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Abstract 

The effects of rare-earth (Nd, Gd, Dy, Pr) and transition metal (Ni, Co) ions on Sr-Ba-Cu 
and Sr-Ba-Zn based Y-type hexaferrites have been investigated. Four series having 
nominal composition (1) SrBaCu2-xNixNdyFe12-yO22 (2) SrBaCu2-xCoxGdyFe12-yO22 (3) 
SrBaZn2-xCoxDyyFe12-yO22 and (4) SrBaZn2-xNixPryFe12-yO22, with x=0.0, 0.2, 0.4, 0.6, 
0.8, 1.0 and y=0.0, 0.02, 0.04, 0.06, 0.08, 0.1. Sol gel auto-combustion route was 
employed to prepare these four series. Thermal analysis was employed to study the 
thermal decomposition process and showed that the pure hexagonal phase was developed 
after annealing at 950 °C. The crystallite size obtained for all the samples was in the range 
of 11-22 nm. There was overall increase in lattice parameters by doping with rare-earth 
and transition metal ions. However, the increase was non-linear. The non-linear trend in 
lattice parameters was due to the large ionic radii of dopant cations. The bulk density 

(ρm) obtained for all the samples were much lower than the X-ray density (ρx). The 

absorption bands displayed by the spectra of FTIR correspond to the tetrahedral and 
octahedral sites which display signature of hexagonal structure for all the samples. 
Dielectric behavior was explained on the basis of conduction mechanism through 
hopping of electrons between Fe3+ and Fe2+ ions and Maxwell-Wagner model. Nyquist 
plots confirmed the grain boundary contribution in all the prepared Y-type nano hexaferrites 
samples exhibiting single semicircle. Q values obtained were high and observed above 2.5 
GHz. The values of quality factor highlight the possibility of tailoring the operational 
frequency through compositional control. This suggested the utilization of these 
materials in Multi-layer chip inductors (MLCIs) at high frequency. The variation in 
magnetic parameters was discussed in terms of strength of exchange interactions and 
cations occupancy on different sites. Saturation magnetization and coercivity were found 
quite high for Dy-Co doped Sr-Ba-Zn hexaferrites and Gd-Co doped Sr-Ba-Cu 
hexaferrites which suggested the possible utilization of these materials in making 
permanent magnets. Sr-Ba-Cu based hexaferrites doped with Nd-Ni and Sr-Ba-Zn based 
hexaferrites doped with Pr-Ni indicated soft characteristics and proved to be suitable for 
utilizing the prepared hexaferrite materials in fabricating electromagnetic materials and 
sensors working at higher frequencies. The findings summarized here in current research 
are useful for exploring the significance of rare-earth transition metal co-doping on the 
transport properties of prepared Y-type nano-hexaferrites and provide a way for utilizing 
these hexaferrite materials in making permanent magnets and electromagnetic devices 
operating at higher frequencies.  
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1.1 Introduction to Ferrites  

Ferrite belongs to a family of magnetic ceramic materials that includes spinels, garnets, 

hexaferrites, ortho ferrites or combinations of these such as γ -Fe2O3. Magnetic metallic 

oxides are also known to constitute ferrites as a member of their class. These metallic 

oxides are solid solutions of metals having Fe3+ ions as the major element. Fe2O3 is the 

common oxide to all ferrites. Ferrites are blackish or grey in appearance and quite hard 

and brittle. To produce the desire shape, the powder of raw material having the selected 

constituents are compressed into a ceramic and then sintered to make a ferrite core 

component.  

Ferrites are further classified as soft or hard magnetic materials depending upon the area 

of hysteresis loop and combinations of different bivalent and trivalent ions. A suitable 

soft ferrite with low coercivity and having narrow loop area can be obtain by the ferrite 

containing Fe2
3+O4

-2 having suitable divalent metallic ion attached like  Ni, Cu, Fe, Zn, 

Cd, Mn, Mg and Co. Soft and hard characteristics are also depend on the crystal structure 

or class. Different compositions and combinations can be generated depending upon the 

metallic ions doped such as Ni-Zn ferrites and Ni-Zn-Cu ferrites. Ferrites are termed as 

ferrimagnetic materials. Exchange interactions are responsible for the magnetic 

properties that generate from interactions between metallic ions residing on particular 

positions relative to the oxygen ions in the crystal structure of the oxide. 

1.2 Brief History of Ferrites 

Hematite and magnetite (Fe3O4 or FeOFe2O3) are the early known naturally occurring 

ferrites. Due to their weak permanent magnetism these were used for making compasses 

for navigation. Magnetic and chemical characteristics of binary iron oxides were studied 

by Hilbert in 1909. The first quantitative examination and relation that exist between 

chemical composition, Curie temperature and saturation of magnetization was 

investigated in 1928 by Forestier in France and Hilbert and Wille in Germany. In 1930 

the detailed examination of properties of ferrites were conducted by Kato and Takei. In 

the years of 1932 and 1935 research on magnetic oxides were reached to Japan. Snoek in 

1936 was studying ferrites in the Netherlands. It was in Philips research laboratory 

Netherland the first commercial application of soft ferrite was initiated by Snoek and his 

co-workers which was based on the most important property called loss factor obtained 

by the ratio of tangent loss by permeability. The first theoretical explanation of origin of 
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magnetism was published by Neel in 1948. The technical study on ferrites was further 

made by Guillaud and his co-workers. A rapid progress was made at the same time on 

many other types of ferrites. In 1969 the first edition of soft ferrites was published. 

During that period of time, ferrites had become an main class of magnetic ceramics 

(Zahi, 2000). 

Richard Feynman (R. P. Feynman, 2005) once discussed the importance of ferrites 

saying that on theoretical basis ferrites were difficult to describe but quite exciting for 

studies and practical applications. When dealing with hexaferrites which have a 

hexagonal structure, these words are very true. Hexagonal barium ferrite BaFe12O19 

(ferroxdure, BaM) appeared in 1951 (G. W. Rathenau, 1952) was considered as the 

world’s first permanent magnet having large spin-orbit coupling. At that time the main 

manufacturing problem solved was the replacement of metallic Ni- and Co- alloy 

magnets by comparatively compact and light weight permanent magnetic systems. In 

1955 gyromagnetic properties of hexaferrites were studied systematically (Anderson, 

1955; K. J. Sixtus, 1956; Weiss, 1955). Huge progress during the past 60 years have 

been achieved including understanding of the basic chemistry of hexaferrites, synthesis 

and applications in numerous fields.  

Hexaferrites are found to be suitable materials for making high frequency operating 

devices and circuits. They are extensively used as permanent magnets, micro-wave 

devices as well as potentially favorable for magneto-optical recording media and high 

density perpendicular media applications (N. Matsushita, 1998). They have found 

numerous applications in both perpendicular and longitudinal magnetic recording media 

devices due to large magneto-crystalline anisotropy and strong dependence of the 

orientation of easy axis on the microstructure (A. Morisako, 1997; Y. Chen and Kryder, 

1998; Y. Chen, 1997). 

1.3 Types of Ferrites  
1. Spinel ferrites 

2. Hexa-ferrites 

3. Garnet ferrites 

4. Ortho ferrites (M. Drafenik, 2007) 
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1. 3.1 Introduction to Hexaferrites 

Hexagonal ferrites are known as magnetoplumbite a mineral which has a hexagonal 

structure. Hexagonal ferrites have major preferred axis called c-axis and minor axis 

called a-axis. As in case of spinel structure the oxygen ions are packed closely but there 

are also layers of oxygen ions which include the Ba2+, Sr2+ or Pb2+ ions having ionic radii 

similar to O2 ions therefore these ions can easily take their place in the lattice. There are 

some other ferromagnetic oxides also available all of which can be derived by combining 

the ferrite spinel (MeO・Fe2O3) and ferroxdure (BaO・6Fe2O3) using the chemical 

composition diagram shown in Fig. 1.1. The same is true with chemical formula for each 

type namely M, Y, W, Z, X, R and U as given in Table 1.1 (Goldman, 2006; J. Slama, 

2008; M.Y. Salunkh, 2004). 

 
 

Figure 1.1: Chemical compositional BaO-MeO-Fe2O3 ternary phase diagram (C. 
Sudakar, 2004). 
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Table 1.1 : Types of hexaferrites with their molecular formulae, stacking order and 

compositions 

Hexaferrite 
type 

Molecular formula Composition Stacking order# 

S-spinel MeFe2O4 2MeO・2Fe2O3  

M BaFe12O19 BaO・6Fe2O3 RSR*S* 

Y Ba2Me2Fe12O22 2BaO・2MeO・
6Fe2O3 

TSTST 

W BaMe2Fe16O27 BaO・2MeO・8Fe2O3 RSSR*S*S* 

Z Ba3Me2Fe24O41 3BaO・2MeO・
12Fe2O3 

RSTSR*S*T*S* 

X Ba2Me2Fe28O46 2BaO・2MeO・
14Fe2O3 

RSR*S*S* 

U 
 

Ba4Me2Fe36O60 4BaO・2MeO・
18Fe2O3 

RSR*S*T*S* 

R Ba Me2
 Fe4O11 BaO・2MeO・2Fe2O3 RR*S*S 

 

# represents stacking order, S= Fe6O8 (spinel), R= BaFe6O11 (hexagonal), and T= 

Ba2Fe8O14 (hexagonal). The asterix (*) specifies the rotation of 180° around the 

hexagonal axis. According to crystal structure and chemical composition hexagonal 

ferrites are divided into seven different types: M (AFe12O19), W (AMe2Fe16O27), X 

(A2Me2Fe28O46), Y (A2Me2Fe12O22), Z (A3Me2Fe24O41), U (A4Me2Fe36O60), R 

(AMe2Fe4O11) where A=Ba2+, Sr2+, La2+, Pb2+ and Me = a divalent transition metal (G. 

H. Jonker, 1956-57). 

1.3.2 M-type Hexaferrites 

Ferrites having magnetoplumbite structure has a general formula MeO・6Fe2O3, where 

Me represents a bivalent ion such as Ba2+, Sr2+. It possess a hexagonal structure built up 

of  stacked layers of spinel structure with interspaced ionic layers of M2+, O2- and Fe. 

Owing to their low crystal symmetry a large value of magnetocrystalline anisotropy is 

associated with these type of ferrites. 
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Figure 1.2: (a) Type M hexaferrite crystal structure (b) Five iron sites with their 

surroundings (Drofenik, 2007; G. H. Jonker, 1956-57). 
 

M-type hexaferrites have the simplest stacking structures among all seven hexaferrites. 

Barium (BaFe12O19) and strontium (SrFe12O19) based  M-type hexaferrites are the most 

popular and well-studied hexaferrites. Barium M-type hexaferrites has the 

magnetoplumbite structure with a space group of Pb3/mmc and a stacking of RSR*S* as 

shown in figure 1.2 (a). The unit cell consists of total of 10 oxygen layers with 38 

oxygen ions, 24 iron ions and 2 Ba ions. Two Ba cations located in the R and R* blocks, 

which is separated by an S block with two oxygen layers and between every two Ba ions 

there are four oxygen layers. The five sites are occupied by the iron ions: one tetrahedral 

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

site (2b). The asterix (*) specifies the rotation of 180° around the hexagonal axis. The 

unit cell of M-type hexaferrite is shown in figure 1.3. SrFe12O19, strontium hexaferrite is 

a ferrimagnetic material in which five different crystallographic sites are occupied by 

anti-ferromagnetically coupled iron ions. Owing to high magneto-crystalline anisotropy 

field this ferromagnetic material possess a high saturation of magnetization and large 

coercivity (A. Morel, 2002; M. Pieper, 2002). Figure. 1.2 (b) represents crystal structure 

of M-type with the surroundings of five Fe3+ sites (Collomb et al., 1986). M-type 
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hexaferrites have easy axis of magnetization along the c-axis and c-plane respectively 

(Collomb et al., 1986; Wijn, 1959).  

 

Figure1.3 Representation of type M hexaferrite unit cell (A. Morel, 2002). 

M-type hexaferrites are consider as basic unit in the production of permanent magnets. 

Ninety percent of world’s annual production of permanent magnets  are based on M-type 

hexaferrites because of their high magnetic performances along with their low 

manufacturing cost. They are frequently used in microwave devices for technical 

applications. Due to permanent magnetic behavior they are useful in making plasto-

ferrites, magnetic motors, loudspeakers, microphones and rotating coil based devices for 

example current detecting device (galvanometer), current measuring device (ammeter) 

and voltage measuring device (voltmeter). The M-type hexaferrites are extensively used 

in higher gigahertz range due to their large tunable anisotropy field (Aulock, 1965; 

Button, 1965; Harris, 2006; Pardavi-Horvath, 2000; V. G. Harris, 2009; Z. D. Han, 

2007). 

1.3.3 W-type Hexaferrites 

In 1980, W-type (BaMe2Fe16O27) hexaferrite was discovered in the Philip’s research 

laboratories (Ü. Özgüri, 2009). Along c-axis it shows a magnetic uniaxial anisotropy as 

in case of M-type hexagonal ferrite. In recent decades much attention has been gained by 
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these hexaferrites due to their reasonable magnetic properties, high coercivity, good 

chemical stability, large magnetic energy product and low production cost (A. Paoluzi, 

1988; Ahmed, 2000; F. K. Lotgering, 1980; F. Leccabue, 1986; R. B. Jotania, 2008; Z. 

W. Li, 2004). In order to modify the structural, dielectric and magnetic properties of W-

type hexaferrites different combinations of bivalent and trivalent metal ions are 

substituted. The crystal structure of W-type hexagonal ferrite closely resembles to M 

structure and is made up of stacking of S and R blocks ( where R = BaFe6O11
2- is 

hexagonal and S =Fe6O8
2+ is cubic spinel ) along the hexagonal c-axis. It has a structural 

arrangement of RSSR*S*S*, where R is three oxygen layer block with composition 

BaFe6O11, S (Spinel block) is a two oxygen layer block with composition Fe6O8 and ‘*’ 

represents the rotation of 180° around the hexagonal axis. In the R block one Ba2+ ion 

replaces an O2- ion and the Fe3+ ions are divided among five different interstitial 

sublattices as shown in figure. 1.4 & 1.5. 

 

Figure 1.4 Unit cell of W-type hexaferrite (Collomb et al., 1986). 
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Figure 1.5: Representation of R and S blocks of W-type hexaferrite (Collomb et al., 

1986). 

Due to its excellent magnetic and electrical properties type W hexaferrite is attractive 

material for making electronic products, home based appliances, equipment used in 

communication system, recording heads, permanent magnets, components used in data 

storage and high-frequency microwave devices (J. D. Adam, 2002; Kojima, 1982; M. A. 

Ahmed, 2009; W. Z. Li, 2006; Y. P. Wu, 2006). 

1.3.4 X-type Hexaferrites 

Hexaferrite belonging to X-type has a general formula of Ba2Me2Fe28O46. The crystal 

structure of Ba2Fe30O46 was reported by Braun (Braun, 1957). The structure of X-type 

hexagonal ferrite is formed by the stacking sequence of R- and S-blocks with a sequence 

of RSRSSR*S*R*S*S* , where R block consists of three-oxygen layers with 

composition BaFe6O11, S block represents the spinel block which is a two-oxygen-layer 

block with composition Fe6O8. X-type hexagonal phases are hard to separate as they are 

mixed with W and M phases. Three of the cation sites (octahedral) are situated on the 

boundary that exists among S-S blocks/S-R blocks. In an R-block, two octahedral sites 

are located along with a trigonal bipyramidal site whereas three sites (2 tetrahedral sites 

and 1 octahedral site) are located in S-block. W-type structure has a space symmetry of 

R3m (F. Leccabue, 1987; Z. Haijun, 2002). 

1.3.5 Y-type Hexaferrites 

Representation of crystal structure of type Y “Ba2Me2Fe12O22” hexaferrite is shown in 

figure 1.6 (K. Taniguchi, 2008). The unit cell of Y-type hexaferrite is made up of 
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stacking arrangement of STSTST including three formula units. These ferrites consist of 

spinel blocks having Ba-O ions layered alternately on top of each other. In the unit cell 

each layer of spinel and Ba-O block is repeated thrice which shows that space group is 

R3m with rhombohedral crystal structure. Oxygen ion is located at the vertices of a 

tetrahedron and an octahedron with an average Fe valence of three. Y-type hexagonal 

ferrite possessed antiferromagnetic exchange interaction. It has a c-axis with two basis 

layers, oxygen is possessed by the first layer the second layer has regular replacement of 

barium ion at place of oxygen ion located at fourth position. Ba-O and O layer forms the 

following blocks in the structure; O-block, Ba-O block, Ba-O block, O-block and are 

labeled as S and T blocks respectively. Unit cell of Y-type hexagonal ferrite (Fig. 1.7) 

consists of 18 oxygen layers (S. Ishiwata, 2008; S. Ishiwata, 2009; T. Kimura, 2005). Y-

type hexaferrites are extensively employed in communication systems, devices operating 

at high frequency and MLCI (A. Morel, 2002; M. Obol, 2006; Yang Bai, 2006). Y-type 

hexaferrite materials with high permeability at relatively lower microwave frequencies 

(0-10 GHz) are used for miniaturization of ferrite devices (H. J. Kwon, 1994; 

Hatakeyama, 2000; Vittoria, 2003a; Vittoria, 2003b; Vittoria, 2003c; Vittoria, 2004). Y-

type hexaferrite is an exciting magnetic material to be used in VHF and UHF (Y. Bai, 

2002). 
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Figure 1.6 Crystal structure of Ba2Me2Fe12O22 with S and T blocks. Green and red balls 

indicate Ba2+ and O2- respectively. Tetrahedral and octahedral sites consists of Fe3+ and 

Me2+ ions distributed randomly (K. Taniguchi, 2008). 
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Figure 1.7 : (a) Unit cell of Y-type hexagonal ferrite (b) Unit cell of Z-type hexagonal 
ferrite (Y. Kitagawa, 2010). 

1.3.6 Z-type Hexaferrites 

Type Z hexaferrite is viewed as a sum of M- (BaFe12O19) and Y- (Ba2Me2Fe12O22) type 

hexaferrites. The unit cell consists of S, R and T blocks (Elkady et al., 2000). Along the 

hexagonal c-axis 33 layers of closely packed arrangement are stacked. Unit cell of type Z 

hexaferrite structure is displayed in figure 1.7. The Z-type hexaferrite unit cell belongs to 

the P63/mmc space group containing total of 140 atoms. Metal ions like Fe3+, Co2+, Zn2+ 

and Cu2+ are sited in non-equivalent interstitial sites. Z-type hexaferrite has the most 

complicated crystal structure among the member of hexaferrite family having high 

resistivity, high permeability of GHz region and having chemically and thermally stable 

crystal structure. Z-type hexaferrite materials are used as anti-EMI material and as a 

radar absorbing materials in the gigahertz region, these hexaferrites are also very useful 

in UHF communications as they have ferromagnetic based resonance (FMR) at gigahertz 

frequencies (H. Zhang, 2000; Z. Wang, 2003). 

1.3.7 U-type Hexaferrites 

Hexaferrite belonging to U-type is represented by the chemical formula Ba4Me2Fe36O60. 

Crystal structure of U-type hexaferrite is made up of layers of S, R and T blocks stacked 

as RSR*S*TS*. It has space group of R3m possessing rhombohedral structure. Their 
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structure consists of M blocks along with Y-blocks both stacked along c-axis. These are 

quite challenging to synthesize them in the single phase owing to their complex type of 

crystal structure. They have outstanding electro-magnetic properties in the microwave 

range of the electromagnetic spectrum. They are attractive material to be used in 

millimeter wave devices (A. J. Kerecman, 1968; Bhattacharya, 2001; D. Lisjak, 2004; G. 

Albanese, 1978; H. Jonker, 1952; H. Zhang, 2003; L. Lechevallier, 2004a; Wohlfarth, 

1982). 

1.3.8 R-type Hexaferrites 

R  block  belongs to the  family  of  hexaferrites which is  in  combination with the 

spinel-like block and makes the magneto-plumbite (M-type) structure [1]. The R-type 

hexaferrite is made up of three layers of oxygen stacked along c-axis. Two of the outer 

layers consists of O4 ions and the center layer consists of BaO3 in which one oxygen 

anion is substituted for the cation. Remaining cations having smaller radii are arranged 

within two octahedral sites and two tetrahedral sites [3]. The unit cell of R-type 

hexaferrite is made  by the arrangement of RR*, where * represents 180° rotation. The 

crystal structure of R-type hexaferrite has space group of P63/mmc with Z=2 (B. 

Martinez, 1992). 

1.4 Other Ferrites 

1.4.1 Soft Ferrites  

Ferrites that are easy to magnetized and demagnetized are called soft ferrites. These 

materials have narrow hysteresis loops possessing moderate saturation magnetization 

with very small coercivity. Commercial production of soft ferrites started in 1948. They 

contain compound oxides comprising of iron oxide (Fe2O3) along with other oxides such 

as Ni, Mn. In their final form they are usually brown colored ceramics. The structure of 

these ferrites is FCC cubic. Iron-based core materials have disadvantage of large eddy 

current losses. This issue was resolved by ferrite based core having high electrical 

resistivity (M.S. Vijaya, 1999). 

1.4.2 Hard Ferrites  

Hard ferrites have large hysteresis loop area and are difficult to magnetize and 

demagnetize. Hard ferrite has magnetization. Hard ferrites have hexagonal axis to which 

its magnetization is strongly bounded that is the reason it possess hard magnetic behavior 
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having high permeability in the plane and low permeability in other directions. Hard 

ferrites are quite useful in making permanent magnets and memory storage devices. The 

relation between microstructure and properties of permanent magnets are discussed by 

Stuijts in 1964 on the basis of single domain behavior (Stuijts, 1964). The difference in 

the hysteresis loops of soft and hard ferrites is shown in the figure 1.8. It is obvious from 

the fig. 1.8 soft magnetic materials have very narrow hysteresis loop area while hard 

magnetic material have wide coercive field. 

 

Figure 1.8: A typical hysteresis loop of soft and hard magnet (Guillaud, 1957) 

1.5 Applications of Hexferrites 

Due to the development of industry of magnetic materials, hexaferrites have gain a 

special attention among the industrialist and engineers as they have numerous and 

versatile applications including radar absorbing materials, making permanent magnets, 

passive devices operating in microwave frequency range, devices that record 

magnetically, devices having large storage capacity including RAM (Random Access 
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Memory), ROM (Read Only Memory) etc and electronic devices operating at high 

frequency range. The area of real-time communication has been greatly explored by the 

recent advancement in wireless based technology especially in the last two decades. The 

finest examples of this technology are smart cellular phones and Wireless local area 

network (WLAN) system working at high speed. The core principle behind the operation 

of these kinds of systems consists of a radio frequency (RF) circuit containing two 

operating blocks one for the transmission of the signal and other for receiving and 

performs multiple tasks including: amplification of signal, filtering and modulation 

mainly amplitude modulation (AM) and frequency modulation (FM). The circuit 

required hundreds of passive chip components to perform the operations such as 

capacitors and inductors. Radio frequency circuits of cell phone uses inductors including 

spiral inductors and MLCIs (Kim KY, 1992; M, 1994). Hexaferrites are used as 

gyromagnetic materials e.g., in circulators, filters, isolators, inductors and phase shifters. 

Microwave circulator has drawn much attention to be used in modern wireless 

communication system and in radar based technology. Efforts have been put to fabricate 

and design light weight circulators with self-biased ferrite materials. Hexaferrites are 

extensively used in making motors operating magnetically which have numerous 

applications like wind shield-wipers, heater fans in vehicles and in home appliances. For 

security purposes and for defense use microwave absorbers are extensively used. In order 

to avoid detection by radar system, the exterior of military aircraft and vehicles are 

coated with microwave absorbing material (Aulock, 1965; Button, 1965; Harris, 2006; 

Pardavi-Horvath, 2000; V. G. Harris, 2009; Z. D. Han, 2007). 
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Ahmad et al., studied Nd-Mn substituted Sr2-xNdxCo2Fe12-yMnyO22 hexaferrites which 

were successfully prepared using sol-gel auto combustion technique. X-ray diffraction 

studies assured the development of single phased Y-type Sr based hexaferrites. The 

average crystallite size obtained was ranging from 35 to 48 nm. Electric and dielectric 

properties of the prepared materials were improved as the dopant concentration 

increased. Conduction mechanism that followed by hopping of ions was described in 

terms of Koop's phenomenological and Maxwell Wagner model. The samples 

synthesized were suggested to be used in microwave devices on the basis of increased 

electrical resistivity and reduced dielectric constant with the dopant content. The 

crystallite size obtained was < 50 nm. The crystallite size in this range proposed that the 

prepared materials are very effective in reducing signal to noise ratio and can serve as a 

potential device for high density recording media (Bashir Ahmad, 2017). 

Y-type hexaferrites Sr2Co2Fe12-2xNixTixO22 (0.00≤x≤0.5) were successfully prepared 

using ethylene glycol assisted sol-gel method. The samples were annealed at 1323 K. 

Ahmad et al., stated that the highest value of resistivity (4.9109 cm) was obtained for 

Sr2Co2Fe11Ni0.5Ti0.5O22. In the paramagnetic region, owing to polaron conduction 

mechanism the value of activation energy was highest i.e ΔE = 0.82 eV. The dielectric 

parameters followed the typical behavior with frequency. From dielectric study, the 

minimum values of dielectric parameters were observed for x=0.5. The studied samples 

were found best for high frequency applications and in making MLCI’s on the basis of 

increased dc resistivity and low dielectric loss (Bashir Ahmad, 2018).  

Stergiou et al., studied SrBaNixCo2-xFe12O22 Y-type hexagonal ferrites for practical 

applications such as radiation absorbing materials in the microwave region and for 

fabricating magneto-dielectric substrates for antenna. The authors explored the 

electromagnetic characteristics of the synthesized material upto 18 GHz. It was found 

that permeability ‘μ’ and permittivity ‘ε’ increased with the increase of Ni substitution 

which was due to the weaker magneto-crystalline anisotropy as well as enhanced 

dielectric orientation polarization. It was observed that Co rich hexagonal ferrites were 

appropriate for narrow band attenuation. In the frequency range of 2.6-18 GHz tunable 

reflection reduction obtained was 420 dB, whereas  with Ni substitution this attenuation 

was obtained in a much lower frequency band (7-18) GHz. It was found that these 

hexagonal ferrites can be utilized in making UHF antenna designs with smaller 

dimensions because of the perseverance of high refractive index upto 1GHz. Moreover 
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the authors reported that better radiation efficiency was attained by designing with Co2-Y 

compound while Ni2-Y favored the attainment of wider band width (Charalampos 

A.Stergiou, 2016). 

Ahmad et al., synthesized Y-type hexaferrite Sr2Ni2Fe12O22 using sol-gel route. Heat 

treatment was done in temperature ranges of 800-1200 °C. TGA and DTA analysis were 

used to obtain the phase formation temperature of the prepared samples. XRD analysis 

showed that Y-type hexaferrite phase started to appear at 1000 °C and at 1200 °C 

development of pure Y-type hexaferrite phase was developed completely. IR spectrum 

for sample with heat treated at 1200 °C further confirmed that pure phase of Y-type 

hexaferrite was developed at this temperature. Micrographs obtained from SEM analysis 

showed that upon rising the temperature the average grain size increased. This increase 

in temperature initiates the growth of grains in hexaferrites. VSM analysis was used to 

investigate magnetic properties. Presence of M phase at 1000 °C resulted in the increase 

of Hc and Ms. The prepared hexaferrite materials were found appropriate for security 

purposes, automatic switching and sensor devices (Mukhtar Ahmad, 2015). 

A series of Y-type hexaferrites (Ba2Zn2TbxFe12-xO22 (0≤x≤0.1)) were prepared by the 

method of sol-gel auto-combustion and was discussed by Ali et al.,. Y-type hexagonal 

phase was confirmed using X-ray diffraction analysis. By increasing Tb3+ concentration 

electromagnetic properties of the prepared samples were greatly improved. Dielectric 

permittivity was found to decrease with the substitution of Tb+3 as it inhibited the 

valence exchange of Fe2+ and Fe3+ ions. The prepared materials have low dielectric loss 

(ε") which suggested the usefulness of these materials in making micro-wave devices. 

Resistivity increased from 7.29×107 to 4.73×108 Ω-cm with increasing Tb-contents. The 

improved values of resistivity made them best materials for MLCIs (Irshad Ali, 2014e). 

Bierlich et al., investigated Ba2Co2-x-yZnxCuyFe12O22 polycrystalline Y-type hexaferrite 

with 0≤x≤2 and 0≤y≤0.8, which were synthesized by the mixed-oxide route with Bi2O3 

as sintering aid. Their findings revealed that sintering at 1200 °C gave dense samples 

with large grains. It was found that permeability increased with the increase in Co 

substitution and displayed maximum permeability of μʹ=35 at 1 MHz for x=1.6 and 

y=0.4. The value of saturation magnetization increased with Zn concentration and this 

justified the increased permeability. Bi2O3 addition shifted the temperature down to 

T≤950 °C. Interestingly, it was reported that with rise of the Cu-concentration sintering 
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temperature further lowered to T≤900 °C.  Low-temperature firing with Ag metallization 

reduced the permeability to μʹ=10 and the frequency of resonance  was shifted to 1 GHz. 

It was suggested that substituted hexagonal Co2Y ferrites can be utilized as soft magnetic 

materials (S. Bierlich, 2012). 

Magnetization mechanism of Zn2-Y hexagonal ferrite was prepared by conventional 

ceramic method which was thoroughly investigated by Bai et al. XRD results confirmed 

single Y-type hexagonal phase. Magnetic properties were explored by employing VSM 

technique. It was observed that with the addition of Co substitution magnetic anisotropy 

increased and magnetic domain wall motion reduced as a result resonance peak moved 

towards high frequency. It was shown that initial permeability decreased with the Cu 

substitution and tune dispersion character in very high frequency efficiently (Yang Bai, 

2003a).  

Ali et al., prepared powder samples of europium and nickel doped Y-type hexaferrites 

with 0.0≤x≤1.0 and 0.0≤y≤0.1 synthesized by co-precipitation method using surfactant. 

Sintering temperature and time for samples of Sr2Co(2-x)NixEuyFe(12-y)O22 hexaferrites 

were set at 1050 °C for 8 h. It was found that grain size varied in the range from 73- 269 

nm and shape of the particles was platelet-like. Moreover “Ms”, “Mr” and “µB” reduced 

upon doping and this ascribed to the weak strength of exchange-interactions. The 

squareness ratio (in-plane) “Mr/Ms” were found in the range from 0.41 to 0.65, whereas 

in case of out of plane measurements it was varied from 0.30 to 0.62. High value of 

coercivity (2300 Oe) was obtained which was very advantageous for perpendicular 

recording media (PRM) (Irshad Ali, 2015a). 

Iqbal et al., studied single phase Y-type strontium hexaferrite Sr2Ni2Fe12O22 

nanocrystalline materials that has been synthesized at a low annealing temperature of 950 

°C using sol-gel method. X-ray diffraction technique was used to calculate the crystallite 

size of the prepared samples. The calculated crystallite size was measured within the 

range of 13 to 50 nm. FTIR analysis confirmed the occupancy of Mn ions by tetrahedral 

sites. Mn ion doping shifted the low frequency absorption bands to higher wave 

numbers. Further, the authors reported that the transition temperature “T” could be varied 

with the nature and amount of the dopants used. Chromium substitution increased the dc 

electrical resistivity of the compound. A fruitful combination of magnetic and electrical 

properties were explored as a result of co-doping of Mn and Cr, especially for the dopant 

concentration of Mn=0.6, Cr=1.5. In the low frequency region Sr based Y-type 
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hexaferrite showed high dielectric constant of the order of 109, which found to decrease 

with Mn, Cr, and (Cr+Mn) doping (Muhammad Javed Iqbal, 2010). 

Salunkhe et al., studied nickel substituted Sr-Y hexaferrite Sr2Ni2Fe12O22. Solid-state 

reaction method was used to synthesized Sr based Y-type hexaferrite. The authors 

explored the effect of substitution of divalent nickel ions in Sr Y-type hexaferrite. XRD 

technique was employed for structural characterization of the compound. The compound 

was in single hexagonal phase. The calculated lattice parameters were as followed 

a=5.881 Å and c= 43.52 Å, cell volume 1303.53 (Å) 3. Surface morphology was studied 

by SEM. Average particle size estimated was 4.746 μm. Electrical conductivity 

measurement of the compound approved the dual conduction mechanism. Room 

temperature resistivity obtained was 8.935×109 Ω cm. The compound showed 

semiconducting behavior. Magnetic behavior of the compound was studied by 

employing Gouy’s method. The results displayed the ferromagnetic nature of the 

compound at room temperature. Curie temperature was also calculated Tc=698 K. Ni2+ 

and Fe3+ ions were found responsible for the high value of Tc. Curie molar constant was 

also worked out from the paramagnetic behavior (M.Y. Salunkh, 2004). 

Murtaza et al., synthesized Nd-Mn doped hexaferrites Sr2-xNdxNi0.5Co1.5Fe12-yMnyO22 by 

employing micro-emulsion technique. The prepared samples were characterized using 

various techniques including XRD, SEM, AFM, FTIR, LCR meter and VSM. Pure Y-

type hexaferrite phase was obtained for all the prepared samples and the lattice constants 

were calculated. Authors reported a decrease in grain size as revealed by the XRD 

patterns. All of the samples exhibited hexagonal platelet grains. The average grain 

diameter was found to decrease with the increment of Nd-Mn concentration. From 

dielectric measurements, it was observed that loss factor along with dielectric constant 

were initially decreased with increasing frequency and displayed the frequency 

independent behavior at higher frequencies. It was found that with the rise of Nd-Mn ion 

content corecivity decreased. It was concluded that the prepared materials are suitable in 

hyper frequency range as soft magnetic materials for multi-layer chip components (G. 

Murtaza, 2014c). 

Adeela et al., synthesized Ba2Co2-xMnxFe12O22 nanoparticles with 0.0≤x≤0.90 by 

employing hydrothermal method. The authors studied in detail the influence of 

manganese doping on structural, microstructure and magnetic properties in detail. To 
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assure the development of hexagonal Y-type structure, XRD and FTIR techniques were 

employed. Morphology of the samples was studied using scanning electron microscopy. 

Energy dispersive X-ray spectroscopy was employed to study the chemical composition 

which followed that with the increase of Mn substitution grain size increased. From 

magnetic measurements it was observed that with increasing Mn concentration both the 

coercivity and squareness ratio were increased from 455-2550 Oe and 0.26-0.56 

respectively. The authors summarized that the prepared materials with enhanced 

magnetic properties were quite suitable to be used in perpendicular magnetic recording 

(PMR) devices (N. Adeela, 2016). 

Elhai et al., synthesized series of Y-type hexagonal ferrites Sr2Ni2-xMgxFe12O22 

(0.0≤x≤0.5) by employing sol gel route. The authors investigated the influence of Mg2+ 

on electrical and magnetic properties of the prepared hexaferrite materials. XRD 

technique has been employed to confirm mono phase Y-type hexaferrite. Characteristic 

ferrite absorption peaks of the sintered samples were confirmed by FTIR spectra. 

Scanning electron microscopy was employed to investigate the microstructure of the 

samples. A platelet-like shape was observed for all the hexaferrite samples which are 

most suitable shape for micro wave absorption. It was observed that room temperature dc 

electrical resistivity and activation energy were decreased upto x=0.2 and increased for 

the rest of samples. M-H loops revealed soft magnetic behavior. With the rise of Mg2+ 

contents saturation of magnetization (Ms), retentivity (Mr), coercivity (Hc) and magnetic 

moment (µB) were decreased (Asmat Elahi, 2013a). 

Zhang et al., investigated Ba2Co2Fe12O22 Y-type hexagonal ferrite which was 

synthesized by EDTA complexing process. Raw materials used were metal nitrates and 

EDTA as complexing agent. The prepared samples were inspected by thermo-

gravimetric analysis for the selection of appropriate annealing temperature. Fourier 

transform infrared spectroscopy and X-ray diffraction techniques were employed to 

assure the structure of Y-type hexaferrite. SEM was employed to study the micro-

structure of the samples. Vibrating sample magnetometer was employed to explore the 

magnetic parameters. Calcination temperature and pH values were varied to examine the 

change in structural and magnetic properties. The outcomes indicated that by controlling 

the calcination temperature single phase Y-type hexaferrite could be easily prepared. 

Magnetic properties were found dependent on preparation conditions and 
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microstructures. Saturation magnetization values were obtained in the range of 30.0-33.6 

emug-1, whereas coercivity was ranged from 84.0-190.4 Oe (Chunxiang Zhang, 2010). 

Nejad et al., prepared La-Zn doped nanocrystalline Sr2-xLaxNi2Fe12-xZnxO22 (with x=0.0, 

0.4, 0.5, 0.6, 0.7, 0.8 and 0.9) hexaferrites by the method of sol-gel auto-combustion. 

They focused microstructure and magnetic properties of the prepared samples. XRD 

analysis affirmed the formation of Y-type phase. Crystallite size was determined from 

XRD data and found in the range of 31.4-43.1 nm. Formation of Y-type hexaferrite was 

further confirmed by FTIR spectra which displayed two main vibrational bands, one at 

429 cm-1 and other at 594 cm-1 which correspond to the stretching vibrations of 

tetrahedral and octahedral groups. Grain size reduction was observed by increasing the 

size of dopant cations and confirmed from the images obtained from FESEM (Field 

emission electron microscopy). Size of grain was lowered from 600 to 150 nm. 

Coercivity was found to decrease from 1313 to 569 Oe. Values of coercivity suggested 

that the prepared hexaferrite materials could be used for ON/OFF switching, sensors and 

in security systems (Ehsan Hosseinkhan Nejad, 2017). 

Bayrakdar et al., discussed microwave absorbing and magnetic absorbing behavior of 

Ba2Co2Cr2Fe12O22 nano particles (NPs)/polyaniline (PANI) and polyacrylonitrile (PAN) 

nanocomposite materials. XRD analysis showed phase purity of the samples. 

Magnetization measurement of Ba2Co2Cr2Fe12O22 was accomplished by VSM analysis 

The M-H curves of the samples were analyzed at 50 K and 10 K at room temperature. 

From VSM measurements of Ba2Co2Cr2Fe12O22 NPs it was observed that the material 

showed soft magnetic character and can be employed for making high frequency 

transformer applications. Authors proposed that the prepared nanocomposites 

(Ba2Co2Cr2Fe12O22 +PAN/PANI) can be used as good EM absorption material in the 8-

18 GHz range and can be used for EMI shielding characteristics (Bayrakdar, 2016). 

Mahmood et al., prepared Y-type barium hexaferrites Ba2Co2-xZnxFe12O22 (0.0≤x≥2.0) 

using sol-gel method. The material was sintered at much lower sintering temperature 

between 900 and 1100 ºC. Authors discussed following properties of the prepared 

samples: X-ray diffraction, Scanning electron microscopy and Mössbauer spectroscopy. 

The development of Y-type hexaferrite single phase was verified by XRD patterns. SEM 

images showed that particles exhibited platelet-like shape with diameters of 0.5 to 2.0 

μm. Location of Co2+ and Zn2+ ions was indicated by Mössbauer data. Block T was 

occupied by Co2+ ions on octahedral sites, while the two tetrahedral sites were occupied 
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by Zn2+ ions. It was reported that with increasing Zn content and trend of distribution of 

cations on different lattice sites caused weakening of superexchange interactions and as a 

result reduction in the hyperfine fields in Zn rich compounds (S.H. Mahmood, 2014).  

Mahmood et al., fabricated and characterized Me2Y substituted hexaferrites Ba2Me2Fe12-

xTxO22. Ball milling technique was used to synthesize the hexaferrite samples and these 

were sintered at 1200 ºC. XRD patterns of CoCr-Y sample assured the development of 

Y-type hexaferrite phase along with the M-type and BaCrO4 as minority phases. The 

increase in “Ms” from 34-37.5 emu/g was due to the formation of M-type phase. 

Presence of M-type phase was revealed from XRD pattern of the Cr2Y hexaferrite. The 

high coercivity (1445Oe) changed the material characteristics from soft to hard. In Co2Y 

hexaferrite, it was observed that Ga substitution for Fe had a little influence on saturation 

of magnetization but Hc was reduced. However, with the substitution of Mg2+ in the 

sample Ba2CoMeFe11GaO22 super-exchange interaction was reduced to a value of 26.6 

emu/g (Sami H. Mahmood, 2016). 

Alizad et al., prepared a series of nanocrystalline Y-type hexaferrites Sr2Co2-x 

Nix/2Mgx/2Fe12O22 with x=0.0≤x≤0.6. Sol gel technique was employed to synthesize the 

samples with temperature ranging from 900-1150 °C. The samples were analyzed and 

characterized by TGA, XRD, FTIR, FESEM, EDS and VSM. XRD results validated the 

formation of mono phase Y-type hexaferrites. The temperature for sintering was set to 

1000 ºC. At temperature lower than 1000 ºC, some impurity phases were also present 

(hematite, spinel, SrO). Platelet like shaped samples were obtained which were 

confirmed by the SEM images and found suitable for fabricating absorption materials in 

the microwave range. The occurrence of hematite as a secondary phase reduced the 

saturation magnetization as revealed from VSM measurements. By rising the calcination 

temperature, transition from single to multi domain structure was observed which 

resulted in the reduction of coercivity from 950 to 250 Oe (Y. Alizad Farzin 2016). 

Bai et al., investigated the magnetic properties of polycrystalline Y-type hexaferrites 

Ba2Me2Fe12O22 (Me=Zn, Cu, Co). The samples were synthesized by the solid-state 

reaction technique. XRD and VSM techniques were employed to investigate the type of 

crystal structure and to explore the magnetic parameters. Permeabilities of the prepared 

materials were measured by impedance analyzer. Single phase Y-type hexagonal ferrite 

was formed with small impurities containing BaFe2O4 which was eliminated with the 
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rise of temperature.  Authors reported that Co substitution for Zn caused a decrease in 

saturation magnetization and an increase in magnetic anisotropy values. Initial 

permeability was found to change with the change of saturation of magnetization and 

magnetic anisotropy of the sample. It was seen that Cu additions lowered the sintering 

temperature caused a decrease in magnetic properties. It was shown that these materials 

could be exciting and useful in future for manufacturing promising data storage devices 

(Yang Bai, 2003c). 

Odeh et al., prepared a series of Y-type hexaferrites Ba2Co2-xZnxFe12O22 using sol-gel 

auto combustion route. Motivation of authors behind the work was by the fact that the 

prepared samples might be suitable for technological applications as controlled 

conditions and varying the dopant ions content can make improvement in 

electromagnetic properties. X-ray diffraction results were in agreement with the standard 

patterns for Y-type hexaferrites. It was found that with Zn substitution saturation 

magnetization was found to increase at room temperature. The coercive force lowered 

prominently with increasing substitution level, this was due to the reduction in magnetic 

crystalline anisotropy. From dielectric measurements, it was concluded that all the 

samples were insulators. Ac conductivity reduced by rising zinc concentration. However, 

with the increasing dc bias the ac conductivity increased. From dielectric measurements, 

it was observed that dielectric constant decreased significantly with increasing 

frequency. Further, the activation energy of the samples was found to depend strongly on 

Zn concentration. Material showed a transition from semiconducting behavior to an 

insulating behavior with the increment of Zn concentration which was indicated by Cole-

Cole plots. Moreover, it was concluded that Zʹ increased with rising the applied voltage  

(I. Odeh, 2016). 

Ali et al., described the synthesis, structural, microstructural and magnetic charateristics 

of Co2Sr2Fe12O22 Y-type hexaferrite using the microemulsion method. In his work a 

polymer of conducting type called polypyrrole was prepared chemically along doping 

with dodecylbenzenesulphonic acid (PPy, DBSA). FTIR and magnetic properties of 

Co2Sr2Fe12O22 were explored and compared with composite made by mixing the 

Co2Sr2Fe12O22 with this conducting polymer PPy and DBSA by molar ratio of 1:1. 

Confirmation of phase was done by X-ray diffraction technique. Heterogonous 

distribution of grains was revealed by scanning electron microscopy. VSM analysis was 

performed to examine the magnetic properties of nano-hexaferrites. It was found that 
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adding polymer in ferrite played an important role in improving the coercivity, while it 

caused decrease in saturation magnetization and remanence. In case of composite 

samples, it was examined that due to fine size of grain, the grain boundary density 

increased which result in an increased value of coercivity. Considerable enhanced value 

of Hc (1896Oe) suggested the utilization of prepared materials in the recording media. 

The small particle size of the prepared materials made them useful in fabricating the chip 

components (Irshad Ali, 2013a). 

Ali et al., synthesized Y-type hexagonal ferrite (Sr1.8Sm0.2Co2Ni1.50Fe10.50O22) using a 

normal micro emulsion route. The authors synthesized the ferrite-polymer composites 

thin films in pure polystyrene matrix with different ratios of ferrite. In the XRD 

investigation of composite samples at small angles broader peak was observed that 

appear due to PST. The Y-type hexaferrite peaks were also present. It was observed that 

the peaks became more intense and showed less broadening upon rising the ferrite 

concentration which suggested that crystallinity was enhanced with ferrite doping. 

Composites samples showed lower values of DC resistivity than of pure PST and 

decreased by rising the ferrite filler into the matrix of polymer. This reduction in 

resistivity value was chiefly due to doping of relatively low resistive ferrite. Dielectric 

constant as well as electric polarization was increased with increasing concentration ratio 

of ferrites in the samples which was mainly due to the electron exchange between Fe2+ 

and Fe3+ ions. The  trend observed for the ε" (dielectric loss), εʹ (dielectric constant) and 

σac (ac conductivity) with rising the amount of ferrite in PST matrix proposed their 

versatile use in various technological applications specially for electromagnetic shielding 

(Irshad Ali, 2015c). 

Ali et al., discussed AC and DC conductivity of the synthesized Tb-Mn doped Y-type 

hexaferrites with nominal composition Sr2Co2-xMnxTbyFe12-yO22 (x = 0.0-1, Y = 0.0-0.1) 

by the normal micro emulsion method. It was found that with the addition of terbium and 

manganese activation energy enhanced which suggested that the polarn hopping in the 

ferrite system could be through conduction mechanism. The plots of M" for all the 

samples contained broad Debye peaks which confirmed the occurrence of relaxation 

process. Contribution of grains and grain boundaries in ferrites was confirmed by the 

single semicircle as exhibited by Nyquist polts. The exponent n found to vary from 0.81 

to 0.97 with the dopant concentration. The improved quality factor obtained were 

suggested that these materials were employed in power applications (Irshad Ali, 2013b). 
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Terbium and manganese substituted Sr2Co(2-x)MnxTbyFe(12-y)O22 with x=0.0≤x≤1.0 based 

Y-type hexaferrite were prepared by the micro emulsion route. Irshad et al., studied the 

effect of rare earth and transition metal doping in Y-type hexaferrite. It was found that 

cationic stoichiometry and their occupancy in the specific sites greatly influence the 

magnetic parameters such as Ms, Hc, Mr and µB. Concentration of the elements was 

confirmed using EDX analysis. Scanning electron micrographs of the samples displayed 

the grains which were of plate like shape. High coercivity of the order of 3200 Oe was 

obtained for these Y-types hexaferrites as compared to other hard magnetic materials 

such as M-type and W-type and this ensured their utilization in making microwave 

devices and in perpendicular recording media (PRM) devices (Irshad Ali, 2014b). 

Ali et al., prepared single phase nano structured europium and nickel doped Y-type hexa 

ferrites with composition Sr2Co2-xNixEuyFe12-yO22 using micro-emulsion method. A 

semiconducting behavior was observed for all the samples. It was examined that DC 

electrical resistivity (temperature dependent) and drift mobility were well correlated with 

each other. Relaxation phenomenon was observed in all the samples which confirmed the 

existence of Debye peaks in M" curves. The AC conductivity followed power law, 

signifying that the mechanism was due to polaron hopping. Exponent ‘n’ was calculated 

in the range from 0.81-0.97. It was revealed from Cole-Cole plots that the dominant 

conduction mechanism was from grain boundary resistance. High quality factor values 

proposed the possible utilization of the materials for high frequency MLCI and power 

applications (Irshad Ali, 2014b). 

Ali et al., synthesized europium and nickel doped series of Sr2Co(2-x)NixEuyFe(12-y)O22 Y 

type hexaferrite with 0.0≤x≤1.0, 0.0≤y≤0.1 using the surfactant assisted co-precipitation 

method. Sintering temperature was set at 1050 °C for 8h. Compositional variation was 

confirmed by EDX analysis. SEM images revealed that the particle shape was platelet-

like which was quite interesting for microwave absorbing devices. Grain size varied from 

73 to 269 nm as revealed from SEM images. VSM analysis was employed to study the 

magnetic properties. It was found that the values of Ms, Mr and µB were decreased which 

ascribed to the weakening of super exchange interactions. Coercivity obtained was quite 

high (2300 Oe), which suggested the use of prepared materials in perpendicular 

recording media (PRM) (Irshad Ali, 2015b). 

Ba2Co2Fe12O22 hexaferrite precursors were discussed by Temuujin et al., prepared via a 

soft mechanochemical route from mixtures comprising BaCO3, Co(OH)2 and α-FeOOH. 
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The authors discussed the structural and chemical alterations during grinding in detail by 

thermal analysis (DTA-TGA), XRD, SEM and FTIR. The mixture was initiated by 

milling with a multi-ring type mill for different durations. It was observed that no new 

crystalline phase was detected during grinding but grinding for extended period of time 

caused to decrease the crystallinity. Mechanical activation for only 1 h was adequate to 

obtain pure Y-type phase with temperature as low as 1000 ºC. Prolong milling developed 

platelet-like anisotropy. It was concluded that the soft mechano-chemical method 

provide simple and technologically important process for the preparation of Y type 

hexaferrite with synthesis at comparatively lower temperature (J. Temuujin, 2004). 

Ba2Cd2(Zr, Co)xFe12-2xO22 Y-type hexaferrites have been synthesized by Javed et al., 

using sol-gel method. XRD analysis was employed to confirm single phase Y-type 

hexaferrite. It was examined that Zr-Co substitution was found to significantly affect the 

lattice c-parameter, crystallite size (D), Curie temperature (TC), DC resistivity (ρ) and 

drift mobility (µd). Crystallite size calculated was in the range of 46-59 nm. Uniform 

particle size distribution was revealed by SEM images and this confirmed the 

crystallinity of the samples. DC resistivity decreased by rising the temperature of the 

samples whereas increased by rising Zr-Co doping. Curie temperature of 683K was 

calculated from AC magnetic susceptibility (χ). The prepared materials showed 

extraordinary electromagnetic properties that can be used in data storage devices and in 

microwave frequency applications (Muhammad Javed Iqbal, 2009b). 

Rama et al., prepared structural, magnetic and dielectric properties of polycrystalline 

Zn2-Y hexagonal ferrites Ba2-xSrxZn2Fe12O22 samples. Method of solid state reaction was 

used to synthesize the Zn2-Y hexagonal ferrite. Analysis of the prepared samples 

revealed hexagonal structure. Sr doping considerably influenced electromagnetic and 

dielectric characteristics of the prepared materials. Rising the substitution level from 0 to 

1.5, values of Ms reduced from 85.89 to 66.6 emu/g, whereas coercivity enhanced upto 

34 Oe. With the rise in x value, magnetic transition temperature reduced from 382 to 314 

K. Upon rising the dopant concentration, the value of εʹ at 12 GHz raised upto 23.4 from 

18.2 and the ε" raised upto 0.10 from 0.081. The authors suggested the  potential uses of 

the prepared samples in magneto electric devices and microwave devices (K. Rama 

Obulesu, 2017). 

Irfan et al., prepared Sr2MnNiFe12O22 hexaferrite with different percentages (1 wt% to 5 

wt%) of Y2O3 by employing method of sol-gel auto combustion. Structural analysis was 
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done by XRD (X-ray diffraction) technique and revealed single phase Y-type hexaferrite 

structure with few impurity phases. It was examined that yttrium content decreased the 

grain size whereas increased the DC resistivity due to the absence of Fe3+ ions at 

octahedral sites. Permittivity was found to decrease with frequency. In the frequency 

range of 20Hz-1MHz, the values of dielectric constant and tan loss was very low. Lowest 

value of dielectric constant was exhibited by the sample with x = 5 wt%. AC 

conductivity showed increasing behavior in response to frequency but decreased upon 

doping with Y2O3. Resistivity of the prepared hexaferrites calculated was 1010 Ω-cm. 

These properties were best for the materials to be used in electromagnetic attenuation 

and microwave devices (Muhammad Irfan, 2014). 

Costa et al., investigated a layered magnetic ceramic oxide Ba2Co2Fe12O22 (Co2-Y) 

synthesized by solid state reaction method. Structural properties were investigated by X-

ray diffraction technique. Hexagonal crystal structure was confirmed by rietveld 

refinement. Impedance spectroscopy technique was employed to investigate the 

dielectric and electrical modulus properties in the frequency range of 1Hz-1MHz and 

temperature range of 313-493 K. From impedance plot it was seen that two semicircles 

were appeared, one at higher frequency side and other at lower frequency side and 

correspond to grain and grain boundary effect respectively. To understand the 

mechanism of the electrical transport process in ferrites a complex modulus spectrum 

was plotted which showed non-Debye type relaxation. Same type of charge carriers were 

found responsible for relaxation process as revealed from the activation energy values 

obtained from modulus and dc conductivity spectrum. These prepared materials were 

found important technological applications including sensors and electromagnetic wave 

absorbers (M.M. Costaa, 2010). 

Zhang et al., studied the structural as well as magnetic properties of magnesium 

substituted Sr1.5Ba0.5Zn2Fe12O22 hexaferrites prepared using solid state technique. Above 

room temperature, each sample showed a sharp screw proper spin phase to collinear 

ferrimagnetic spin phase transition. It was observed that with Mg doping transition 

temperature increased distinctly. Another transition of magnetic phase was observed at a 

lower temperature T1, which was modulated and stabilized by varying Mg doping. Mg 

doping upto x=0.8 increased Ms at room temperature was increased and then decreased 

with x. The changings in magnetic properties were attributed to the difference in the 

preferential site for Zn and Mg and different distribution of Fe3+ ions over tetrahedral and 
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octahedral sites. Mg-doped samples displayed field-induced ferroelectric order as x 

increased to 2.0. It was observed that by the substitution of Mg2+ for Zn2+ this 

ferroelectric phase was stabilized at zero magnetic field. The prepared Mg-substituted 

hexaferrites were found their applications in magnetoelectric devices (Min Zhang, 2016). 

Ahmad et al., prepared Sr-doped Y-type hexagonal ferrites Ba2-xSrxNi2Fe12O22 with x = 

0.0-1.0 by employing the sol-gel auto combustion technique. The temperature for 

sintering was set 1150 ºC. Following techniques were used to characterize the samples: 

TGA, XRD, EDS and VSM. X-ray diffraction analysis revealed that the prepared 

samples have mono-phased Y-type hexa-ferrite. With the rise of Sr content X-ray and 

bulk density were decreased whereas porosity increased. Well defined hexagonal shape 

was obtained for all the samples which could be favorable for microwave absorbing 

materials. Magnetic parameters were obtained from M-H loops by employing the law of 

approach to saturation. Values of coercivity were of few hundred oersted suggesting that 

the prepared materials were of useful applications in electromagnetic (EM) materials 

(Mukhtar Ahmad, 2013). 

The variation of magnetic properties of Y3+ doped strontium hexaferrites 

Sr2MnNiFe12O22 have been investigated by Irfan et al.,. It was observed that Y3+ 

substitution decreased the size of grain and restrained the grain growth. Low saturation 

of magnetization and high coercivity were obtained with Y3+ ion doping. The increase in 

coercivity was ascribed to the increase in the crystalline anisotropy field. The prepared 

materials were found advantageous for recording purposes owing to the large anisotropy 

(Muhammad Irfan, 2016a).  

Irfan et al., synthesized a series of Ba2Zn2NdxFe12-xO22 by employing sol-gel route. The 

sintering temperature was set 1150 °C for 7 h. Formation of single phase Y-type 

hexaferrite was confirmed by XRD analysis. DC electrical resistivity measured at room 

temperature was increased by increasing Nd3+ content. With the increasing frequency 

and Nd3+ content dielectric constant and dielectric loss were observed to reduce and this 

reduction was credited to the increased resistivity of the samples. The prepared material 

was used to fabricate high frequency devices because of high resistivity and low 

dielectric loss (Muhammad Irfan, 2016b).  

 Jotania et al., studied soft ZnFe2O4 (S-spinel) and hard Sr2Cu2Fe12O22 (Y-type) mixed 

ferrite nano-composites (S:Y as 1:0, 1:0, 1:1,1:2,1:4,1:8 and 0:1) by employing chemical 

co-precipitation technique. Mixed ferrite phase was formed along with the spinel and Y-
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type hexaferrite which was confirmed by X-ray diffraction technique. TEM analysis was 

used to estimate the particle size of the prepared samples and found to lie within the 

nano-meter range. Various absorption bands formed were confirmed by the FTIR 

analysis. Ac susceptibility measurements was used to determine the Curie temperature of 

all the samples. Pure ferrite samples have low values of dielectric constant and loss 

factor whereas hard ferrites showed greater values. The outcomes were understood on 

the basis of two-layer model in which poorly conducting grain boundaries separate the 

conducting grains (Rajshree B.Jotania, 2016). 

Safaana et al., studied Sr2Cu2-xMnxFe12O22 with 0.0≤x≤2.0 based Y-type hexagonal 

ferrite using ceramic method. Single phase Y-type hexagonal phase was developed 

which was confirmed by X-ray diffraction patterns. Temperature range of 300-780 K 

was selected to investigate initial magnetic permeability (µi). Three regions of magnetic 

behavior was obtained which explained in terms of the proportionality µi ∝  𝑀 /Keff 

(where Ms=saturation of magnetization) and Keff=effective magneto crystalline 

anisotropy constant. It also showed the expected distribution of both Mn and Cu ions in 

the lattice. At a frequency of f = 1:6 MHz, the temperature dependence of selectivity for 

the six investigated samples was also investigated (S.A. Safaana, 2006). 

Bai et al., explored magnetic characteristics of Y-type hexaferrite Ba2Zn0.6Co0.6Cu0.8Fe12-

xO22-1.5x. Polycrystalline Y-type hexaferrite material was synthesized using solid-state 

reaction method. Following techniques were employed to characterize the samples: 

XRD, SEM, VSM and impedance analyzer. XRD analysis confirmed the phase 

formation process. SEM revealed that particles were in nanometer range. Impedance 

analyzer was used to investigate the magnetic permeability. The materials having 

cationic deficiency and sintered at low temperatures showed extraordinary magnetic 

properties. They exhibited high permeability and fairly high cut-off frequency. 

Therefore, they may fill the need for soft magnetic materials in the hyper frequency 

range to be used in MLCI and MLCB (Bai Yang, 2002). 

Bai et al., studied the dielectric characteristics of non-stoichiometric Y-type hexaferrite. 

The material was synthesized by the method of solid-state reaction. XRD and SEM was 

used to characterize the samples. It was exposed experimentally that proper deficiency of 

cations did not affect the process of phase formation of Y-type hexaferrite. Grain 

boundary resistance was limited by ferric cation deficiency. Cation deficiency caused 

permittivity to decrease whereas DC resistivity increase (Yang Bai, 2004a). 
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Bai et al., synthesized Y-type hexagonal ferrites Ba2Zn1.2-xCoxCu0.8Fe12O22, (where x=0.0 

to 1.2) by sol-gel technique. The prepared samples were compared with those prepared 

by solid-state reaction route. The process of formation of phase, microstructure and 

magnetic properties were explored. XRD technique was employed to discuss the phase 

formation process. Surface morphology was done using electron microscopy and fine-

grained microstructure was obtained. Complex permeability spectra were recorded by an 

impedance analyzer. Crystalline size found was about 22 nm. As compared to SSRM, 

sintering temperature was quite low about 900 ºC in the sol-gel method. Better magnetic 

properties of the samples were gained in hyper-frequency zone than those made by 

SSRM. With the increase in zinc content, the permeability μʹ was improved with the drop 

of cut-off frequency. The relation of microstructure and sintering temperature was also 

revealed in magnetic studies (Yang Bai, 2006).  

The electric and magnetic based investigation of Mn-doped hexferrite was discussed by 

Bai et al.,. Method of solid state reaction was selected to prepare Ba2Zn0.8Co0.8Cu0.4Fe12-

xMnxO22 Y-type hexaferrite. Doping of foreign ion (Mn-ion) distributed in the grains 

uniformly and did not affect the microstructure and phase formation. Manganese 

substitution did not disturb  the magnetic properties. Whereas, manganese doping in a 

sample sintered at high temperature could restrain the reduction of DC resistivity. 

Manganese substitution with x≤0.4 inhibited the valence alternation of Fe3+ and reduced 

the amount of charge carriers with the decrease of dielectric permittivity. Further 

addition of Mn (0.6≤x≤0.8) increased the ε' due to the valence alternation of Mn3+ (Yang 

Bai, 2009). 

Bai et al., measured electric and magnetic properties of Co2-Y hexaferrite in the 

frequency range of 8.4-12.8 GHz using rectangle waveguide method. Analysis of FMR 

versus frequency was well discussed. In the transmission spectra, the resonance based on 

ferromagnetism was observed two times with the applied field (0-5 kOe). Below zero 

and low field the FMR phenomenon was explained by the induced magnetization which 

occurred because of large shape anisotropy. Rising the applied field with the change in 

dipolar interaction caused an increase in low-field resonance frequency. FMR was 

boosted in the region of high field by employing external magnetic field. Also, with the 

rise of external field, frequency increased monotonously. Moreover, it was found that 

when pair of parallel rods were closely placed the interaction of dipoles among the rods 

counteract the shape anisotropy field, as a result FMR existed at low field disappeared 
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but the large interval between two rods caused this low-field resonance to appear again. 

This characteristic of tunable twice FMR and occurrence of resonance at low-field has 

quite impressing applications in micro-wave devices (Yang Bai, 2012). 

Y-type hexagonal ferrites with high and ultra-high frequency characteristics were 

investigated by Bai et al.,. Conventional ceramics method was used to synthesize the 

samples. Confirmation of Y-phase was revealed by X-ray diffraction. Morphology of 

surface was explored by scanning electron microscopy. VSM analysis was done to 

explore the magnetic characteristics of prepared samples. At high and ultra-high 

frequency the mechanism of magnetization was discussed in terms of composition and 

processing. Domain wall motion was responsible for the process of magnetization. A 

dispersion character was observed for double resonance peak with low Co concentration. 

Magnetic anisotropy was increased distinctly with the Co doping. This doping shifted the 

resonance peak toward high frequency side. It was observed that when magnetic domain 

wall resonance vanish initial permeability decreased at the same time. Also rising the 

temperature of sintering caused the magnetic domain wall resonance to enhance and as a 

result resonance peak shifted to the low frequency side (Yang Bai, 2004b). 

A series with the composition Ba2Me2Fe12O22 (Me= Zn, Co, Cu) was prepared using 

solid-state reaction technique and studied in detail by Bai et al.,. The phase of prepared 

Y-type hexaferrite samples was investigated by X-ray diffraction technique. Magnetic 

behavior was explored by vibrating sample magnetometer. It was concluded that addition 

of Co leaded to decrement of saturation magnetization and enhancement of magnetic 

anisotropy. Due to the rise of thermal effect, saturation magnetization had not increase 

linearly as Zn-content increased. Substitution of Cu resulted similar variation in 

saturation magnetization at room temperature. As Cu was substituted for Co, magnetic 

anisotropy and the saturation magnetization all found to decrease. Cu modification 

lowered the temperature of formation of single-phase distinctly as the magnetic 

properties slightly debased (Yang Bai, 2003b). 

Li et el., studied the dynamic and static magnetic and EM attenuation characteristics at 

X-band for Y-type hexaferrites Ba2CuxZn2-xFe12O22 along with their silicon composites 

with 0.0≤x≤2.0. The findings showed that for x=2 the prepared material has c-axis 

anisotropy and for x ranging from 0 to 1.5. Whereas for x= 0 and 1, copper addition 

enhanced '
o  from 4.5 to 5.4 and '

max from 1.5 to 2.2 for Ba2CuxZn2-xFe12O22 
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composites. The enhanced permeability was significantly improved the electromagnetic 

attenuation characteristics of the composites. The composite having doping level of 

x=1.0 has outstanding electro-magnetic properties with relative band width of 3.7 at 

thickness of 0.40 cm as compared to band width of 2.7 for the composite with zero 

copper content. It was concluded that Ba2CuxZn2-xFe12O22 composites were beneficial to 

be used as electromagnetic attenuation material having low losses (Z.W.Li, 2015). 

Haijun et al., synthesized Ba2ZnZCo2-ZFe12O22 hexaferrites with z=0.0, 0.4, 1.2, 1.6, 2.0  

by employing citrate sol gel process. The temperature and time for sintering was kept 

1100 ºC for 5 h. Transmission/reflection coaxial line method was employed to measure 

complex dielectric constant and complex permeability of hexaferrite paraffin wax 

composites in the range from 100 MHz to 6 GHz. With the rise of applied frequency, 

both the ε'' and tanδ decreased and at higher frequency the loss was near to zero. With 

the rise of frequency the real part of permeability decreased in the whole range of 

measuring frequency. The microwave properties were greatly influenced by the addition 

of zinc ions. The natural frequency was lowered for higher Zn ion concentration (Zhang 

Haijun, 2002). 

2.1 Motivation of the Present Work 

The motive behind the selection of ferrites as a topic of research has been due to their 

rich structural, dielectric and magnetic properties along with their versatile technical and 

industrial uses. Research in this area offers wonderful chance to explore numerous 

aspects effecting their overall structural, thermal, spectral, dielectric and magnetic 

properties even a minor improvement in their basic properties results in a notable 

industrial importance which opens a way to dope different elements in this compound. 

The properties of Y-type hexaferrites specifically dielectric and magnetic properties are 

largely dependent on several factors: chemical composition, concentration of dopant 

ions, method of preparation and temperature and time for sintering. One of the vital aim 

of the current study would be to investigate the relationship between structural 

parameters and different concentrations of the divalent and trivalent metal ions. 

Dielectric and magnetic properties of hexaferrites will be discussed in the nano-regime 

and this may open a gateway for numerous practical uses. 

The structural, optical and magneto-dielectric properties of the hexaferrites are greatly 

modified with the transition and rare-earth doping. This is an interesting and quite 

challenging aspect in understanding the dielectric and magnetic characteristics of these 
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hexaferrites. The frequency dependent quality factor and ac conductivity are interesting 

parameters which decide the utilization of these hexaferrites in many technological 

applications. A thorough study on the transport properties of these hexaferrites series can 

shed light on the electrical conduction mechanism in nanosized hexaferrites. Magnetic 

investigation will led to thorough study of exchange interactions and will provide better 

understanding of ions occupancy. Investigation of these hexaferrites have shown that for 

fabricating new and enhanced technological devices these hexaferrites are the best 

candidates. The study of rare-earth doped hexaferrites is quite significant while 

explaining the electro-magnetic properties of these hexaferrites. Although several reports 

exist on the incorporation of transition and rare-earth doped hexaferrites but in the 

present work incorporation of these metal ions in hexaferrites are not reported yet to the 

best of our knowledge. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

 

 

 

 

 

 

 

 

 

Chapter 3 

             Experimental and Characterization Techniques 

 
 
 
 
 
 
 
 
 
 
 
 

  



36 
 

3.1 Chemicals Used 
The chemicals used for the synthesis of hexaferrite samples were highly pure. The details 

of the chemicals are as follows: 

Sr. No Compound Name Chemical Formula Manufacturers Purity(%) 

1 Ferric nitrate nonahydrate Fe(NO3)3.9H2O Sigma Aldrich 99.9 

2 Strontium nitrate Sr(NO3)2 Merck 99.9 

3 Barium nitrate Ba(NO3)2 Merck 99.9 

4 Copper nitrate Cu(NO3)2.3H2O BDH 99.9 

5 Zinc nitrate Zn(NO3).3H2O Merck 99.9 

6 Nickel nitrate Ni(NO3).6H2O Merck 99.9 

7 Cobalt acetate CO(CH3COO)2.4H2O BDH 99.9 

8 Citric acid C6H8O7.H2O Merck 99.9 

9 Gadolinium nitrate hexa 

hydrate 

GdN3O9.6H2O Sigma Aldrich  
99.9 

10 Neodymium nitrate hexa 

hydrate 

N3NdO9.6H2O Sigma Aldrich  
99.9 

11 Praseodymium nitrate 

hexa hydrate 

PrN3O9.6H2O Sigma Aldrich  
99.9 

12 Dysprosium nitrate penta 

hydrate 

DyN3O9.5H2O Sigma Aldrich 99.9 

 

3.2 Sol-gel Method 

Sol-gel method was used to fabricate nanosized Sr-Ba-Cu and Sr-Ba-Zn based Y-type 

hexagonal ferrites. As sol-gel method yielded phase pure pristine nanoparticles of 

SrBa/Zn-Cu based Y-type hexagonal ferrites. The preparation conditions were optimized 

as well as standardized. Synthesis of nanostructures based on 3d and 4f transition and 

rare earth metals like Ni/Fe/Co/Cu/Zn and Nd/Gd/Dy/Pr is quite addressing and 
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challenging. This is due to the nanoparticles of Fe and transition metals that are easily 

oxidized at nano scale and of no use as magnetic materials. Further a low solubility limit 

of RE cations in the ferrite lattice is usually observed. This challenge is addressed by 

preparation through sol-gel auto-combustion method which greatly reduces the sintering 

time and temperature, produces powders better mixed at the atomic level and more 

reactive than those synthesized through the conventional ceramic route. The term 

‘combustion’ covers flaming (gas-phase), smoldering (heterogeneous) as well as 

explosive reactions. The combustion technique has been successfully employed in the 

fabrication of a number of magnetic, dielectric, insulators and semiconductor materials 

(Kashinath C. Patil, 2002). In sol-gel technique, solutions of metal compounds are 

transformed into gel during self-combustion process. Sol-gel process involves the 

formation of metal oxides by the breakdown of reactive metal precursors which further 

results in the formation of OH
-
 ion (Koops, 1951a; Shigeyuki Somiya, 2003; Wagner, 

1913a). Condensation process leads to the formation of OH
-
 ion by the removal of water. 

A dense porous gel is obtained when all kinds of hydroxides are attached to one another 

in a network, gelation is obtained. Ultrafine powders of metal oxides are formed by the 

ignition of gel at higher temperature (T M Meaz, 2003).  
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Figure 3.1: Flow chart of sol-gel process for synthesis of SrBaCu2-xCoxGdyFe12-yO22, 

SrBaCu2-xNixNdyFe12-yO22, SrBaZn2-xNixPryFe12-yO22 and SrBaZn2-xCoxDyyFe12-yO22 

where x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0 and y= 0.00, 0.02, 0.04, 0.06, 0.08, 0.1. 

 

Continuous stirring, heating 
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At temperature~50 
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3.3 Sample Preparation 

Four series of Y-type hexaferrites with compositions of (1) SrBaCu2-xCoxGdyFe12-yO22 

(2) SrBaCu2-xNixNdyFe12-yO22 (3) SrBaZn2-xNixPryFe12-yO22 and (4) SrBaZn2-

xCoxDyyFe12-yO22 where 0.0≤x≤1.0, 0.0≤y≤0.1 were prepared by sol-gel auto-combustion 

route. The solution of the desired salts were mixed in deionized water at room 

temperature and then mixed properly. At a temperature of 40 °C, citric acid was added in 

the nitrate solution under continuous stirring to produce a completely homogeneous and 

transparent solution. Citric acid acts as a fuel, because of its ignition temperature which 

is quite low; it helps to obtain controlled combustion reaction with nitrates and provides 

better homogeneity of metal ions (K. V. Kumar, 2002). After this heating was turned off 

and concentrated NH3 was added drop by drop to the solution with continuous stirring to 

obtain a neutral or slightly alkaline solution (pH 7-8). The sol. was stabilized by the 

continuous stirring at 60 °C for few hours. Evaporation of more than 80% of solution 

was done by keeping the sol at 80 °C for approx. 2 h. Finally viscous gel was obtained at 

the end of the process. The blackish burnt material obtained was ground to fine powder.  
 

3.4 Characterization Technique 

This prepared samples were examined further to confirm the development of hexagonal 

phase by X-ray diffractometer which uses Cu-kα1 (1.5418Å) as a source of radiation. To 

explore further infrared (IR) and thermal analysis ‘TGA-DTA’ were then carried out. To 

explore the dielectric parameters impedance analyzer was used. VSM analysis was done 

to study the magnetic properties of the prepared hexaferrite samples. 

Series of Sr-Ba-Cu and Sr-Ba-Zn based hexaferrite doped with rare earth (RE = Gd, Dy, 

Pr, Nd) were produced by employing the method as cited above.  

Following characterization techniques have been employed to investigate the prepared 

samples. 

 Thermal analysis (TGA/DTA) 

 X-ray diffraction technique (XRD) 

 Fourier transform infrared spectroscopy (FTIR)  

 Impedance analyzer measurements 

 Vibrating sample magnetometer (VSM) analysis 
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3.4.1 Thermal analysis (TGA/DTA/DSC) 

Thermal analysis is a process that displays weight loss or mass changes in response to 

temperature change. Thermo-gravimetric analysis is a versatile method used for gaining 

information about chemical and physical changes that occur in the composition of 

material as a function of temperature. Regarding information of the thermal events like 

vaporization, desorption, absorption, sublimation and decomposition that occur during 

heating process thermo-gravimetric analysis is regarded as an important tool to achieve 

these useful information (E. L. Charsley, 1992).  

3.4.2 X-ray diffraction 

The technique of XRD is quite useful for analyzing and identifying the polycrystalline 

substances. Desired pattern is matched with the standard pattern in order to confirm the 

structure. In addition, the area under the diffraction peaks can also be calculated which 

gives the crystallite size (Giacovazzo, 2002). 

The Bragg’s law related angle of diffraction (Bragg angle), wavelength of X-ray and 

inter-atomic planar spacing is presented in equation 3.1. The X-ray radiation most 

commonly used is that emitted by copper, whose characteristic wavelength for Kα 

radiation is =1.5418Å. The diffraction of X-rays can be pictured as reflection from a set 

of crystal planes as depicted in figure 3.2. Inter-planar spacing is the distance between 

the two consecutive crystallographic planes and it gives the difference of path among 

two incident waves that traveled through these crystallographic planes. If the path 

difference between two consecutive crystallographic planes is integral multiple of 

wavelength constructive interference will occur and a group of diffraction peaks can be 

observed which give rise to X-ray patterns. The mathematical form of Bragg’s law can 

be expressed as: 

nλ=2dhkl sinθ           (3.1) 
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 Figure 3.1: Illustration of Bragg’s law (Cullity, 1978). 

Intensity of diffraction peak depends on several factors which includes: different kinds of 

atoms, their thermal vibrations, unit cell, shape and size of particle and their distribution. 

Moreover it depends on the source, monochromator and detector etc. (Cullity, 1978). 

Between the path of incident beam a monochromator (Ni filter) is placed. Impinging 

incident X-ray beam on the sample’s surface results in diffraction of the beam that 

diffract in all directions of 2θ positions as depicted in figure 3.2. Diffraction peaks are 

obtained from the intensities of diffracted beam as detected by the detector. Finally 

positions and intensities of the diffracted beam are plotted. Figure 3.3 illustrates the 

diagram of X-ray diffractometer. 
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Figure 3.2: Representation of X-ray diffractometer (West, 1988). 

All the peaks appeared in the XRD spectra of four series were matched with the standard 

ICDD pattern for the confirmation of the formation of hexagonal phase. From XRD data 

structural parameters were calculated which includes: lattice constants (a,c), volume of 

cell, crystallite size, bulk density, X-ray density and porosity. The crystallite size was 

calculated using the Scherrer’s equation: 

D=kλ/βcosθ              (3.2) 

here k represents shape constant and its magnitude 0.89 in case of hexagonal system, λ 

defines wavelength of the CuKα line (1.542Å) and β represents full width at half 

maximum (FWHM) and θ reflects the angular position of the peak. 

Lattice parameters: a, c and volume of cell are measured by the equations given below: 

(
3

41
2


d
22

22

/)
2

cl
a

khkh




     
     (3.3) 

V= 0.8666a2 c            (3.4)
                   

 

The X-rays density, bulk density as well as porosity are calculated by the following 

formulae [24]; 

  ρx=
 VN

ZM

A

             (3.5)                                                                                                             
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  ρm=
hmr 2



          (3.6)                          
 

P=1-
x

m




          (3.7)
 

M represents the molar mass, r represents the pellets radii, m indicates the mass of pellet, 

Z represents the number of molecules per unit cell and for hexaferrite its value is Z=3, 

NA indicates the Avogadro’s number and V is the unit cell volume. 

3.4.3 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared (FTIR) spectroscopy is a method used to determine 

qualitative and quantitative features of IR-active molecules in organic or inorganic solid, 

liquid or gas samples. In this technique, the sample under investigation is subjected to 

infrared energy which couples with the energy of sample. Whenever energy of the 

chemical bond in the sample is in resonance with the impinging IR energy, the beam 

intensity which interacts with the sample is recorded twice i.e before and after interaction 

with the sample. A plot of intensity as a function of frequency is then plotted. The 

absorption or transmittance peaks in an infrared spectrum showed the vibrational 

frequencies of the atomic bonds. IR spectroscopy is quite useful technique in 

characterizing and gaining information about different functional groups that are active 

in the compound that can be identified from the characteristic peaks (Smith, 1999). 

3.4 .4 Impedance analyzer measurements 

It is well known that hexagonal ferrites are known to be very attractive materials 

especially when used at higher frequencies. Moreover their novel electrical properties 

has made them very attractive among scientific community. It is therefore essential to 

investigate their frequency dependent conduction behavior that involves dielectric 

polarization. Impedance analyzer is a device used to measure inductance, capacitance 

and resistance. This method provides precise testing of a dielectric material in the wide 

frequency ranges. Several dielectric parameters such as impedance, Q-factor, 

conductance and dissipation factor can be measured. It contains a power supply to 

provide an AC-voltage. Source resistance (RS) is used to provide the applied voltage 

which can be adjusted in the given range of measurement. Current flowing through the 

circuit can be amplified using operational amplifier. Operational amplifiers amplifies the 

current that flows through the resistor. Voltage gain level is automatically adjusted by 

the amplifier in order to balance the electric current drawn through a resistor and current 
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through the sample so that output signal and current are in proportional to each other. 

Four wire Kelvin connection is used to measure the voltage. In order to measure the 

voltage two wires are used and the remaining two wires carries the current across 

sample’s surface. Impedance analyzer also consists of a microcontroller that handles all 

the display buttons and keypad. Dielectric constant is calculated using the formula: 

ε = CL/εoA           (3.8) 

Here, C represents the pallet’s capacitance in farad, L represents the thickness, A is pellet 

area and εo  is the free space permittivity (Kao, 2004).  

3.4.5 Vibrating Sample Magnetometer (VSM) analysis 

In order to measure the magnetic parameters vibrating sample magnetometer was 

employed. It measures the magnetization of magnetic materials. The working principle 

of VSM is based on Faraday's law of induction according to which varying magnetic 

field produces a varying electric field. The information about the magnetic field can be 

easily obtained by measuring the change that occur in electric field. The parameters that 

can be easily calculated from VSM data are: saturation magnetization “Ms”, coercivity 

“Hc”, retantivity “Mr” and squareness ratio “Mr/Ms”. The sample under investigation is 

placed in a uniform magnetic field. Under the influence of applied magnetic field 

magnetic domains will get align with the field. How strongly the sample got magnetized 

depends on the strength of magnetic field. A magnetic field generates around the sample 

called the magnetic stray field. Stray field changes with the motion of the sample and a 

voltage is induced in sensing coils. The sample adopt a sinusoidal motion under uniform 

magnetic field. The magnetization generated in the sample is in direct relation to this 

sinusoidal current. Stronger magnetization generates large amount of induced current. 

Two set of amplifiers then amplify the induced current. All the components are 

connected to a computer. The strength of magnetization is determined from controlling 

and monitoring software. The plot of flux density versus magnetization current of the 
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specimen results in M-H loop called the hysteresis loop from which magnetic parameters 

are derived (BaneJjee, 1999; Foner, 1959; Pesch, 1983). 
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SrBaCu2-xNixNdyFe12-yO22 Y-type hexaferrites (0.00≤x≤1.0, 0.≤y≤0.1)  

4.1 Thermal analysis of SrBaCu2-xNixNdyFe12-yO22 Y-type hexaferrites 
 

To study the formation process of SrBaCu2Fe12O22 hexaferrites, TGA/DTA analysis was 

done to investigate numerous physical properties upon heating. Figure 4.1 depicts (TGA-

DTA) curves of the un-annealed sample. The curve contains total of three steps of weight 

loss. In the first step the weight loss is observed at temperature range of 98-124 °C which 

may be due to the loss of hydrated water. The second step is observed in temperature 

range of 209 to 367 °C which points towards the degradation of amino group and organic 

matter. The maximum weight loss is seen in the temperature range of 586-736 °C and is 

ascribed to complete decomposition of nitrate and carboxyl groups. Formation of metal 

oxides are confirmed at a temperature beyond 750 °C as no weight loss is observed 

above this temperature. At temperature of 103 °C a strong exothermic peak was observed 

which was attributed to evaporation of water molecules (M.J. Iqbal, 2010). At 

temperature of 415 °C, second exothermic peak was seen due to the chemical reaction 

between ions of nitrates and citric acid (M.M. Rashad, 2012). During the degradation of 

organic constituents, excessive amount of H2O, CO2 and NO2 gases were evolved in 

excess amount (A. Mali, 2004). Strong exotherm at 683 °C might be because of 

degradation of remaining surfactant used in the reaction mixture (citric acid) along with 

carbonates and nitrates (M. Ahmad, 2013a; M. Ahmada, 2012). 
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Figure 4.1: TGA, DTA and DSC curves of the as-prepared SrBaCu2Fe12O22 Y-type 

hexaferrites. 

4.2 Structural analysis of SrBaCu2-xNixNdyFe12-yO22  Y-type hexaferrites 

The XRD patterns for all samples with x= 0.0-1.0, y= 0.0-0.1 of strontium-barium-

copper based Y-type hexaferrites are presented in figure 4.2. All the samples possessed 

single hexagonal phase and belongs to the space group of R3m. The obtained patterns 

were matched perfectly with the standard pattern of (ICDD card No. 01-082-0472). 

Displacement in the position of peaks is observed which is attributed to the ionic radii 

difference of dopant and host ions i.e Nd and Ni substitution in place of Fe and Cu. As a 

result of doping in Sr-Ba-Cu based hexaferrites crystal lattice expand (Y.P. Fu, 2005).  
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 Figure 4.2: XRD patterns of SrBaCu2-xNixNdyFe12-yO22 Y-type hexaferrites. 
 

The structural parameters are calculated by the following relations (G. Dixit, 2010): 

(
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                                                                             (4.1) 

V= 0.8666a2 c                                                                                                       (4.2) 

D=



cos

k

                                                                                                           (4.3)
 

Here ‘k’ represents the constant of shape and its magnitude is 0.89 for hexagonal system, 

‘λ’ is the X-rays wavelength, ‘β’ represents full width at half maximum and ‘θ’ shows 

the angular position of peaks. 

Two major reasons are responsible for the variation in structural parameters: First is the 

smaller size of Ni ions (0.69Å) [4] replacing Cu2+ (0.72Å) (Shannon, 1976) ions in the 

hexagonal lattice (Imran Sadiq, 2014) second reason is the transfer of Fe3+ ions (0.645Å) 

(J. Bao, 2002a) into Fe2+ ions (0.76Å) (J. Bao, 2002a) upon doping Nd ions in order to 

maintain charge neutrality (Y.P. Fu, 2005). The values of crystallite size calculated lies 
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in the range of 12-20 nm as displayed in table 4.1. The values of structural parameters 

obtained for pure sample are well matched with their previous values (Kulkarni, 2004). 

Volume of cell calculated is 1213.8 Å3 and this also was in good agreement with the 

prvious values (I. Ali, 2014). It has been concluded that if the crystallite size is lower 

than 50 nm, the material can be employed in making data storage devices (A. Mali, 

2005). 

The X-ray density “ρx”, bulk density “ρm” and porosity “P” of the samples were 

calculated by the relations given below [18]; 

VN
ZM

A
x                                                 (4.4)                                                                                                             

  ρm=
hmr2



                                                                                  (4.5)                          
 

P=1-
x

m




                                                                                    (4.6)
 

M represents the molar mass, r represents the pellets radii, m indicates the mass of pellet, 

Z represents the number of molecules per unit cell and for hexaferrite its value is Z=3, 

NA indicates the Avogadro’s number and V is the unit cell volume. The variation in the 

magnitudes of X-ray density, bulk density and porosity as Nd and Ni substitutions are 

displayed in table 4.1. 
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Table 4.1: Crystalline size, cell volume, lattice constant, X-ray density, bulk density, 
% porosity and c/a ratio of SrBaCu2-xNixNdyFe12-yO22 Y-type hexaferrites. 

  

The calculated value of X-ray density for the sample with x=0 is in agreement with the 

previous literature i.e. 5.656 gcm-3 (J. Smit, 1959). Values of bulk density measured for 

the sample with x=0 is less than the X-ray density which indicates that prepared 

materials are comparatively porous.  

  

Nd-Ni 

 Contents 

D 

(nm) 

V 

(Å3) 

a  

(Å) 

c  

(Å) 

ρx 

(g/cm3) 

ρm 

(g/cm3) 

%Porosity c/a 

x=0.0, y=0.0 12.61 1213.8 5.644 43.971 5.65 2.67 52 7.79 

x=0.2, y=0.02 19.40 1195.1 5.655 43.126 5.74 3.09 46 7.62 

x=0.4, y=0.04 20.67 1184.8 5.583 43.864 5.79 2.88 50 7.85 

x=0.6, y=0.06 20.46 1185.4 5.571 44.077 5.79 3.15 45 7.911 

x=0.8, y=0.08 16.84 1167.4 5.598 43.018 5.89 2.58 56 7.68 

x=1.0, y=0.1 18.65 1189.4 5.669 42.728 5.78 2.24 61 7.53 
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4.3 FTIR analysis of SrBaCu2-xNixNdyFe12-yO22  Y-type hexaferrites 

Figure 4.3 shows FTIR spectra for the studied samples at room temperature in a wave 

number range of 400-1800 cm-1 of SrBaCu2-xNixNdyFe12-yO22 (x=0.0-1.0 and y=0.0-0.1). 

The main emphasis of the present spectral study is to locate and identify the band 

positions in all of the hexaferrite samples. It was reported earlier that the group of 

octahedral cations having maximum valences has shown the maximum frequency band 

(J. Preudhomme, 1971b; J. Preudhomme, 1972). The lowest-lying frequency bands are 

allocated to the trivalent tetrahedral cations (G. Murtaza, 2014a). The vibrational bands 

appearing at 543 and 459 cm-1 are termed as M-O stretching vibrations of hexaferrites (J. 

Preudhomme, 1971c). The spectrum of all samples of hexaferrites shows three 

vibrational bands in the wave number range of 400-1300 cm-1. The high frequency 

vibrational bands are represented as ʋ1 and ʋ2 which actually displays metal oxygen 

stretching vibration at tetrahedral sub-lattice (A-sites) and the low frequency band is 

termed as ʋ3 which corresponds to intrinsic vibrations of metal oxygen bond at 

octahedral sub-lattice (B-site). In the present study of spectral analysis the bands at (1256 

± 10) and (1088 ± 10) cm-1 are termed as higher frequency bands. Two absorption bands 

are expected for the spinel structure of present hexaferrites. The bands at (576 ± 5) and 

(533 ± 5) cm-1 are therefore confirmed the spinel structure of Sr-Ba-Cu based 

hexaferrites (Abo El-Ata 1997; R.D.Waldron, 1955; S.Hanfer, 1961). Upon doping with 

Nd ion in place of Fe ion the bond length between Fe-O shifted to higher frequency side 

because of the increase in bond length at site B. This shifting of the bands confirm that 

the Nd ions reside at B-sites. The variations in intensities and band position depends on 

the substituted ions. The preference of Ni ions to occupy the tetrahedral site is confirmed 

by the increased sharpness of the bands and this also shows the shifting of spinel blocks 

to normal structure (S.A. Patil, 1991). 
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Figure 4.3: FTIR spectra of SrBaCu2-xNixNdyFe12-yO22 Y-type hexaferrites. 
 

4.4 Dielectric studies of SrBaCu2-xNixNdyFe12-yO22  Y-type hexaferrites 

Figures 4.4 & 4.5 show the variation of εʹ and ε" versus frequency of all the prepared 

samples of SrBaCu2-xNixNdyFe12-yO22 at room temperature in the frequency range of 

1MHz-3GHz. Figure 4.4 & 4.5 depicts dielectric dispersion behavior in all the samples. 

Initially in low frequency region with the rise in frequency εʹ and ε" decreases but for 

higher frequency region both parameters remain almost constant. The dielectric 

dispersion behavior can be described in terms of inhomogeneous double structure based 

on Maxwell-Wagner model (Maxwell, 1873; Wagner, 1913b). The influence of doping 

of various ions result in relaxation mechanism in dielectric material and it appear to be 

quite interesting in case of Nd-Ni substituted hexaferrite. Doping with rare-earth ion in 

place of Fe ion results in structural distortion as RE ion has bigger size as compared to 

Fe ion (Alcantara, 2013; Bharathi, 2011a; Dascalu, 2013; Kamala Bharathi, 2011; Naik, 

2012; Pervaiz, 2012; Ramana, 2013). Doping with Nd-Ni ions in SrBaCu2-xNixNdyFe12-
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yO22 hexaferrites caused the dielectric constant to decrease. However, upto x=0.2, y=0.02 

it can be seen that there is an increase in dielectric constant and for further level of 

dopant ions substitution there is decrease in the values. This increase can be explained in 

terms of doping of RE ions in the hexagonal lattice that cause distortion in the hexagonal 

structure and also the lengths of bond that exist between Fe/RE-O increased and this 

rises the atomic polarization and as a result dielectric constant increases (Bharathi, 

2011a; Dascalu, 2013; Kamala Bharathi, 2011). 

 

Figure 4.4 : Plot of dielectric constant (εʹ) versus  frequency of SrBaCu2-xNixNdyFe12-

yO22  Y-type hexaferrites. 
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Figure 4.5: Plot of dielectric loss factor (ε") versus frequency of SrBaCu2-xNixNdyFe12-

yO22 Y-type hexaferrites. 

 

Plot of dissipation factor versus applied frequency for all the samples of SrBaCu2-

xNixNdyFe12-yO22  is depicted in figure 4.5. As in case of εʹ same kind of variation is 

observed for tan values in response to frequency i.e with the increase of frequency tan 

values decrease and shows almost constant behavior at higher frequencies. This kind of 

behavior is due to the decrease in polarization at higher frequency. The process of 

conduction in ferrites (Shaikh, 2010) can better explain the variation of tan versus 

frequency as in case of Koop’s phenomenological theory (Koops, 1951b). 

When polarization lags behind the applied field losses are generated in dielectric 

materials. The losses further generates due to the presence of impurities and lattice 

imperfections. Moreover presence of grain boundary also become the cause of losses 

(Jonker, 1959a; Mahmood, 2014). Dielectric loss is found maximum for x=0.2, y=0.02. 

The reason for this anomalous trend is the sample’s resistance that change with 

neodymium and nickel content. A resonance curve appears in tan plot and might be due 



56 

to the resonance of domain wall. At higher frequencies, the motion of domain wall are 

explained on the basis of Rezlescu’s model (Bhavikatti, 2014; Kamble, 2009). 

 

 

 
 

Figure 4.6 : Plot of Tan loss versus frequency of SrBaCu2-xNixNdyFe12-yO22 Y-type 
hexaferrites. 

 

4.4.1 AC conductivity of SrBaCu2-xNixNdyFe12-yO22  Y-type hexaferrites 

The σac is found by the equation (Mahalakshimi, 2014); 

σ=2π ε0εˈf tan                                                                                               (4.7) 

f denotes frequency, ε0 denotes the permittivity of free space, εʹ denotes the dielectric 

constant, tan represents loss factor (Jonker, 1959b; Mahalakshimi, 2014). Figure 4.7 

shows the variation of ac conductivity with frequency of SrBaCu2-xNixNdyFe12-yO22 

hexaferrite. The outcomes of the present study (Nd-Ni doping) of the prepared Y-type 

hexaferrite are quite similar to Tb3+ ions doped hexaferrites which were prepared by the 

method of sol-gel in which the hopping of electrons with frequency gets clear due to 
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active grains (Irshad Ali, 2014d). In the current work of Nd3+ doped hexaferrite the ac 

conductivity behavior is described by a double-layer heterogeneous model (Irshad Ali, 

2014a). The validity of this model is also verified by Muhammad et al. for double-

layered heterogeneous system to describe the conduction behavior of Ba2Zn2Fe12O22 

hexaferrite (Muhammad Irfan, 2015a). 

 

 

Figure 4.7: Plot of ac conductivity versus frequency of SrBaCu2-xNixNdyFe12-yO22 Y-type 

hexaferrites at room temperature. 
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4.4.2 Impedance analysis of SrBaCu2-xNixNdyFe12-yO22  Y-type 

hexaferrites 

The variation of Mʹ and M" as a function of frequency has been presented in figure 4.8 

and 4.9. Mʹ shows a constant increase at low frequencies which is the result of 

conductive relaxation while M" displays a peak that is due to dipolar relaxation. 

Furthermore, in the imaginary part of the dielectric modulus (M") all the samples showed 

well defined relaxation peak. With the increase of Nd-Ni content upto x=0.6, y=0.06, it 

was shown that the relaxation peak moved to high frequency region. However, with the 

further increase in Nd-Ni doping it moves to higher frequencies. This shifting of peaks 

can be discussed by probability of hopping per unit time (P). The peak appears at a 

characteristic frequency (fc). The equation fc=P/π represents the relation of fc and P 

(P=Jumping probability per unit time). This relation proposes that as P rises fc rises. Now 

in present system fc is first shifted to the higher frequency because in smaller Nd-Ni 

substituted samples (upto x= 0.6, y= 0.06) greater number of Fe3+ and Fe2+ ion pairs 

resides at the B-sites. The shift of fc towards lower frequency side is because of the lower 

amount of Fe3+ ions at B-sites. Because of this decrease in charge carriers “P” decreases 

and as a result fc moved to the low frequency side. (A.H.Elsayed, 2005; J. East, 1997). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Room temperature variation of electric modulus (Mʹ) versus frequency of 
SrBaCu2-xNixNdyFe12-yO22 Y-type hexaferrites. 
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Figure 4.9: Room temperature variation of imaginary part of electric modulus (M") 
versus frequency of SrBaCu2-xNixNdyFe12-yO22 Y-type hexaferrites. 

 

Figure 4.10 depicts the plot of Mʹ versus M˝. All of the samples possessed semi-circle 

shape. These plots give the information related to semi-circles. Grain boundary density 

plays the major role in conduction process. Lower frequency side of the plots represents 

the grain resistance [26]. Influence of grain boundary is prominent in the intermediate 

frequency range (Chourashiya M.G., 2008). In the high frequency region i.e the right 

side of the semi-circles represents the resistance from grain and grain boundary (Bai Y., 

2004). 
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Figure 4.10: Plots of Cole-Cole for SrBaCu2-xNixNdyFe12-yO22 Y-type hexaferrites at   
room temperature. 

4.4.3 Quality factor of SrBaCu2-xNixNdyFe12-yO22  Y-type hexaferrites 

Figure 4.11 depicts compositional and frequency based variations of SrBaCu2-

xNixNdyFe12-yO22 hexaferrite. Beyond 2.5 GHz frequency, the values of quality factor 

were obtained quite high. This suggested the possible use of the prepared hexaferrite 

materials in MLCI’s at higher frequencies (Hsing-I. Hsiang, 2013). 
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Figure 4.11: Plot of Q values versus frequency of SrBaCu2-  xNixNdyFe12-yO22 Y-type 
hexaferrites. 

4.5 Magnetic measurements of SrBaCu2-xNixNdyFe12-yO22  Y-type 

hexaferrites  

To investigate the magnetic properties of the prepared samples, vibrating sample 

magnetometer (VSM) was employed. Hysteresis loop was obtained which gives the 

relationship between magnetization and the applied field at room temperature. From 

hysteresis loops following parameters are extracted: saturation of magnetization (MS), 

remanence (Mr), coercivity (Hc), squareness ratio (SQR) and magnetic moment (μB). The 

plots of hysteresis loops for all of the hexaferrite samples at room temperature with 

formula SrBaCu2-xNixNdyFe12-yO22 (0.0≤x≤1.0, 0.0≤y≤0.1) are depicted in figure 4.12. 

Values for saturation of magnetization, remanence and corecivity were obtained and 

variation of these factors with the dopants (Nd-Ni)  is shown in Fig. 4.13. 
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Figure 4.12: Magnetic hysteresis loops for SrBaCu2-xNixNdyFe12-yO22 Y-type hexaferrites 
measured at room temperature. 

 

Y-type hexaferrite has total six sublattice sites. At octahedral sites sublattice sites of 

3bVI, 18hVI, 3aVI, and 6cVI are situated; whereas at tetrahedral sites sublattice sites of 6cIV 

and 6c∗
IV are situated. It was found that the replacement of nonmagnetic ions in the 3bVI, 

18hVI, and 3aVI sublattice sites having spin-up direction might cause reduction in 

saturation magnetization and total magnetic moment. Whereas enhancement of both 

these parameters are associated with the ions occupying 6cIV, 6cVI, and 6c∗
IV sublattice 

sites with spin-down direction (Albanese, 1977). A positive magnetization is provided by 

the magnetic ions occupying spin-up sites. While negative magnetization is due to the 

ions present at the spin down sites (Sajal Chandra Mazumdar, 2012). With the increase 

in dopant content, the value of Ms gradually increased to 38.95 emu/g for x=0.8, y=0.08 

and then by further increase of dopants concentration it decreases as shown in figure 

4.13. Nd3+  is a rare-earth electropositive ion and therefore it is situated at the octahedral 

(spin-up) sites (K. Komatsu, 2004a) and forces the Fe3+ ions to migrate from octahedral 

to tetrahedral sites. This migration leads to an increase of Fe3+ ions in the up spin sites as 
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a result balance of ions among up and down spin sites collapsed. The values of Ms and 

Mr increased upto x=0.8, y=0.08 because of increased net magnetic moment (Z.H. Hua, 

2007). Replacement of Cu2+ ions having magnetic moment 1μB (F. Shahbaz Tehrani, 

2012) by Ni2+ (F. Shahbaz Tehrani, 2012) ions having magnetic moment 2μB has favored 

to occupy the octahedral 3aVI site and as a result enhanced the super exchange interaction 

between 6cIV and 3aVI and therefore increases saturation magnetization and remanence. 

Decrease in Ms and Mr above x=0.8, y=0.08 was ascribed on the basis of two reasons. 

One of them is the difference of ionic radii of Nd3+ (0.995 Å) (Imran Sadiq, 2014) and 

Fe3+ (0.645 Å) (J. Bao, 2002a) which generates strains in the crystal and changes the 

position of local electronic states (E. Rezlescu, 1996). Moreover replacing Nd3+ ions 

with Fe3+ ions causes the super-exchange interactions among Fe-O-Fe to reduced (Y. Li, 

2000). The other reason is the spin canting that generates the cationic vacancies (D.M. 

Hemeda, 2008). Moreover increasing the concentration of Ni causes the arrangements of 

spin to deviate from collinear to non-collinear (Bai, 2000).  

 
 

Figure 4.13: The variation in Ms, Mr and Hc values with Nd-Ni content in SrBaCu2-

xNixNdyFe12-yO22 Y-type hexaferrites. 
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From Fig. 4.13, it is clearly seen that coercivity decreases with the incorporation of Nd-

Ni concentration. It was found that coercivity depends strongly on particle size, 

magnetocrystalline anisotropy and cation distribution (Jamalian, 2014). The most intense 

superexchange interactions were found for 6c∗IV, 3bVI, and 18hVI sites and play a 

substantial role for the magnetocrystalline constants. The change in the values of Hc with 

dopant contents is best explained by considering the magneto crystalline anisotropy. The 

replacement of Nd3+ ion by iron at the 3bVI and 18hVI positions, this will alter the 

position of 6c∗
IV and result in the decrease of magnetocrystalline constants and therefore 

Hc was found to decrease (A.M. Abo El Ata, 2005). The moderately low Hc values in 

present work specify that the motion of the domain wall is leading magnetization 

mechanism. All the samples reveal behavior of soft magnetic material. Hexaferrites 

having low coercivity are suitable for switching and security purposes quite useful for 

microwave devices and especially for the materials operating at high frequency 

applications (M. Ahmad, 2013b). 

The values obtained for magnetic moment (μB) of all the samples are given in Table 4.2. 

Usually both saturation magnetization and magnetic moment depict similar trend. In 

present investigation both magnetic moment and saturation magnetization rises with the 

rise of Nd-Ni contents showing a consistence behavior of both parameters (Ms & μB) (K. 

Komatsu, 2004a). As Fe-O-Fe superexchange interactions enhance with the substitution 

of Re in place of Fe and it cause increase in magnetic moment. 

In order to define the hardness of the magnetic material, squareness ratio is another 

characteristic factor which mainly depends on anisotropy of the system. The squareness 

value varies from 0 to 1 and this value determines the presence or absence of inter-grain 

group exchanges of different kinds (U. Kurtan, 2013). Values of SQR lying between 0.5-

1.0 defines the material to be hard and anisotropic in nature having single domain 

according to Day diagram. Day et., stated that for particle having values lying between 

0.05 < Mr/Ms < 0.5 comprise of pseudo single domain and while nanoparticles having 

values less than 0.05 are multi-domain and randomly oriented (R. Day, 1977). 

Squareness ratios of Nd-Ni substituted SrBaCu2-xNixNdyFe12-yO22 hexaferrites were 

calculated and presented in table 4.2. The squareness values for the studied samples are 

in the range of 0.33-0.40 which illustrate that the nature of nanoparticles are shifting 

from multi domain to pseudo single domain. 
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Table 4.2 : Saturation magnetization, remanence, coercivity, magnetic moment and 
squareness  ratio  for SrBaCu2-xNixNdyFe12-yO22 hexaferrites. 

 

  

Nd-Ni 

Contents 

Saturation 

magnetization 

“Ms”(emu/g) 

Remanence 

“Mr”(emu/g) 

Coercivity 

“Hc” (Oe) 

Magnetic 

moment 

“ B ” 

Squareness 

Ratio Mr/Ms 

x=0.0, y=0.0 13.12±0.65 4.37±0.21 1692±84.6 3.23 0.33 

x=0.2, y=0.02 20.13±1.00 6.46±0.32 822±41.1 4.96 0.32 

x=0.4, y=0.04 23.19±1.15 7.60±0.38 1550±77.5 5.72 0.33 

x=0.6, y=0.06 26.39±1.31 8.58±0.42   857±42.8 6.51 0.33 

x=0.8, y=0.08 38.95±1.94 14.20±0.71 1299±64.9 9.62 0.36 

x=1.0, y=0.1 25.10±1.25 10.21±0.51 973±48.6 6.20 0.40 
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SrBaCu2-xCoxGdyFe12-yO22  Y-type hexaferrites (0.00≤x≤1.0, 0.≤y≤0.1) 

4.6 Structural analysis of SrBaCu2-xCoxGdyFe12-yO22 Y-type hexaferrite 

Figure 4.14 displays the X-ray diffractograms of the samples SrBaCu2-xCoxGdyFe12-yO22, 

where x= 0.0 to 1, y = 0.0 to 0.1. All the X-ray diffraction patterns have revealed 

hexagonal crystal structures as they all have similar diffraction patterns. All the XRD 

patterns were indexed using ICCD Card no. (44-0206). No secondary phase was 

observed in the prepared hexaferrite samples. The reason of decrease or absence of 

secondary phase in rare earth doped hexaferrite system is that rare earth ions play the 

role of sintering catalyst that assists the development of the solid solution at lower 

temperature (N. Rezlescue, 2000). Further, divalent substitution Me2+ which in the 

present case is Co2+. This is somewhat exciting because of their occupancies in different 

blocks at different positions due to differences in sites preference (Castelize L.M, 1969). 

It was reported that Co2+ mainly occupy octahedral site with the preference of site 18h 

contrary to tetrahedral occupation of cobalt (Albanese G, 1975). 

 

Figure 4.14: XRD patterns of SrBaCu2-xCoxGdyFe12-yO22 Y-type hexaferrites. 
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The astonishing effect of substitution of Gd-Co is revealed in two vital observations 

obtained from XRD data. First an increase of the lattice constant values, second increase 

in the crystallite size. Lattice constant ‘a’ increases from 5.881 Å to 5.891 Å and ‘c’ 

increases from 43.185 Å to 43.620 Å. These are in well agreement with already reported 

literature (Muhammad Irfan, 2015b). Moreover (110) peak which is the intense peak 

initially displays a negative shift i.e towards lower angle upto x= 0.6, y=0.06, however 

with increasing Gd-Co contents peak moves to the high angle region. The (110) negative 

shift of the peak and intensity improvement with Gd-Co contents are displayed. The 

(110) peak shift is associated with rise in lattice constant due to doping of larger Co2+ 

(0.78 Å) (Muhammad Javed Iqbal, 2009a) by Cu2+ (0.72Å) (Shannon, 1976) and Fe3+ 

(0.64 Å) (J. Bao, 2002b) by larger Gd3+ (0.938Å) ion (Majid Niaz Akhtar, 2016) in 

hexagonal lattice. Different ionic radii of Cu2+, Co2+, Fe3+ and Gd3+ ions might cause 

strain in lattice (Naik, 2012), which are responsible for the parameters of crystal lattice to 

enhance and result in the expansion of unit cell. The calculated value of Vcell=1293 Å3 is 

almost the same as listed in the literature (Muhammad Irfan, 2015b). Moreover c/a ratio 

lies in the range of 7.34-7.40 that illustrates the ratio exists in the range of Y-type 

hexaferrites. The crystallite size obtained was in the range of 11-16 nm as presented in 

Table 4.3.  

The variation in X-ray density with Gd-Co contents can be related with the higher atomic 

mass of Gd3+ doped for Fe3+ of lower atomic mass. The measured value of ρx for the 

sample with x=0 is consistent with the value presented in previous study (Asmat Elahi, 

2013b) i.e. 5.31 g/cm3. The values of bulk densities obtained are lower than that of the 

corresponding X-ray densities (Sheena Xaviera, 2015). Percentage porosity varies from 

36 to 48, which may be due to reduction in X-ray density (ρx) and difference in radii of 

dopant and parent ions. The ρm, ρx and % P of the samples are tabulated in Table 4.3. 
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 Table 4.3  Crystalline size, cell volume, lattice constant, X-ray density, bulk density, 
% porosity and c/a ratio of SrBaCu2-xCoxGdyFe12-yO22 hexaferrites. 

 

4.7 FTIR analysis of SrBaCu2-xCoxGdyFe12-yO22 Y-type hexaferrites 

The FTIR spectra of the prepared samples in the wavenumber range 400-1800 cm-1 are 

displayed in figure 4.15. The absorption bands appearing at the wave numbers of 400 

and 600 cm-1 represents the stretching vibrations of tetrahedral complexes and octahedral 

complexes respectively. These bands are the indication of cations present in spinel block 

of Y-type hexaferrites (M. Ishaque, 2010).  The absorption bands of Co-O and Fe-O 

bonds appeared at 413 and 580 cm-1 confirms the spinel CoFe2O4 structure in the 

hexagonal lattice. Similarly bands around 447 cm-1 in SrBaCu2-xCoxGdyFe12-yO22 are 

termed as Me-O stretching vibrations of hexaferrite and this assures the development of 

hexaferrite structure [15, 16]. The broad band at 860 cm-1 indicates the stretching 

vibrations of Fe-O-H bonds and the band at 1444 cm-1 is due to the N 1
3
 ions. The 

difference in the position of band is expected due to the difference in Fe3+-O2- distance 

for octahedral and tetrahedral sites (C. Sudakar, 2011)..  

Gd-Co 

Content 

D  

( nm) 

V  

(Å3) 

a  

(Å)  

c  

(Å) 

ρx 

(g/cm3) 

ρm 

(g/cm3) 

%Porosity c/a  

x=0.0, y=0.0 11.92 1293.0 5.879 43.200 5.31 2.84 46 7.35 

x=0.2, y=0.02 16.17 1294.4 5.883 43.189 5.30 3.35 37 7.34 

x=0.4, y=0.04 14.16 1293.4 5.881 43.185 5.31 3.41 36 7.34 

x=0.6, y=0.06 13.22 1294.1 5.881 43.208 5.31 3.26 39 7.35 

x=0.8, y=0.08 12.08 1310.9 5.891 43.620 5.24 2.73 48 7.40 

x=1.0, y=0.1 13.28 1293.4 5.881 43.185 5.32 2.92 45 7.34 
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Figure 4.15: FTIR spectra of SrBaCu2-xCoxGdyFe12-yO22 Y-type hexferrites. 

4.8 Dielectric measurements of SrBaCu2-xCoxGdyFe12-yO22 Y-type hexaferrite 

The variation of dielectric parameters: dielectric constant (ε′), dielectric loss (ε″) and 

tan as a function of frequency are shown in figures 4.16 to 4.18. From the investigation 

of ε′ with composition, it can be visualized that the values of the dielectric constant as 

well as dispersion is enhance upon co- doping of Gd-Co. Firstly, this increase in 

dielectric constant is responsible for the induction of free charge carriers in the system 

with the Co2+ ions doping. Therefore, high conductive particles having high polarizibility 

can be responsible for the rise in dielectric constant (A. Sylvestre, 2007). Secondly, the 

rise in εʹ is elucidated with the addition of rare-earth ions. As hexagonal lattice is 

distorted upon adding rare-earth ion and causes an increase in lengths of bond present 

between Fe-O and RE-O ion situated at B-site. This rises the polarization and as a result 

dielectric constant increases (Bharathi, 2011b; G Dascalu, 2013; K. Kamala Bharathi, 

2011).  
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Figure 4.16: Plot of dielectric constant (εʹ) versus frequency of SrBaCu2-xCoxGdyFe12-

yO22 Y-type hexaferrites. 

From figure 4.17 it is observed that dielectric loss (ε″) of samples decreases 

exponentially with frequency. At lower frequencies, the dipole interactions are prominent 

and it decreases with increase in frequency which results in reduction of dielectric loss 

[47]. As a result of co-doping of Co and Gd, on one hand the cations become more 

diversified in the lattice and they can form multi-dipoles with O2- to boost the effect of 

dipole polarization (S.M. Abbas, 2007). On the other hand, the inclusion of these cations 

will efficiently stimulate the transition between Fe2+ and Fe3+ ions to decrease the 

conductance losses that result from the increase of electron hopping (R.S. Meena, 2010). 

In addition, since the radii of dopant ions are larger than that of parent ions the lattice 

constant of the crystal lattice increase and the lattice distortion occur, it will increase the 

physical activity. As a result, dielectric losses are increased (J. Zhang, 2006). 
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Figure 4.17 : Plot of dielectric loss factor (ε") versus frequency of SrBaCu2-xCoxGdyFe12-

yO22 Y-type hexaferrites. 
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Figure 4.18 : Plot of Tan loss versus frequency of SrBaCu2-xCoxGdyFe12-yO22 Y-type 
hexaferrites. 

4.8.1 AC conductivity of SrBaCu2-xCoxGdyFe12-yO22 Y-type hexaferrites 

Ac conductivity is obtained from dielectric data using the relation (P. Thompson, 1987)  

σac = εoεr ω
2tan                                                                                                      (4.8) 

where, εr= Dielectric constant, εo= Permitivity of free space (8.85*10-14 F/cm), tan=loss 

tangent, ω=Angular frequency. The variation of σac with frequency is shown in figure 

4.19, showing the linear behavior and this specifies the conduction is because of the 

existence of small polarons (S. Verma, 2012). This kind of linear increase in σac with 

frequency is because of the conduction by the transfer of electrons between the ions of 

same type of element having dissimilar valence states. The exchange of electrons in case 

of A-B sites is prominent as compared to B-sites in ferrites. This electron exchange 

increases upon applying AC field, this increases the AC conductivity (K. M. Batoo, 

2009). Moreover, the doping effect of (Gd-Co) on AC-conductivity results in a 

substantial increase in the magnitude. The doping of Gd-Co ions in the hexagonal lattice 
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improves the electron hopping between Fe3+ and Fe2+ charge carriers and this result in 

increase of conductivity (Rabia Pandit, 2014). 

 

Figure 4.19 : Plot of ac conductivity versus frequency of SrBaCu2-xCoxGdyFe12-yO22 Y-
type hexaferrites. 

4.8.2 Impedance analysis of  SrBaCu2-xCoxGdyFe12-yO22 Y-type 
hexaferrite  
Impedance analysis is comprehensive and quite useful technique to fully recognize the 

electrical properties of hexagonal ferrites which gives the data for both resistive and 

reactive contribution to conductivity upon applying AC field. Complex impedance plot 

gives a comprehensive detail of the contribution of microstructure resistances from 

grains and grain boundary. Dielectric modulus and mechanical shear modulus are 

electrical equivalent to each other. 
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Figure 4.20: Room temperature variation of electric modulus (Mʹ) versus frequency of 
SrBaCu2-xCoxGdyFe12-yO22 Y-type hexaferrites. 
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Figure 4.21: Room temperature variation of imaginary part of electric modulus (M") 

versus frequency of SrBaCu2-xCoxGdyFe12-yO22 Y-type hexaferrites. 

The plot of Mʹ and M" versus frequency has been presented in figure 4.20 and 4.21. The 

real part (Mʹ) displays a constant increase at low frequencies, which is the result of 

conductive relaxation while the imaginary part (M") displays a peak that is due to dipolar 

relaxation (N. H. Vasoya, 2006). Furthermore, in the imaginary part of the dielectric 

modulus (M") all the samples showed a well-defined relaxation peak.  

 

 

 

. 

  

 

. 
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.Figure 4.22 : Plots of Cole-Cole for SrBaCu2-xCoxGdyFe12-yO22 Y-type hexaferrites. 
 

4.8.3 Quality factor of SrBaCu2-xCoxGdyFe12-yO22 Y-type hexaferrite  

Plot of Q values versus frequency for all the prepared samples is displayed in figure 4.23. 

With the rise of Gd-Co contents the value of Q-factor rises. It was seen that maximum 

value of quality factor was attained for the sample having concentration of x=0.8, 

y=0.08. Frequency of resonance appear above 2 GHz. Hexaferrites having high values of 

quality factor are quite useful in making high frequency MLCIs, values greater than 1000 

are used in manufacturing resonator and high frequency filters [33]. 
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Figure 4.23 : Plots of Q values versus frequency of SrBaCu2-xCoxGdyFe12-yO22 Y-type 
hexaferrites. 

 

4.9 Magnetic measurements of SrBaCu2-xCoxGdyFe12-yO22 Y-type 

hexaferrites 

Figure 4.24 displays the plots of hysteresis loops for all the hexaferrite samples at room 

temperature with formula SrBaCu2-xCoxGdyFe12-yO22 (x= 0.0-1.0 and y= 0.0-0.1). It was 

observed that saturation magnetization values were found to decrease from 37.84 to 

25.39 emu/g with the increase in Gd-Co contents. The decrease in Ms can be explained 

on the basis of number of magnetic ions residing in tetrahedral and octahedral sites 

which decides the net magnetic moment in ferrite samples. In case of rare earth ions, the 

magnetic moment  was due to the localized 4f electrons (R. N. Panda, 2003). Therefore, 

replacement of octahedral Fe sites by rare earth ions in hexaferrite materials appears to 

be similar to the substitution of nonmagnetic ions. So replacement of Fe3+ ions by Gd3+ 

ions in the octahedral site decreases (Fe3+-Fe3+ interactions) and this results in reduction 

of magnetization. 
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Figure 4.24: Magnetic hysteresis loops for SrBaCu2-xCoxGdyFe12-yO22 Y-type 
hexaferrites measured at room temperature. 

The coercivity values of the Gd-Co-substituted hexaferrite samples vary from 1226.77 to 

5158.57 Oe. These values are much greater than that reported for rare earth-substituted 

hexaferrite samples synthesized by other methods and can be employed for making 

permanent magnetic materials (L.Zhao, 2006; M. M. Rashad, 2008).  On the other hand, 

with the substitution of Co2+ by Cu2+ ions ferromagnetic super-exchange interaction 

decreases and antiferromagnetic interaction increases which leads to increase in 

coercivity and decrease in magnetization (M. Atif, 2006). The values of squareness ratio 

lies in the range of 0.40 to 0.58 which describes the decrease in anisotropy of the crystal 

lattice (S. E. Shirsath, 2009). The variation of Ms, Mr and Hc with composition is 

displayed in figure 4.25. 
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Figure 4.25: The variation in Ms, Mr and Hc values with Gd-Co content in SrBaCu2-

xCoxGdyFe12-yO22 Y-type hexaferrites. 
 

The values of μB are shown in Table 4.4 and found to vary from 9.32 to 6.28 (emu/g). 

The decline of ‘μB’ may be due to the weak super exchange interactions as Fe-o-Fe super 

exchange interaction decreases with rare earth substitution in place of Fe. This kind of  

trend has already been reported by many authors (E. Rezlescu, 1996; M.Asif Iqbal, 

2013). 
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Table 4.4: Saturation magnetization, remanence, coercivity, magnetic moment and 
squareness ratio  for SrBaCu2-xCoxGdyFe12-yO22 hexaferrites. 

 

Gd-Co Content 

Saturation 

magnetization 

“Ms”(emu/g) 

Remanence 

“Mr”(emu/g) 

Coercivity 

“Hc” (Oe) 

Magnetic 

moment 

“ B ” 

Squareness 

Ratio 

Mr/Ms 

x=0.0, y=0.0 37.84±1.9 18.71±0.9 4256±212 9.32 0.49 

x=0.2, y=0.02 32.97±1.6 17.21±0.8 5158±258 8.13 0.52 

x=0.4, y=0.04 35.40±1.7 16.72±0.8 3672±184 8.74 0.47 

x=0.6, y=0.06 37.59±1.9 19.56±1.0  3131±157 9.28 0.52 

x=0.8, y=0.08 31.43±1.6 12.80±0.6 1394±70 7.77 0.40 

x=1.0, y=0.1 25.39±1.3 14.93±0.7 1226±61 6.28 0.58 
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SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites (0.00≤x≤1.0, 0.00≤y≤0.1)  

4.10 Thermal analysis of SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites 

Figure 4.26 shows the thermo gravimetric analysis of pre-sintered precursor at 950 ºC for 

6h.The thermo gravimetric curves can be sub divided into three exothermic peaks. The 

first exothermic peak which appear in the temperature range of 80-100 ºC can be due to 

the dehydration of water absorbed by the pre-sintered precursor. For the second 

exothermic peak in the temperature range of 190-328 ºC shows the breakdown of bonds 

between organic constituents of C-H and amino group. The exothermic peak in the 

temperature range of 579-793 ºC indicated the development of hexagonal structure (Z. 

Haijun, 2003). The DSC curve depicts that the sample undergoes strong exothermic 

changes, this change may be ascribed to the dehydration of molecules of water, 

decomposition of organic compounds and formation of metal oxides.  

 

 

Figure 4.26: TGA, DTA and DSC curves of the as prepared SrBaZn2Fe12O22 Y-type 
hexaferrites. 
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4.11 Structural analysis of SrBaZn2-xCoxDyyFe12-yO22 Y-type 

hexaferrites 

The XRD spectra of Y-type hexagonal ferrites annealed at 950 ºC for 6h are shown in 

figure 4.27. The magnitudes of lattice constants (a, c), cell volume, crystallite size, X-ray 

density, bulk density, porosity and c/a ratio are given in table 4.5. The value of a (Å) 

raised slightly with dopants concentration whereas the value of c (Å) decreased with 

dopants content. The unit cell volume displays the similar behavior as lattice constant a 

(Å). Crystallite size was found to increase with the dopant contents and lies in the range 

of 16-22 nm. This increase may be due to difference in the ionic radii of dopants Co2+ 

(0.78 Å) (Raghvendra Singh Yadav, 2015), Dy3+ (1.05 Å) (Raghvendra Singh Yadav, 

2015) by host ions Zn2+ (0.82 Å) (K.A. Mohammed, 2012) and Fe3+ (0.645 Å) (Z.J. J. 

Bao, 2002). The overall effect of the dopants (Dy-Co) results in the distortion of the unit 

cell. The porosity decreased upto x=0.8, y=0.08 and then increased. The reduction in 

porosity values were attributed to negative micro strain which generates compressive 

stress in the lattice whereas the rise in porosity was credited to the accumulation of small 

vacancies that gather to form the large vacancies (M.A. Ahmed, 2010).  

 

Figure 4.27: XRD patterns of SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites. 
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Table 4.5: Crystalline size, cell volume, lattice constant, X-ray density, bulk density, 
% porosity and c/a ratio of SrBaZn2-xCoxDyyFe12-yO22 hexaferrites. 

Dy–Co content D 

(nm) 

V  

(Å) 

A 

 (Å)  

c  

(Å) 

ρx 

(g/cm3) 

ρm 

(g/cm3) 

%Porosity c/a 

x=0.0, y=0.0 17.77 1301.5 5.847 43.936 5.27 2.82 47 7.51 

x=0.2, y=0.02 16.12 1286.4 5.823 43.785 5.34 2.98 42 7.51 

x=0.4, y=0.04 16.88 1299.7 5.880 43.384 5.29 3.29 38 7.37 

x=0.6, y=0.06 18.97 12984 5.877 43.380 5.30 3.02 43 7.38 

x=0.8, y=0.08 22.01 1284.3 5.828 43.635 5.36 3.17 40 7.48 

x=1.0, y=0.1 18.07 1303.8 5.877 43.563 5.28 2.66 49 7.41 

 

The obtained ratio (c/a) was identical with Y-type hexaferrites and it decreased with 

increase in amount of doping. The X-ray density shows increasing trend doping with 

Dy3+ ion and this can be due to the atomic weight of Dy3+ ion doped for Fe3+ ion of lower 

atomic mass. Also the substitution of denser additives Co (8.9 g/cm3), Dy (8.55 g/cm3) in 

less dense Zn (7.13 g/cm3) and Fe (7.87 g/cm3) cause the increment in bulk density. The 

magnitudes of bulk densities are lower as compared to X-ray densities. The difference in 

the values might be due to the occurrence of pores in the bulk samples (Alina Manzoor, 

2017). 
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4.12 Spectral analysis of SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites 

FTIR spectra of the SrBaZn2-xCoxDyyFe12-yO22 hexaferrites samples in the range of 400-

1400 cm-1 are depicted in figure 4.28. The bands appear in the range of 600-552 cm-1 and 

460-400 cm-1 shows the characteristic features of spinel based ferrites. Higher frequency 

band ν1 (around 600 cm-1) corresponds to intrinsic stretching vibrations of the metal at 

the tetrahedral site and the lower frequency band ν2 (around 400 cm-1) is caused by the 

metal oxygen vibration in the octahedral site and these bands confirmed the formation of 

hexaferrite system. These absorption bands in the FTIR spectra are affected by the metal-

oxygen bond strength and the bond length which in turn changed by the substitution of 

dysprosium for iron ions. The values of ν1 and ν2 shift to higher frequency side with 

increasing dysprosium contents. The replacement of smaller Fe3+ ions by larger Dy3+ 

ions reduces the fundamental frequency and therefore the central frequency shift towards 

the higher frequency side (K. B. Modi, 2006). The absorption band ν1 increases with 

dysprosium concentration and considerable broadening is observed for higher 

concentrations. The increase in ν2 may be attributed to the substitution of Fe3+ ions in 

octahedral sites by Dy3+ ions. The broad band at 860 cm-1 represents the stretching 

vibrations of Fe-O-H bonds and the band at 1448 cm-1 is due to the N 1
3
 ions (C. 

Sudakar, 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28 : FTIR spectra of SrBaZn2-xCoxDyyFe12-yO22 Y-type hexferrites. 
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4.13 Dielectric studies of SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites 

The variation of dielectric constant and loss factor versus frequency for different samples 

is shown in figure 4.29 and 4.30. The dielectric constant of the dysprosium-cobalt doped 

Sr-Ba-Zn hexaferrite in general decreases with the rise in frequency. The decrease of ε' 

with rising frequency is explained by the fact that above particular frequency of the ac 

applied field, the electron exchange between Fe2+ and Fe3+ ion cannot follow the 

variation of electric field. The change in dielectric constant with increasing dysprosium-

cobalt concentration may be due to the migration of the Fe3+ ions from octahedral site to 

tetrahedral site [6]. As reported earlier, the dielectric properties of materials are sensitive 

to the method of synthesis, microstructure and crystallite size. In the present case, two 

factors which have dominant effect are annealing temperature and concentration of 

dopant ions. At lower concentration Dy3+ ions are dissolved in hexagonal lattice; 

however, at higher concentration these ions cease to be dissolved resulting in the 

presence of Dy3+ ions at grain boundaries at higher dopant concentration. On the other 

hand low annealing leads to incomplete crystallization however crystallization is 

prominent at higher annealing temperature (J. P. Singh, 2011).  
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Figure 4.29 : Plot of dielectric constant (εʹ) versus frequency of SrBaZn2-xCoxDyyFe12-

yO22 Y-type hexaferrites. 
 

Due to the larger ionic radius of Dy3+ ions it occupies the octahedral sites. With the 

increasing concentration Dy3+ ions, the concentration Fe3+ ions at B-sites decreases and 

this reduces the values of dielectric constant which plays the major role in dielectric 

polarization. Moreover the reduction in dielectric constant may be attributable to the 

distribution of positive ions that disturbed as a result transfer of electron between Fe2+-

Fe3+ions halts and it reduces the polarization (Irshad Ali, 2014c).  
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Figure 4.30: Plot of dielectric loss factor (ε") versus frequency of SrBaZn2-xCoxDyyFe12-

yO22 Y-type hexaferrites. 
 

Dielectric tangent loss (tan 𝛿) of Dy-Co doped Sr-Ba-Zn hexaferrite (0.0≤x≤1.0, 

0.0≤y≤0.1) was calculated using the relation (Batoo, 2011) 

tan𝛿 =
''

'




                            (4.9) 

Where 𝜀ʹ is the real part of dielectric constant, 𝜀" is the imaginary part of the dielectric 

constant which specifies the measure of the absorption of energy by the dielectric media 

and 𝛿 represents the loss angle. The variation in tanδ with frequency is shown in figure 

4.31. The dielectric tangent loss (tan𝛿) decreases with the rise in frequency and becomes 

nearly constant at high frequency. The value of dielectric tangent loss (tan𝛿) depends on 

various factors such as stoichiometry of Fe2+ contents and structural homogeneity which 

in turn depend on the composition and synthesis methods. The decrement in loss tangent 
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in response to frequency may be due to the Maxwell-Wagner polarization (Maxwell, 

1973) and conduction mechanism in ferrites.  

 

Figure 4.31: Plot of Tan loss versus frequency of SrBaZn2-xCoxDyyFe12-yO22 Y-type 
hexaferrites. 

 

 

4.13.1 AC conductivity of SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites 

In order to understand the conduction behavior and to determine the parameters that may 

control the conduction processes in the SrBaZn2-xCoxDyyFe12-yO22 (0.0≤x≤1.0, 

0.0≤y≤0.1) samples. The AC conductivity data were collected at room temperature in the 

frequency range from 1 MHz to 3GHz as shown in Figure 4.32. The AC conductivity 

rises with the rise in dopant content. Dielectric constant and AC conductivity both are 

basically electrical properties and are well understood by the process of electrons 

exchange between Fe2+ and Fe3+ ions. Iwauchi (Iwauchi, 1971) and Rezlescu (Rezlescu, 

1974) studied the correlation between mechanism of conduction and behavior of 

dielectric in ferrites. The polarization in ferrites is due to the electron exchange between 

Fe2+↔Fe3+ ions which results in a local displacement of charges. Conduction process in 

ferrites is controlled by the magnitude of the exchange which depends on the 

concentration of Fe3+ / Fe2+ ion pairs present on B sites. During sintering some amount of 
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Fe2+ ions can also be formed due to the partial reduction of Fe3+ ions. This excess 

formation of Fe2+ ions increases AC conductivity with composition.  

 

Figure 4.32: Plot of ac conductivity versus frequency of SrBaZn2-xCoxDyyFe12-yO22 Y-
type hexaferrites 

 

4.13.2 Impedance analysis of SrBaZn2-xCoxDyyFe12-yO22 Y-type 

hexaferrites 

The variation of Mʹ and M" versus frequency is presented in figure 4.33 and 4.34. Cole-

Cole plots are presented in figure 4.35. The grain boundary density plays the major 

contribution in the process of conduction as observed from these plots. Semi circles were 

obtained whose left portion at lower frequency side represents the grain resistance 

(Y.Bai, 2004), mid frequency region represents grain boundary contribution (M.G. 

Chourashiya, 2008) and the right side portion of the semi circles represents the 

contribution of both grain and grain boundaries (M.G. Chourashiya, 2008). Doping with 

Dy-Co ions suppresses the growth of grains which results in the increase of grain 

boundary density which further increases the grain boundary resistance. 
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Figure 4.33: Room temperature variation of real part of electric modulus (Mʹ) versus 

frequency of SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites. 

 

Figure 4.34: Room temperature variation of imaginary part of electric modulus (M") 
versus frequency of SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites. 
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Figure 4.35: Plots of Cole-Cole for SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites at 
room temperature. 
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4.13.3 Quality factor of SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites 

Plot of Q values versus frequency of all the prepared samples is displayed in figure 4.36. 

With the rise of Dy-Co contents the value of Q-factor rises. It was seen that maximum 

value of quality factor was seen for the sample with the dopant concentration of x=0.8, 

y=0.08. Frequency of resonance appear above 2 GHz. Hexaferrites having high values of 

quality factor are quite useful in making high frequency MLCIs, values greater than 1000 

are used in manufacturing resonator and high frequency filters (A.M. Abdeen, 2002).  

 

 

Figure 4.36: Plots of Q values versus frequency of SrBaZn2-xCoxDyyFe12-yO22 Y-type 
hexaferrites. 
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4.14 Magnetic measurements of SrBaZn2-xCoxDyyFe12-yO22 Y-type 

hexaferrites 

The M-H loops of SrBaZn2-xCoxDyyFe12-yO22 Y-type hexagonal ferrites is displayed in 

figure 4.37. It was observed that values of (Ms), (Mr) and (Hc) enhanced upon doping in 

pure hexaferrite. Enhancement of Ms can be described in terms of occupation of dopant 

ions in pure hexaferrites. The RE-ions prefer to resides on octahedral sites of Fe with up 

spin state (G.U. Ben-xi, 1983) and that cause the saturation magnetization to enhance. In 

addition, the higher magnetic moment of the Dy3+ ions (10.74 μB) as compared to that of 

the Fe3+ (4 μB) results in the higher values of the magnetic properties. The bivalent 

element Co2+ has equal chances to reside on octahedral and tetrahedral sites in S-block 

(Gu, 1992). The transformation of Fe3+ to Fe2+ ion is favorable due to site occupancy of 

Co2+ ions in order to maintain the charge neutrality. Due to higher value of µB (3.7 µB) of 

Co2+ as compared to Zn2+ which is actually non-magnetic enhances the magnetization. 

Moreover the increase in magnetization is due to the generation of internal stress upon 

doping with Dy-Co ions. which increases the magnetic interaction among the layers and 

hence the magnetization improves (A. Majeed, 2016). 

 

Figure 4.37: Magnetic hysteresis loops for SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites 
measured at room temperature. 



94 

Figure 4.38 shows the variation of saturation magnetization (Ms), remanent 

magnetization (Mr) and coercive field (Hc) with composition for all the series. With the 

increase of rare earth ion content the value of the coercivity (Hc) rises. The rise in Hc for 

all the samples can be ascribed to an enhancement of the magneto-crystalline anisotropy 

(L. Lechevallier, 2004b) with anisotropic Fe2+ ions locating on 2a site (C. Sauer, 1978; J. 

Dho, 2005). The values obtained for all the magnetic parameters are given in Table 4.6. 

In the present investigation magnetic moment increases with the increase in Dy-Co 

content. As Fe-O-Fe superexchange interactions enhance with the substitution of Re in 

place of Fe it causes increase in magnetic moment (K. Komatsu, 2004b). 

 

Figure 4.38: Variation in Ms, Mr and Hc values as function Dy-Co content in SrBaZn2-

xCoxGdyFe12-yO22 Y-type hexaferrites. 

The values of remnant ratio reduces from 0.41 to 0.37. Generally if the squareness ratio 

has values >0.5 the material possessed single magnetic domain while having values less 

than 0.5 indicated the material has multi magnetic domains. In the present investigation 

the value of squareness ratio is less than 0.5, therefore the prepared samples suggest the 

existence of multimagnetic domains (G. Murtaza, 2014b).  
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Table 4.6: Saturation magnetization, remanence, coercivity, magnetic moment and 
squareness ratio  for “SrBaZn2-xDyyFe12-yO22” Y-type hexaferrites. 

 

Dy-Co Content Saturation 

value 

“Ms”(emu/g) 

Remanence 

“Mr”(emu/g) 

Coercivity 

“Hc” (Oe) 

Magnetic 

moment 

“ B ” 

Squareness 

Ratio 

Mr/Ms 

x=0.0, y=0.0 21.02±1.0 8.79±0.4     3571±179 5.19 0.41 

x=0.2, y=0.02 26.92±1.3 10.18±0.5    3644±182 6.65 0.37 

x=0.4, y=0.04 41.09±2.0 15.69±0.8    5383±269 10.15 0.38 

x=0.6, y=0.06 28.07±1.4 11.02±0.6     3538±177 6.94 0.39 

x=0.8, y=0.08 30.36±1.5 13.63±0.7    7817±391 7.51 0.40 

x=1.0, y=0.1 25.2±1.2 10.06±0.5    4623±231 6.25 0.39 
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SrBaZn2-xNixPryFe12-yO22 Y-type hexaferrites (0.00≤x≤1.0, 0.00≤y≤0.1) 

4.15 Structural analysis of SrBaZn2-xNixPryFe12-yO22 Y-type hexaferrites 

Figure 4.39 displayed the XRD patterns of the prepared hexaferrite materials. The 

diffraction peaks present in the spectra of XRD are well matched with the standard 

pattern of Y-type hexaferrite. Crystalline size obtained is in the range of 16-22 nm and is 

given in table 4.7. It is observed that the value of lattice parameter (a) is almost constant 

while the value of (c) increases gradually with rising Pr-Ni content. Table 4.7 displays 

the values of the lattice constants a, c and c/a ratio against the different amount of Pr 

ions. The changes observed in lattice parameter values are explained on the basis of 

larger Pr3+ ions having ionic radii of 1.013Å (Waseem Abbas, 2015) which doped for the 

smaller Fe3+ ions with ionic radii 0.64Å (Huma Malik, 2018). It indicates that hexagonal 

symmetry of the lattice is not disturbed by the dopant ions (Waseem Abbas, 2015). Unit 

cell volume was found to increase by doping with Pr-Ni ion due to the increase in lattice 

parameters (N. Adeela, 2016).  

 

Figure 4.39: XRD patterns of SrBaZn2-xNixPryFe12-yO22 Y-type hexaferrites. 
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With the substitution of Pr-Ni, bulk density is observed to decrease as shown in Table 

4.7. This may be due to the presence of dopant elements that retards the process of 

densification of the hexaferrite matrix. As lanthanide ions substitution contribute to the 

stability of the lattice (TD Nguyen-Phan, 2009). X-ray density (ρx) was found to decrease 

because of the inverse relation of unit cell volume with X-ray density. Whereas porosity 

increases from 37 to 58 which might be due to the decrement in X-ray density and 

atomic radii difference of host and dopants ions (N. Adeela, 2016). 

 

Table 4.7: Crystalline size, cell volume, lattice constant, X-ray density, bulk density, 
% porosity and c/a ratio of SrBaZn2-xNixPryFe12-yO22 hexaferrites. 

Pr-Ni 

Content 

D 

(nm) 

V 

( Å3) 

A 

(Å) 

c 

(Å) 

ρx 

(g/cm3) 

ρm 

(g/cm3) 
%Porosity c/a 

x=0.0, y=0.0 22.27 1307.6 5.887 43.569 5.25 3.29 37 7.40 

x=0.2, y=0.02 17.40 1321.0 5.871 44.256 5.20 3.03 41 7.53 

x=0.4, y=0.04 22.54 1334.9 5.886 44.496 5.11 3.19 37 7.55 

x=0.6, y=0.06 16.30 1326.8 5.898 44.044 5.18 2.15 58 7.46 

x=0.8, y=0.08 18.70 1326.1 5.877 43.338 5.18 2.59 50 7.54 

x=1.0, y=0.1 16.66 1320.0 5.872 42.207 5.21 2.55 51 7.52 
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4.16 FTIR analysis of SrBaZn2-xNixPryFe12-yO22 Y-type hexaferrites 

To describe the bonding of ions and to explore the structure based changes in the 

prepared samples Fourier transform infrared spectroscopy (FTIR) was employed. Figure 

4.40 shows FTIR spectrum of Pr-Ni substituted Sr-Ba-Zn based Y- type hexagonal 

ferrites with Pr-Ni ion content varying from x= 0.0-1.0, y= 0.0-0.1. The absorption bands 

present in the wave number range of 550-600 and 350-460 cm-1 were ascribed to the 

development of Sr-Ba-Zn hexaferrites (M. Jamalian, 2014; W. Yongfei, 2009). The 

occurrence of these bands are the result of complex vibrations of trivalent cations present 

at tetrahedral and octahedral sites in both S and T blocks. Variation in the band positions 

is due to the change in Fe3+-O2- distances for tetrahedral and octahedral sites. The broad 

peaks at about 858 cm-1 and 1443 cm-1 are due to the stretching vibration of hydroxyl 

group attained due to wet atmosphere (M. Jamalian, 2014; Zhang, 2010).  

 

 

Figure 4.40: FTIR spectra of SrBaZn2-xNixPryFe12-yO22 Y-type hexferrites. 
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4.17 Dielectric measurements of SrBaZn2-xNixPryFe12-yO22 Y-type 

hexaferrites 

Figure 4.41-4.43 display the frequency dependence compositional variation of dielectric 

constant (ε′), dielectric loss factor (ε") and dissipation factor (tan δ) for all samples. The 

dielectric constant has maximum value at lower frequencies for all the samples and 

becomes nearly constant at high frequency. At low frequencies high value of ε′ might be 

due to the interfacial polarization explained in terms of Maxwell-Wagner model 

(Maxwell, 1929; Wagner, 1913c). At low frequency, the charges accumulate at the 

interface of grain boundary and causes the ε′ to enhance and this contributes to atomic 

polarizability.  

 

Figure 4.41: Plot of dielectric constant (εʹ) versus frequency of SrBaZn2-xNixPryFe12-yO22  
Y-type hexaferrites. 
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Figure 4.42: Plot of dielectric loss factor (ε") versus frequency of SrBaZn2-xNixPryFe12-

yO22  Y-type hexaferrites. 
 

Tan δ also displays similar trend as that for ε′. Koop’s model is used to explain this type 

of behavior. Due to high resistivity of grain boundaries, higher energy is required to 

migrate the charge carriers so this results in high tan δ at lower frequencies. While less 

energy is needed at higher frequencies to overcome the barrier of energy which results in 

decrease of tan δ value. Figure 4.41 and 4.43 shows that with the rise in Pr-Ni content 

both dielectric constant and dissipation factor increased (J. Preudhomme, 1971a). This 

increase can be attributed to the addition of Pr-Ni in Sr-Ba-Zn based Y-type hexaferrites 

which replaces Zn2+ and Fe3+ ions by Ni2+ and Pr3+ ions respectively which is required 

for compensation of charge. This charge compensation of charge might be obtained 

either creating or suppressing oxygen vacancies or from conversion of Fe2+ to Fe3+ ions 

which results in the creation of cations. In the current investigation, Ni2+ ion substitution 

is likely to decrease the number of oxygen vacancies whereas Fe2+/Fe3+ ions will 

generate oxygen vacancies. Thus substitution of Pr3+ ions in place Fe3+ ions at B-site will 

rise the oxygen vacancies that results in the increase of conductivity and hence dielectric 



101 

constant (Reetu Ashish Agarwal, 2011). Relaxation peaks are observed in all the samples 

of Pr-Ni substituted Y-type hexagonal ferrite which originates from hopping of ions 

created due to oxygen vacancies. In the present study it is observed that with the rise of 

Pr-Ni relaxation peaks shift towards higher frequency. 

Variation of dielectric dissipation factor (ε") as a function of frequency is depicted in 

figure 4.42. It has been observed that energy dissipation is high in case of applied field 

whereas gets lowered as the field frequency increase. At low frequency energy loss is 

high due to the extra energy required for electron transfer between Fe3+ and Fe2+ ions. 

Power loss in the dielectric material is generated due to the internal resistance of the 

movement of each dipole. Therefore high conductive materials showed high dielectric 

losses (L. John Berchmans, 2004). Due to the higher values of dissipation factor the 

prepared samples are beneficial for the electromagnetic shielding purposes (M.J. Iqbal, 

2011). 

 

Figure 4.43: Plot of Tan loss versus frequency of SrBaZn2-xNixPryFe12-yO22  Y-type 

hexaferrites. 
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4.17.1 AC conductivity studies of SrBaZn2-xNixPryFe12-yO22 Y-type 

hexaferrites 

Figure 4.44 displays the change of ac conductivity with frequency of SrBaZn2-

xNixPryFe12-yO22. With the rise of Pr-Ni concentration the values of σac is found to 

increase. This rise in ac conductivity might be due to the higher amount of oxygen 

vacancies generated as a result of intrinsic or extrinsic process. Heat treatment process 

usually generates the intrinsic oxygen vacancies whereas extrinsic oxygen vacancies are 

generated to balance the charge neutrality. As Pr-Ni contents increase, oxygen vacancies 

are generated which improves conductivity (Kavita Kaswana, 2017). 

 

 

Figure 4.44: Plot of ac conductivity versus frequency of SrBaZn2-xNixPryFe12-yO22 Y-type 
hexaferrites at room temperature. 
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4.17.2 Impedance analysis of SrBaZn2-xNixPryFe12-yO22 Y-type 

hexaferrites 

The variation of real (Mʹ) and imaginary (M") of electric modulus is depicted in figure 

4.45 and 4.46. Figure 4.47 depicts frequency dependence of complex impedance spectra 

(Nyquist plot) for SrBaZn2-xNixPryFe12-yO22 hexaferrite samples. Due to the effect of 

grains a single semicircular arc originates as shown in figure 4.47 (S. Pattanayak, 2014). 

Compositional variation changes the shape of semicircular arc that signifies a change in 

the resistive and capacitive behavior of materials (R. Kumari, 2017; S. Rani, 2015).  

 

Figure 4.45: Room temperature variation of electric modulus (Mʹ) versus frequency of 
SrBaZn2-xNixPryFe12-yO22 Y-type hexaferrites. 
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Figure 4.46: Room temperature variation of imaginary part of electric modulus (M") 
versus frequency of SrBaZn2-xNixPryFe12-yO22 Y-type hexaferrites. 

 

 

Figure 4.47: Plots of Cole-Cole for SrBaCu2-xNixPryFe12-yO22 Y-type hexaferrites at 
room temperature. 
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4.17.3 Quality factor of  SrBaZn2-xNixPryFe12-yO22 Y-type hexaferrites 

Figure 4.48 displays the change in Q values applied frequency for Pr-Ni doped SrBaZn2-

xNixPryFe12O22 hexaferrites. Maximum value of Q-factor was obtained at high frequency 

region. The high values of quality factor and a resonance frequency beyond 2.0 GHz 

recommend that the synthesized hexaferrites can be utilized in high frequency MLCI’s 

(H.I. Hsiang, 2012).  

 

Figure 4.48: Plots of Q values versus frequency of SrBaZn2-xNixPryFe12-yO22 Y-type 
hexaferrites. 
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4.18 Magnetization measurements of SrBaZn2-xNixPryFe12-yO22 Y-type 

hexaferrites 

Figure 4.49 displays the plots of hysteresis loops for all of the hexaferrite samples at 

room temperature with formula SrBaZn2-xNixPryFe12-yO22.The magnetic parameters such 

as Ms, Mr and Hc with Pr-Ni content is depicted in figure 4.50 and Table 4.8 respectively. 

Figure 4.50 displays an increment in the values of Ms and Mr by the addition of Pr-Ni 

ions. The increase in the values depend on the occupation of metal ions doped at various 

lattice sites. The magnetic behavior of the ferromagnetic hexaferrite material is greatly 

dependent on two factors: firstly on Fe3+ ions which are randomly distributed on lattice 

sites and secondly on the strength of exchange interactions among Fe3+-Fe3+ ions. Rare-

earth doped hexaferrite material possesses 4f-3d couplings which caused interaction 

between RE3+-Fe3+ ions that can alter the magnetic properties. There is a weak 

interaction between RE3+-RE3+ ions due to the indirect coupling of 4f-5d-4f (L. Zhao, 

2007). Addition of Fe3+ ions in the up spin states (3bVI, 18hVI, and 3aVI) cause reduction 

in magnetization while the substitution in the spin-down (6cIV, 6cVI, and 6c∗
IV) states (C. 

Singh, 2008) may lead to an increase in the net magnetization [5]. The substitution of Ni 

ion is likely to replace Fe ion present in the spin down states having downward spin 

(4f2). The total rise in downward spin is likely to enhance the total µB which result in the 

increase of magnetization (L. Lechevallier, 2008). Table 4.8 displayed variation of 

coercivity upon doping Pr-Ni ions.  
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Figure 4.49: Magnetic hysteresis loops for SrBaZn2-xNixPryFe12-yO22 Y-type hexaferrites 
measured at room temperature. 

With the substitution of Pr-Ni ions coercivity is observed to increase. The magnetic 

anisotropy in the crystal structure generates from the accumulative behavior and 

contribution from the number of cations that are magnetically active. Ni2+ ions prefer to 

reside on octahedral sites (L.B. Tahar, 2008) and rise in the Ni2+ ions can therefore 

increase the single magnetic ion anisotropy which resulted in the enhancement of Hc. 

Rare-earth substituted system has stronger spin-orbital coupling, it is therefore concluded 

that with the rise of Pr ion content coercivity also increases for higher dopant level (El-

Sayed, 2007).  
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Figure 4.50: The variation in Ms, Mr and Hc values with Pr-Ni content in SrBaZn2-

xNixPryFe12-yO22 Y-type hexaferrites. 

The squareness ratio (Mr/Ms) is calculated from the magnetic data and the values are 

listed in Table 4.8. The squareness ratio is found to be in the range from 0.11 to 0.38.  

The values of magnetic moment vary from 3.34 to 10.59 (emug-1) which is in quite 

expected range of Y-type hexaferrites. As Fe-O-Fe superexchange interactions enhance 

with the substitution of Re in place of Fe it causes increase in magnetic moment. 

Enhanced coercivity and magnetization of the synthesized Pr-Ni substituted hexaferrites 

suggest the possible utilization of these materials in magnetic data storage devices (Elahi 

et al., 2013). 
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Table 4.8: Saturation magnetization, remanence, coercivity, magnetic moment and 
squareness ratio  for “SrBaZn2-xNixPryFe12-yO22” Y-type hexaferrites. 

Pr-Ni Content Saturation 

magnetization 

“Ms”(emu/g) 

Remanance 

“Mr”(emu/g) 

Coercivity 

“Hc” (Oe) 

Magnetic 

moment 

“ B ” 

Squareness 

ratio Mr/Ms 

x=0.0, y=0.0 19.01±0.9 7.38±0.4 58±2.9 4.69 0.38 

x=0.2, y=0.02 13.53±0.7 2.28±0.1 479±24 3.34 0.16 

x=0.4, y=0.04 21.88±1.0 2.44±0.1 629±31 5.40 0.11 

x=0.6, y=0.06 16.69±0.8 2.63±0.1 200±10 4.12 0.15 

x=0.8, y=0.08 38.12±1.9 9.06±0.4 677±34 9.42 0.23 

x=1.0, y=0.1 42.84±2.1 10.51±0.5 368±18 10.59 0.24 
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Conclusions 

Following four series were synthesized by sol-gel method having compositions (1) 

SrBaCu2-xNixNdyFe12-yO22 (2) SrBaCu2-xCoxGdyFe12-yO22 (3) SrBaZn2-xCoxDyyFe12-yO22 

and (4) SrBaZn2-xNixPryFe12-yO22 where x=0.0, 0.2, 0.4, 0.6, 0.8, 0.1 and y= 0.00, 0.02, 

0.04, 0.06, 0.08, 0.1. XRD analysis confirmed the formation of Y-type single phase 

hexagonal structure without any trace of impurity. The structural studies of the 

hexaferrites revealed that lattice constant increases with the substitution of RE-TM 

cations (Nd, Gd, Dy, Pr, Co, Ni).  Ionic radii differences of the parent and host ions 

caused lattice strain which are responsible for the lattice parameter enhancement and 

result in the expansion of unit cell. However the increase was non-linear. The non-linear 

trend in lattice parameter was due the larger ionic radii of dopant ions and solubility limit 

of cations Nd, Gd, Dy and Pr. The crystallite size for SrBaCu2-xNixNdyFe12-yO22 series 

was estimated within the range of 12.61 nm-20.67 nm whereas crystalline size was 11.92 

nm to 16.17 nm for SrBaCu2-xCoxGdyFe12-yO22 Y-type hexaferrites. The crystalline size 

was 16.12 to 22.01 nm for SrBaZn2-xCoxDyyFe12-yO22 Y-type hexaferrites system and 

that was 16.30 to 22.54 nm for SrBaZn2-xNixPryFe12-yO22 Y-type hexaferrites system. 

Bulk density shows increasing trend with Nd-Ni, Gd-Co and Dy-Co ion content and this 

can be related to the substitution of denser additives (Nd=7.01 g/cm3, Gd= 7.90 g/cm3, 

Dy =8.55 g/cm3, Co=8.9 g/cm3, Ni=8.90 /cm3) with less dense ions (Zn=7.13 g/cm3, 

Cu=8.96 g/cm3 and Fe=7.87 g/cm3) causes the increment in bulk density. But in case of 

Pr-Ni bulk density shows decreasing trend this also correlated with the substitution of 

less dense additives ions (Pr=6.77 g/cm3, Ni=8.90 g/cm3) in place of denser ions 

(Fe=7.87 g/cm3, Zn=7.13 g/cm3). There is also continuous increase in X-ray density. The 

%porosity of Nd-Ni doped samples lie between 45% to 61% whereas in case of Pr-Ni 

substituted samples %porosity changes from 37% to 58%, for Gd-Co doped %porosity 

varies from 36% to 48% and for Dy-Co porosity varies from 38% to 49%. Porosity 

variations is due to the variation in crystallite size and bulk density which varies within 

each series of substituted hexagonal ferrites. The absorption bands displayed by the 

spectra of FTIR correspond to the tetrahedral and octahedral sites which displays 

signature of hexagonal structure for all the samples. With the substitution of Nd-Ni in 

SrBaCu2-xNixNdyFe12-yO22  Y-type hexaferrites the dielectric constant decreases. Y-type 

hexaferrites and with the Dy-Co substitution in SrBaZn2-xCoxDyyFe12-yO22 hexaferrites. 

The reduction in εʹ is because of decreasing number of Fe ions at B-sites moreover the 
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reduction in ε′ might be attributable to the different distribution of positive ions on 

various sites as a result transfer of electron between Fe2+/Fe3+ions will be reduced i.e. the 

polarization decreases. However, upto x=0.2, y=0.02 it can be seen that there is an 

increase in dielectric constant and for further level of dopant ions substitution there is 

decrease in the values. This increase can be explained on the basis of doping of rare-earth 

ions in the hexagonal lattice that cause distortion in the hexagonal structure and also the 

lengths of bond between Fe/RE-O increased and this will rise the polarization and 

consequently the εʹ. In case of SrBaCu2-xCoxGdyFe12-yO22 and SrBaZn2-xNixPryFe12-yO22 it 

has been observed that the magnitude of the εʹ is enhanced upon co- doping of Gd-Co 

and Pr-Ni. This increase in dielectric constant is responsible for the induction of free 

charge carriers in the system with the Co2+ and Ni2+ ions doping, hence the high 

conductive particles having high polarizibility can be responsible for the rise in dielectric 

constant. Ac conductivity was found to increase with Gd-Co, Dy-Co and Pr-Ni 

substitution whereas it decreases with Nd-Ni substitution. Above mentioned results were 

well described in terms of conduction mechanism via electron-hopping between Fe2+ and 

Fe3+ ions. From impedance analysis it was observed that all of the samples have a semi-

circle shape. It is inferred from these plots that grain boundary density contributes to the 

conduction. The values of quality factor obtained were high and existed above 2.5 GHz 

frequency. That suggested the possible use of the prepared hexaferrite materials in 

MLCI’s, resonators and filters operating at high frequency. Doping with Nd-Ni, Dy-Co 

and Pr-Ni rises both the saturation of magnetization and remanence in the range 13-42 

emu/g but substitution with Gd-Co ions results in decrease in saturation magnetization 

and increase in remanence. Whereas, the value of coercivity increases by rising the 

amount of Gd-Co, Dy-Co and Pr-Ni ions whereas it decreases for Nd-Ni ions 

substitution. The values and variations in magnetic parameters are discussed on the basis 

of occupation of cations substituted on the preferred sites and the strength of exchange 

interactions. On the basis of dielectric data it can be concluded that these hexaferrite 

systems have good response at high frequency, especially in GHz range. On the basis of 

magnetic data, it can be concluded that Dy-Co doped strontium-barium-zinc hexaferrites 

and Gd-Co substituted strontium-barium-copper hexaferrites may be more beneficial in 

making permanent magnets because of the high values of magnetization and coercivity. 

Pr-Ni doped (Sr-Ba-Zn based) Y-type hexaferrites and Nd-Ni doped (Sr-Ba-Cu based) 

hexaferrites are proved to be suitable materials for manufacturing sensors and fabricating 

high frequency EM devices. 
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The use of rare earth magnets has been greatly in demand by the industrialists, research 

in the field of rare earth magnets finds a huge potential. The current research when seen 

from a broad prospective is minute considering the immensity of this field and also the 

subject of magnetism will be always attractive and exciting subject for researchers in the 

coming future.  
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