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Abstract  

In this chapter, common experimental techniques and preparation conditions adopted for 
the synthesis of M-type hexaferrites and their influence on the magnetic properties are 
briefly reviewed. The effects of various strategies of cationic substitutions on the 
properties of the hexaferrites are addressed. Further, our synthesis and findings on Co-Ti 
substituted hexaferrites are presented. It was found that Co-Ti substitution results in 
improving the saturation magnetization, and reducing the coercivity down to values 
favorable for high- density magnetic recording. Also, evidence of inter-particle 
interactions in the particulate samples was observed.   
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1. Introduction

Permanently magnetizable materials have acquired great scientific, as well as industrial 
and technological interest due to their crucial role in the fabrication of essential 
components for a multitude of devices and machines in active use nowadays. The search 
for new magnetic materials for high performance magnet applications has led to an 
exponential growth in both the scientific research in this field, and the investment in the 
development of such materials. This development in materials research was driven by the 
evolution of new technologies, and the ever increasing demand for the improvement in 
efficiency, better machine designs, and device miniaturization. The vigorous search for 
cost-effective magnetic materials had been driven by the large market share of permanent 
magnet industry, rated at more than $15 billion in 2012, and expected to grow up to over 
$28 billion by the year 2019 [1].  

The discovery of M-type hexagonal ferrites (MFe12O19, where M = Ba, Sr, Pb) in the 
early 1950s can be considered one of the most important discoveries in the field of 
materials development, functionalization, and commercialization during the past few 
decades. The predominance of these materials in modern magnet industry since 1987 
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stems from their cost-effectiveness, in addition to their chemical stability, suitability for a 
wide range of applications, and high performance at relatively high temperatures [2-5]. 
The basic structural, electrical and magnetic properties of these ferrites are discussed in 
many previously published works [6-10].   

The suitability of a magnetic material for specific applications is mainly determined by 
the requirements of these applications. For permanent magnet applications, high 
coercivity and high saturation magnetization are required. For magnetic recording 
purposes, however, the high coercivity requires an unfavorably high writing field, which 
entails high power consumption, and undesirable large device volume. The use of low 
coercivity material, on the other hand, may involve the risk of losing recorded data as a 
consequence of the susceptibility of the material to be demagnetized by stray fields. 
Consequently, a happy balance is called for. This requires modification and tuning the 
magnetic properties to fit the requirements of low power consumption and device 
miniaturization on the one hand, and minimize the risk of losing stored information on 
the other hand. The required value of the coercivity, however, depends on the specific 
application. While coercivities as low as 300 – 400 Oe could be used for low-density 
magnetic recording applications, higher coercivities in excess of 1000 Oe are required for 
high-density video recording applications [11]. The scenarios for tailoring hexaferrites 
with modified magnetic properties for specific applications included the adoption of 
different synthesis techniques to control the grain size and morphology of the produced 
ceramic, the variations of the stoichiometry of the starting powders and the experimental 
conditions, and the substitutions for the metal ions in the standard compound. These 
issues are addressed briefly in the following sections. Further, due to the scarcity of 
literature concerning the magnetic properties of Co-Ti substituted SrM hexaferrites, we 
dedicated forthcoming sections to the presentation and discussion of our findings 
concerning the structural and magnetic properties of these ferrites. 

2. Synthesis techniques for the preparation of M-type hexaferrites

The conventional ceramic method is widely used for commercial production of 
hexaferrite powder. This technique, however, could be ineffective in controlling the grain 
size and morphology of the ferrite powder product. Accordingly, several other techniques 
involving chemical routes were adopted for the production of the magnet powders. The 
synthesis of ferrite powders by the various techniques often involved variations of the 
experimental conditions in determining the optimal conditions for the production of 
highly pure, high quality powder. Among others, the main factors taken into 
consideration in synthesizing the ferrite powders included: heat treatment, chemicals used 
in the starting powders, and stoichiometry of the precursor powder.  
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In the following subsections, the main techniques used to prepare ferrite precursor 
powders are briefly discussed. Further details on this matter are found in a previously 
published review article [2].  

2.1 Conventional ceramic method 

The standard ceramic method involving mixing and sintering appropriate molar ratios of 
metal oxides and carbonates precursor powders is a simple method which is widely used 
in the production of ferrite magnetic materials [12, 13]. Ball milling the starting powders 
provides smaller particle size and better homogeneity of the resulting ferrite precursor 
powder, allowing for better crystallization of the ferrite at lower sintering temperatures 
[2, 14]. Usually, the starting powders (usually α-Fe2O3 and divalent metal (Ba or Sr) 
carbonate) are mixed and dry-milled or wet-milled by balls in vials made of a 
mechanically hard material such as stainless steel, zirconia, and tungsten carbide. Wet 
milling in water, alcohol, or acetone media, for example, improves the milling efficiency. 
The ball-powder mass ratio is usually in the range 8 – 14, while the powder to liquid ratio 
is typically 1:1 [8, 15]. The product is then dried, and the resulting dry powder is 
compressed into desired shapes at high pressure for near full densification (~90% of the 
theoretical density of 5.28 g/cm3 for BaM and 5.11 g/cm3 for SrM). The compacts are 
then sintered at high temperature (900° C – 1300° C) for few hours. Compaction of wet-
milled BaM powder at a pressure of ~ 250 MPa, and sintering at 1220° C for 3 h resulted 
in a density of the pellets of about 90% of the theoretical density [16], while compaction 
at ~ 500 MPa and sintering at 1100° C for 2 h was reported to result in ~ 80 – 93 % 
densification [17]. On the other hand, pellets compacted at 30 MPa and sintered at 1150° 
C were reported to have a density below 70% of the theoretical density [18].     

The quality of the product was found to depend on the Fe:Ba molar ratio in the starting 
powder. Molar ratios of Fe:Ba ≥ 12 in the starting materials resulted in the coexistence of 
unreacted α-Fe2O3 phase with the major M-type phase [19-21]. In a detailed investigation 
of the effect Fe:Ba ratio on the quality of the synthesized powders, the optimal ratio for 
the production of a single BaM phase was found to be 11.7 [20]. On the other hand, a 
detailed and careful study indicated that Ba-rich starting powder mixtures (Fe:Ba < 11) 
resulted in the coexistence of BaFe2O4 spinel phase with the major M-type phase at 
temperatures < 1000° C, and the evolution of more complex oxides such as Ba3Fe2O6 at 
higher temperatures [22]. 

2.2 Coprecipitation technique 

This wet chemical technique allows for better reaction of the starting materials at the 
molecular level, and improves the product quality due to the homogeneity of the metal 
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hydroxides co-precipitated in an aqueous solution of metal salts with the aid of a base 
(like NaOH) [23]. Appropriate molar ratios of metal chlorides or nitrates are usually 
dissolved to form homogeneous solutions which are subsequently mixed, and the base is 
then added drop by drop to promote the precipitation of metal powders. The co-
precipitated powders are washed and dried, and the desired M-type hexaferrite is 
obtained by sintering this dried powder [24]. The required sintering temperature in this 
method is significantly lower than that required by the conventional solid-state reaction 
route [25, 26], and the starting solutions normally contain a Fe:Ba ratios lower than the 
theoretical stoichiometric ratio of 12 [27-30]. In a variation of the method [28], chloride 
gas was bubbled through a concentrated solution of NaOH to produce NaClO and NaCl 
solutions to which an appropriate amount of Fe(NO3)3.9H2O was added. Then 
BaCl2.2H2O was added to the deep purple solution at Fe:Ba ratio of 10. The solution was 
left for 24 h, and then heated at 80° C for 1 h. The solutions were then filtered and rinsed 
to remove the residual chloride and alcohol. This process leads to the formation of 
crystalline barium hydroxide, and amorphous ferrihydrite which is structurally related to 
the hexagonal α-Fe2O3, and thus promotes the evolution of the BaM phase with heat 
treatment. The results of the study indicated the formation of a pure BaM phase at a low 
temperature of 800° C. 

The effects of the experimental conditions on the quality and properties of the M-type 
powders prepared by this method were investigated by several workers [30, 31]. The 
increase in pH from 9 to 13, or the decrease of Fe:Sr ratio in SrM ferrites prepared by 
coprecipitation was reported to promote the formation of the M-type phase with reduced 
grain size and with the minimum coercivity of 4733 Oe and maximum saturation 
magnetization of 51 emu/g [30]. Further the grain size of BaM hexaferrite with Fe:Ba = 
10 was reported to decrease with the increase of pH from 11 to 12.5, while for the 
samples with Fe:Ba = 10.5 or 11, the grain size increased with increasing pH [31]. The 
highest saturation magnetization of 66.1 emu/g was reported for the sample with Fe:Ba = 
10 prepared at pH = 11 and sintered at 920° C, which decreased to 43.6 emu/g at pH = 
12.5. On the other hand, increasing pH resulted in an increase in coercivity from 3400 Oe 
to 4334 Oe, which is consistent with the decrease of the particle size. The sample with 
Fe:Ba = 11, however, exhibited the highest coercivity of 4585 Oe at pH = 11, which 
decreased down to 4435 Oe with increasing pH value up to 12.5. Concurrently, the 
saturation magnetization of this sample decreased from 60.1 emu/g at pH = 11 to 46.2 
emu/g at pH = 12.5.  

In a yet another study, it was demonstrated that the saturation magnetization of the 
coprecipitated powder improved from about 25 emu/g to about 65 emu/g upon increasing 
the sintering temperature from 640° C to 920° C [32]. Also, the coercivity improved 
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slightly from 5264 Oe at 640° C to 5791 Oe at 920° C, which is indicative of single 
domain particles with typical high coercivity. Drastically different results, however, were 
obtained for BaM with Fe:Ba = 12 at pH =12, and sintered at 1300° C, where a saturation 
magnetization of about 60 emu/g was found, but a rather low remanence of about 15 
emu/g and coercivity of 860 Oe were reported [33]. The low coercivity is probably due to 
the large grain size of several microns in this sample. 

2.3 Sol-gel method 

This method is used to synthesize magnetic powders with controlled particle size 
distribution. In the standard technique, water solutions of metal chlorides or nitrates are 
mixed under constant stirring. In the citrate sol-gel method, an appropriate molar ratio of 
citric acid (C6H8O7) is then added to the solution under constant stirring. The pH of the 
solution is adjusted in the range 7 – 9 by an addition of a basic solution drop wise with 
constant stirring [25, 34]. The solution is evaporated at about 80° C, and the resulting 
highly viscous gel is dried, and sintered to produce the required hexaferrite phase.  

Modifications on the technique to improve the quality of the product, and investigate the 
effects of the experimental conditions were carried out by several investigators. In a 
variation on the technique, SrM ferrites were prepared by dissolving metal chlorides in 
citric acid to provide an acidic solution with very low pH, and the powders were 
subsequently calcined at 1000° C [35]. SrM ferrite prepared by this method exhibited a 
low saturation magnetization of 30.61 emu/g, and a coercivity of 2213 Oe. On the other 
hand, in a previous study [36], an aqueous solution of Fe(NO3)3 was precipitated with the 
aid of ammonia. The precipitate was then dissolved in citric acid with BaCO3, keeping 
the molar ratio of Fe:Ba = 11.6, and ethylene glycol and benzoic acid were added to the 
transparent solution. The solution was evaporated at 60° C to produce a highly viscous 
gel, which was subsequently dried by heating at 170° C. The dried gel was then heat 
treated in two different ways. In route a, gel samples were placed in the furnace and the 
heating temperature was set at 1050° C with a heating rate of 4.5° C/min. Different 
samples were removed from the oven at different temperatures and quenched to room 
temperature in air. The samples obtained by this route were annealed at different 
temperatures for different periods of time. In route b, the samples were preheated at 450° 
C for 5 h prior to heating at temperatures in the range from 500° C to 1050° C for 5 h at 
the same heating rate. Samples prepared by route a in the temperature range of 300 – 
500° C revealed the formation of γ-Fe2O3 and BaCO3 phases and exhibited soft magnetic 
properties with specific magnetization (measured at 15 kOe) falling in the range 25 – 34 
emu/g. The BaM phase developed at temperatures ≥ 550° C, and its fraction in the 
powder increased with increasing the heating temperature. In addition, α-Fe2O3 
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intermediate phase developed in the temperature range of 550 – 900° C, and BaFe2O4 
was observed in the temperature range of 650 - 750° C. The coercivity increased sharply 
for powders annealed at temperatures above 650° C, reaching about 4200 Oe for powders 
annealed at temperatures 800 – 900° C. The saturation magnetization for powders heated 
at this temperature range also increased up to 65 emu/g, to be compared with 44 emu/g 
for the sample annealed at 650° C. At temperatures > 900° C, the coercivity decreased, 
reaching about 3400 Oe at 1050° C, and the specific magnetization increased up to ~ 69 
emu/g.  The samples prepared by route b exhibited a significant improvement of the 
magnetic properties in the whole temperature range, and optimum magnetic properties 
(specific magnetization of 70 emu/g and coercivity of 5950 Oe) were obtained in the 
range 900 - 950° C [36]. 

2.4 Auto-combustion method 

In this modified citrate sol-gel method, self-propagating combustion of the gel occurs 
upon heating on a hot plate [37-39]. The starting homogeneous solution is prepared from 
metal nitrates and citric acid or ethylene glycol fuel with preset molar ratios, and the pH 
of the solution is adjusted in the range of 7 – 8 by adding a basic solution [40]. The 
solution is dehydrated by heating at 80° C resulting in a brown/yellow gel, which is 
subsequently heated at 220 – 240° C to promote auto-combustion yielding foamy powder 
[41, 42].  The ferrite powder is then obtained by subsequent grinding and sintering the 
powder at temperatures > 600° C. 

Among the experimental variables which influence the properties of the prepared ferrite 
is the cation-to-fuel ratio and the Fe:Ba ratio [42]. An increase in this ratio from 1:1 to 
1:2 was found to improve the magnetic properties,  resulting in BaM with saturation 
magnetization of 55 emu/g, remanence of 28 emu/g, coercivity of 5000 Oe, and energy 
product of 1.013 MGOe, almost double the magnetic parameters obtained by using a 1:1 
ratio [43]. Also, the properties of ferrite powders calcined at 900° C were found to be 
affected by the Fe:Ba ratio. Samples produced with Fe:Ba = 11 exhibited a saturation 
magnetization of 51 emu/g and coercivity of 4700 Oe, which improved to about 67 emu/g 
and 5650 Oe by using Fe:Ba = 9. In addition, the saturation magnetization increased with 
increasing the calcination temperature from 700° C to 1000° C, and the coercivity 
increased with increasing temperature up to 900° C, and then decreased down to 4500 Oe 
at 1000° C due to the presence of large particles growing at high temperatures.  

2.5 Citrate precursor method 

This method (also known as the Pecchini method) is used to prepare ultrafine barium 
ferrite powders at low temperatures via the decomposition of precipitated barium iron 
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citrate complex [2, 44, 45]. The starting solution is prepared by dissolving stoichiometric 
ratios of Fe and Ba nitrates in deionized water, to which citric acid is added with the 
cation-to-citric acid molar ratio of 1:1. The solution is mixed while adding ammonia 
dropwise to increase the pH and improve the homogeneity of the solution. The solution is 
then heated at 80° C to improve the reaction and remove excess ammonia. Then barium 
iron citrate complex is precipitated by alcohol dehydration through the transfer of the 
solution drop by drop into ethanol with constant stirring. The yellowish precipitate is 
subsequently filtered and dried in an oven. The citrate precursor is decomposed at a 
temperature of 425 – 470° C, resulting in ~ 10 nm particles [44, 45]. These particles are 
normally superparamagnetic at room temperature, and subsequent sintering is required to 
obtain the BaM powder. Sintering the decomposed powder at 600° C resulted 50 nm 
particles with saturation magnetization of about 33 emu/g and a coercivity of about 580 
Oe, whereas sintering at 700° C resulted in particle growth (to still below 100 nm), and a 
sharp increase in coercivity up to 4800 Oe, with a slight increase in saturation 
magnetization to 35 [44]. It is worth mentioning that the saturation magnetization is an 
intrinsic property of the material, while the coercivity depends on extrinsic parameters 
such as the particle size. Accordingly, the observed behavior of the magnetic parameters 
could be an indication that sintering at higher temperatures had the mere effect of 
increasing the particle size, transforming the powder from superparamagnetic in nature to 
an assembly of single domain particles with typically high coercivity. Further, it was 
demonstrated that BaM powder prepared by the citrate precursor method and sintering at 
700° C was composed of 60 nm particles with the saturation magnetization of 61.5 
emu/g, whereas samples fired at 750° C and 800° C exhibited particle growth into the 
range 80 – 100 nm [46]. 

2.6 Hydrothermal synthesis 

In this method, aqueous solutions of metal nitrates are coprecipitated with a strong base 
solution such as NaOH or KOH with the appropriate OH−:NO3

− and Fe:Ba ratios. The 
solution containing the metallic precipitates are then hydrothermally treated in an 
autoclave at temperatures in the range 150 – 290° C. The resulting particles are then 
filtered, washed and dried in an oven. To improve the magnetic characteristics of the 
product, the dried powder is sintered at temperatures of 1100 - 1200° C.  

The experimental conditions including the hydroxide-nitrate ratio, the Fe:Ba ratio, the 
hydrothermal heat treatment temperature and duration, and the sintering temperature of 
the powder were found to be critical parameters for the properties of the final product 
[47].  Normally, hydroxide to nitrate ratio > 2 was found to be necessary for the 
formation of BaM, where lower ratios resulted in presence of intermediate iron oxide 
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phase [47, 48]. However, hydrothermal treatment of aqueous solutions with much higher 
hydroxide-nitrate ratios (16) at temperature 150° C resulted in the formation of 
superparamagnetic particles ~ 10 nm in diameter [49, 50]. Further, the duration of the 
hydrothermal treatment was found critical for the formation of M-type phase. For 
example, samples prepared with Fe:Ba = 8 and OH−:NO3

− = 2 at 230° C were found to 
contain α-Fe2O3 as a major phase for heat treatment periods ≤ 10 h, whereas BaM phase 
was formed in the sample heat treated for 25 h [47]. 

The Fe:Ba ratio was also found to be crucial to the formation of the M-type using 
hydrothermal synthesis. A ratio < 10 was found necessary for the formation of BaM 
phase in samples prepared at a reaction temperature of 230° C for 48 h with 
fixed hydroxide-nitrate ratio of 2, where higher values resulted in the predominance of 
iron oxide in the product [47].  

2.7 Molten salt method 

This procedure is used to synthesize M-type hexaferrites with large crystals. The basic 
procedure involves mixing the reactants (barium carbonate and iron oxide precursor 
powders) with a solvent consisting of NaCl-KCl salt mixture, and heating the reaction 
mixture at 800 - 1100° C [51]. The procedure results in a dry cake in which the magnetic 
hexaferrite powder is entrapped.  The dried body is then crushed and washed with 
distilled water to remove the salt, and the magnetic powder is obtained. Large variations 
of the magnetic properties were revealed depending on experimental conditions including 
the starting reactants, solvent composition and purity, and the heat treatment [51, 52]. 
Hexagonal plates of BaM with basal dimension < 1.5 μm and optimal magnetic 
properties (saturation magnetization of 72 emu/g, and Hc = 4300 Oe) were synthesized 
under optimal experimental conditions [51]. 

In a variation to the method, BaM powder is first prepared by coprecipitation, and the 
coprecipitated particles are mixed with KCl flux at a BaM to salt weight ratio of 1:1 [53]. 
BaM particles were synthesized by initially heating the mixture at 450° C, and then at 
950° C. The product was then washed with deionized water to remove the salts, and dried 
at 80° C in an oven. 

2.8 Glass crystallization method 

In this method, the ferrite powder is mixed and melted with a glass matrix. Subsequently, 
the melt is rapidly quenched to produce an amorphous matrix containing the ferrite. The 
crystallization of the hexaferrite phase is achieved by annealing at temperatures > 600° C, 
and the magnetic ferrite is retrieved by dissolving the amorphous matrix in a dilute acid, 
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which does not dissolve the hexaferrite phase [54, 55]. Samples prepared by this method 
at different heat treatments revealed coercivity ranging from 2600 Oe to 5350 Oe [56].  

2.9 Spray pyrolysis method 

A system consisting of an ultrasonic droplet generator, a quartz high-temperature reactor, 
and a powder collector was used for the preparation of hexaferrite [57-59]. The droplets 
of the precursor solution are injected into the reactor by a gas flow, which can be 
adjusted for optimal results. The evaporation of the droplets at 900° C resulted 
in a powder consisting of spherical particles. Improvement of the magnetic 
properties was achieved by subsequent heat treatment. As expected, the post heat 
treatment influenced the particle size and coercivity greatly, and the sample heat-
treated at 800° C revealed a high coercivity of 6000 Oe [60]. 

2.10 Further developments in synthesis routes 

The pursuit of high-quality hexaferrite materials with high magnetic properties have led 
to the development of a variety of powder synthesis routes, some of which were 
discussed in the previous subsections. The final product, depending on the stoichiometry 
of the starting powder or solution mixtures and the adopted experimental conditions, 
often resulted in secondary phases which influenced the magnetic properties negatively. 
Accordingly, various remedies were proposed to improve the purity of the ferrite powder 
and enhance its magnetic properties. These include modifications of the prevailing 
experimental conditions and combining synthesis routes, as well as proposing new 
synthesis methods. 

Barium hexaferrite powder prepared by the conventional ceramic method and calcined at 
900° C was reported to be composed of a mixture of equilibrium phases, consisting of 
BaM and the intermediate BaFe2O4 and Fe2O3 phases [61]. Small additions of B2O3, 
however, was found to result in a single BaM phase with enhanced remanent 
magnetization at such low sintering temperature. Specifically, the sample with 1 wt.% 
B2O3 addition revealed remanence magnetization of 28 emu/g, saturation 
magnetization of 54 emu/g, and coercivity between 2000 and 3000 Oe; these properties 
are suitable for magnetic recording applications. Further improvements of the magnetic 
properties were achieved with B2O3 addition and etching with diluted HCl solution [62]. 
Specifically, the sample with 0.1 wt. % B2O3 exhibited a rather high remanent 
magnetization of 34.9 emu/g and magnetization of 63.3 emu/g measured at 1.5 T applied 
field. The coercivity, however, did not exhibit a systematic behavior with HCL washing, 
and the enhancement of the remanence and saturation magnetization were attributed to 
the removal of nonmagnetic impurity phases which may not be detectable by XRD. 
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The coercivity of BaM magnets prepared by ball milling and sintering was also found to 
be enhanced by small additions of V2O3 due to the formation of finer powders with 
smaller average particle size and narrower particle size distribution [63]. At low V2O3 
concentrations (0.7 wt.%) BaM samples sintered at 1100° C reveled an increase of the 
coercivity from 3.5 kOe to 4.1 kOe, while the saturation magnetization and remanent 
magnetization remained almost the same as for the un-doped sample (68.6 emu/g and 
37.4 emu/g, respectively). At 3.5 wt.% V2O3, however, significant fractions of 
nonmagnetic secondary phases were observed, and the saturation magnetization and 
remanent magnetization reduced dramatically down to 21.8 emu/g and 11.4 emu/g, 
respectively. Higher sintering temperatures improved the saturation magnetization (26.6 
emu/g at 1300° C) and reduced the coercivity down to 1.6 kOe. The saturation 
magnetization and remanence were improved significantly (to 59.6 emu/g and 32.8 
emu/g, respectively) by adding an extra 14 wt.% BaCO3 (for (Fe+V):Ba = 6.3), sintering 
at 1200° C, and washing with diluted HCl solution. The coercivity of the product was 2.1 
kOe, and the relatively high remanent magnetization makes the product suitable for 
magnetic recording media. 

The oxalate precursor route adopted for the synthesis of BaM ferrite was found to 
produce a powder with a rather low coercivity [64]. In this method, metal chlorides with 
Fe:Ba = 12 were dissolved in equal amounts of oxalic acid, and mixed with continuous 
stirring using a magnetic stirrer for 15 min. The solution was then heated at 80° C with 
constant stirring and dried at 100° C overnight. The dried powder precursors were then 
annealed at temperatures in the range of 800 – 1200° C for 2 h. The prepared powders 
exhibited an increase of both the saturation magnetization and coercivity with increasing 
the annealing temperature from 900 to 1100° C. The maximum saturation magnetization 
was found to be 66.36 emu/g, while the maximum coercivity was only about 640 Oe.  

The direct crystallization of BaM ferrite from an aerosol was realized for the first time by 
a combination of pyrolysis and citrate precursor methods [65]. The barium iron citrate 
precursor solution with Fe:Ba = 12 was nebulized at a flow rate of 0.5 ml/min to produce 
a stream of fine droplets, which was passed through the low-temperature furnace (200 – 
250° C) of the reactor to evaporate the solvent. The dried barium iron citrate particles 
were subsequently passed through a high-temperature furnace, resulting in a powder 
consisting of submicron hollow spheres with a rather low saturation magnetization of 5.6 
emu/g and a coercivity of 2500 Oe. Further heat treatment of the powder at 1000° C 
improved the magnetic properties significantly, where the saturation magnetization 
increased up to 50.0 emu/g and the coercivity to 5600 Oe. When the powders were hand 
milled to eliminate the effects of particle aggregation, the coercivity of the heat-treated 
sample further increased to 5900 Oe, but the saturation decreased to 42.6 emu/g. The 
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obtained coercivity by this synthesis route is probably one of the highest reported for pure 
BaM ferrite. 

In addition, a new synthesis route, named ammonium nitrate melt technique (ANMT) 
[66], was proposed for the production of high-quality BaM ferrite using low Fe:Ba ratios 
[67]. In this method, the desired proportions of BaCO3 and Fe2O3 powders were mixed 
with the ammonium nitrate melt and stirred with a magnetic stirrer. The resulting thick 
solution was evaporated at 260° C, resulting in a reddish precipitate which was 
subsequently preheated at 450° C for 5 h. Parts of the resulting powder were then heat 
treated at temperatures in the range of 800 – 1200° C to identify the optimal heat 
treatment. The results of the study revealed that the powder with Fe:Ba ratio of 2 gives 
the highest saturation magnetization. When this powder was sintered at 1100° C, a 
mixture of BaFe2O4 and BaM phases was observed. Upon washing the powder with HCl 
solution, the BaFe2O4 phase disappeared, and a single BaM phase with the saturation 
magnetization of 66.7 emu/g, remanent magnetization of 38.5 emu/g and coercivity of 
4228 Oe was obtained. 

The above discussion indicates that the synthesis method and the experimental conditions 
play a critical role in the quality and magnetic properties of the produced hexaferrite 
powder. Hexaferrites with high coercivity and saturation magnetization are suitable for a 
wide variety of permanent magnet (PM) applications, including low-power motors in 
home appliances, motors and switches in auto-industry, loud speakers, current meters, 
magnetic seals, magnetic shielding, toys, etc. Ferrites with lower coercivities, however, 
are suitable for magnetic recording applications. While materials with coercivities in the 
range of few hundred Oe can be used for low density longitudinal magnetic recording 
(LLMR) media, materials with higher coercivities up to 1200 Oe can be used for high-
density longitudinal recording media (HLMR). Materials with higher coercivity are not 
suitable for longitudinal recording, and can effectively be used for high-density 
perpendicular recording (HPMR) applications. The production of a hexaferrite material 
with the desired properties requires optimization of the experimental procedures to 
produce high quality single-domain powders with controlled particle size. In Table 1, 
some of the experimental findings concerning the magnetic properties of M-type 
hexaferrites with the potential permanent magnet and magnetic recording applications are 
presented. 
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Table 1: Magnetic properties of M-type hexaferrites prepared by different techniques. 
Synthesis Method Ms (emu/g)  Mr (emu/g) Hc (Oe) Application Reference 

 
 
Conventional Solid 
State Method 

61 32 2080 HPMR [68] 
49 24 1005 HLMR [69] 
57  1943 HPMR [70] 
72  4200 PM [71] 
71 37 4020 PM [72] 
60  4000 PM [73] 

 
 
 
Coprecipitation 

64 31 4700 PM [74] 
72  5340 PM [75] 
69 36 5440 PM [76] 
65  5540 PM [77] 
70  5044 PM [25] 
60 15 860 HLMR [33] 
71  6400 PM [78] 
65 36 5791 PM [32] 

 
 
 
Sol-gel 

61  1827 HPMR [79] 
49   4800 PM [34] 
61 37  4996 PM [80] 
59 36 1920 HPMR [81] 
61 36 5692 PM [82] 
70  5900 PM [83] 
70  5950 PM [36] 
67  5650 PM [42] 

 
 
 
Auto combustion 

55 28 5000 PM [43] 
51 36 2037 HPMR [40] 
64  750 HLMR [84] 
50 31 5017 PM [85] 
60  4250 PM [86] 
40 22 5689 PM [87] 
74  5163 PM [88] 

 
Hydrothermal                  

40  2500 PM, HPMR [49] 
59 20 1350 HPMR [89] 
64  2300 PM, HPMR [47] 

Molten salt 59  4820 PM [90] 
72  4650 PM [53] 
72  4300 PM [51] 

 
  



62 

3. Effects of cationic substitution 

In the preceding section, we addressed the effects of synthesis method and experimental 
conditions on the magnetic properties of hexaferrites. It was demonstrated that great 
variations of the magnetic properties were achieved through modifications of the 
experimental procedures. However, such variations were mainly due to the quality and 
purity of the produced hexaferrite, and the particle size and morphology of the powder. 
An efficient scenario for the modification of the magnetic properties can also be achieved 
by cationic substitution in the standard M-type hexaferrite, which normally results in 
modifying the intrinsic properties such as the magnetocrystalline anisotropy [91, 92].  

Cationic substitution in M-type hexaferrite could involve the divalent (M2+) ions, and/or 
the Fe3+ ions. Normally, Sr is used to replace Ba in BaM-type hexaferrite [59, 93, 94], 
where SrM hexaferrite with an improved coercivity of ≥ 6.4 kOe was prepared by 
different experimental procedures [95, 96]. The use of Pb2+ and Ca2+, on the other hand, 
generally result in lowering the coercivity of M-type hexaferrite [97-99]. In an earlier 
publication, however, the addition of CaO was reported to improve the coercivity of SrM 
ferrite [100]. Further, the effect of Ca and Ca-Sr substitution for Ba in BaM ferrite 
prepared by the conventional ceramic method, pre-sintering at 600° C, and sintering at 
1100° C was investigated [101]. The results of the study revealed an increase in 
coercivity from 2.75 kOe for BaM to 3.2 kOe for Ba0.5Ca0.5Fe12O19, with a concurrent 
decrease in saturation magnetization from 53.04 emu/g to 33.17 emu/g.  The sample 
Ba0.5Ca0.25Sr0.25Fe12O19, on the other hand, exhibited a higher saturation magnetization of 
50.20 emu/g  and a lower coercivity of 2.98 kOe.  

The effects of the substitution of the divalent metal ions by rare-earth ions were also 
given some attention. The substitution of Ba by Eu in BaM prepared sol–gel method was 
found to result in an increase the coercivity from 1.92 kOe for the un-doped sample up to 
6.12 kOe for Ba0.75Eu0.25Fe12O19 [81]. The saturation magnetization at this stoichiometry 
dropped down from 59.21 emu/g to 45.14 emu/g, while the remanent magnetization 
decreased slightly from 35.66 emu/g to 34.52 emu/g. Also, it was found that only 10% 
substitution of Ba by La in BaM prepared by a reverse micro-emulsion route leads to 
high magnetic properties of Ms = 66.5 emu/g, Mr = 34.6 emu/g, and Hc = 5229 Oe [102]. 
In addition, BaM nanofibers prepared by citrate sol–gel method and electrospinning, 
followed by heat treatment, revealed an increase in saturation magnetization from about 
64.5 emu/g up to 77.2 emu/g and a decrease in coercivity from 4323 Oe down to 3565 Oe  
at 5% La substitution for Ba [103]. At 10% La substitution, the saturation magnetization 
dropped down to 71.0 emu/g, and the coercivity increased to about 4160 Oe. The results 
of this study also revealed an enhancement of the microwave absorption properties with 
La substitution for Ba, and the La-doped compounds were reported to have a significant 
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potential for microwave absorption applications. On the other hand, the substitution of Sr 
by La–Ce combination in Zn-substituted SrM ferrite prepared by the conventional solid 
state route was reported to induce a reduction in both the saturation magnetization and 
coercivity of the hexaferrites calcined in air at 1200° C [104]. The saturation 
magnetization of the calcined powders was enhanced by annealing at 1100° C in the N2 

environment, and a product with saturation magnetization as high as 77.4 emu/g and 
coercivity of 2343 Oe was obtained for Sr0.7La0.1Ce0.2Fe11.7Zn0.3O19 ferrite. Also, in a 
recent publication, it was demonstrated that the saturation magnetization improved upon 
increasing x up to 0.2, and the coercivity increased with increasing x up to 0.3 in Sr1-

xLaxFe12-xCoxO19 [105]. Further, partial substitution of Ba by either La or Pr in BaM 
powders prepared by auto-combustion was reported to result in an improvement of the 
saturation magnetization and coercivity of the ferrite, Pr substitution being more 
effective, especially in increasing the coercivity [106].   

The substitution of Fe3+ by a trivalent metal, or by combinations of divalent and 
tetravalent metals was extensively investigated for the purposes of modifying the 
magnetic properties to fit specific applications. The effects of such substitutions will be 
the subject of the following subsections.   

3.1 Fe3+ substitution by trivalent metal ions  

In general, the substitution of Fe3+ by a trivalent metal such as Al, Cr, or Ga results in an 
increase in coercivity, with Al being the most effective [68, 71, 107-109]. Since the 
coercivity is influenced by the particle size, a reduction in coercivity is normally 
observed at elevated sintering temperatures due to particle growth beyond the critical 
single domain size [110]. Since the early times of BaM synthesis and characterization, 
small additions of kaolin (Al2O3(SiO2).2H2O), however, were reported to inhibit particle 
growth with increasing the sintering temperature and improve the magnetic properties 
[13]. The improvement in the maximum energy product (BH)max with kaolin addition, 
however, was not significant, where it ranged from 3.34 MGOe with 1 wt.% kaolin to 
2.55 MGOe with 3 wt.% kaolin addition; this is to be compared with values in the range 
of 2.97-3.52 MGOe for BaM with no kaolin addition and sintering at different 
temperatures [13]. This is possibly due to the competing effects of increasing the 
coercivity and decreasing the saturation magnetization with kaolin addition.  

BaFe10Al2O19 prepared by ball milling and sintering at 1100° C revealed an increase in 
coercivity up to 9.3 kOe, accompanied by a significant reduction of the saturation 
magnetization down to 36 emu/g  [108]. Also, a coercivity of 7.1 kOe and a saturation 
magnetization of 21.6 emu/g were reported for SrFe10Al2O19 ferrite prepared by auto-
combustion and calcination at 950° C, and a record coercivity of 16.2 kOe with a rather 
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low saturation magnetization of 11.80 emu/g were reported for SrFe8Al4O19 [111]. In 
addition, an increase in coercivity up to 7.4 kOe, and a reduction in saturation 
magnetization down to 36.50 emu/g were observed in SrFe10Al2O19 prepared by auto-
combustion and calcination at 1100° C [112]. Further, SrFe10.7Al1.3O19 prepared by glass 
crystallization and calcination at 950° C revealed a high coercivity of 10.18 kOe, 
accompanied by a reduction in saturation magnetization down to 18.4 emu/g [113]. 
Furthermore, a relatively high saturation magnetization of 50.5 emu/g with  the coercivity 
of 6.0 kOe was obtained in BaFe11.2Al0.8O19 prepared by ball milling and calcination at 
1100° C [71]. However, contradictory results on Al-doped BaM were reported elsewhere 
[114]. 

The coercivity of Al-substituted SrM ferrites was improved by the partial substitution of 
Sr by a rare-earth (RE) element. A systematic study of the effect of the type of RE ion 
substitution on the magnetic properties of Sr0.9RE0.1Fe10Al2O19 revealed a significant 
improvement of the coercivity of SrM ferrite, Pr being the most effective in enhancing 
the coercivity from 7.4 kO up to 11.0 kOe  [112]. The saturation magnetization, on the 
other hand, decreased from 36.5 emu/g down to 30.8 emu/g with Pr substitution. At this 
point, it is worth mentioning that although Al3+ substitution resulted in a significant 
increase in coercivity, the effect of such substitution leads to deterioration of the 
saturation magnetization, and limits the applicability of the product to applications 
demanding high coercivity, without necessarily very high saturation magnetization 
values. Such applications include the production of permanent magnets for devices 
operating for long times in environments of high stray fields.    

Cr3+ substitution for Fe3+ was also reported to enhance the coercivity of M-type 
hexaferrite [115, 116]. Cr-substitution for Fe in BaM ferrite (BaFe12-xCrxO19) prepared by 
sol–gel auto-combustion method and calcination at 1100° C revealed a decrease in 
saturation magnetization and an increase in coercivity with increasing Cr content up to x 
= 0.8 [116]. The decrease in saturation magnetization was attributed to magnetic dilution 
or spin canting as a result of Cr substitution for Fe at 2a and 12k sites of the hexaferrite 
lattice.  The increase in coercivity from 2.0 kOe at x = 0 up to 5.2 kOe at x = 0.8, on the 
other hand, was associated with the reduction in grain size with increasing Cr content. 
Similar effects on grain size and morphology, and on the magnetic properties of Cr 
substitution for Fe in SrM ferrite (SrFe12-xCrxO19) prepared by microwave hydrothermal 
route and calcination at 950° C were observed [117]. In this latter study, the remanent 
magnetization decreased from 34 emu/g to 24 emu/g, the average grain size reduced from 
660 nm to 280 nm, and the coercivity increased from 3291 Oe to 7335 Oe upon 
increasing x from 0.1 to 0.9. The increase in coercivity with increasing Cr content was 
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associated with the reduction of the grain size, and the increase of the nonmagnetic α-
Fe2O3 phase fraction, which acts as pinning centers for domain wall motion.  

The substitution of Fe3+ by Gd3+ [118] or Ce3+ [119] was also found to improve the 
saturation magnetization and the coercivity of BaM ferrite. Also, the addition of 3 wt. % 
Bi2O3 to SrM hexaferrite sintered at 900° C was found to improve both the saturation 
magnetization and coercivity by more than double the values for the sample with no 
additives [120].         

3.2 Fe3+ substitution by divalent-tetravalent metal ion combinations  

For a wide range of applications, high saturation magnetization is required, but not 
necessarily very high coercivity. The use of M-type hexaferrites for applications such as 
high-density magnetic recording media requires reduction of the coercivity to ≳ 1000 Oe 
without reducing the remanent magnetization, which could be satisfactory at the lower 
end of about 20 emu/g [121, 122]. Such properties could be achieved by special 
substitutions for Fe in M-type hexaferrite. Accordingly, in an effort to understand the 
nature of magnetic interactions, and modify the magnetic properties of hexaferrites, 
extensive research work had been carried out on the synthesis and characterization of M-
type hexaferrites with Fe3+ ions substituted by special combinations of 
divalent−tetravalent metal ions [73, 123-142].  

Specifically, Co–Zn–Nb substitution in BaM ferrite prepared by glass crystallization was 
found to reduce the coercivity to the range of 500 – 2000 Oe, leaving the saturation 
magnetization relatively high for high-density magnetic recording applications [143]. 
Also, it was found that Zn–Nb substitution offers an advantage over Co–Nb and Co–Ti 
substitutions by reducing the switching field distribution for a better high-density 
recording performance. In addition, Co–Sn substitution in BaM (BaCoxSnxFe12-2x) 
prepared by a reverse micro-emulsion technique resulted in a gradual decrease of the 
saturation magnetization, the remanent magnetization, and coercivity with increasing x 
[102]. However, the saturation magnetization obtained by this method was found superior 
to that obtained by other chemical methods. The results of the study indicated that at x = 
0.5, Ms = 70.4 emu/g, Mr = 34.0 emu/g, and Hc = 1510 Oe; these properties are suitable 
for high density magnetic recording. 

Further, the effects on the magnetic properties of A–Sn (A = Co, Ni, Zn) substituted BaM 
(BaFe12-2xSnxAxO19) were investigated as a function of heat treatment, substitution level, 
and preparation method [14]. The samples prepared by solid state reaction (SSR) were 
fired at 1300° C, whereas those prepared by high energy ball milling (HEM) and 
chemical coprecipitation (CC) methods were fired at 1000 – 1100° C and 750° C, 
respectively. The saturation magnetization of the Co – Sn and Ni – Sn substituted 
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samples prepared by SSR route dropped sharply from 60 – 65 emu/g down to 20 – 25 
emu/g as x increased from 0.5 to 1.0. The Zn – Sn substituted samples prepared by the 
same method, however, exhibited a small increase from ~ 53 emu/g at x = 0.1 to ~ 57 
emu/g at x = 1.0, and then dropped sharply down to ~ 20 emu/g at x = 1.5. The samples 
with x = 1.0 prepared by HEM and CC methods exhibited higher saturation 
magnetizations than those prepared by SSR method, and these variations were attributed 
to the modification of the preferential site occupation of the substituents at this 
substitution level. The coercivity of the Co – Sn and Ni – Sn substituted samples prepared 
by SSR decreased sharply from ~ 1100 – 1200 Oe at x = 0.1 to ~ 500 – 700 Oe at x = 0.5, 
and then decreased at a slower rate at higher concentrations of the substituents. The Zn – 
Sn substituted samples, however, exhibited significantly lower coercivities in the whole 
concentration range. The results of the study indicated that the CC method resulted in 
higher coercivities, where at x = 0.1 the coercivities of all compounds were in the range 
4140 – 4380 Oe, characteristic of hard ferrite magnets appropriate for permanent magnet 
applications due to their relatively high saturation magnetization. On the other hand, at x 
= 1.0 the coercivities of the Co – Sn and Zn – Sn samples were 1040 Oe and 1180 Oe, 
respectively, and their saturation magnetization in the range 40 – 45 emu/g makes them 
suitable for high -density magnetic recording applications. At this substitution level, 
however, the Ni – Sn substituted sample exhibited weaker magnetic properties with a 
significantly lower coercivity of 490 Oe, and a saturation magnetization below 30 emu/g. 

In particular, Co−Ti substitution received a considerable interest due to the early 
realization of the effectiveness of this combination in reducing the coercivity down to 
values suitable for applications such as magnetic recording and data storage media [11, 
54, 139, 144-155]. Materials with relatively high saturation magnetization and 
coercivities up to 1200 Oe are suitable for normal longitudinal magnetic recording, where 
the higher end of the coercivity is used for high density recording. Materials with higher 
coercivities, however, are not suitable for longitudinal recording, and could be used for 
high density perpendicular magnetic recording media [151, 154]. Further, potential 
applications of Co – Ti substituted M-type ferrites in multi-layer chip beads and other 
microwave applications in the hyper-frequency range were reported [156-159]. However, 
the work devoted to the synthesis and investigation of the magnetic properties of Co−Ti 
substituted SrM ferrites was extremely limited in the literature. We, therefore, devote the 
remaining of this article to our results concerning the synthesis and characterization of 
SrFe12-2xCoxTixO19 ferrites prepared by ball milling and calcination. 
  



67 

4. Co-Ti substituted SrM ferrite  

4.1 Experimental procedures 

SrFe12-2xCoxTixO19 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0) precursor powders were prepared 
from spec pure SrCO3, Fe2O3, TiO2 and CoO powders (Sigma Aldrich-make). Each 
sample was prepared by ball-milling 8g of the starting powder mixture using a planetary 
ball-mill (Fritsch Pulverisette-7) with balls (10 cm in diameter) and cylindrical vial (50 
cm3) of hardened steel. The milling was carried out at 250 rpm for 16 h with ball to 
powder mass ratio of 8:1. The as-milled powders were annealed in air atmosphere at 
1100°C for 2 h. X-ray diffraction (XRD) analysis was carried out in Philips X'Pert PRO 
X-ray diffractometer (PW3040/60) with CuKα radiation (λ = 1.5405 Å) . XRD patterns 
for all fabricated samples were refined based on Rietveld analysis using FullProf suite 
2000 software [160]. The particle size and morphology of the prepared samples were 
examined by scanning electron microscopy (SEM) (FEI Quanta 600). The magnetic 
measurements were carried out using vibrating sample magnetometer (VSM) (MicroMag 
3900, Princeton Measurements Corporation), with a maximum applied field of 10 kOe. 

4.2 XRD analysis  

Fig. 1 shows XRD patterns of Co−Ti doped strontium ferrites (SrFe12-2xCoxTixO19) with 
different doping concentrations, together with the standard pattern for SrFe12O19 (JCPDS 
file no: 033-1340). XRD patterns of the samples with x up to 0.8 revealed pure SrM 
phase (SrFe12O19) with space group P63/mmc, while a small peak at 2θ = 33.1° belonging 
to a minority α-Fe2O3 phase appeared in the sample with x = 1.0. Therefore we may 
conclude that Co and Ti ions with concentrations in the range reported in this work 
substituted Fe3+ ions in the SrFe12O19 lattice without affecting its hexagonal structure 
appreciably.  

Rietveld structural refinements were carried out on XRD patterns of all fabricated 
samples, and the refined lattice constants and goodness of fit (indicated by χ2 value) are 
shown in  Table 2. A representative refined pattern is shown in Fig. 2 for the pure sample 
(x = 0.0). The relatively low values of χ2 indicate good fits with reliable structural 
parameters. The lattice parameters for the sample with x = 0.0 agree well with those 
reported for strontium hexaferrite [161-163]. Also, the lattice parameters of the Co−Ti 
substituted samples did not change appreciably in the whole range of substitution level. 
These results clearly indicate that doping of strontium ferrite with Co and Ti did not 
induce noticeable structural changes in SrM hexaferrite. 
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Fig. 1. XRD patterns of SrFe12-2xCoxTixO19 (x = 0.0 to 1.0). 

 

The average crystallite size was determined from the (114) and (107) reflections using 
the method of Stokes and Wilson, where the coherence length along the direction 
perpendicular to the reflecting plane is given by [164]. 

D = λ/(β cos θ)                                                    (1) 

where D is the crystallite size, β the integral peak breadth defined as the ratio of the 
integrated intensity to the maximum intensity of the peak, λ the wavelength of radiation 
(1.54056 Å), and θ the peak position. The average crystallite size (Table 2) in the 
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samples with x up to 0.6 remain in the narrow range of 55 – 60 nm and only higher 
substitution levels show a tendency to reduce the crystallite size, which dropped down to 
45 nm for the sample with x = 1.0.  
 

Table 2. Refined structural parameters and crystallite size of Co-Ti substituted SrM 
ferrites. 

x χ2 a = b (Å) c (Å) V (Å3) 
Average 

crystallite size 
(DXRD) nm 

0.0 1.08 5.8814 23.0355 690.0652 57 
0.2 0.90 5.8802 23.0229 689.4157 60 
0.4 0.94 5.8809 23.0192 689.4473 57 
0.6 1.01 5.8813 23.0170 689.4847 55 
0.8 1.33 5.8826 23.0226 689.9492 49 

1.0 1.63 5.8828 23.0254 690.0911 45 

Fig. 2. Refined XRD pattern for SrFe12O19. 
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Fig. 3. Representative SEM images of SrFe12-2xCoxTixO19 (x = 0.0, 0.2, 0.4, 0.8). 

4.3 SEM imaging  

The size and morphology for all samples were examined by SEM imaging. Fig. 3 shows 
representative SEM photographs of Co−Ti substituted  strontium ferrite powders with the 
substituting concentration of 0.0, 0.2, 0.4 and 0.8. Generally speaking, all samples are 
composed of agglomerated platelet-like grains with the morphology that did not change 
noticeably with with  Co−Ti substitution. The grain size, however, revealed small 
decrease with substitution, and all samples are composed of grains < 1 µm in dimension, 
which is within the critical single domain size [2]. There the image of the pure sample (x 
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= 0.0) revealed grain size generally in the range from 200 nm to 0.8 µm, while the images 
of the Co−Ti substituted indicated grain sized ranging from 150 nm to 0.5 µm.  

4.4 Magnetism  

Fig. 4. Hysteresis loops for some of the SrFe12-2xCoxTixO19 (x = 0.0, 0.2, 0.8, 1.0) samples 
as a function of applied magnetic field. 

 

Fig. 4 shows the measured hysteresis loops for representative SrFe12-2xCoxTixO19 samples 
as a function of applied magnetic field. The magnetization curve for the non-substituted 
sample belongs to a hard magnetic material with a high intrinsic coercivity of 4400 Oe. 
This value is in agreement with the previously reported values for SrM hexaferrites [115, 
165]. The magnetization of all samples did not saturate at the highest applied field, and 
the law of approach to saturation [63, 166, 167] was employed to obtain the saturation 
magnetization of the samples. The effect of Co−Ti substitution on the saturation 
magnetization and coercivity of SrFe12-2xCoxTixO19 are shown in Fig. 5. With increasing x 
the saturation magnetization starts increasing for x > 0.6, recording an increase of 10% 
for the sample x = 0.8. Fig 5 also shows that the intrinsic coercivity drops dramatically 
from about 4400 Oe to 700 Oe for x = 1.0. The remanent magnetization decreased 
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slightly from 39.5 emu/g for the sample with x = 0.2 down to 36.6 emu/g for the sample 
with x = 0.8, while the coercivity dropped down to 1425 Oe for the latter sample. Thus, 
the substitution of Fe by Co−Ti in SrM ferrite with x up to 0.8 resulted in a substantial 
reduction in coercivity and maintained the saturation magnetization and remanence at 
relatively high levels suitable for high-density magnetic recording applications.  

Ferric ions in M-type hexaferrites occupy five different interstitial sites, three of which 
are octahedral (12k, 4f2 and 2a), one is tetrahedral (4f1) and one is trigonal bi-pyramidal 
(2b). The crystal symmetry involving Fe−O bond lengths and Fe−O−Fe bond angles 
between the magnetic ions in the hexaferrite lattice lead to superexchange interactions 
which split the magnetic structure of M-type hexaferrite into spin-up and spin-down 
sublattices. These sublattices and their major contributions to the magnetic properties are 
summarized in Table 3.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Saturation magnetization, remanent magnetization, and intrinsic coercivity of       
SrFe12-2xCoxTixO19 as a function of Co-Ti concentration (x). 
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Table 3. Magnetic sublattices and their contribution to the magnetic properties of M-type 
hexaferrites. 

Sites Coordination Spin direction Contribution 

4f2 Octahedral Down Magnetization; Coercivity; Anisotropy 

2b Bi-pyramid Up Magnetization; Coercivity; Anisotropy  

12k Octahedral Up Magnetization; Anisotropy 

2a Octahedral Up Magnetization 

4f1 Tetrahedral Down Magnetization 

It was reported that the major positive contribution to the magnetic anisotropy in M-type 
hexaferrites comes from iron ions at 4f2 and 2b sites, while the contribution of 12k site is 
negative, preferring in-plane easy-axis [168]. Neutron diffraction results on Co−Ti 
substituted BaM indicated that 50% of the Co2+ ions occupy 4f1 site, and Ti4+ ions 
preferentially 4f2 site [144]. However, evidence of substitution at 12k and 2b sites was 
provided [168]. On the other hand, analysis of the site preference based on Mössbauer 
spectroscopy results indicated that the substitution occurs at 4f2 and 2b sites and that the 
12k is not a preferred substitutional site [145]. Further, Mössbauer spectra of Co−Sn 
substituted BaM indicated the preference for substitution at  4f2, 2b, and 12k sites [123]. 
The saturation magnetization did not change significantly with increasing x, up to 0.6, 
indicating that in this range of substitution, Co and Ti ions are distributed almost equally 
among spin-up and spin-down sublattices. For higher values of x, the slight increase in 
saturation magnetization could be ascribed to the involvement of the 4f1 spin-down 
sublattice as a substitutional site at high Co−Ti concentrations [145, 148, 168].  

The dramatic drop of the intrinsic coercivity (Fig. 5) could not be ascribed to changes in 
grain size and morphology, since Co−Ti did not induce noticeable microstructural effects. 
This behavior is therefore associated with intrinsic parameters involving the reduction of 
the magnetocrystalline anisotropy. In order to investigate the effect of Co−Ti substitution 
on the magnetic anisotropy, the effective anisotropy field (Ha) was determined for each 
sample examined in this work from the switching field distribution (SFD). The switching 
field distribution can be obtained by differentiating the reduced IRM curve mr(H) = 
Mr(H)/Mr(∞). The effective magnetic anisotropy field for each sample examined in this 
work is obtained from the maximum of the switching field distribution according to the 
formula [169]: 

]
2
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Here Ha = 2Hmax, where Hmax is the value of the field at the maximum of the SFD. Fig. 6 
shows representative reduced IRM curves and the corresponding switching field 
distributions 

for the samples with x = 0.0 and 1.0. 

Fig. 6. Reduced IRM curves and switching field distributions for the samples with x = 0.0 
and   
 x = 1.0. 

Fig. 7. Anisotropy field of SrFe12-2xCoxTixO19 as a function of the Co−Ti concentration. 



75 

Fig. 7 shows the variation of magnetic anisotropy field with Co-Ti concentration for all 
samples examined. It is clear that Ha decreases monotonically with increasing Co-Ti 
concentration beyond x = 0.2. Considering the results of SEM imaging which revealed 
similarity of the particle shape and size distribution in these samples, the monotonic 
decline in the intrinsic coercivity for x ≥ 0.2 is well explained by the dependence of the 
anisotropy field on Co–Ti concentration. This result is consistent with the reported 
decrease of the anisotropy constant with increasing Co–Ti, and the consequent decrease 
in coercivity [147].  

Fig. 8. B-H and J-H curves for Co−Ti substituted SrM ((x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0). 

 

The B-H and J-H curves of the samples under investigation are shown in Fig. 8, where J 
= 4πM, M being the magnetization in emu/cm3. From these curves, the Retentivity (or 
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residual induction Br), the coercivity HcB, and the intrinsic coercivity HcJ can be 
determined. These magnetic parameters are important for evaluating the suitability of a 
magnetic material for a given application. Magnetic materials with high residual 
induction and high coercivity are sought for permanent magnet industry. For magnetic 
recording applications, however, the coercivity should be reduced to ≳ 1000 Oe, while 
maintaining the residual induction as high as possible to provide good signal and avoid 
erasure of stored information by stray fields [121, 122]. The curves in Fig. 8 indicate that 
the sample with x = 0 is characterized by a linear B-H curve far into the second quadrant 
of the hysteresis loop, indicating that this sample is suitable as a permanent magnet with 
relatively high coercivity. The B-H curves deviate progressively from linearity, and the 
residual induction decreases with increasing Co−Ti concentration as demonstrated by the 
induction curves in the second quadrant (Fig. 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. B-H curves in the second quadrant for Co−Ti substituted SrM. 

 

The maximum energy product (BH)max is a quality factor for a permanent magnet. A plot 
of BH vs. –H in the second quadrant of the hysteresis loop for the sample with x = 0 is 
shown in Fig. 10. The curve indicates that this sample is characterized by (BH)max =   1.05 
MGOe (8.35 kJ/m3). Although this value is significantly smaller than that for RE-
permanent magnets, SrM remains of practical importance for permanent magnet industry, 
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considering the low cost of production, availability of raw materials, and corrosion 
resistance 

The maximum energy product, as well as the remanent induction and coercivity for all 
samples are evaluated from the B-H and J-H curves, and the results are summarized in 
Table 4. The magnetic properties of the samples indicate that these hexaferrites 
demonstrate a potential for permanent magnet applications in the low x region (up to 0.2), 
whereas, at higher substitution levels, the ferrites are suitable for high-density magnetic 
recording applications.       

Table 4. Magnetic parameters of Co-Ti substituted SrM ferrites. 
x Br (G) HcB(Oe) HcJ (Oe) (BH)max (kJ/m3) 

0.0 2240 1850 4400 8.35 
0.2 2288 1815 4300 8.52 
0.4 2204 1500 2840 7.32 
0.6 2066 1250 2200 5.84 
0.8 2110 1025 1425 5.02 
1.0 1800 575 620 2.62 
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Fig. 10. BH curve in the second quadrant of the hysteresis loop the pure SrM sample. 
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Fig. 11. Magnetization as a function of temperature for SrFe12-2xCoxTixO19 with x = 0.0, 
0.4 and 0.8. 

 

The temperature dependence of the specific magnetization M(T) was investigated 
(Fig.11). The magnetization was measured as a function of temperature in a constant 
applied field of 100 Oe. All curves exhibited Hopkinson peak just below Curie 
temperature (Tc), which is characteristic of the presence of superparamagnetic grains in 
the samples [170]. From these curves, it is clear that the fraction of the 
superparamagnetic phases is reduced with Co−Ti substitution. The broadening and 
induced irregularity in the peak structure at high substitution levels could be due to 
magnetic inhomogeneity of the sample. Curie temperature as a function of Co-Ti 
concentration in SrFe12-2xCoxTixO19 is shown in Table 5. The decrease in Tc is consistent 
with the conclusion that the replacement of Fe ions by Co-Ti ions results in the 
attenuation of the magnetic exchange coupling. 

Table 5. Curie temperature for SrFe12-2xCoxTixO19. 

x 0.0 0.2 0.4 0.6 0.8 1.0 

Tc (oC) 498 490 478 430 420 368 
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4.5 Iinter-particle interactions  

In order to investigate the role of doping with Co-Ti on the inter-particle interactions in 
the prepared SrM ferrites, we evaluate ∆m defined by the relation [171]. 

( ) ( ) ( )  1 2d rm H m H m H∆ = −  −            (3) 

Where, 

( ) ( ) ( )/r r rm H M H M= ∞                          (4) 

is the reduced isothermal remanent magnetization (IRM), and 

( ) ( ) ( )/d d rm H M H M= ∞                          (5) 

is the reduced dc demagnetization (DCD). The IRM curve was obtained by the following 
procedure: the sample was fist demagnetized, then a positive field is applied, and finally, 
the remanent magnetization is measured after removing the applied field. The procedure 
was repeated with increasing the positive field to reach positive saturation remanence. 
The DCD curve was obtained by first saturating the sample with a positive field of 10 
kOe, then a negative field was applied to the sample, and the remanent magnetization was 
recorded after removing the negative field; this procedure was repeated with increasing 
the negative field until negative saturation remanence was reached.  

The IRM and DCD curves for all samples examined in this work are shown in Fig. 12. 
∆m(H), which gives the strength and the sign of the inter-particle interactions was 
evaluated for each sample using equation 3 and the data in Fig. 12. For an assembly of 
non-interacting particles, ∆m is field-independent; any deviation from this behavior is a 
sign of the existence of inter-particle interactions. Positive ∆m values indicate the 
existence of inter-particle interactions that contribute constructively to the magnetization 
(magnetizing-like effect), where particles tend to stack in columns. On the other hand, 
negative ∆m values suggest that the existing interactions are demagnetizing 
(demagnetizing-like effect), where the particles tend to form clusters. 
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Fig. 12. IRM and DCD curves of SrFe12 2xCoxTixO19. 
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Fig. 13. Delta M curves of SrFe12-2xCoxTixO19 for all concentration examined. 

 

Fig. 13 shows the ∆m curves as a function of the applied field for samples with different 
concentrations of Co-Ti. It is clear that ∆m values for all samples are negative at all 
fields, with a maximum value occurring around the intrinsic coercivity. This result is an 
indication of a demagnetizing-like effect in all samples, in agreement with SEM 
observation of cluster formation. Also, the maximum negative value of ∆m decreased 
with increasing Co-Ti concentration, indicating that Co-Ti substitution may result in the 
suppression of cluster formation. 

5. Conclusions 

The magnetic properties of hexaferrites in current use, or those with potential for future 
applications, span the wide range of coercivity from few hundred Oe to several thousands 
of Oe, depending on the application to be used for. In this article, the  enhancement of the 
magnetic properties of M-type hexaferrites, and modifications made by adopting different 
synthesis routes and experimental conditions are reviewed. Chemical methods were 
found to be more effective than the conventional solid state reaction in controlling the 
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particle shapes and particle size distribution and improving the magnetic properties. 
Complex experimental procedures including variations of the chemical stoichiometry, 
heat treatment, and combinations of different synthesis techniques were adopted for 
further improvements of the magnetic properties of the ferrite powders. Also, the effects 
of the various types of substitutions on the magnetic properties of the hexaferrites were 
reviewed. Since the term “improvement of the properties” is device designer dependent, 
substitutions leading to the improvement of the magnetic properties of the ferrites for 
different types of device applications were addressed.  Generally, the substitution of Fe 
ions by trivalent ions such as Al or Cr ions results in a significant increase in the 
coercivity suitable for permanent magnet applications. The coercivity was further 
enhanced by rare-earth metal substitutions. Also, the substitution of Fe3+ ions in M-type 
hexaferrites by combinations of divalent–tetravalent ions results in appreciable 
modifications of the magnetic properties of hexaferrites. In particular, Co-Ti substitution 
was found to be effective in modifying the properties of the ferrites to be suitable for 
high-density magnetic recording and microwave applications. In addition, the structural 
and magnetic properties of a series of SrFe12-2xCoxTixO19 ferrites prepared by ball milling 
method were carefully investigated. The effect of Co−Ti substitution on the magnetic 
properties was found to reduce the coercivity down to levels suitable for high density 
longitudinal and perpendicular magnetic recording, without reducing the saturation 
magnetization. Although no further improvements concerning the magnetic properties of 
those magnetic materials are required for such applications, control over the particle size 
and shape, as well as the orientation of the magnetic particles on the substrate of the 
recording media may require special procedures.  
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