behaviors exhibited by magnetic materials. AC-magnetic susceptibility is the most 

sensitive technique for low impurity content than other analysis tools, such as 

Mössbauer and X-ray diffraction because the measurement is very sensitive to small 

changes in the magnetization [166].  



 
 

The temperature dependence of AC-magnetic susceptibility (χ) is employed in 

the temperature range of 300-680 K, to characterize the magnetic properties of La-Ni 

doped Sr0.5Ba0.5Fe12O19 hexaferrite nanoparticles (figure 3.34). “The inverse 

susceptibility (1/χ) decreases with increasing temperature then sharply rises after a 

certain temperature, when the magnetic state of the ferrite nanoparticles changes from 

the ferrimagnetic to the paramagnetic state.” The ordered arrangement of the spin 

moments in the ferrite material decreases with increasing temperature, due to the 

misalignment of each moment caused by heating [8]. Beyond transition temperature 

termed as, Curie temperature (TC), all the spin moments becomes disrupted and 

material loses its net magnetization. The sudden increase in 1/χ above TC confirms the 

conclusion that a single magnetoplumbite phase structure is formed in all the samples 

[167] as already predicted by XRD studies (figure 3.8).  

The reciprocal susceptibility (1/χ) versus temperature profile for Ce-Ni, Pr-Ni 

and Nd-Ni ions doped strontium-barium hexaferrite are shown in figures 3.35-3.37. It 

is evident that the ferrimagnetic-paramagnetic behavior can be observed for all the 

samples; irrespective of the nature of doped cations. The appearance of a sharp dip 

before Curie temperature in reciprocal susceptibility pattern of all the samples 

indicates that synthesized hexaferrites are in single phase. These results are also 

supported by the XRD studies (figures 3.8-3.11), as discussed in section 3.2, which 

assure that all these samples have single hexagonal phase. Curie temperatures for 

these samples, determined by extrapolating the linear portion of reciprocal of 

susceptibility to the temperature axis, are reported in table 3.10-3.12.  
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Figure 3.34 “Plots of AC-magnetic susceptibility of strontium-barium hexaferrite 

samples containing different La-Ni content (x = 0.00-0.100; y = 0.00-1.00).” 

 

 

 

Figure 3.35 “Plots of AC-magnetic susceptibility of strontium-barium hexaferrite 

samples containing different Ce-Ni content (x = 0.00-0.100; y = 0.00-1.00).” 

 

Figure 3.36 “Plots of AC-magnetic susceptibility of strontium-barium hexaferrite 

samples containing different Pr-Ni content (x = 0.00-0.100; y = 0.00-1.00).” 
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Figure 3.37 Plots of AC-magnetic susceptibility of strontium-barium hexaferrite 

samples containing different Nd-Ni content “(x = 0.00-0.100; y = 0.00-1.00).” 

 

3.4.1.2 Doping effect on the Curie temperature  

The linear portion of inverse of susceptibility (1/χ) versus T is extrapolated to 

the temperature axis to estimate the value of TC for the La-Ni doped Sr-Ba hexaferrite 

samples, as shown in table 3.9.“Curie temperature (TC) accounts for the transition 

between magnetic state of a magnetic material from ferrimagnetic /ferromagnetic to 

paramagnetic. It is known that Curie temperature (TC) directly depends upon the 

exchange interactions between magnetic ions, magnetic moments of magnetic ions 

and total number of exchange interactions in the material [86]. 

It is clear from table 3.9 that the undoped sample has highest value of Curie 

temperature that decreases with the substitution of La-Ni ions, which is related to the 

dilution of magnetic ions in hexaferrite system that in turn affects the strength of 

exchange interactions of strontium-barium hexaferrite.” For the unsubstituted sample, 

the dominant exchange interactions result from the Fe-Fe interactions present at the 

octahedral site in hexaferrite lattice, leading to high value of Tc (672 K). For the 

samples doped with different content of La-Ni ions, although Fe-Fe interactions are 

still the dominant ones but the number and strength of these interactions are reduced 

mainly due to decrease in the Fe content, therefore, Tc value for the La-Ni doped 

samples must be smaller than that of undoped sample, as also experimentally 

observed. Because the magnetic moment of Ni2+ ion (2 μB) is lesser than that of the 

Fe3+ (5μB) and La3+ is a non-magnetic ion, so the substitution of La-Ni ions are jointly 
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responsible for weakening the exchange interactions and hence decrease the value of  

TC. Similar observations have also been reported by other authors for the doped ferrite 

materials [168-169]. 

It is clear that Tc of Sr-Ba hexaferrite decreases by increasing RE-Ni content 

in each case. Due to the substitution of Ce-Ni, Pr-Ni and Nd-Ni ions, the value of Tc 

varies between 672-542 K, 672-558 K and 672-590 K, respectively. The observed 

variation can be attributed to net magnetic moment, total number of magnetic ions 

present in hexagonal lattice and their mutual interactions. The substitution of rare-

earth ions in ferrimagnetic hexaferrites are generally expected to reduce the Curie 

temperature due to their paramagnetic nature and lower value of magnetic moments 

than Fe3+ [170]. The magnetic moment of rare-earth elements under study increases 

with increasing atomic number, as 0, 2.54, 3.58 and 3.66 μB for La3+, Ce3+, Pr3+ and 

Nd3+ ions, respectively [171].  

In the RE-Ni doped compounds, the RE ions enter 2d lattice site, close to the 

octahedral 2b site (as discussed in section 3.3.1) and behaves paramagnetically while 

Ni ions tend occupy octahedral sites to replace iron ions. Since the magnetic moment 

of RE3+ and Ni2+ (2 μB) is less than that of the Fe3+ (5μB) ion, thus leads to weaken the 

network of exchange interactions. In addition, the RE3+-Fe3+ interactions also appears 

via 3d-4f coupling, which can cause changes in magnetic properties, while RE3+-RE3+ 

interactions are negligible since they appear as a result of indirect 4f-5d-4f coupling 

[172]. As the Curie temperature is determined by an overall strength of exchange 

interactions, therefore, weakening of interactions results in decreasing the value of Tc, 

as the substitution level of doped RE-Ni ions is increased. Moreover, the decrease in 

the value of Tc for RE-Ni substituted samples attests that in these materials, the Fe3+-

Fe3+ exchange interactions are the strongest one. 

However, due to large magnetic moment of Nd3+, the values of Tc for Nd-Ni 

doped ferrites are expected to be more than those for Pr-Ni, Ce-Ni and La-Ni doped 

strontium-barium hexaferrites, because the RE-Fe interactions increase with 

increasing ionic radius of rare-earth ions [159]. That is to say that Nd3+-O-Fe3+ 

interaction are stronger than that of Ce3+-O-Fe3+, Pr3+-O-Fe3+, La3+-O-Fe3+ 

interactions. The strength of exchange interactions between different magnetic ions 

increases with increasing both the concentration and magnetic moment of magnetic 

ions. Therefore large amount of thermal energy is required to counteract the effects of 



 
 

exchange interactions [173], which results in enhanced values of Tc for the Nd-Ni 

substituted Sr-Ba hexaferrites.  

Table 3.9 “Curie temperature (TC), saturation magnetization (Ms), remanent 

magnetization (Mr) and coercivity (Hc) of Sr0.5Ba1-xLaxFe12-yNiyO19 (x = 0.00 - 0.10; 

and y = 0.00-1.00).” 

Parameters LaxNiy content 

x = 0.00 
 

x = 0.02 
 

x = 0.04 
 

x = 0.06 
 

x = 0.08 
 

x = 0.10 
 

TC  (K) 672 618 560 530 516 500 

Ms (emu/g)  66 70 64 56 47 39 

Mr (emu/g) 43 43 42 42 42 41 

Hc (kOe) 2.85 2.12 1.59 1.23 1.01 0.94 

 
Table 3.10 “Curie temperature (TC), saturation magnetization (Ms), remanent 

magnetization (Mr) and coercivity (Hc) of Sr0.5Ba1-xCexFe12-yNiyO19 (x = 0.00 - 0.10; 

and y = 0.00-1.00).” 

Parameters CexNiy content 

x = 0.00 
 

x = 0.02 
 

x = 0.04 
 

x = 0.06 
 

x = 0.08 
 

x = 0.10 
 

TC  (K) 672 640 590 570 560 544 

Ms (emu/g)  66 74 79 84 59 49 

Mr (emu/g) 43 48 48 56 35 29 

Hc (kOe) 2.85 2.77 2.47 1.59 2.23 2.64 

 

Table 3.11 “Curie temperature (TC), saturation magnetization (Ms), remanent 

magnetization (Mr) and coercivity (Hc) of Sr0.5Ba1-xPrxFe12-yNiyO19 (x = 0.00 - 0.10; 

and y = 0.00-1.00).” 

Parameters PrxNiy content 

x = 0.00 
 

x = 0.02 
 

x = 0.04 
 

x = 0.06 
 

x = 0.08 
 

x = 0.10 
 

TC  (K) 672 652 620 595 580 558 

Ms (emu/g)  66 75 82 89 67 55 

Mr (emu/g) 43 50 53 59 45 37 

Hc 2.85 2.79 2.52 2.57 2.64 2.70 

 



 
 

Table 3.12 “Curie temperature (TC), saturation magnetization (Ms), remanent 

magnetization (Mr) and coercivity (Hc) of Sr0.5Ba1-xNdxFe12-yNiyO19 (x = 0.00 - 0.10; 

and y = 0.00-1.00).” 

Parameters NdxNiy content 

x = 0.00 
 

x = 0.02 
 

x = 0.04 
 

x = 0.06 
 

x = 0.08 
 

x = 0.10 
 

TC  (K) 672 655 640 620 614 590 

Ms (emu/g)  66 79 86 93 102 89 

Mr (emu/g) 43 52 56 61 64 59 

Hc 2.85 2.81 2.92 3.07 3.26 3.37 

3.4.2    DC-magnetization measurements 

The other magnetic parameters such as saturation magnetization (Ms), 

remanence (Mr) and coercivity (Hc) are determined from the DC-magnetization 

studies by tracing hysteresis loop of each sample. Saturation magnetization (Ms) 

represents a state of magnetic material when it get saturates at an applied magnetic 

field, such that an increase of applied magnetization produces no significant changes 

in the inherent magnetization of material (magnetic flux density). Remanence (Mr) 

accounts for the magnetic memory of a material as it denotes the value of 

magnetization left behind in a material after an external field is removed. Coercivity 

(Hc) is the negative (reverse) applied field required to decrease the magnetization to 

zero, as discussed in section 1.5.2 (figure 1.3).  “Magnetization in hexagonal ferrites 

is basically related to the distribution of iron ions on five different lattice sites, i.e. 

12k, 2a (octahedral sites) and 2b (trigonal bipyramidal) having upward spins,” 4f1 

(tetrahedral) and 4f2 (octahedral) having downward spins (figure 3.38) and hence net 

magnetization is dependent on the strength of exchange interactions, as shown in 

figure 3.38. After cancellation of upward spins by the downward spins, the net 

magnetic moment is obtained for 4 Fe3+ ions with upward spins per formula unit, 

which is then equal to 20 μB, as discussed for crystal structure of hexagonal ferrites in 

section 1.4.1. “Net magnetization of material decreases by replacing Fe3+ ions in the 

spin-up state and increases by replacing in spin-down state.” 
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Figure 3.38: Spin orientation of Fe3+ ions at each crystallographic site (magnetic 

structure of M-type hexaferrite) [9]. 

 

3.4.2.1 Doping effect on the saturation magnetization  

 The graphs of hysteresis loop (figure 3.39) for the La-Ni substituted 

strontium-barium hexagonal ferrites show that all the samples present a sharp increase 

in the magnetization at low applied field, which tends to slow down at higher fields. 

The relationship between magnetic parameters such as, Ms, Mr and Hc of La-Ni 

substituted strontium-barium hexaferrites and the dopant content is illustrated in table 

3.9. It is found that the value of Ms increases at first then decreases gradually as a 

general trend. For example, the value of Ms increases from 66 emu/g at La (x) = 0.00; 

Ni (y) = 0.00 to the maximum value of 70 emu/g at La = 0.02; Ni = 0.20, “which can 

be explained on the basis of nature and site occupancy of the substituted ions.”  

 La3+is a non-magnetic ion and substitutes Ba2+ at 2d site which is closest to 

the 2b (located in R block) site of iron. Whereas, Ni2+ substitutes iron at 4f2 

(octahedral) so long as its content is low ( 0.5) and at 12k (octahedral) for higher 

substitution level [37]. It can be seen from figure 3.38 that 4f1 has electron spins in 

downward direction while 12k and 2b in upward. “Substitution of Fe3+ ions in the 

spin-up states (12k, 2a, 2b)” causes reduction of the magnetization but the substitution 

in the spin-down (4f1, 4f2) states [9] leads to an increase in the net magnetization. La3+ 

ion carriers zero magnetic moment while Ni2+ has magnetic moment of 2 µB which is 

smaller than that of the Fe3+ (5 µB). When Ni2+ replaces iron from the site having spin 

in downward direction (4f2); the number of unpaired electrons with upward spins 

increases. As a consequence, the total magnetic moment increases which is 

responsible to enhance the net magnetization. 



 
 

 As the La-Ni content increases (La ≥ 0.04; Ni ≥ 0.40), the value of Ms 

decreases to 39 emu/g for the La-Ni doped samples (table 3.9). This observed 

decrease in the value of Ms is owing to the non-magnetic nature of lanthanum ions 

which causes perturbation in the vicinity of iron sites, which in turn negatively affect 

the strength of exchange interactions and hence promotes fall in the value of net 

magnetization. In addition, it is known that the magnetic collinear arrangement of 

magnetic moments is determined by the exchange interactions between iron ions in 

hexagonal ferrites [51]. So the weakening of strength of exchange interactions in 

strontium-barium hexaferrite resulted by doping with La-Ni ions, leads to the 

deviation from magnetic collinearity. This may also be the reason for decrease in the 

net magnetization.    

 The hysteresis loops for Ce-Ni and Pr-Ni substituted samples are shown in 

figures 3.40-3.41 and the “values of saturation magnetization, remanent magnetization 

and coercivity” are presented in table 3.10-3.11. The data presents an increase in the 

values of Ms with the substitution of Ce-Ni and Pr-Ni ions up to x = 0.06 and y = 

0.60, which can be explained on the basis of site occupancy of the doped metal ions at 

different lattice sites. “It has been reported that the Ni2+ ion has a special preference 

for the 4f2 (octahedral) site but may also occupy the 12k site for a higher substitution 

level ( 0.5) [37].” Therefore, low content of the doped Ni ions would be expected to 

replace iron ions from the lattice sites having spins in the downward direction (4f2). 

The net increase in spin in the upward direction would therefore increase the total 

magnetic moment and hence the magnetization. The substitution of Ce3+ and Pr3+ to 

the Ba2+ ion induces a perturbation in both the electron-density and symmetry around 

the 2b lattice site (as discussed above in section 3.4.1), that positively affects the 

strength of the exchange interactions and hence increases the magnetization, as also 

reported by Ounnunkad [84] for the rare-earth substituted barium hexaferrite. 

 The magnetic moment of Pr3+ (3.58 µB) is large than that of the Ce3+ (2.54 µB), 

which implies that Pr-O-Fe interactions are stronger than the Ce-O-Fe interactions. So 

the overall strength of exchange interactions in Pr-Ni doped samples is more than in 

the Ce-Ni doped samples, leading the net magnetization to be large in the Pr-Ni doped 

Sr-Ba hexaferrites. For example, the maximum value of Ms is 94 emu/g for the Pr-Ni 

doped Sr-Ba hexaferrite, while it attains maximum value of 83 emu/g in the case of 

Ce-Ni ions doped hexaferrites.  



 
 

“The abrupt fall in the values of Ms for the samples with x  0.08; y  0.80 is 

mainly due to the replacement of Fe3+ in the spin-up state (12k) by the doped Ni2+ 

with a low magnetic moment (2 µB),” which would weaken the strength of exchange 

interactions; to result in a decrease of the net magnetization. In addition, the presence 

of Ce3+ and Pr3+ ion with low magnetic moment of 2.54 and 3.58 µB, respectively, in 

the vicinity of Fe3+(5 µB) ion; would dilute the strength of the exchange interactions to 

result in the reduction of the total magnetization. Furthermore, the weakening of 

exchange interactions also causes spin canting of Fe3+ ions “(in which spin 

orientations of magnetic ions align by making angles from the preferred direction) 

[174],” that promotes the lower magnetization value. “More specifically, further 

substitution of Ce-Ni and Pr-Ni ions will disrupt the magnetic co-linearity of 

hexaferrite system and canted-spin magnetic structure will be formed (magnetic non 

co-linearity) that contributes to decrease the net magnetization. This has also been 

confirmed from the values of Curie temperature (table 3.10-3.11) which presents 

reduction with the substitution of these cationic mixtures. ”  

 The hysteresis loops and composition dependent variation of Ms, Mr and Hc 

for the Nd-Ni ions doped hexaferrites are presented in figure 3.42 and table 3.12, 

respectively. It is clear that the value of Ms increases by increasing the Nd-Ni content. 

For example, the value of Ms increases from 66 emu/g at x = 0.00; y = 0.00 to 102 

emu/g at x = 0.08; y = 0.80. The observed increase in the value of Ms can be 

explained in terms of spin-orientation or magnetic structure of M-type hexaferrite 

(figure 3.38). As discussed earlier that Nd3+ ion substitutes 2d site, closer to the 2b 

(octahedral) site having upward spins and Ni2+ substitutes at 4f2 and 12k sites with 

downward and upward spins, respectively (figure 3.38). The replacement of iron from 

sites with downward spins increases the total number of electron spin with upward 

spins and results in enhancing the saturation magnetization. In addition, the 

perturbation induced in 2b-O2--4f2, 12k- O2--2b exchange interactions due to the 

presence of Nd3+ ion in the vicinity of 2b site is much stronger, as compared to Pr and 

Ce ions. These perturbations may cause the bipyramid of 2b site to be more 

symmetric and affect the electron density in the vicinity of this site [15]. These 

contributing factors collectively participate in the enhancement of saturation 

magnetization. 

 



 
 

3.4.2.2 Doping effect on the remanence magnetization  

The value of remanence magnetization (Mr) for undoped strontium-barium 

hexaferrite is 43 emu/g. It can be noted that the value of Mr slightly increases to a 

value of 45 emu/g then it decreases by increasing the La-Ni content. The observed 

variation in the values of Mr by increasing the La-Ni content holds the similar reason 

as that for the Ms of samples as discussed above in section 3.4.2.1 (table 3.9). 

 The value of Mr increases from 43-48 emu/g and 43-59 emu/g for the Ce-Ni 

and Pr-Ni substituted hexaferrites, respectively as shown in tables 3.10-3.11. The 

values of remanence magnetization (Mr) for the Nd-Ni doped Sr-Ba hexaferrites are 

presented in table 3.12. It increases from 43-64 emu/g for Nd ≤ 0.08; Ni ≤ 0.80 then 

decreases to a value of 59 emu/g. The variation of remanence magnetization with the 

RE-Ni dopant content is similar to that of the saturation magnetization profile (table 

3.9-3.12), because the values of remanence (Mr) and saturation magnetization (Ms) 

represent the inherent magnetization of hexaferrite material.  

 

3.4.2.3 Doping effect on the coercivity  

 The coercivity (Hc) of strontium-barium hexaferrite decreases monotonously 

from a value of 2.85 kOe for x = 0.00; y = 0.00 to 0.94 kOe for La = 0.10; Ni = 1.00 

by increasing La-Ni ions content. It has been reported [175] that M-type hexagonal 

ferrites have few lattice sites namely 4f2 (octahedral) and 2b (trigonal bipyramidal) 

that increase the magneto-crystalline anisotropy of hexaferrite, which is directly 

related to the coercivity of material. The magneto-crystalline anisotropy represents the 

amount of energy required to change the direction of spins away from the easy axis of 

magnetization (c-axis). As electron spins are strongly coupled to the orbit in which 

they reside, therefore, magneto-crystalline anisotropy is related to the amount of the 

energy required to overcome the spin-orbit coupling [176]. Therefore, substitution of 

Ni2+ for Fe3+ at 4f2 site and La3+ near 2b site decreases the value of coercivity. One 

can notice that coercivity continuously decreases with increasing the La-Ni content, 

because the non-magnetic nature of La3+ ion located near 2b site renders the 

anisotropy and hence the coercivity to further decrease.  

Coercivity (Hc) is also affected with the dopant substitution (x, y), as shown in 

table 3.10-3.11. High value of coercivity (2.85 kOe) is observed for the undoped 

sample, which is ascribed to the uniaxial magneto-crystalline anisotropy of hexaferrite 

material along an easy axis (c-axis) [39]. A significant fall in the coercivity is 



 
 

observed with the addition of Ce-Ni and Pr-Ni content up to x = 0.06; y = 0.60 (table 

3.10-3.11). In M-type hexaferrite, single-ion anisotropy due to Fe3+ ions residing at 

4f2 and 2b sites contributes to a maximum extent to the large magneto-crystalline 

anisotropy of hexaferrite, as discussed above in the case of magnetic properties of La-

Ni substituted samples. It has been reported that in the M-type hexaferrite, 4f2 and 2b 

sites contribute to their large magneto-crystalline anisotropy [175, 177]. So the 

substitution of Ni2+ at the 4f2 site (as Ni2+ replaces iron at the 4f2 for a low substitution 

level < 0.5) [37] and the perturbation at 2b lattice site, caused by doping of Ce3+ and 

Pr3+ ions, are jointly responsible for the observed decrease in the coercivity (table 

3.10-3.11). Another plausible reason for the observed decrease is that; “as the as ionic 

radius of Ni2+ (0.69Å) is larger than that of the Fe3+ (0.64 Å),” this mismatch among 

the ionic radii causes to misalign the magneto-crystalline anisotropy from the easy c-

axis decreasing the value of anisotropy and hence the coercivity. Similar behavior has 

also been reported for the Co-Ru doped Sr0.5Ba0.5Fe12O19 [39].   

 A particularly higher value of coercivity is observed when x ≥ 0.08; y ≥ 0.80 

(table 3.10-3.11). “Since Ni2+ ions substitute for Fe3+ ions at 12k site for higher 

substitution level >0.5 (as mentioned above),” and as this lattice site does not 

contribute for the magneto-crystalline anisotropy [95], so coercivity is expected to be 

enhanced. The magneto-crystalline anisotropy is the result of accumulative 

contributions of the magnetic cations in the crystal structure (nickel, iron, cerium and 

praseodymium). Mainly, Ni2+ ions are octahedrally co-ordinated [168], and an 

increase in their number would increase the single magnetic ion anisotropy to result in 

the enhancement of the coercivity. Since the spin-orbital coupling is usually much 

stronger in the rare-earth ions due to their localized 4f electrons, so the substitution of 

Ce and Pr at higher dopant level (x ≥ 0.08) would also contribute for enhancing the 

value of coercivity. Similar effects on magnetic properties of the rare-earth doped 

Mg-Ti ferrites are also reported by other workers [130].  

The decrease in coercivity (Hc) of Nd-Ni doped sample up to substitution 

level of Nd = 0.02; Ni = 0.20 is due to the replacement of iron at 4f2 site to result in 

reduction of magneto-crystalline anisotropy and hence the coercivity (Hc). However, 

on the substitution of Nd ≥ 0.04; Ni ≥ 0.40, the enhancement in coercivity (Hc) is 

attributed to the increase in magneto-crystalline anisotropy due to substitution of Nd-

Ni ions. In other words, Nd3+ with four unpaired 4f electrons have strong spin-orbit 

coupling, so strongly enhance the crystalline anisotropy. The large crystalline 



 
 

anisotropy energy provides stability against the process of spin-reversal 

(demagnetization fields) [178], resulting in high values of coercivity (Hc). A similar 

variation has been observed by rare-earth doped ferrites by Tahar et al. [168]. The 

range of coercivity values is expected to be higher for Nd-Ni doped hexaferrites as 

compared to the rest of samples. This is because the spin-orbit coupling, which 

greatly affects the coercivity, varies depending upon the number of unpaired 4f 

electrons. For instance, Nd3+ has four unpaired f electrons, so introduce large 

crystalline anisotropy as compared to Pr3+ (f 3), Ce3+ (f 1) and La3+ (f 0) [179]. “The 

variation of these magnetic parameters makes these substituted ferrites suitable as 

permanent magnets for energy and information storage applications.” As the 

requirement of permanent magnets for magnetic device application is the enhanced 

saturation magnetization, remanence and low coercivity. High coercivity (>1 kOe) is 

the demand for hard magnetic materials (permanent magnets), which are used in 

energy storage applications, while low coercivity values (~1 kOe) are required for 

information storage recording media applications [128, 180].  

 

 

Figure 3.39: Hysteresis loops for strontium-barium hexaferrite samples with different 

La-Ni substitution content “(x = 0.00-0.100; y = 0.00-1.00).” 
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Figure 3.40: Hysteresis loops for strontium-barium hexaferrite samples with different 

Ce-Ni substitution content “(x = 0.00-0.100; y = 0.00-1.00).” 

 

 

Figure 3.41: Hysteresis loops for strontium-barium hexaferrite samples with different 

Pr-Ni substitution content (x = 0.00-0.100; y = 0.00-1.00). 
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Figure 3.42: Hysteresis loops for strontium-barium hexaferrite samples with different 

Nd-Ni substitution content (x = 0.00-0.100; y = 0.00-1.00). 

 

3.4.3 Mössbauer studies  

The Mössbauer absorption spectra of strontium-barium hexaferrite samples 

were recorded at room temperature in transmission geometry using a 57Co/Rh γ-rays 

source as discussed in section 2.3.4.3. The Mössbauer spectra was analyzed by Recoil 

software using a least square fitting program assuming Lorentzian line shape with χ2 

(chi-square) minimization technique [181]. This software directly gives the values of 

different fitting parameters known as hyperfine interaction parameters.  

 

3.4.3.1 Mössbauer spectra of RE-Ni doped strontium-barium hexaferrites  

The hexagonal Sr0.5Ba0.5Fe12O19 ferrite has ferrimagnetic structure comprising 

of five magnetic sub-lattices, i.e., 12 Fe3+ ions are located on five lattice sites having 

different co-ordination, as given in table 3.13. Fe3+ ions on every site contribute 

differently to magnetic properties.  
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Table 3.13: Distribution of Fe3+ ions in Sr0.5Ba0.5Fe12O19 hexaferrite [181] 

Lattice site Block Co-ordination Number of Fe3+/

formula unit 

Spin direction

12k R-S Octahedral 6 Up 

4f2 R Octahedral 2 Down 

2a S Octahedral 1 Up 

4f1 S Tetrahedral 2 Down 

2b R Trigonal bipyramidal 1 Up 

   

Figures 3.43-3.46 show Mössbauer spectral patterns for strontium-barium 

hexaferrites (Sr0.5Ba0.5Fe12O19) doped with La-Ni, Ce-Ni, Pr-Ni and Nd-Ni. Each 

spectrum presents characteristic six resonance peaks indicating magnetic nature of the 

ferrite samples. All the spectra are fitted with the five sextets that correspond to five 

different sites of iron in the M-type hexaferrite namely 12k, 4f2, 2a, 4f1 and 2b (table 

3.13), as each of the five positions of iron produces a resonance sextet of magnetic 

interactions. A good fitting is obtained using these contributions of iron sites 

indicating that no secondary phase is present in the synthesized samples, as has been 

also evidenced by XRD analysis (section 3.2.1). Mössbauer Recoil fitting software 

yields the values of hyperfine parameters such as quadrupole splitting (Δ), isomer 

shift (), hyperfine magnetic field (Hhf) and site population of iron ions (nFe(i)) for 

strontium-barium hexaferrites and the values are presented in tables 3.13-3.16. 

 



 
 

  

Figure 3.43: Mössbauer spectra for Sr0.5Ba0.5-xLaxFe12-yNiyO19 hexaferrites (a) x = 

0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40, (d) x = 0.06; y = 0.60, (e) 

x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00.  

  

 



 
 

Figure 3.44: Mössbauer spectra for Sr0.5Ba0.5-xCexFe12-yNiyO19 hexaferrites (a) x = 

0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40, (d) x = 0.06; y = 0.60, (e) 

x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00.  

 

 

Figure 3.45: Mössbauer spectra for Sr0.5Ba0.5-xPrxFe12-yNiyO19 hexaferrites (a) x = 

0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40, (d) x = 0.06; y = 0.60, (e) 

x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00.  



 
 

 

Figure 3.46: Mössbauer spectra for Sr0.5Ba0.5-xNdxFe12-yNiyO19 hexaferrites (a) x = 

0.00; y = 0.00, (b) x = 0.02; y = 0.20, (c) x = 0.04; y = 0.40, (d) x = 0.06; y = 0.60, (e) 

x = 0.08; y = 0.80, (f) x = 0.10; y = 1.00.  

 

3.4.3.2 Doping effect on hyperfine field  

The hyperfine magnetic field (Hhf) indicates the internal magnetic field of the 

material, i.e. the individual magnetic field at each sublattice of iron atom. For the 

undoped strontium-barium hexaferrite (Sr0.5Ba0.5Fe12O19) the hyperfine field (Hhf) 

corresponds to the sextet with the largest field (529 kOe) and is ascribed to the 

octahedral 4f2 site, which is located in hexagonal (R) block of the unit cell, as given in 

table 3.13-3.14. The sextet with the lowest value of Hhf (409 kOe) is attributed to the 

octahedral 2b site, which is located in R (hexagonal) block. The values of Hhf for all 

sites follow the following sequence:   

4f2  2a  4f1  12k  2b 

By the substitution of La-Ni ions in strontium-barium hexaferrite, Sr0.5Ba0.5-

xLaxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00), the value of hyperfine field (Hhf) 

for 12k site increases up to dopant content of La = 0.04; Ni = 0.40 then decreases, 

while the value of Hhf increases very slightly for the 2b site. Moreover, the value of 

Hhf slightly decreases for the 4f1, 4f2, 2b and 2a sites (table 3.14). This observed 



 
 

increase in the value of Hhf for 12k is consistent with the composition dependent 

behavior of saturation magnetization and remanence magnetization of La-Ni doped 

samples as has been discussed in section 3.4.2 (table 3.9 for magnetic parameters of 

La-Ni substituted hexaferrites).   

In Ce-Ni doped strontium-barium hexaferrites, Sr0.5Ba0.5-xCexFe12-yNiyO19 (x = 

0.00 - 0.10; and y = 0.00-1.00), the value of Hhf of 12k site increases up to Ce = 0.06; 

Ni = 0.60 then decreases, while it increases for 2b site. Moreover, it remains almost 

constant for 4f1, 4f2 and 2a sites. This may be attributed to a perturbation of the 

superexchange interactions of the type 12k-O2--4f2 due to the presence of Ni in the 4f2 

site. Since Ni replace iron at 4f2 having downward spins, results in increasing the 

strength of superexchange interactions and hence the hyperfine field at 12k site. 

Magnetization depends on the individual magnetic moments which in turn are 

proportional to the hyperfine magnetic fields at each sextet. As 12k is the most 

abundant site of iron so the corresponding increase in the value of Hhf contribute 

significantly to the net magnetization than the value of Hhf of other sites, which leads 

to increase of net magnetization of the hexaferrite. These results are also evidenced by 

the magnetization studies as discussed in section 3.3.2 (table 3.12).  

Evans et al [182] reported the hyperfine parameters of M-type hexaferrites 

(MFe12O19) and argued that since the tetrahedral site of hexaferrites has strong 

covalent bonding and short Fe-O bond lengths as compared to the octahedral sites 

large values of isomer shift () and hyperfine field (Hhf) are obtained for the 

octahedral site, as:  (oct)   (tetra) and Hhf (oct)  Hhf (tetra). This sequence can be 

verified from the values of Hhf for the Ce-Ni doped strontium-barium hexaferrites in 

table 3.15. It has been observed by Evans et al [182] that Hhf (4f2)  Hhf (12k) and Hhf 

(2a)  Hhf (2b): since 2b site although lies in the R block but it is the most perturbed 

site having distorted symmetry. Similar observations are reported for strontium doped 

M-type barium hexaferrite by Pereria et al [183].  

By the substitution of Pr-Ni ions, Sr0.5Ba0.5-xPrxFe12-yNiyO19 (x = 0.00 - 0.10; 

and y = 0.00-1.00), the value of Hhf at 12k site increases up to Pr = 0.06; Ni = 0.60 

and then it is independent of Pr-Ni content as shown in table 3.16. It remains almost 

constant for 4f1, 4f2 and 2a sites while increases for 2b site from a value of 54 to 56 

kOe at Pr = 0.10; Ni = 1.00 (table 3.15). The increase is attributed to strengthening of 

the superexchange interactions that leads to enhancement of the net magnetization. 



 
 

Liu et al [51] has also reported that enhancement of net magnetization of material 

corresponds to the enhanced hyperfine fields at 12k and 2b sites. 

In Nd-Ni doped strontium-barium hexaferrites, Sr0.5Ba0.5-xNdxFe12-yNiyO19 (x = 

0.00 - 0.10; and y = 0.00-1.00), the value of hyperfine field (Hhf) for 12k and 2b 

increases by increasing the Nd-Ni ion content leading to enhance the net 

magnetization of hexaferrite, as shown in table 3.17. The hyperfine field at 12k for 

Nd-Ni containing samples is higher than for the Pr-Ni, Ce-Ni and La-Ni containing 

samples. Since the enhancement of hyperfine field could be attributed to the increase 

in the average magnetic moment of compound. Zhao et al [184] found that hyperfine 

field is related to the magnetic moment of compound according to the relation [185]:  

ubauH Fe   

Where, a and b are proportionality constants, uFe are magnetic moment of iron 

and u  is the average magnetic moment of compound. The effective magnetic 

moments for La3+, Ce3+, Pr3+ and Nd3+ ions are 0, 2.54, 3.58 and 3.66 μB, respectively 

[179]. Since the Nd-Ni ion containing samples have maximum value of net magnetic 

moment, so they tend to have large value of magnetic fields and hence the net 

magnetization. These findings are in accordance with the magnetization studies 

(section 3.4.2). 

 

3.4.3.3 Doping effect on the isomer shift  

The isomer shift () is a measure of electron density at the absorbing nuclei. 

For the undoped strontium-barium hexaferrite (Sr0.5Ba0.5Fe12O19), the sextet having 

the isomer shift value ()  0.20 mm/s correspond to octahedral 12k, 4f2 and 2a sites. 

While the lowest value of  (0.17 mm/s) correspond to Fe3+ located at 4f1 lattice site, 

which have tetrahedral co-ordination [186] (table 3.14). The values of  for the five 

sextets follow the following sequence:   

4f2  2a  12k  2b  4f1 

 These results are in agreement to the observations made by Gao et al [187] who 

reported the sequence for the values of isomer shift for five sextets of M-type 

hexaferrite as: (4f2)  (2a) ≥ (12k)  (2b)  (4f1).  

By the substitution of La-Ni ions in strontium-barium hexaferrite, Sr0.5Ba0.5-

xLaxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00), the value of  of both the 4f2 and 

2b sextets decreases by increasing the content of La-Ni ions (table 3.14). This 



 
 

decrease is attributed to the presence of La3+ instead of Ba2+ in the vicinity of these 

sites, since La3+ ions increases the overall electron density in the vicinity of 4f2 and 2b 

sites leading to decrease the value of isomer shift for these sites. 

It is clear from the data presented for Ce-Ni doped strontium-barium 

hexaferrites, Sr0.5Ba0.5-xCexFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00) in table 

3.15, that the value of  for all sites ranges from 0.17-0.34 mm/s, which indicates that 

the valence state of iron is 3+ in all sublattices. Generally, the value of  in the range 

of 0.9 to 1.5 mm/s corresponds to Fe in the 2+ valence state [188-190]. The value of 

isomer shift () for Ce-Ni doped samples generally follows the sequence as 4f2  12k 

 2a  2b  4f1. It is expected that  (4f2)   (4f1), since 4f2 is octahedral site and 

located in the R block. While  (4f2)   (12k) is observed, because although 12k has 

octahedral co-ordination but lies at the interface of hexagonal (R, R*) and spinel (S, 

S*) blocks so it has lower value than the 4f2 site. For Pr-Ni doped strontium-barium 

hexaferrites system (Sr0.5Ba0.5-xPrxFe12-yNiyO19), value of the isomer shift () for 2b 

and 4f2 sites decrease by increasing the Pr-Ni content, as shown in table 3.16. Since 

Pr3+ substitutes to Ba2+ at 2d site which induces perturbation near 2b site and results in 

decreasing the value of isomer shift () of 2b site.  

It is clear from the data presented in table 3.17 for Nd-Ni doped strontium-

barium hexaferrites, Sr0.5Ba0.5-xNdxFe12-yNiyO19 (x = 0.00-0.10; and y = 0.00-1.00) 

that substitution of Nd-Ni ions does not significantly affect the value of  or s-electron 

density of iron ions at 12k, 2a and 4f1 site while it decreases the value of  at 2b and 

4f2 site due to the perturbation induced at these sites (table 3.17). For all the 

compositions of RE-Ni doped strontium-barium hexaferrites, the values of isomer 

shift () follow the general trend that these values are higher for the octahedral sites 

than the tetrahedral sites. 

 

3.4.3.4 Doping effect on the quadrupole splitting  

The quadrupole splitting (Δ) arises due to the interaction between electric 

quadrupole moment of the nuclei and electric field gradient (EFG) set up by electrons 

surrounding the nuclei. It reflects the charge symmetry around the absorbing nuclei 

that is also known as the local symmetry of the lattice. For the undoped strontium-

barium hexaferrite (Sr0.5Ba0.5Fe12O19), the value of quadrupole splitting (Δ) for 2b site 



 
 

is very large (2.19 mm/s) (table 3.14), indicating the presence of a large electric field 

gradient acting on Fe3+ ions at this site [187, 191-193]. 

From the data presented in table 3.14 for La-Ni doped strontium-barium 

hexaferrites, Sr0.5Ba0.5-xLaxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00), a slight 

increase in the value of quadrupole splitting (Δ) for 4f2 site and decrease in the value 

of Δ for 2b site is observed by increasing the La-Ni content. These variations are 

attributed to a perturbation of the symmetry around the 4f2 and 2b sites due to the 

substitution of La3+ for Ba2+. Such a kind of substitution makes the oxygen bipyramid 

polyhedra of the 2b site more symmetric, which results in decreasing the value of 

quadrupole splitting (Δ). For Ce-Ni doped strontium-barium hexaferrites (Sr0.5Ba0.5-

xCexFe12-yNiyO19), the value of quadrupole splitting (Δ) for 2b site decreases while it 

slightly increases for 4f2 site and remains almost constant for all other sites, 

suggesting the presence of Ce3+ ions and Ni ions in the vicinity of 2b and 4f2 site, 

respectively, as shown in table 3.15. 

For Pr-Ni doped strontium-barium hexaferrites, Sr0.5Ba0.5-xPrxFe12-yNiyO19 (x = 

0.00 - 0.10; and y = 0.00-1.00), the value of quadrupole splitting (Δ) decreases for 2b 

site and slightly increases for the 4f2 site by increasing the Pr-Ni content (table 3.16). 

This is attributed to the perturbation induced by presence of Pr3+ ions near 2b site. 

Lechevallier et al [15] reported that the closest sites of the Ba ion site (2d) are 12k, 4f2 

and 2b. The 2b site is located in the same plane of Ba ion with a least distance of 

0.340 nm, the 4f2 and 12k sites are located in adjacent planes at about the distance 

from Ba ion as 0.366 and 0.365 nm, respectively. So 2b site is most affected one by 

the presence of rare-earth ions in its vicinity. A slight increase in the value of Δ for 4f2 

site is also observed by increasing Pr-Ni ion content, because Ni ion slightly perturbs 

the symmetry of 4f2 site.   

It is clear from the data presented for Nd-Ni doped strontium-barium 

hexaferrites, Sr0.5Ba0.5-xNdxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00), that the 

value of quadrupole splitting (Δ) decreases for 2b site and slightly increases for the 

4f2 site by increasing the Nd-Ni content (table 3.17). The decrease in the value of 

Δ(2b) for Nd-Ni doped samples is large as compared to the rest of the RE-Ni doped 

samples. Since Nd3+ ion has large spin-orbit coupling (as discussed previously in 

section 3.3.1) so it induces perturbation in the symmetry to a greater extent than the 



 
 

Pr3+, Ce3+ and La3+ ions. Hence it leads to strongly symmetric bipyramid of oxygen at 

2b resulting to decrease the value of Δ significantly.  

 

Table 3.14 Calculated values of isomer shift (), quadrupole splitting () and 

hyperfine magnetic field (Hhf) for Sr0.5Ba1-xLaxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 

0.00-1.00). 

Sample Sites  (mm/s)  (mm/s) Hhf (kOe) 
x = 0.00; y = 0.00 12k 0.295 0.452 421 

4f2 0.352 0.191 530 
4f1 0.173 0.250 488 
2a 0.219 0.061 517 
2b 0.220 2.196 409 

x = 0.02; y = 0.20 12k 0.292 0.450 427 
4f2 0.351 0.192 529 
4f1 0.172 0.251 486 
2a 0.295 0.060 516 
2b 0.216 2.175 407 

x = 0.04; y = 0.40 12k 0.290 0.451 433 
4f2 0.342 0.193 527 
4f1 0.170 0.250 484 
2a 0.293 0.061 514 
2b 0.203 2.071 405 

x = 0.06; y = 0.60 12k 0.291 0.452 428 
4f2 0.331 0.194 525 
4f1 0.171 0.252 482 
2a 0.274 0.062 511 
2b 0.195 1.961 403 

x = 0.08; y = 0.80 12k 0.289 0.453 422 
4f2 0.322 0.195 524 
4f1 0.170 0.253 478 
2a 0.214 0.063 507 
2b 0.184 1.934 399 

x = 0.10; y = 1.00 12k 0.280 0.454 416 
4f2 0.314 0.195 513 
4f1 0.169 0.254 472 
2a 0.292 0.063 502 
2b 0.176 1.900 394 

 

 

 

 



 
 

Table 3.15 Calculated values of isomer shift (), quadrupole splitting () and 

hyperfine magnetic field (Hhf) for Sr0.5Ba1-xCexFe12-yNiyO19 (x = 0.00 - 0.10; and y = 

0.00-1.00). 

Sample Sites  (mm/s)  (mm/s) Hhf (kOe) 
x = 0.00; y = 0.00 12k 0.295 0.452 421 

4f2 0.352 0.191 530 
4f1 0.173 0.250 488 
2a 0.219 0.061 517 
2b 0.220 2.196 409 

x = 0.02; y = 0.20 12k 0.290 0.448 429 
4f2 0.347 0.193 530 
4f1 0.169 0.247 487 
2a 0.289 0.058 518 
2b 0.213 2.101 409 

x = 0.04; y = 0.40 12k 0.288 0.447 435 
4f2 0.339 0.196 529 
4f1 0.167 0.249 485 
2a 0.287 0.059 516 
2b 0.206 2.011 411 

x = 0.06; y = 0.60 12k 0.287 0.448 439 
4f2 0.327 0.198 533 
4f1 0.163 0.250 484 
2a 0.286 0.060 513 
2b 0.191 1.942 415 

x = 0.08; y = 0.80 12k 0.287 0.449 435 
4f2 0.315 0.200 529 
4f1 0.165 0.251 483 
2a 0.285 0.060 512 
2b 0.180 1.925 419 

x = 0.10; y = 1.00 12k 0.285 0.450 430 
4f2 0.309 0.201 527 
4f1 0.165 0.251 484 
2a 0.286 0.061 511 
2b 0.174 1.895 421 

 

 

Table 3.16 Calculated values of isomer shift (), quadrupole splitting () and 

hyperfine magnetic field (Hhf) for Sr0.5Ba1-xPrxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 

0.00-1.00). 

Sample Sites  (mm/s)  (mm/s) Hhf (kOe) 
x = 0.00; y = 0.00 12k 0.295 0.452 421 

4f2 0.352 0.191 530 
4f1 0.173 0.250 488 
2a 0.219 0.061 517 



 
 

2b 0.220 2.196 409 
x = 0.02; y = 0.20 12k 0.289 0.447 431 

4f2 0.346 0.194 532 
4f1 0.167 0.245 489 
2a 0.287 0.056 520 
2b 0.211 2.080 412 

x = 0.04; y = 0.40 12k 0.287 0.446 439 
4f2 0.337 0.197 531 
4f1 0.166 0.247 487 
2a 0.286 0.058 518 
2b 0.205 2.001 415 

x = 0.06; y = 0.60 12k 0.286 0.045 441 
4f2 0.325 0.199 535 
4f1 0.161 0.249 486 
2a 0.285 0.058 515 
2b 0.189 1.930 417 

x = 0.08; y = 0.80 12k 0.286 0.448 437 
4f2 0.313 0.200 531 
4f1 0.164 0.250 485 
2a 0.286 0.059 515 
2b 0.179 1.907 421 

x = 0.10; y = 1.00 12k 0.284 0.448 432 
4f2 0.307 0.200 529 
4f1 0.164 0.250 486 
2a 0.285 0.061 513 
2b 0.172 1.882 423 

 

 

 

 

 

 

Table 3.17 Calculated values of isomer shift (), quadrupole splitting () and 

hyperfine magnetic field (Hhf) for Sr0.5Ba1-xNdxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 

0.00-1.00). 

Sample Sites  (mm/s)  (mm/s) Hhf (kOe) 
x = 0.00; y = 0.00 12k 0.295 0.452 421 

4f2 0.352 0.191 530 
4f1 0.173 0.250 488 
2a 0.219 0.061 517 
2b 0.220 2.196 409 

x = 0.02; y = 0.20 12k 0.287 0.445 435 
4f2 0.345 0.196 534 
4f1 0.164 0.243 492 



 
 

2a 0.284 0.053 524 
2b 0.207 2.051 416 

x = 0.04; y = 0.40 12k 0.285 0.445 443 
4f2 0.336 0.199 534 
4f1 0.165 0.246 490 
2a 0.284 0.056 521 
2b 0.204 1.989 418 

x = 0.06; y = 0.60 12k 0.285 0.045 444 
4f2 0.324 0.201 538 
4f1 0.159 0.247 489 
2a 0.028 0.057 517 
2b 0.188 1.901 419 

x = 0.08; y = 0.80 12k 0.285 0.045 439 
4f2 0.311 0.202 534 
4f1 0.163 0.249 487 
2a 0.285 0.058 518 
2b 0.177 1.892 423 

x = 0.10; y = 1.00 12k 0.283 0.447 435 
4f2 0.305 0.202 532 
4f1 0.163 0.249 489 
2a 0.284 0.057 517 
2b 0.172 1.870 426 

 

3.4.3.5 Doping effect on site population of iron ions  

The population of iron ions (nFe(i)) on various sub-lattices is calculated from 

relative intensities of the sextets, using the following relation [183]:  

ii A
A

N
nFe                                                                                 (3.9) 

Where, N is the theoretical number of iron atoms in unit cell, A is the total are of 

Mössbauer spectrum and Ai is the area for each site contribution.   

The number of iron ions (nFe(i)) in undoped strontium-barium hexaferrites 

(Sr0.5Ba1Fe12O19) is found to be 2, 6, 2, 1 and 1 per formula unit for 4f2, 12k, 4f1, 2b 

and 2a lattice sites, respectively. For La-Ni doped strontium-barium hexaferrites 

Sr0.5Ba1-xLaxFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00), the number of Fe3+ ions 

(nFe(i)) does not change for 2b, 4f1 and 2a sites while it decreases for 4f2 up to La = 

0.04; Ni = 0.40 then remains constant, as shown in figure 3.47. Moreover, the value of 

nFe(i) remains unchanged for 12k site at dopant level of La = 0.04; Ni = 0.40 then 

decreases. This is because Ni2+ ions has strong octahedral site-preference (4f2), and 

tends to occupy 12k for content  0.5 [37]. From these results it can be assumed that 

La-Ni ions prefer to occupy the 4f2, 12k and 2b sites. Choi et al [78] also reported 



 
 

similar trends for the La-Co doped SrM and found that La-Co ions prefer to occupy 

4f1, 12k and 2b sites. For Ce-Ni doped strontium-barium hexaferrites Sr0.5Ba1-

xCexFe12-yNiyO19 (x = 0.00 - 0.10; and y = 0.00-1.00), the site population of iron 

(nFe(i)) changes only for 4f2 and 12k sites (figure 3.48). The value of nFe(i) for 4f2 site 

decreases up to dopant level of Ce = 0.04, Ni = 0.40 and then remains almost 

constant, while the value of nFe(i) for 12k decreases beyond dopant level of Ce = 0.04, 

Ni = 0.40. From this observation it can be inferred that the doped Ce-Ni ions prefer to 

occupy 4f2, 12k and 2b sites.  

For Pr-Ni doped strontium-barium hexaferrites Sr0.5Ba1-xPrxFe12-yNiyO19 (x = 

0.00 - 0.10; and y = 0.00-1.00), the site occupancy of doped Pr-Ni ions predict the 

similar trends as that for the La-Ni and Ce-Ni ions, that these ions tend to occupy 4f2, 

12k and 2b lattice sites (figure 3.49). From the variation of number of iron ions 

(nFe(i)) for Nd-Ni doped strontium-barium hexaferrites Sr0.5Ba1-xNdxFe12-yNiyO19 (x = 

0.00 - 0.10; and y = 0.00-1.00), it can be inferred that these ions prefer 4f2, 12k and 2b 

(figure 3.50).     
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Figure 3.47: Site population of iron ions at different lattice sites in Sr0.5Ba0.5-xLaxFe12-

yNiyO19 hexaferrite (x = 0.00-0.10; y = 0.00-1.00)  
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Figure 3.48: Site population of iron ions at different lattice sites in Sr0.5Ba0.5-xCexFe12-

yNiyO19 hexaferrite (x = 0.00-0.10; y = 0.00-1.00)  
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Figure 3.49: Site population of iron ions at different lattice sites in Sr0.5Ba0.5-xPrxFe12-

yNiyO19 hexaferrite (x = 0.00-0.10; y = 0.00-1.00)  
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Figure 3.50: Site population of iron ions at different lattice sites in Sr0.5Ba0.5-

xNdxFe12-yNiyO19 hexaferrite (x = 0.00-0.10; y = 0.00-1.00)  



 
 

 

4.      CONCLUSIONS   

The hypothetical variation in electrical and magnetic properties of M-type 

hexagonal ferrites introduced by the substitution of binary mixtures of cations have 

been rationalized and proved. Nanoparticles of strontium-barium hexagonal ferrites 

(Sr0.5Ba0.5Fe12O19) doped with different binary mixtures of cations is synthesized and 

characterized to arrive at the following concluding remarks: 

 

 Single hexagonal phase of magnetoplumbite type is formed in all the 

synthesized compositions 

 DC-resistivity of undoped strontium-barium hexaferrite increases almost 102 

times while it decreases for the Nd-Ni series 

 Dielectric constant, loss factor and drift mobility decrease except in the Nd-Ni 

doped strontium-barium hexaferrites 

 Saturation magnetization and remanence magnetization increase except in the 

La-Ni doped strontium-barium hexaferrites (decrease) 

 The cation distribution is confirmed by the Mössbauer analysis     

 

5.      RECOMMENDATIONS FOR FURTHER 

RESEARCH 

In this work, we have obtained strontium-barium hexaferrites and derivatives 

by co-precipitation method at 1323 K. A study at different annealing temperatures can 

be done in order to investigate the effect of annealing temperatures on the formation 

of strontium-barium hexaferrite and how would it affect their properties.  

It was found that the dielectric properties support the resistivity measurements, 

as both are transport properties. So the temperature dependent dielectric analysis 

should further be done to focus the electrical properties in detail.   

The microwave properties could be done of these ferrites, as they have 

diversity in applications in microwave devices, such as circulators, phase shifters, 

isolators, etc. Finally it is recommended that these ferrites materials should be tested 

for any practical application.  
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