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Abstract: 
Al-substituted M-type Ba-hexaferrite BaFe12-xAlxO19 ( x = 0.0, 0.5, 2.5), named “A0”, “A1”, and “A2”, has been prepared 
via the sol-gel auto-combustion method. The focus is on the study of structural and magnetic properties of M-type 
hexaferrite. The hexagonal structure of the sample was confirmed via XRD. No traces of impurity peaks have been observed 
with increasing doping concentration. Morphologies of the samples have been studied using SEM. VSM has been utilised 
to study the magnetic properties of the material. For the undoped sample, the value of Hc is 4.6 kOe. For x = 2.5, the value 
increases to 7.56 kOe, i.e., a 64% increment is observed in the value of Hc with 20.8% replacement. This high rise of Hc has 
made this dopant a potential element to optimize the magnetic properties of M-type hexaferrite for permanent magnets in 
electric vehicle applications. 
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Introduction 
Tourism has emerged as the world's most important economic sector, 
having a strong impact on global GDP, employment, and international 
commerce. With this enormous growth, it has sparked serious worries 
about resource depletion, environmental sustainability, and the effects 
of climate change. This makes it imperative to comprehend how tourist 
development might be in line with goals for green growth [1–3]. One 
way to align tourism with green energy goals is to use low-cost, easily 
available, non-toxic, and eco-friendly magnetic materials. This 
original article addresses the primary environmental concerns, i.e., the 
use of high-cost, rare-earth permanent magnets (PM) in electric 
vehicles (EVs) [4,5]. In EVs, the motors play a very important role in 
their operation. In the last few years, scientists have been looking for 
an alternative to EV motors that does not contain rare-earth elements 
[6]. Ferrite comes out as the effective solution for that. In terms of the 
hard magnetic behaviour of ferrite, M-type hexaferrite is the best 
magnetic material due to its high value of remanence and coercivity as 
compared to other ferrite materials. To understand the magnetic 
behaviour of nanoparticles, the study of unit cell structure becomes 
important as it provides information about the Fe3+ sites, responsible 

for the magnetic behaviour of the nanoparticle. 

The Fe3+ ions in M-type HF are the main cause of the hard magnetic properties of ferrite. The structure of M-type hexaferrite 
is shown in Figure 1. The Fe3+ ions exist in five crystal lattice sites within the M-type HF structure, such as three octahedral 
sites (2a, 12k, and 4f2), one tetrahedral site (4f1), and one trigonal bipyramidal site (2b). Although the spins of the 4f2 and 
4f1 sites are directed oppositely, the spins of the 12k, 2a, and 2b sites in the oriented magnetic phase of BHF are aligned in 
parallel [7]. Microstructure and magnetic characteristics of these materials may be altered by replacing some of these Fe3+ 
ions in the hexagonal structure with various divalent and trivalent cations. 

Figure 1: Magneto-plumbite structure of M-type BHF 
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The paper studies the Al-doped M-type BHF, i.e., BaFe12-xAlxO19, where x = 0.0, 0.5, and 2.5. The samples have been named 
A0, A1, and A2, respectively. The diamagnetic Al3+ ion has been used to increase the Hc of the material.  

Experimental Details 

 

 

Researchers have used different types of methods, such as ball-milling [8,9], laser evaporation [10], co-precipitation [11,12], 
sol-gel [13,14], citrate precursor [15]and sol-gel auto-combustion [16], etc., for the formation of ferrite magnetic 
nanoparticles (MNP).  This series, i.e., Al-doped M-type Ba-ferrite, BaAlxFe12-xO19 (x = 0.0, 0.5, 2.5) (A0, A1 and A2), has 
been prepared via the sol-gel auto-combustion route (as shown in Figure 2). Barium nitrate Ba (NO3)2, Ferric nitrate 
nonahydrate Fe(NO3)3⋅9H2O (99-101%, Purity), Aluminium nitrate Al(NO3)3⋅xH2O (98.5%, Purity), Anhydrous citric acid 
C6H8O7, ethylene glycol C2H6O2, and ammonia solution obtained from Central Drug House (P) Ltd are used in the 
preparations [17]. Figure 2 shows the systematic diagram for the preparation of nanoparticles via this process. 

There are several sol-gel techniques, each with its own advantages and suitability for specific ferrite formation. Researchers 
use sol-gel spectral approaches to choose the best way to synthesize ferrites with specific properties. Compared with other 
synthesis processes, the sol-gel methodology offers several advantages. It makes it possible to have precise stoichiometric 
control, ensuring that the final product has the desired chemical composition [18]. Additionally, Smaller particle sizes can 
be produced as tiny powders using the sol-gel technique, and this is essential for uses where increased reactivity and surface 
area are required [19]. However, one disadvantage of the Sol-gel approach is the agglomeration of particles, which can limit 
performance. Various strategies, such as the use of capping agents and optimized drying procedures, can be employed to 
minimize agglomeration and improve the overall quality of the synthesized ferrites. Despite this challenge, High-quality 
ferrite materials with specific characteristics may still be produced using the sol-gel process. 

Figure 2: Flow chart for the Sol-gel Auto-Combustion Method 
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The sol-gel technique is based on the use of metal nitrates as precursors and citrate as fuel, which react in solution to form 
a gel [20]. Shortly thereafter, this gel is heated, causing ferrite NPs to form. The sol-gel approach guarantees uniformity and 
excellent purity in the produced materials, making it appropriate for applications requiring high-quality ferrites [21]. 
Furthermore, the sol-gel approach can minimize process steps and the time spent creating powder, simplifying the 
production process and increasing efficiency [18]. By carefully controlling the amounts of precursors and reaction 
conditions, researchers can alter the properties of the produced ferrites to satisfy specific application needs. 

Results and Discussion: 
3.1. XRD Analysis: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  The XRD patterns of aluminium-doped BaFe12-xAlxO19 ( x = 0.0, 0.5, 2.5), named A0, A1, and A2, were analysed by means 
of an XRD device at room temperature (RT). The XRD graphs of all synthesized samples of Ba- containing M-type 
hexagonal ferrites prepared via the sol-gel auto-combustion method are shown in Figure 3.  The XRD patterns of the single-
phase hexagonal BaFe12-xAlxO19 ( x = 0.0, 0.5, 2.5) matched with the ICDD card number – 01-080-1198 [22]. From the 
XRD spectrum, it is clear that the maximum intensity of the reflection was obtained for A0, A1, and A2 at the values of 2Ѳ 
= 34.2 ⁰, 34.27⁰, and 34.41⁰, respectively, which are in good agreement with the literature data [23]. It is clear from Figure 
3 that no traces of the impurity phase have been found. The complete diffusion of Al3+ into the BHF crystal is indicated by 
the absence of any secondary phase. The structural phase remains the same for all dopant concentrations, but there were 
minor changes with respect to the relative intensity and shifting of peaks resulting from the Al substitution. 

       The value of the lattice parameters is shown in Table 1. Figure 4 also shows the variation of structural parameters with 
dopant concentration. The values of the lattice constants “a” and “c” are calculated using the formula given in Equation 1 
as [24]: 

Figure 3:  XRD structure of Pure and Al-doped M-type Ba hexaferrite, named “A0”, 
“A1,” and “A2” 
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Where dhkl is the interplanar spacing and h, k, l are the Miller indices of the planes. For the undoped sample, i.e., pure 
BHF (BaFe12O19), the values “a” and “c” are 5.882 Å and 23.01 Å, respectively. 

As the Al3+ dopant concentration increases, the value of lattice parameters decreases. For A1, the values of “a” and “c” are 
5.868 Å and 22.98 Å, and for A2, the values are 5.830 Å and 23.03 Å, respectively. These results are consistent with the 
previous study on Al-doped M-type HF [25]. This change can be attributed to the fact that the ionic radius of Al3+ (0.535 
Å) is smaller than that of Fe3+ (0.645  Å) [26]. 

Grain size determination D (hkl) was done using Scherrer's formula [27]. 

                         𝐷 =
଴.ଽ ఒ

ఉ஼ைௌఏ
                                                       …………(2) 

Where D denotes the average crystallite size, λ denotes the X-ray wavelength, β stands for full width at half maximum 
(FWHM), and Ѳ is the Bragg’s angle. For A0-A2, the value of crystallite sizes changes from 33.30 nm to 29.66 nm. The 
graphical variation of crystallite size and strain has been shown in Figure 5. The value of the c/a ratio for pure and Al-doped 
BHF falls between 3.911 and 3.946. The value of the c/a ratio less than 3.98 confirms the formation of the hexagonal phase 
in M-type HF [28]. 

 Table 1: The value of lattice parameter, cell volume, c/a ratio, crystallite size, Dislocation density, and Strain for 
Pure and Al-doped M-type Ba-hexaferrite. 

 
 
 
 
 

  

 

 

 

 

 

 

 

 

 

 

Sample a (Å) c (Å) Vcell
 (Å3) c/a Crystallite size 

(nm) 
Dislocation 
Density 
(1/nm2) 

Strain 
(ε) 

A0 5.882 23.01 689.47 3.911 33.30 0.001 0.062 
A1 5.868 22.98 685.74 3.917 33.05 0.009 0.0009 
A2 5.830 23.03 679.60 3.946 29.66 0.2630 0.0011 

Figure 4: Variation in the value of the lattice parameter with varying dopant 
concentration of Al in M-type BHF 
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The dislocation density of the material is used to measure the crystallinity of the material. With the increase in crystallinity, 
the dislocation density value decreases, while with a decrease in crystallinity, the dislocation density value increases [29]. 
Equation 3  is used to compute its value, which is given by: 

                                                                    𝛿 =
ଵ

஽మ                                                            ………(3) 

The values of dislocation density for A0, A1, and A2 are 0.001, 0.0009, and 0.2630, respectively. 

The formula [30] was used to determine the strain (ε) caused by doping, as given below in equation 4: 

                                                              𝜀 =
ఉ஼ைௌѲ

ସ
                                                          ….…….(4) 

The value of the calculated strain is given in Table 1. 
3.2. SEM Analysis: 
 

Figure 5: Variation in the value of the crystallite size and strain with varying dopant 
concentration of Al in M-type BHF 

Figure 6: FE-SEM Micrographs of Al-doped M-type Ba-hexaferrite 
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Figure 6 shows FE-SEM images of Al-doped BHF (BaFe12-xAlxO19). The images show non-uniformity of the particles, 
where some grains exhibit square, cubic, or rectangular shapes while some of them are in hexagonal shapes. SEM images 
clearly depict that the grains are porous, which does not allow the passage of charge through the grain boundaries. This will 
affect the electrical properties and polarization in the same way as porosity influences the magnetic properties [31]. 
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3.3.  Magnetic study: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 

 

Figure 7: Hysteresis loop for Pure and Al-doped M-type BHF, named “A0”, “A1”, and “A2”, 
respectively. 



 
Cover Page 

 

  
 

 

ISSN:2277-7881(Print); IMPACT FACTOR :10.16(2026); IC VALUE:5.16; ISI VALUE:2.286 
Peer-Peer Reviewed, Refereed & Open Access International Journal - As per UGC Norms 

(Fulfilled Suggests Parameters of UGC by IJMER)  

 Volume:15, Issue:7(2), July 2026 
Scopus Review ID: A2B96D3ACF3FEA2A 

Article Received:  Reviewed: Accepted  
Publisher: Sucharitha Publication, India 

Online Copy of Article Publication Available: www.ijmer.in 
 

 
173 

 

 
Table 2: The values of Ms (emu/g), Mr (emu/g), Hc (kOe), Mr / Ms for pure and Al-doped M-type Ba-hexaferrite 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

Composition (x) Ms (emu/g) Mr (emu/g) Hc (kOe) Mr / Ms 
A0 61.78 31.70 4.6 0.513 
A1 49.2 26.41 5.78 0.536 
A2 28.83 17.78 7.56 0.616 

Figure 8: Variation in the values of Mr (emu/g) and Hc (kOe) with Al doping in M-type 
Ba-Hexaferrite 
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The magnetic properties of Pure and Al-doped BHF, BaFe12-xAlxO19 ( x = 0.0, 0.5, 2.5), named A0, A1, and A2, powdered 
material were examined using VSM at RT (300 K), with an applied magnetic field of 20 kOe. The hysteresis loop derived 
for A0, A1, and A2 is shown in Figure 7. The hard ferromagnetic behaviour with large Hc is confirmed by the typical 
behaviour of all magnetic isotherms and the existence of a strong, detectable hysteresis loop. This loop is in good agreement 
with the previously reported hard ferromagnetic nature of HF [32,33].   
 
The calculated values of Ms, Mr, and Hc for Al-doped BHF with different dopant concentrations, under sample names A0, 
A1, and A2, are presented in Table 2, while their graphical changes are depicted in Figure 8. From Figure 7, it is clear that 
the substitution of Al3+ ions has a significant impact on the magnetic behaviour of BHF. The values of Ms, Mr, and Hc for 
undoped BHF, i.e., for A0, are 61.78 emu/g, 31.70 emu/g, and 4.6 kOe, respectively. As the amount of dopant concentration 
increases to x = 0.5 and x = 2.5, the value of Hc significantly improves, while a decrease in the values of Ms and Mr has 
been observed. 
 
For samples “A1” and “A2”,  the value of Ms reduces to 49.2 emu/g and 28.83 emu/g, while Mr reduces to 26.41 emu/g and 
17.78 emu/g, respectively.  The decrement in the magnetisation of BHF is due to the replacement of Al3+ ions on different 
sites in the hexagonal structure of ferrite. The Fe3+ ions are unevenly distributed in five non-equivalent sublattices: One is 
tetrahedral (4f1), one is trigonal bipyramidal (2b), and the other three are octahedral (2a, 12k, and 4f2). These five sites are 
responsible for the magnetic moment in M-type HF [33]. The 12k (6 sites), 2a (1 site), and 2b (1 site) are in the spin-up 
state, while 4f1 (2 sites) and 4f2 (2 sites) are in the spin-down state. Uncompensated upward spins are the cause of the total 
magnetic moment, or 20 µB. Site occupancy refinement has revealed that Al3+ ions predominantly occupy the 2a and 12k 
sites, whereas a small fraction occupies the 4f2

 (octahedral) site. The 2b site, i.e., trigonal bipyramidal, exhibits a higher 
substitution value when x >2; the 4f1 site possesses a small proportion of ˂ 5 %  [34].  The diamagnetic Al3+ ion replaces 
the Fe3+ ion (magnetic moment = 5 µB) from the sites with spin-up orientation, mostly from 12k sites  [26]. This will lead 
to a reduction in Ms and Mr of the synthesised compounds. As non-magnetic Al3+ ions replace Fe3+ ions, the super-exchange 
interactions between Fe3+-O-Fe3+ also diminish [35,36]. The non-collinear spin arrangements are created as a result of this 
reduction in exchange interactions. As a result of this, the randomly oriented spin arrangement of the surface layer with 
respect to the c-axis is formed. The net magnetisation of the material is further reduced by the coupling of canted surface 
spins with the c-axis-aligned core spin [26]. 
 
On the other hand, Hc represents the coercivity of the ferrimagnetic material. The value is the magnitude of the magnetic 
field needed to bring the sample's magnetisation down to zero once it has attained saturation. For the undoped sample, the 
value of Hc is 4.6 kOe. For x= 0.5, the value of Hc increases to 5.78 kOe. With just 4.16 % of replacement of Al3+ ions via 
Fe3+, the percental increment in the value of Hc is 25%. Simultaneously, in sample “A2”, 64% of the increment is observed 
in the value of Hc with 20.8 % of replacement. The particle size and magneto-crystalline anisotropy play a major role in the 
effect of Hc on Al doping. Luo et al. explained that the single-domain limit of nanoparticles increases as the level of Al 
dopant rises, and thus the grain would exhibit the SD behaviour [26]. 

The creation of an SD impeded the domain-wall movement, which results in the rise of Hc. However, the role of the domain 
wall in defining Hc is difficult to determine since defects can pin and nucleate domain barriers [26]. Additionally, when Al3+ 
is added as a replacement for Fe3+, the Hc rises as predicted from Hc = α(2K/MS) [37], where K is the magneto-crystalline 
anisotropy, and Ms is the magnetic saturation. This formula indicates that the Hc of the material increases as saturation 
magnetization decreases. This improvement in Hc behaviour is achieved with less than 0.7% Al substitution, demonstrating 
the effectiveness of aluminium doping in improving the hard magnetic properties of the material. This suggests that Al can 
serve as an efficient substitute for enhancing the coercivity, thereby optimizing the magnetic performance for permanent 
magnet applications. Such a doping strategy offers a potential pathway towards developing a cost-effective and optimized 
ferrite-based material for high-performance applications, particularly in permanent magnetic technologies in electrical 
vehicle applications. 
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Conclusion: 
 

Al-doped M-type Ba-hexaferrite, BaFe12-xAlxO19 ( x = 0.0, 0.5, 2.5), named A0, A1, and A2, has been successfully 
synthesised via the sol-gel auto-combustion method. XRD analysis was carried out for structure identification. The peaks 
of the XRD pattern are very similar to those of the standard pattern for the P63/mmc group. The value of the lattice parameter 
decreases with increasing dopant concentration. The crystallite size also reduces with dopant concentration and lies in the 
range of 29.66 nm to 33.30 nm. This change can be attributed to the fact that the ionic radius of Al3+ (0.535 Å) is smaller 
than that of Fe3+ (0.645  Å). The morphology of the particle has been confirmed via SEM. The study of magnetic properties 
reveals a 64% increment in the Hc of the sample. The Hc of the samples has been improved from 4.6 kOe to 7.56 kOe, but 
Mr reduces from 31.70 emu/g for A0 to 17.78 emu/g for A2, respectively. This improvement in Hc makes the Al3+ dopant a 
potential candidate for the improvement in Hc of the material. The material has the potential to be utilised as a permanent 
magnet material for electric vehicle applications. 
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