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In view of implementing the project’s 

tasks, we developed two “soft chemistry”-
based methodologies for preparing 
complex oxides, such as Ba2Mg2Fe12O22 
and Ba1.5Sr0.5Zn2Fe12O22, namely, 
sonochemical synthesis and sol-gel auto-
combustion. 

The sonochemical synthesis of complex 
oxides consists in the co-precipitation of 
metal cations in the presence of a high-
power ultrasound field. We will present 
below a brief description of the technology 
developed. The process of preparing a 
precursor for the synthesis of Y-type 
hexaferrites has to do with the co-
precipitation of Ba2+, Mg2+ and Fe3+ or 
Ba2+, Sr2+, Zn2+ and Fe3+ cations by NaOH. 
The process takes place under the influence 
of a high-power ultrasound pulse. We 
determined the metal cations’ concentration 
and ratios needed for the co-precipitation to 
occur, together with the ultrasound pulse 
power and duration. We further studied the 
effect of the temperature in the 1080 − 
1170 °С range, as well as of the time of 
synthesis, on the phase content of the 
hexaferrite studied. 

The sol-gel auto-combustion is a widely 
used technique for synthesis of oxides. It 
makes use of an “in-situ” reaction between 
chelate agents and oxidants resulting in the 
formation of nano-sized powders. The 
following raw materils were used: 
Ba(NO3)2, Sr(NO3)2, Fe(NO3)3, Mg(NO3)2, 
Zn(NO3)2, and citric acid. The procedure  
is as follows: a stoichiometric amount      
of these compounds is diluted in a  
minimal  amount  of  distilled  water.   The  

homogeneous solution thus prepared is 
heated to 80°С, which results in the 
formation of a gel that self-ignites and 
produces nano-sized precursor oxides 
necessary for the subsequent high-
temperature synthesis of Ba2Mg2Fe12O22 
and Ba2Zn2Fe12O22. We studied the 
influence of the temperature of synthesis 
in the 1080 − 1170 °С range and of the 
time of synthesis on the phase content of 
the hexaferrites studied. 

During the development of the two 
methodologies described above for 
preparation of Ba2Mg2Fe12O22 and 
Ba1.5Sr0.5Zn2Fe12O22, the problem arose of 
the existence of second phases in the final 
product – BaFe2O4, MgFe2O4 and ZnFe2O4 
(figure 1). The main cause for the presence 
of these phases is the complexity of the 
oxide systems of interest, and the fact that 
several phase transformations occur during 
the process of synthesis. Thus, we 
conducted a series of experimental 
procedures in order to eliminate the spinel 
phases and developed a methodology for 
removing the BaFe2O4 from the end 
product. At present, we continue seeking a 
technique for avoding the formation of 
MgFe2O4 и ZnFe2O4. In addition, the 
presence of second phases necessitated 
that we study their structural and magnetic 
properties and their impact on the 
multiferroic characteristics of the samples. 
At this stage, we focused our efforts on 
exploring the properties of MgFe2O4 and 
developed a methodology based on sol-gel 
auto-combustion for preparation of 
magnesium ferrite. 
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Figure 1. XRD-spectra of Ba2Mg2Fe12O22 (a) sol-gel auto-combustion, (b) sonochemical synthesis, 
and Ba2Zn2Fe12O22 (c) sol-gel auto-combustion and (d) sonochemical synthesis. 
 
 

Figure 1 presents the results of the 
XRD analysis of the samples prepared by 
us, with the peaks assigned to the spinel 
phases being indicated. 

Applying the Rietveld method to the 
above results, we found that the Mg2+ 
cations occupy the octahedral and 
tetrahedral vacancies in the 
Ba2Mg2Fe12O22 crystal lattice. We further 
determined the lattice parameters, namely, 
a = 5.8699 Å and c = 43.4989 Å; the latter 
parameter is reduced in comparison with 
that of a bulk single crystal 
(c = 43.6048 Å). The average particles 
size was 100.5 nm. 

During the synthesis of magnesium 
ferrite we found that, upon the sol-gel 
auto-combustion, the powder was 

predominantly amorphous and consisted of 
two phases – MgFe2O4 and Fe2O3 
(hematite). The high-temperature 
treatment at 1100 °С resulted in a single-
phase sample of MgFe2O4. 

Figure 2 presents SEM images of the 
samples synthesized. One can see the 
extensive aggregation of the particles due to 
the strong magnetic attraction force. The 
particles have a plate-like shape. The 
particles produced by sonochemical 
synthesis have a perfectly built hexagonal 
shape, characteristic for the Y-type 
hexaferrite, and a size of several       
microns. One can also observe the  
presence of small MgFe2O4

 particles     
with a size of about 20 nm.
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a)    b)    c) 

   
d)    e)    f) 

 
Figure 2. SEM images of Ba2Mg2Fe12O22 (a, b) prepared by sol-gel and (c) sonochemical      
synthesis; Ba2Zn2Fe12O22 prepared by sol-gel and (d) sonochemical synthesis (e, f).
 

Figure 3 presents an image of particles 
of magnesium ferrite. The powder sample 
consists of particles that are homegeneous 
in size and shape, the latter being 
spherical. 

 

 
 

Figure 3. Electron microscope image of 
MgFe2O4. 

 
Studies of the hexagonal ferrites’ 

magnetic properties 
 

The magnetic characteristics (figure 4) 
of the Y-type hexaferrites synthesized by us 
were obtained at room temperature and at 
liquid helium temperature (4.2 K). Table 1 
summarizes a part of the results obtained 
for the values of the main magnetic 
parameters – saturation magnetization M at 

60 kOe, the remanent magnetization Mr, 
and the coercivity Hc. One can see that in 
what concerns the Ba2Mg2Fe12O22 samples, 
the values of the saturation magnetization 
of the samples prepared by sonochemical 
synthesis are somewhat higher that those of 
the samples produced by sol-gel auto-
combustion. We attribute this to the fact 
that the particles in the samples prepared by 
sonochemical synthesis are of a perfectly 
built hexagonal shape and a size of a few 
microns. The values obtained for the 
coercivity are low, which is typical for 
hexaferrites with a planar magneto-
crystalline anisotrpopy. The presence of 
small-size particles in a monodomain state 
in the samples prepared by sol-gel auto-
combustion affects the magnetic properties 
at low temperatures, especially the 
coercivity values. 

The magnetic-phase transitions were 
studied by measuring the magnetization as 
a function of the temperature as an ac 

magnetic field was applied with a 
frequency of 9967 Hz and an amplitude of 
10 Oe. 

In the case of Ba2Mg2Fe12O22 samples 
(figure 5),  one can  observe  changes in the  
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Figure 4. Magnetic measurements of Ba2Mg2Fe12O22 samples prepared by   
sol-gel auto combustion (a, b) and sonochemical synthesis (c, d) at 4.2 K (a, c)   
and 300 K (b, d). 

 
Table 1. Magnetic properties of Ba2Mg2Fe12O22 and Ba0.5Sr1.5Zn2Fe12O22. 

Sample  T, K M (60 kOe), emu/g Mr, emu/g Hc, Oe 

Ba2Mg2Fe12O22 
sol-gel auto-combustion 300 22.78 1.74 31.35 

Ba2Mg2Fe12O22 
sol-gel auto-combustion 4.2 30.47 9.69 545.87 

Ba2Mg2Fe12O22 
sonochemical synthesis 300 24.95 1.26 12.21 

Ba2Mg2Fe12O22 
sonochemical synthesis 4.2 33.57 1.94 28.95 

Ba0.5Sr1.5Zn2Fe12O22 

sol-gel auto-combustion 4.2 40.67 5.10 147.21 

Ba0.5Sr1.5Zn2Fe12O22 

sonochemical synthesis 4.2 56.49 6.61 313.39 

 
magnetization curve behavior at 
temperatures of about 190 K and 50 K that 
are related to magnetic-phase transitions. 
The changes at 183 K for the sample 
prepared by sol-gel auto-combustion and at 
196 K for the sample produced by sono- 
chemical synthesis is related to a phase 
transition from a ferromagnetic to a spiral 
spin ordering. This transition is a 

prerequisite for the appearance of 
multiferroic properties in Ba2Mg2Fe12O22. 
We assume that the transitions at 40 K and 
30 K for the sample prepared by sol-gel 
auto-combustion and that produced by 
sonochemical synthesis, respectively,      
are due to a reorientation of the spins       
to a longitudinal conical state along        
the с axis.  The difference in the  transition  
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Figure 5. Magnetic measurements of Ba2Mg2Fe12O22 samples prepared by sol-
gel auto-combustion (a, b) sonochemical synthesis (c, d) in an ac magnetic 
field; (а) and (c) M'(T) – the real part, and (b) and (d) M"(T) – the imaginary 
part of the differential magnetization. 

 
temperatures in the two samples is the 
result of the difference in the particles’ 
shape and size in the samples, and of their 
orientation in the magnetix field. 
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Figure 6. Magnetic measurement of a 
MgFe2O4 sample in an ac magnetic field. 
 

In order to clarify the effect of the 
presence of second phases in the samples 
studied of Ba2Mg2Fe12O22, we carried out 
measurements on a MgFe2O4 sample in 
view of determining the existence of 
magnetic-phase transitions by following 

the variation of the magnetization with the 
temperature when an ас magnetic field was 
applied with a frequency of 9967 Hz and an 
amplitude of 10 Oe. The results are 
presented in figure 6. As is seen, no 
changes in the magnetization curve 
behavior are observed, which demonstrates 
that in this temperature interval magnesium 
ferrite does not undergo phase transitions, 
so that its presence should not affect the 
multiferroic properties of the 
Ba2Mg2Fe12O22 samples examined by us.  

 
Main results 
 
1. A novel original technology was 

developed, namely, sonochemical 
synthesis, for preparation of complex 
magnetic oxides – Ba2−хМхMe2Fe12O22, 
where М is Sr, and Ме, Zn, Mg, Cu. 
The conditions were optimized for 
preparation of Ba2Mg2Fe12O22 and 
Ba0.5Sr1.5Zn2Fe12O22. 

2. Based on the sol-gel auto-
combustion technique, a 
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methodology was developed for 
preparation of multiferroics. The 
conditions were optimized for 
preparation of Ba2Mg2Fe12O22 and 
Ba0.5Sr1.5Zn2Fe12O22. 

The methodologies developed – 
sonochemical synthesis and sol-gel 
auto-combustion – can be applied to 
the preparation of other complex 
magnetic oxides and multiferroics. 

3. Based on the sol-gel auto-
combustion technique, a 
methodology was developed for 
preparation of MgFe2O4. The 
conditions of the process were 
optimized. The methodology 
developed allows one to prepare 
nano-sized magnesium ferrite with 
particles that are homogeneous with 
respect to their size and shape; it can 
be applied to the preparation of other 
ferrites with a spinel structure. 

4. The structural and magnetic 
properties of Ba2Mg2Fe12O22, 
Ba0.5Sr1.5Zn2Fe12O22 and MgFe2O4 
were explored. 

5. The temperatures were 
determined of the magnetic-phase 
transitions in Ba2Mg2Fe12O22 and 
Ba0.5Sr1.5Zn2Fe12O22 that are 
responsible for the multiferroic 
properties of these materials. 
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