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INVESTIGATION OF THE FUNCTIONAL PROPERTIES 
OF STRONTIUM HEXAFERRITE SrFe12-xCrxO19, DOPED WITH CHROMIUM, 

WITH A DEGREE OF SUBSTITUTION X UP TO 7.5
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ABSTRACT

Strontium hexaferrite with a high degree of iron substitution by chromium (SrFe12-xCrxO19, at x = 6.5 - 7.5 with a step 
of x(Cr) = 0.5) was obtained by solid - phase synthesis at an isothermal exposure temperature of 1500°C. Analysis of the 
results of XRD X - ray diffraction and scanning electron microscopy (SEM) confirmed the formation of single - phase 
hexagonal M - type ferrites upon substitution with Cr ions from x = 6.5 to x = 7.5. Previously, using the same method at a 
temperature of 1400°C, we synthesized and obtained the results of X - ray, morphology, elemental analyses and magnetic 
properties for single-phase samples of SrFe12-xCrxO19 with x = 0 - 6 [1].  This article studies the effect of doping with Cr3+ 
ions on the structural and functional properties of hexaferrite SrFe12-xCrxO19 x = 0 - 7.5. The temperature and frequency 
dependences of the initial magnetic permeability of the obtained ferrites have been studied. It was found that the 
substitution of iron with chromium leads to a decrease in the Curie temperature. Studies of the electrical properties 
of the obtained materials were carried out in the frequency range of 25 Hz - 3 MHz at room temperature. An analysis 
of the dielectric properties showed that an increase in the content of Cr3+ ions in SrFe12-xCrxO19 leads to a decrease 
in the dielectric constant, dielectric losses, the tangent of the dielectric loss angle and an increase in the complex 
resistance. The results of the study demonstrate the dependence of electrical properties on the frequency of the applied 
field and the concentration of dopant.

Keywords: strontium hexaferrite, chromium substitution, structure, XRD, SEM, Curie temperature, initial magnetic 
permeability, dielectric losses, dielectric constants, electrical resistance.
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INTRODUCTION

Due to their excellent electrical and magnetic 
properties, hexaferrites are of great commercial 
importance and are the subject of interest in fundamental 
research [2]. Ba, Sr M - type hexaferrites are the most 
widely used materials for permanent ferrite magnets, 

which are in high demand due to their low cost and 
chemical stability.

Magnetically hard materials, such as M - type 
strontium hexaferrites (SrFe12O19), are of great 
interest in the technology of creating integrated 
circuits; they are used as permanent magnets due to 
their exceptional magnetic properties [3 - 6]. The 
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magnetocrystalline anisotropy, high electrical resistivity, 
and high saturation magnetization of nanocrystalline 
substituted strontium hexaferrite are promising for 
many practical applications, such as the manufacture of 
permanent magnets, magnetic recording media, various 
components in microwave devices, electromagnetic 
properties, electronic components, telecommunications 
and radio frequency devices [7, 8].

Both the magnetic and electrical properties of 
hexagonal ferrites largely depend on the synthesis 
conditions and composition, i.e., the number and type 
of iron - substituting cations in five different Fe3+ 
crystallographic positions. Several methods for the 
synthesis of doped Sr - hexaferrite are presented in the 
literature, such as the traditional solid - phase method, 
sol - gel, autoignition, hydrothermal, microemulsion and 
coprecipitation [9 - 14].

The most effective way to improve the magnetic 
properties of SrM ferrite (including saturation 
magnetization, field anisotropy, coercive force, and 
magnetic resonance frequency [15]) is to substitute 
various ions - Sm3+, Mn3+, Ni2+, Al3+, Co2+, Cr3+, Ti3+, 
Cu2+ and Zn2+ as single ions and co-doped variants Mn -
Ti, Al - Cr, Co - Ti, Mn - Zn, Co - Zr [16 - 25]. Such 
materials with high electrical resistivity are the most 
promising for use in microwave devices [26 - 29].

The substitution of Fe3+ ions by Cr3+ ions is of great 
interest in studying the magnetic and dielectric properties 
of hexaferrite, which are necessary for potential 
applications in radio and other high - frequency devices. 
Studies of the dielectric properties of hexaferrites 
with low degrees of iron substitution by chromium or 
chromium and aluminium (where single - phase samples 
were obtained for the compositions Sr1-xCoxFe12-yCryO19 
at x = 0 - 0.7 and y = 0 - 0.6, and SrFe12-x-yAlxCryO19, 
where x = y = 0 - 0.2) are presented by I. Bibi et al. 
and K. Subrahmanya Sarma et al. [30, 31]. Obtaining 
hexaferrites with a high degree of iron substitution 
by other ions is an elusive task due to the difficulty of 
meeting two conditions: controlled production of a single 
- phase material with high degrees of substitution and 
particle size conservation in a single - domain region 
where maximum coercive force is achieved.

Previously, single - phase strontium hexaferrite 
SrFe12-xCrxO19 samples with the maximum degree of 
substitution by chromium atoms x=6 was obtained by 
solid - phase synthesis at 1400°C; the results of studying 

magnetic properties are also presented [1]. At that 
time, no synthesis technique had been developed that 
could provide higher degrees of substitution: at x > 6,
in addition to the hexaferrite phase at 1400°C, low - 
intensity peaks related to the α-Cr2O3/Fe2O3 impurity 
phases occurred. The second stage of work to increase 
the maximum degree of chromium substitution was the 
optimization of the synthesis mode: to obtain single -
phase samples of barium hexaferrite BaFe12-xCrxO19 

substituted with chromium, synthesis was carried out at 
three different temperatures of 1400, 1500 and 1600°C 
[32]. As a result of the study, optimal conditions for the 
synthesis of single - phase samples of the composition 
BaFe12-xCrxO19 with a degree of substitution x = 5, 6, 
7 at 1500°C with an isothermal exposure of 5 h were 
established [32]. 

As a result of the implementation of this, the third, 
stage of research to increase the maximum degree 
of substitution achieved, as well as the study of the 
properties of the resulting concentration range of 
substituted strontium hexaferrite, original, previously 
unreported in the scientific literature, results with 
scientific novelty were obtained. In continuation of our 
study of the possibility of replacing strontium hexaferrite 
with chromium atoms, in this work single - phase 
samples of strontium hexaferrite with a high degree of 
chromium substitution (SrFe12-xCrxO19 at x = 6.5, 7 and 
7.5) were obtained by the solid - phase method, and 
the effects of Cr3+ ion substitution of Fe3+ ions on the 
phase composition and lattice parameters were studied. 
Also, for the first time, the temperature dependences of 
the initial magnetic permeability values and the effect 
of the degree of chromium substitution on changes in 
the structural and dielectric properties of the entire 
range of SrFe12-xCrxO19 samples were studied on the 
obtained materials (both the compositions obtained for 
the first time and those whose synthesis description and 
the results of the study of the structure and magnetic 
properties were previously presented in [1]).

EXPERIMENTAL

Iron oxide (Fe2O3), chromium oxide (Cr2O3), and 
strontium carbonate (SrCO3) with the BDA qualification 
were used as initial components for solid - phase 
synthesis. To prepare the charge, the initial components 
were weighed in stoichiometric ratios and crushed with 
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simultaneous stirring in an agate mortar. After grinding, 
the mixture was pressed into tablets with a diameter of 8 
mm on a hydraulic laboratory press with a force of 5 t cm-2. 
The samples on a platinum substrate were sintered at a 
temperature of 1500°C in a tubular furnace with silicon 
carbide heaters with an isothermal exposure of 5 h in an 
atmospheric atmosphere. 

X - ray phase analysis was performed on a Rigaku 
Ultima IV powder diffractometer (Cu Ka radiation, 
room temperature). X - ray images of the samples were 
recorded in the angle range 2θ from 15° to 75° at a speed 
of  2° min-1. Based on the X - ray data, the parameters 
of the elementary crystal cell were calculated. Structural 
refinements were carried out in the PDXL software 
using a full - profile analysis using the Rietveld method. 
The morphology of the sample surface and elemental 
chemical analysis were studied using a Jeol JSM 7001F 
scanning electron microscope (SEM) equipped with an 
energy dispersive X - ray analyser (EDX).

Differential scanning calorimetry (DSC) was carried 
out to determine the Curie temperature of the samples. 
Thermogravimetric analysis and differential scanning 
calorimetry (TGA/DSC) were done on a simultaneous 
thermal analyser Netzsch STA 449 F3 Jupiter.

The values of the phase transition temperatures of 

the second kind (Curie temperature) are determined 
by constructing the temperature dependence of the 
inductance of a ferrite core. Rectangular toroidal cores 
with an outer diameter of 7 mm and an inner diameter 
of 3 mm were prepared from each sample. The height of 
the torus was 4 mm. 5 coils of 0.2 mm diameter copper 
wire were wound around the torus. The inductance L 
was measured using an E7 - 30 immittance meter at 
a frequency of 1 MHz. The dielectric properties were 
studied in the frequency range from 25 Hz to 3 MHz at 
room temperature on an immittance meter. The disc - 
shaped surfaces of each sample were coated with silver 
paste to improve contact with the two electrodes.

RESULTS AND DISCUSSION

Fig. 1 shows X - ray images of single - phase samples 
recorded in the range of 2 theta angles from 15 to 75° 
with a shooting speed of 2° min-1. The literature data 
for unsubstituted strontium hexaferrite SrFe12O19 are 
represented by a bar chart [33]. X - ray phase analysis 
showed that the formation of single - phase chromium -
substituted strontium hexaferrite at a synthesis 
temperature of 1500 °C is possible up to 7.5. The 
identified phase is isostructured to a magnetoplumbite 
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Fig. 1. Diffractograms of the SrFe12-xCrxO19 system (at x from 6.5 to 7.5) synthesized at 1500°C.
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with the space group P63/mmc. At x = 8.0, impurity 
phases (α-Cr2O3/Fe2O3 were detected, and intermediate 
reaction products, SrCr2O4 and Fe3O4, were identified. 
Thus, it was possible to obtain single - phase 
SrFe12-xCrxO19 samples with a maximum degree of 
substitution x up to 7.5 at a temperature of 1500°C.

Based on the results of X - ray phase analysis using 
the Rietveld method, the unit cell parameters were 
calculated in the PDXL software package. Table 1 
contains these data, as well as refinement parameters and 
coherent scattering region size (D), which is proportional 
to particle size. Refinement parameter values are lower 
than 10 %, so experimental XRD patterns are in good 
agreement with simulated theoretical pattern. With x = 7, 
size of coherent scattering regions is about 50 % higher 
than with x = 6.5 or 7.5.

The substitution of iron with chromium led to a 
decrease in the parameters of the crystal lattice a, c, and 
volume V. This can be explained by the difference in the 
values of the ion radius of iron and chromium: r(Fe3+) 
CNVI = 0.645 Å; r(Cr3+) CNVI = 0.615 Å [34]. This result 

correlates with previously obtained values and literature 
data [1, 32, 35].

The data of the elemental analysis and the calculated 
actual formulas of the samples are presented in the 
Table 2. In general, the coefficients of the calculated 
gross formulas calculated according to the results of the 
energy - dispersion analysis correlate with the values of 
the initial calculated gross formulas.

Electron microscopic examination allowed us 
to establish that the obtained samples should be 
characterized by a uniform distribution of elements in 
their structure. The morphology of the surface of the 
samples consists of a multitude of differently oriented 
hexagonal particles soldered together. Fig. 2 shows SEM 
images of the obtained samples.

The study of the temperature dependence of the real 
and imaginary parts of the magnetic permeability for the 
entire range of synthesized SrFe12-xCrxO19 samples (x up 
to 7.5) was carried out in the temperature range of 50 - 
600°C.  The temperature dependences of the imaginary 
and real parts of the initial magnetic permeability of 

Sample formula a, Å c, Å c/a V, Å3 Rwp, % Rexp, % χ2 D, 
nm

SrFe5,5Cr6,5O19 5.8412(5) 22.741(5) 3.8932 671.950(11) 6.9 3.1 5.0 41.5
SrFe5Cr7O19 5.8410(4) 22.7226(14) 3.8902 671.380(7) 8.4 2.9 8.2 61.8

SrFe4,5Cr7,5O19 5.8367(4) 22.6872(15) 3.8870 669.340(7) 7.6 2.8 7.2 42.4

Sample
Elemental composition, at. %

Actual formula
Sr Fe Cr

SrFe5,5Cr6,5O19 1.00 5.51 6.49 SrFe5.51Cr6.49O19

SrFe5Cr7O19 1.00 4.63 7.37 SrFe4.63Cr7.37O19

SrFe4,5Cr7,5O19 1.00 4.23 7.77 SrFe4.23Cr7.77O19

Table 1. Unit cell parameters of the obtained solid solutions.

Table 2. The results of the elemental analysis and calculated gross formulas of the samples.

Fig. 2. SEM images of samples: (a) SrFe5.5Cr6.5O19, (b) SrFe5Cr7O19, (c) SrFe4.5Cr7.5O19.
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Fig. 3. Dependences of the magnetic permeability with the marked Curie temperature for SrCrxFe(12-x)O19 samples. The 
black line indicates the data for the real part of the initial magnetic permeability (µ’). The red line indicates the data for 
the imaginary part of the initial magnetic permeability (µ’).

the samples (at x up to 5) are shown in Fig. 3. For 
samples with degrees of substitution greater than 5, it 
was impossible to determine the temperatures of the 
beginning and end of the paramagnetic transition. 

As can be seen, the temperature dependences of 
the real part of the magnetic permeability for samples 
with different degrees of substitution have a different 
appearance. All the studied samples near the temperature 

	 a)							       b)

	 c)							       d)

	 e)							       f)



Journal of Chemical Technology and Metallurgy, 61, 4, 2026

730

of the magnetic phase transition have a narrow low -
intensity peak. The temperature of the end and beginning 
of the magnetic phase transition, as well as the peak 
temperature, decreases with increasing degree of 
chromium substitution (Table 3). The temperature 

dependence of the imaginary part of the magnetic 
permeability for all studied SrFe12-xCrxO19 samples 
increases with increasing measurement temperature.

The obtained dependences can be interpreted as 
the approximation of ferrimagnets to the paramagnetic 

Fig. 3. Dependences of the magnetic permeability with the marked Curie temperature for SrCrxFe(12-x)O19 samples. The 
black line indicates the data for the real part of the initial magnetic permeability (µ’). The red line indicates the data for 
the imaginary part of the initial magnetic permeability (µ’).

	 g)							       h)

	 i)							       j)

					     k)
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transition temperature (Curie temperature) from the 
low temperature range, when the magnetic permeability 
decreases. Such a transition was characterized by the 
temperature values of the start of the process, the end of 
the process and the point of extremum. The temperatures 
of the beginning and end of the paramagnetic transition 
are determined by the tangent method. Fig. 4 shows 
the temperature dependence of the initial magnetic 
permeability of the SrFe11CrO19 sample.

Hexaferrites with relatively low degrees of 
substitution are characterized by a decrease in the 
real part of the magnetic permeability with increasing 

temperature. However, starting from the degree of 
chromium 4.5 substitution, the reverse situation is 
observed, when the real component begins to increase. 
The temperature of the beginning of the transition can 
be determined by the tangent method at degrees of 
substitution 0 - 3, whereas further it becomes impossible. 
It is assumed that with an increase in the degree of 
substitution, both the beginning and the end of the 
process shift towards low temperatures, which is why, 
already at the degree of substitution 3.5, the beginning 
of the process goes beyond the temperature range under 
study. In addition, as the degree of substitution increased, 

Table 3. The temperature of the beginning and end of the magnetic phase transition, as well as the peak temperature 
of the obtained samples.

Sample formula T (start), °C T (peak), °C T (end), °C
SrFe12O19 432.6 457.5 495.4

SrFe11,5Cr0,5O19 387.1 435 433.2
SrFe11Cr1O19 359 414.1 415.1

SrFe10,5Cr1,5O19 248.2 384.8 388.7
SrFe10Cr2O19 184.5 366.3 369.5

SrFe9,5Cr2,5O19 131.5 333.9 336.3
SrFe9Cr3O19 113.3 311.1 313.7

SrFe8,5Cr3,5O19 285.2 298.0
SrFe8Cr4O19 261.1 270.7

SrFe7,5Cr4,5O19 229.2
SrFe7Cr5O19 198.7
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Fig. 4. Graph of the temperature dependence of the real part of the magnetic permeability (black dots) and the 
imaginary part (red dots) of the SrFe11CrO19 sample.



Journal of Chemical Technology and Metallurgy, 61, 4, 2026

732

as already noted, the nature of the dependence of the real 
part of the magnetic permeability changed. As a result, 
after the degree of substitution of 4, it is impossible to 
determine the end temperature of the process using the 
tangent method. The values obtained by the described 
method correlate with the Curie temperature values 
determined by differential scanning calorimetry (Fig. 5).

It was found that the substitution of iron with 
chromium leads to a decrease in the Curie temperature. 
The SrFe6Cr6O19 - SrFe4.5Cr7.5O19 samples are no longer 
ferrimagnetic, so the Curie temperatures do not matter. 
The value of the transition point from the ferrimagnetic 
to the paramagnetic state is determined by the strength 
of the super - exchange interaction between the 
cations. Ion substitution, changes in bond length and 
angles between metal cations and anions, as well as the 
inclusion of non - magnetic or less magnetic cations 
in the composition can cause a decrease in the super -
exchange interaction. In this case, as the degree of 
chromium substitution increases, the number of Cr3+ - 
O2- bonds increases due to a decrease in the number 
of Fe3+ - O2- bonds. This leads to a decrease in the 
interaction, since the magnetic moment of Cr3+ is less 
than that of the substituted Fe3+. 

The results obtained in the framework of the 
study make it possible to expand the understanding of 
the properties, particularly the Curie temperature, of 
SrFe12-xCrxO19 materials in a wide range of degrees of 
substitution. The resulting range of materials has the 
potential to be used as materials for self - calibrating 
temperature sensors with an optimized operating 
temperature range for a specific industry. The values of 
the dielectric constant of ferrites depend on the types of 
charge carriers, the synthesis method, the stoichiometry 
of the chemical composition, the grain size and the 
temperature regime of heating. Change in dielectric 
constant as a function of frequency for SrFe12-xCrxO19 

hexaferrite samples (x up to 7.5) at room temperature 
is shown in Fig. 6.

At low frequencies, a higher value of the dielectric 
constant is observed, which may be related to the 
mechanisms described in [36]. If the nature of the 
interaction of charge carriers in the grain boundary is 
abrupt, then due to the high charge concentration at the 
interfaces, an increase in interphase polarization can 
be observed in the system. In this case, the value of 
the dielectric constant increases. With an increase in 

the frequency of radiation, charge carriers can change 
their trajectory, which means that the probability of 
approaching the grain boundary will decrease, and the 
contribution to the overall polarization will increase, 
which ultimately leads to a decrease in the dielectric 
constant [37].

The values of the dielectric constant of the 
SrFe12-xCrxO19 samples decrease with an increase in the 
content of Cr3+ ions. This may be due to a decrease in the 
concentration of delocalized carriers during heterovalent 
substitution. Such a pattern was observed for samples 
of strontium hexaferrite substituted with neodymium. 
The authors of the article suggest that the inclusion of 
Nd3+ for Fe3+ ions reduces the number of iron ions in 
octahedral positions, which are responsible for dielectric 
polarization and prevents the displacement of spatial 
charge carriers in the direction of the electric field [38].

Fig. 7 shows the frequency dependences of dielectric 
losses. According to the figure, an increase in frequency 
leads to a decrease in dielectric losses for all samples. 
This behaviour of dielectric losses in ferrites is based on 
the Maxwell - Wagner model and the Koop theory [39 - 
42]. It should be noted that an increase in the degree of 
iron substitution with chromium in the SrFe(12-x)CrxO19 
samples also leads to a dramatic reduction in dielectric 

Fig. 5. Dependence of TC values (determined in different 
ways) on the degree of chromium substitution of SrFe12-

xCrxO19 samples.
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losses. It is known that the average particle size affects 
the electrical characteristics of oxide ceramics. This 
effect is due to a combination of internal factors, such 
as changes in the parameters of the crystal structure, 
and external factors, including the presence of defects, 
residual stresses at the interfaces, porosity, and grain 
boundaries [43]. 

Dielectric losses are characterized by the values 
of the tangent of the dielectric loss angle tanδ [44]. 
The tangent of dielectric losses also depends on the 
structure, which depends on the sintering temperature of 

the samples [45]. Change in the tangent of the dielectric 
loss angle as a function of frequency for SrFe(12-x)CrxO19 

hexaferrite samples is shown in Fig. 8. The Fig. 8 shows 
that as the degree of substitution increases, tan δ decreases 
significantly across the entire frequency range, which 
is critical for high - frequency applications. Low - loss 
materials can be used in attenuator designs. Figs. 9 and 
10 show the resistance measurement for the obtained 
samples at room temperature. 

At low applied frequencies, a higher Z value indicates 
that polarization occurs rapidly at these frequencies. 

Fig. 6. Frequency dependence of the dielectric constant of SrFe12-xCrxO19 samples.

Fig. 7. Frequency dependence of dielectric losses of SrFe12-xCrxO19 samples.



Journal of Chemical Technology and Metallurgy, 61, 4, 2026

734

Fig. 10. Frequency dependence of the electrical resistance of SrFe12-xCrxO19 samples at 25, 1000, 10000 Hz.

Fig. 8. Frequency dependence of the angle tangent of dielectric loss of SrFe12-xCrxO19 samples.

Fig. 9. Frequency dependence of the complex resistance of SrCrxFe12-xO19 samples.
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Release of space charge polarization at the boundaries 
with the applied field can occur at higher frequencies. This 
polarization occurs due to the rapid change in space charge 
in a stronger applied field. The analysis of the dielectric 
properties SrCrxFe(12-x)O19 hexaferrite with a high degree 
of substitution by Cr3+ ions and various frequencies 
provides valuable information for studying the behaviour 
of charge carriers and polarization mechanisms.

CONCLUSIONS

Strontium hexaferrite with a high degree of 
chromium substitution x(Cr) = 6.5 - 7.5 was successfully 
synthesized by solid - phase synthesis. To obtain 
monophase samples (with space group 194, P6 3/mmc), 
the synthesis temperature regime was determined at 
1500°C with an isothermal exposure of 5 h.

An increase in the degree of chromium substitution 
from 6.5 to 7.5 leads to a decrease in the unit cell 
parameters from 5.8412(4) Å to 5.8367(4) Å, parameter 
a, and from 22.741(5) Å to 22.6872(15) Å, parameter 
C. A linear decrease in the parameters indicates the 
production of a continuous series of solid solutions in a 
given concentration range and successful substitution of 
Fe3+ atoms with Cr3+ atoms. The influence of the degree of 
chromium substitution on the course of the temperature 
dependence of the initial magnetic permeability is 
investigated. An increase in chromium concentration 
leads to a monotonous decrease in the Curie temperature. 
Based on the type of curves and the presence of a peak 
in the temperature dependences of the real part of the 
magnetic permeability for samples with high degrees 
of chromium substitution, the transition of the material 
from the ferrimagnetic state to the antiferromagnetic 
state is assumed. Thus, obtaining monophase samples 
with a high degree of chromium substitution of a given 
composition and studying the properties of several 
materials with a continuous range of Curie temperatures 
opens up the possibility of their further application in 
various branches of modern technology. The correlation 
of the dielectric characteristics of hexaferrite samples 
with their chemical composition has been established, 
primarily due to the weakening of bonds between 
magnetically active Fe3+ ions in the ferrite structure 
and changes in dielectric losses. With an increase in the 
degree of iron substitution with chromium, a decrease in 
dielectric constant, dielectric and tangent of the dielectric 

loss angle, as well as an increase in electrical resistance, 
was observed. 

The results obtained contribute to the understan-
ding of ferrite materials and have potential for 
possible applications in the field of electronic and 
telecommunication technologies.
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