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ABSTRACT 

The BaCuxFe12-xO19 and BaAlxFe12-xO19 (x = 0.0, 0.4, 0.8, 1.2) materials were prepared via sol-gel auto combustion technique. Further, 

the X-ray diffraction patterns suggested the formation of single phase hexagonal structure. This work is aimed to study the effect of 

diamagnetic and paramagnetic elements on magnetic characteristics of BaFe12O19. The results established that in the case of diamagnetic 

(Cu) substitution, the saturation magnetization was increased and decreased alternatively. Furthermore, it was noticed that the coercivity 

values of all doped samples were lower than those of undoped samples. But the replacement of Fe3+ with paramagnetic (Al) element led 

to a decrease in saturation magnetization and to a significant increase in the coercive field. 
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1. INTRODUCTION 

 M-type hexaferrite, the composition of which is 

represented by MeFe12O19 (Me = Ba, Sr or Pb) belongs to a class 

of ferrimagnetism [1]. It has various applications in the form of 

permanent magnets, microwave absorber, high density magnetic 

recording media, transformer core, magnetic fluids for biological 

applications, etc [1]. The crystalline structure of the hexagonal 

ferrites is the result of close packing of oxygen ion layers. The 

divalent and trivalent metallic cations are located in interstitial 

sites of the structure; while the heavy Ba or Sr ions enter 

substitutionaly the oxygen layers [2]. By replacing the cation and 

composition with suitable elements, one can prepare different 

types of ferrites with significant magnetic and electric 

characteristics. In the literature, it was observed that the effect of 

ferroelectric cations like Ba, Sr and Pb on the ferrites, hexaferrites 

and perovskite systems was elucidated in order to study the 

structural, electrical, optical, magnetic, piezo electric, 

magnetocaloric and ferroelectric properties [3 - 18]. These cations 

may replace the iron or titanium sites depending upon the 

preferable site occupation. Moreover, it was observed that the 

above mentioned properties were changed in a significant way. 

However, in this study we concentrated on replacing Fe3+ ion by 

other less magnetic moment, paramagnetic or diamagnetic cations 

can affect the exchange interactions between the magnetic 

sublattices, which further alter the high uniaxial anisotropy field of 

the barium hexaferrites [3]. Especially, these Ba and Al cations 

can influence the magnetic properties of hexaferrites also. 

However, it is known that the electrical, optical and magnetic 

properties of ferrites are very sensitive to the particle sizes, shape 

and degree of crystallinity. At present, tremendous efforts have 

been made to achieve highly homogeneous nano-particles of 

barium hexaferrite by using different synthesis methods [4]. 

Among all synthesis methods, Sol-gel combustion techniques 

show advantages mainly due to low cost, ability to produce multi-

component oxides with single phase and invariably in the 

nanometer range. In present work, Series of ‘Cu’ doped 

BaCuxFe12-xO19 and ‘Al’ doped BaAlxFe12-xO19 (x = 0.0, 0.4, 0.8, 

1.2) hexaferrites have been prepared separately using sol-gel auto 

combustion technique. The effects of diamagnetic and 

paramagnetic elements on structural and magnetic characteristics 

of BaFe12O19 were investigated. 

2. MATERIALS AND METHODS 

Experimental procedure.  

 Both divalent and trivalent substituted M-type hexaferrites 

BaCuxFe12-xO19 and BaAlxFe12-xO19 have been prepared using Sol-

gel auto combustion technique separately. Corresponding metal 

nitrates, citric acid and aqueous ammonia solution were used as 

raw materials. Initially, stoichiometric amount of metal nitrates 

and citric acid were dissolved in double distilled water with help 

of magnetic stirrer attached with hot plate. The solution was 

neutralized by adding ammonia solution drop by drop and the 

neutralized solution was maintained at 80C for the continuous 

evaporation.  Finally, the solution was changed into a viscous gel 

and self ignited to form ash eruption. The combusted powder was 

crushed and calcined at 500C followed by 950C for 4 hour. The 

obtained samples were characterized byanalyzing the structure and 

magnetic properties. In view of this, the diffraction study was 

carried out using XRD (Bruker). Field-dependent magnetization 

measurements of prepared samples were carried out at room 

temperature using a VSM (EG & G Princeton Applied Research; 

Model 4500). A small amount of sample was tightly filled in a 

non-magnetic plastic tube and mounted on the VSM sample 
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holder. Thereafter, hysteresis curve was recorded under a maximum field of ±15 kOe. 

3. RESULTS  

 The X-ray diffraction patterns of copper and aluminium 

doped barium hexaferrites were presented in Fig.1 & 2 

respectively. It was observed from Fig.1 that all the peaks were of 

good crystallinity in nature. The increase of Cu-content from 0.0 

to 1.2 enhanced the intensity of crystalline phases. In addition, the 

diffraction peaks were compared with the standard JCPDS: 27 – 

1029 of BaFe12O19. It was noticed that all the diffraction planes 

were in good consistent with the hexagonal phases of BaFe12O19. 

Thus, it was confirmed that the resultant structure of compound 

was remained constant (hexagonal) upon doping the copper 

element. The average crystallite size (D) was computed using 

Scherrer formula mentioned in references [19 - 24]. The results 

showed that the ‘D’ was varying between 34 to 72 nm 

unsystematically as a function of Cu-content. This was attributed 

to the unsystematic variation of microstrain which could be 

developed during the reaction process. Similar observations were 

reported in the literature [25-27]. In the same way, the diffraction 

patterns of Al doped BaFe12O19 was depicted in Fig.2. Herein, it 

was identified that the intensity of diffraction phases was 

diminished upon increasing the Al content. In addition, it became 

constant at high Al contents. The reflection planes were similar to 

the reflection planes of BaFe12O19. The ‘D’ values were observed 

to be altering from 24 to 69 nm as a function of Al content in 

BaFe12O19 system. 

 
Figure 1. XRD spectra of Cu substituted barium hexaferrite samples. 

 
Figure 2. XRD spectra of Al substituted barium hexaferrite samples. 

 Generally, magnetic strength of M-type hexaferrite depend 

on 12 Fe3+ ions distributed over five distinct sites i.e. 2a, 2b, 4f1, 

4f2 and 12k. Out of these five, 2a, 4f2 and 12k are octahedral, 4f1 

is tetrahedral and the last 2b is trigonal bipyramid. The 12 Fe3+ are 

arranged as 6 Fe3+ are in 12k site having the spin up, 2 ions in 4f2 

and 4f1 having spin down and 1 ion in 2a and 2b site having to 

spin up. So the 8 Fe3+ are in the upward direction and 4 in the 

downward direction. So 4 upward spin and downward spin cancel 

each other and the net magnetic moment is obtained of 4 Fe3+per 

formula units. According to the configuration of Fe3+, there are 5 

unpaired electrons in the 3d orbital, each Fe3+ion has the magnetic 

moment of 5μB and the total moment is 20 μB per formula unit 

[28, 29]. Fig. 3 shows hysteresis loops of BaCuxFe12-xO19 (x = 0.0, 

0.4, 0.8, 1.2) hexaferrite samples. Magnetic parameters such as 

saturation magnetization (Ms), coercivity (Hc)and remanent 

magnetization (Mr) were calculated and listed in Table 1. The 

variation of the saturation magnetization, coercivityand remanent 

magnetizationas a function of Cu concentration are shown in Fig. 

4. 

 
Figure 3. Hysteresis loops of Cu substituted barium hexaferrite samples. 

 

Table 1. Magnetic parameters of Cu substituted barium hexaferrites. 

Samples Ms(emu/g) Mr(emu/g) Mr / Ms Hc  (Oe) 

BaFe12O19 56.24 30.00 0.533 4625 

BaCu0.4Fe11.6O19 41.2 18.1 0.439 1422 

BaCu0.8Fe11.2O19 39.30 20.70 0.527 3250 

BaCu1.2Fe10.8O19 48.1 21.0 0.437 1918 

 

 The saturation magnetization was decreased with the 

addition of copper content till x = 0.8 and raised for the sample x 

= 1.2. The variation of Ms can be explained on the basis of 

microstructure and distribution of cations at different sites in the 

crystal structure of hexaferrite [30]. Initially, the low values of Ms 

with the increase of Cu2+ content may be due to the occupancy of 

ions at 2b sites [31]. Usually, large size and non-magnetic dopant 

ions prefer to occupy octahedral sites [32]. Since ionic radius of 

Cu2+ is larger than that of Fe3+, maximum number of Cu ion may 

prefer the octahedral sites (2a, 4f2 and 12k), which enhances the 

hyperfine fields and strengthening the Fe3+ – O – Fe3+ super-

exchange interaction giving higher net magnetization, therefore 

the value of Ms reaches to 48.1 emu/g for x = 1.2 sample [33]. 

Copper substitution in barium hexaferrite led to a significant 

decrease of Hc compared to that of pure BaFe12O19hexaferrite. The 

value of coercivity in barium hexaferrite is attributed to its high 

uniaxial anisotropy along the c-axis. The decrease in Hc can be 
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related to the reduction of the anisotropy field in the presence of 

Cu2+ ions. Saturation magnetization also plays a direct role in 

decreasing coercivity through Brown’s relation [34] which is 

given by 

Hc ≥ 2k1/µ'Ms       (1) 

Where, μ' is the initial permeability and k1 anisotropy energy. 

According to this relation, Hc is inversely proportional to Ms. In 

the copper substituted composition, the sample with x = 0.8 shows 

least saturation magnetization and highest coercivity. The 

variation in Hc can also be due to the existence of grain boundary 

as defects during magnetization process [31].The measured 

hysteresis loops for the Al substituted BaAlxFe12-xO19(x = 0.0, 0.4, 

0.8, 1.2) hexaferrite samples as a function of the applied magnetic 

field are shown in Fig. 5 and the magnetic parameters are listed in 

Table 2.  An increase in the coercivity from 4625 Oe to 7375 Oe 

and decrease in the saturation magnetization and remanence 

magnetization from 56.24 to 19.18 emu/g and from 30.0 to 11.55 

emu/g, respectively were observed for the Al-substituted barium 

ferrite. The increase in coercivity and decrease in the 

magnetizations with Al substitution is in agreement with the 

observation made for Al-substituted barium hexaferrite prepared 

by the conventional ceramic method [30]. 

 
Figure 4.Variations of magnetic parameters with copper concentration. 

 
Figure 5. Hysteresis loops of Al substituted barium hexaferrite samples. 

 

Table 2. Magnetic parameters of Al substituted barium hexaferrites. 

Samples Ms(emu/g) Mr(emu/g) Mr / Ms Hc  (Oe) 

BaAl0.4Fe11.6O19 37.52 21.07 0.562 5500 

BaAl0.8Fe11.2O19 19.18 11.55 0.602 6500 

BaAl1.2Fe10.8O19 35.69 21.02 0.589 7375 

 

 
Figure 6.Variations of magnetic parameters with Aluminium 

concentration. 

 Uncompensated upward spins of Fe3+ ions in the lattice 

sites play a vital role inthe net magnetic moment in M-type 
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hexaferrite composition. In the present study, Fe3+ ions with 

magnetic moment of 5 µB are replaced by Al3+ ions with zero 

magnetic moment. So the inability of Al3+ ions to cancel out spin 

down moments of Fe3+ ions leads to the reduction in saturation 

magnetization and remanence of the substituted samples (Fig. 6). 

Also diamagnetic nature of Al reduces the super-exchange 

interaction between Fe3+- O - Fe3+ and causes a non-collinear spin 

arrangement [35]. The sample BaAl1.2Fe10.8O19 (x = 1.2) shows 

different behaviour, it has a little higher value of saturation and 

remanence magnetization compared the sample with x = 0.8. It 

may be the effect of lattice defects and amorphous aluminium 

oxide created in the combustion process [36].  The coercivity 

increases with an increase in Aluminium concentration; this may 

be attributed to the increase in anisotropy field Ha and decrease in 

the saturation magnetization.  

 Moreover, it was observed that the squareness of x = 0.0 – 

1.2 contents of Cu doped barium hexaferrites revealed the values 

altering from 0.437 – 0.533 (Table.1). These values are < 0.5 

(Mr/Ms< 0.5) for x = 0.4 and 1.2 contents. In case of x = 0.0 and 

0.8 contents, the squareness was above 0.5. Similarly, the Al 

doped barium hexaferrites offered the squareness value more than 

0.5 for all x = 0.0 – 1.2 contents. However, it was a reported fact 

that if the squareness is greater than 0.5 (Mr/Ms> 0.5), the 

materials contain larger number of single magnetic domain while 

the same materials will have multi-magnetic domains in the case 

of squareness is less than 0.5 (Mr/Ms< 0.5) [35, 36]. Hence, this 

confirmed a fact that the x = 0.4 & 1.2 contents of BaCuxFe12-xO19 

samples showed the multi-domain magnetic structure while the 

rest of the contents ensured the single domain magnetic structure.  

 On the other hand, the BaAlxFe12-xO19 (x = 0.0, 0.4, 0.8, 

1.2) material compositions showed the complete single-magnetic 

domain nature due to having the Mr/Ms values greater than 0.5. As 

a whole, it was identified that the doping of Cu into the barium 

hexaferrite system exhibited the mixed domain structure while the 

Al doping into the barium hexaferrite system provided the single 

domain magnetic structure. 

 

4. CONCLUSIONS 

 The Cu and Al doped M-type barium hexaferrite with 

chemical composition BaCuxFe12-xO19 and BaAlxFe12-xO19 (x = 

0.0, 0.4, 0.8, 1.2) were successfully synthesized via sol-gel auto 

combustion technique. The hexagonal structure of samples 

remained the same upon doping the copper and aluminium into the 

barium hexaferrite system. Replacement of Fe3+ with different size 

and nonmagnetic Cu2+ and Al3+ ions reduced the super exchange 

interaction and alter the collinear spin alignments. These led to the 

random variation of saturation and remanence magnetization in 

substituted samples. Variations in the coercivity values are 

reversed with the substitution of diamagnetic and paramagnetic 

elements. The net coercivity decreased with Cu substitution and 

increased with Al substitution. Hence, the present study gives 

platform to understand and tailor the magnetic characteristics of 

barium hexaferrite upon doping Cu and Al elements. 
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