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In this study, the structural and magnetic characterizations of a series of SrCoxCuxFe12-2xO19; 0.0 ≤ x ≤ 0.5 samples, which 
were produced by the conventional ceramic method, were carried out. The structure was examined by X-ray diffraction 
(XRD) technique and optical microscopy. A vibrating sample magnetometer (VSM) was used to characterize the 
ferrimagnetic properties. XRD patterns confirmed the presence of a single phase as Sr-hexaferrite while there were not 
any peaks of unreacted Fe2O3 phase. The densities varied between 92 – 98 %. XRD patterns of the Sr-hexaferrite samples 
were slightly modified because of the co-substitution of Cu-Co; however, the magnetic properties changed remarkably. 
The sample with Cu-Co of x = 0.1 content had the highest saturation magnetization (33.52 emu/g), remanence 
(19.74 emu/g), and coercivity (4.3 kOe). The synthesized magnetic samples were found to be suitable for the development 
of attractive ferrimagnetic properties for the current ferrite magnets. 
Keywords: hexaferrite, ferrimagnet, co-substitution. 

 
1. INTRODUCTION∗ 

The development of thermal biology, bioengineering, 
and physics has led to a contribution to the hyperthermia 
treatment of cancer. The damage due to heating causes 
cancer cells to go through apoptosis. By the application of 
hyperthermia, microthrombosis forms in the capillary veins 
that feed the tumor, which prevents the feeding of it [1]. 
Under the alternating magnetic field, with the help of 
hysteresis losses, the magnetic materials placed inside the 
tumor produce the required heat to damage the cancer tissue 
[2]. By this process, tumor tissue is effectively heated and 
the local temperatures are adjusted to the range of 
42 – 45 °C, and tumor tissue is selectively destroyed [3]. The 
candidate materials for this application are those containing 
Fe2O3 and showing ferrimagnetic behaviour and they are 
utilized as thermoseeds in the region to be treated [2, 4, 5]. 

In the few last decades, ferrimagnetic ceramics have 
become an attractive research field because they exhibit 
magnetic properties such as high Curie temperature, high 
saturation magnetization, magnetocrystalline anisotropy, 
etc. Several magneto-electric properties of these ceramics 
have led to the usage of them in different technological 
applications [6]. These hard ferrite ceramics are used as 
permanent magnets for generators, relays, and engines [7]. 

In the ionically bonded solids such as ferrimagnetic 
materials, a net magnetic moment is formed due to the 
antiparallel configuration of the magnetic dipoles of the 
different ions under the magnetic field [7]. 

 The most important ferrite in this group is the barium 
ferrite (BaFe12O19) which was commercialized by Philips 
company with the name Ferroxdure in 1952. These 
materials are wet-pressed under the magnetic field to align 
the easy magnetization axis parallel to the applied magnetic 
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field. The density and the cost of the hexagonal ferrites are 
low and their coercive force is high [8, 9]. 

The permanent magnets with the hexagonal barium and 
strontium ferrites are based on the magnetoplumbite 
structure. Strontium hexaferrites are known to exhibit a high 
Curie temperature in addition to excellent chemical stability 
and mechanical hardness. They are also appropriate 
candidates as high density magnetic recording media [10]. 

In the crystal structure of hexaferrites, there are 2 
strontium cations, 24 iron, and 38 oxygen anions. Here, 24 
iron cations occupy five crystal sites: 2a, 2b, 4f1, 4f2, and 
12k. The spins of the Fe3+ cations are parallel to the c-axis 
for the 2a (↑), 2b (↑), and 12k (↑) sites, while for the 4f1 (↓) 
and 4f2 (↓) sites they are opposite to the c-axis [11]. M-type 
hexaferrites are produced by the conventional ceramic route 
since that this route is both cost-effective and it is suitable 
for mass production [12]. 

The cation substitution technique has been extensively 
used by researchers to improve the performance of the M-
type hexagonal ferrites [13]. These studies include Islam et 
al., (2024)’s Cu-Gd [14];  Idrees et al., (2022)’s Cu-Yb [15]; 
Rambabu et al., (2021) [16] Cu-La researches, that 
investigated the effect of copper together with a rare-earth 
element. Anantharamaiah et al., (2020) [17] focused on only 
the effect of Cu on the magnetic properties of Sr-hexaferrite 
whereas Rambabu et al., (2024) [18] worked on the effect 
of Cu-Ni along with La. This was one of the few studies 
which used two transition metals in their study. On the other 
hand, various studies focused on the single effect of cobalt 
substitution on the magnetic properties of Sr-hexaferrite 
[19 – 22]. Some researchers worked on the effect of two 
dopants such as Co-Mg [23] and Co-Ru [24]. Among the 
most recent researches on the Sr-hexaferrites, few studies 
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focused on the effect of two transition metals together on the 
magnetic properties such as the one study on Co-Cr [25]. 

Considering there is a limited number of researches that 
cover the effect of two transition metals on the ferrimagnetic 
behaviour of strontium hexaferrites among the most recent 
studies, the purpose of this study is to investigate the effects 
which might be induced by the substitution of two divalent 
transition cations in strontium hexaferrite and the resultant 
magnetic properties. Two different species of divalent ions 
are selected, which are nonmagnetic cobalt- and copper-
cations for Fe3+ substitution in the Sr-hexaferrite. 

2. EXPERIMENTAL DETAILS 

2.1. Synthesis of the samples 
SrCoxCuxFe12-2xO19; 0.0 ≤ x ≤ 0.5 were produced by the 

standard ceramic method. The stoichiometric proportion of 
strontium carbonate (Chem-pure, Aromel Kimya), alfa-
Fe2O3 (98 wt.%, ZAG Kimya), CuO (99 wt.%, Emir 
Kimya) and Co2O3 (99 wt.%, particle size below 44 µm, 
Nanokar) powders were used as the starting materials. Each 
powder batch was prepared as 3 g. In order to prevent the 
agglomeration, stearic acid was used in the mixture. The 
molar ratio of Fe3+ to Sr2+ was taken as 12:1. The codes SF-
1, SF-2, SF-3, SF-4, and SF-5 were given to the samples, 
respectively. To obtain a homogeneous mixture, an agate 
mortar was used to mix the starting powders for sufficient 
time. The powder mixtures were pressed into pellets 
(diameter of 10 mm, thickness of 3 mm) by using an 
uniaxial pressing machine under a pressure of 60 kN/cm2. 
The compacted samples were then sintered under an air 
atmosphere at 1250 ºC for 3 h. using the electrical furnace. 
After sintering, these samples were cooled to room 
temperature. The process diagram of the study is shown in 
Fig. 1. 

 
Fig. 1. The process diagram of the study 

2.2. Characterization of the samples 
2.2.1. XRD studies 

X-ray diffractometer (Rigaku D‐Max2200) was used to 
identify the present phases of the samples using Cu-Kα 
radiation (λ = 1.5418 Aº) in the 2Θ range of 20 – 70º. 

The lattice parameters (a, c) of the as-sintered samples 
were estimated with the help of Bragg's law and using Eq. 1 
below: 
1
𝑑𝑑2

= 4
3

. ℎ
2+ℎ.𝑘𝑘 + 𝑘𝑘2

𝑎𝑎2
+ 𝑙𝑙2

𝑐𝑐2
, (1) 

where d is the plane spacing and (hkl) are the indices which 
belong to the diffraction planes. 

2.2.2. Density determination and optical microscopy 

Also, the physical properties of the Sr-hexaferrite 
samples, such as as-sintered densities were calculated using 
the bottle pcynometer method using the Archimedes 
principle. The theoretical density of the strontium 
hexaferrite is 5.10 g/cm3 [26]. The relative density and bulk 
density values were calculated and shown in Table 1. The 
surface preparation was applied to the as-sintered samples 
through polishing using SiC paper. Optical microscopy was 
used to observe the microstructural properties of the 
hexaferrites at different magnifications. 

2.2.3. Magnetic characterization of the hexaferrites 

The magnetic characterization studies of the 
hexaferrites were carried out using vibrating sample 
magnetometry (Dexing Magnet VSM 550) by applying a 
maximum magnetic field of 10 kOe. The magnetization as a 
function of magnetic field (M-H) plots was drawn at room 
temperature. 

3. RESULTS AND DISCUSSION 
The density and porosity results after the sintering at 

1250 °C for 3 h are tabulated in Table 1. As can be seen 
from the table, the relative density percentages were quite 
high, which implies that the samples were nearly sintered to 
full density and the sintering conditions were sufficient for 
the sintering. 

Table 1. Relative density and porosity of the samples for different 
values of x 

Code Sample Sintering 
parameters 

Density, 
g/cm3 

Relative 
density, 

% 

Porosity, 
% 

SF1 x = 0.1 1250ºC/3h 4.7 92 8.0 
SF2 x = 0.2 1250ºC/3h 5.0 98 1.4 
SF3 x = 0.3 1250ºC/3h 4.7 93 6.7 
SF4 x = 0.4 1250ºC/3h 5.0 97 3.4 
SF5 x = 0.5 1250ºC/3h 4.7 93 6.6 

The lowest relative density was around 92 %, it was 
obtained for the SF1 sample which contains 0.1 wt.% of Co 
and 0.1 wt.% Cu addition in the composition of Sr-
hexaferrite compound. The highest relative densities were 
around 98 % and 97 % and they were found for SF2 and SF4 
samples with 0.2 wt.% of and 0.4 wt.% of Co and Cu 
additions, respectively. 
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Fig. 3. Optical images of the samples at 1kx magnification: a – SF1; b – SF2; c – SF3; d – SF4; e – SF5 

 
These two samples also exhibited sufficient mechanical 

integrity as they are dense hexaferrite samples (with a 
relative density of over 85 %). 

 
Fig. 2. XRD patterns of the substituted Sr-hexaferrite samples 

XRD diffraction patterns of the studied samples are 
shown in Fig. 2. Bragg’s peaks of the obtained patterns are 
in good agreement with the standard diffraction pattern [27] 
of the base material of SrFe12O19. Fig. 2 confirms the 
formation of the single-phase magnetoplumbite structure 
without showing any peaks of unreacted impurity phases. 

The diffraction peaks that correspond to diffraction 
planes of (112), (107), (114), (200) and (217) are also 
presented in Fig.2. Since there was a substitution of Co and 
Cu cations in the magnetoplumbite structure, a slight change 
in the diffraction peak intensities and angle positions was 
observed. This can be attributed to the slight changes in the 
lattice parameters of the Sr-hexaferrite. 

It was determined that the lattice parameter, c of 
SrCoxCuxFe12-2xO19 was 10.4 Å, and value of a was 
calculated to be 4.9 Å on average. 

Optical images as in Fig. 3 were used to investigate the 
morphology in the SrCoxCuxFe12-2xO19 samples. According 
to the optical microscopy examinations, all samples 
consisted of particles of similar size. It was observed that 
there was not a noticeable change in the morphology when 
substituted with Cu-Co as demonstrated by the images. In 
all of the samples studied, the majority of the particles 
exhibited a size range of 23 – 25 µm. These particles were 
much larger than the critical domain size of the nanoscale. 

As the sum of Cu and Co substitution increased, the 
hard ferrimagnetic behaviour exhibited by the SF1 and SF2 
samples was replaced by soft ferrimagnetism, which is 
characterized by the reduction of the area of the hysteresis 
loss. 

 
Fig. 4. Magnetization curves for Sr-hexaferrites 

This behaviour was exhibited by the SF3, SF4 and SF5 
samples, which contain 0.3 %, 0.4 % and 0.5 % of Co-Cu. 
In accordance with this result, the corresponding energy 
product, BHmax values of the SF3, SF4, and SF5 samples 
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were negligible. When the composition changed in terms of 
the amount of Co and Cu, the hard magnetic properties were 
reduced as a function of the amount of Sr-ferrite. The 
saturation magnetization (Ms) values of  
SrCoxCuxFe12-2xO19; (0.0 ≤ x ≤ 0.5) samples were calculated 
by M-H loops as shown in Fig. 4. 

Fig. 4 indicates that there was a lack of saturation in the 
SF1 and SF2 samples, which was in accordance with a high 
coercivity and a wide ferrimagnetic loop. This is because of 
the large magnetocrystalline anisotropy. The saturation 
magnetization (Ms), remanence (Mr), squareness ratio 
(Mr/Ms) and coercivity (Hc) were determined by the 
hysteresis loops and were given in Table 3. 

Table 3. Saturation magnetization (Ms), remanence (Mr), 
coercivity (Hc) of SrCoxCuxFe12-2xO19 samples 

Sample Ms, 
emu/g 

Mr, 
emu/g Mr/Ms Hc, Oe BHmax, 

kJ/m3 
x = 0.1 33.52 19.74 0.62 4300 18.62 
x = 0.2 28.10 13.77 0.48 1850 10.35 
x = 0.3 18.83 7.59 0.33 157 2.60 
x = 0.4 12.70 3.20 0.20 155 NA* 
x = 0.5 8.62 1.92 0.36 95 NA* 

Cu-Co substituted hexaferrites exhibited the saturation 
magnetization values from 33.52 emu/g at x = 0.1 to 
18.83 emu/g at x = 0.3 and then dropped to 8.62 emu/g at 
x = 0.5. The coercivity values of Co-Cu substituted samples 
decreased from 4300 Oe at x = 0.1 to 1850 Oe at x = 0.3 and 
decreased further at higher concentrations of substituents. 
The coercivity value of SF1 was 4300 Oe, which is typical 
of hard ferrites. These hard ferrites are suitable as permanent 
magnets since their saturation magnetizations are relatively 
high. In a recent research, at a substitution level of x = 1.0, 
the coercivity values of Co-Sn and Zn-Sn samples were 
1040 Oe and 1180 Oe, respectively [28]. The highest 
squareness value, SQR (Mr/Ms) was measured to be 0.62 
and it was obtained from the SF1 sample, which implies that 
this sample could be a candidate for permanent magnets. 

As the sum of Cu and Co substitution increased, the 
hard ferrimagnetic behaviour exhibited by the SF1 and SF2 
samples was replaced by soft ferrimagnetism, which is 
characterized by the reduction of the area of the hysteresis 
loss. This behaviour was exhibited by the SF3, SF4 and SF5 
samples, which contain 0.3 %, 0.4 %, and 0.5 % of Co-Cu. 
In accordance with this result, the corresponding energy 
product, BHmax values of the SF3, SF4, and SF5 samples 
were negligible. 
Table 4. Comparison of several magnetic parameters of Sr-

hexaferrites 

Substitution Ms, 
emu/g 

Mr, 
emu/g Mr/Ms Hc, Oe Reference 

Cr 36.47  19.41 0.532 4490 [6] 
Fe-Sc 31  16.8 0.54 1250 [29] 
Nano  44.19  27.71 0.627 6403 [30] 

Cd-Co-Fe 37.36  2.21 0.059  42.58 [31] 

C-Fe 30 NA 
(low) - 48 [32] 

Cu-Co 33.25 3.33 0.10 117 [33] 
Cu-Co 33.52 19.74 0.59 4300 Present 

study 

When the composition changed in terms of the amount 
of Co and Cu, the hard magnetic properties were reduced as 
a function of the amount of Sr-ferrite. The saturation 
magnetization (Ms) values of SrCoxCuxFe12-2xO19; 
(0.0 ≤ x ≤ 0.5) samples were calculated by M-H loops as 
shown in Fig.4. 

The highest BHmax values of SF1 and SF2 samples 
were calculated to be 18.62 and 10.35 kJ⋅m-3, respectively 
(2.34 and 1.3 MGOe). The relevant results of the previous 
resarches on the several hexaferrites are given in Table 4. It 
was noted that several substitutions were used for the 
hexaferrites among which there were Cr, Cd, Cu, Co, Sc, 
and Fe with the corresponding ferrimagnetic responses 
[6, 29 – 33]. 

4. CONCLUSIONS 
In this study, a series of SrCoxCuxFe12-2xO19 (x = 0.0, 

0.1, 0.2, 0.3, 0.4, 0.5) were successfully synthesized by 
conventional ceramic method and sintered at 1250 ºC for 
3 hours. As-sintered samples were densified to a level of 
92 – 98 %. XRD patterns showed that all of the samples 
contained Sr-hexaferrite crystals as the only phase. The 
magnetic behaviour changed from hard ferrimagnetism to 
soft one with increasing Cu-Co co-substitution. This was 
because of the co-substitution of Cu2+-Co2+ for Fe3+ at 
different contents (x = 0 – 0.5). The magnetization loops of 
the samples with Cu-Co of x = 0.3, 0.4, and 0.5 showed that 
the soft ferrimagnetism was present as evident from the 
reduction of the hysteresis loss. The highest saturation 
magnetization (33.52 emu/g) was obtained in the sample 
with Cu-Co of x = 0.1 content. The coercivity values of the 
samples varied drastically with different substitution levels, 
which can be explained by the differences in the crystal size. 
The highest coercivity was also found in the sample with 
Cu-Co of x = 0.1 content and it was 4.3 kOe. The squareness 
ratio, (Mr/Ms) varied between 0.36 – 0.62. The highest 
BHmax value was measured to be 18.62 kJ/m3 and this was 
observed for the sample with Cu-Co content of x = 0.1. We 
suggest that the obtained results may open a new way for 
the development of attractive ferrimagnetic properties for 
the current ferrite magnets. 
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