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In this study, rare earth-substituted M-type Sr-hexaferrites with the chemical compositions
Sri—2(RE)zFe12-4:C0;019 and Sri_2,(RE)2,Fe12-,C0,019 were prepared using the solid-state reac-
tion method. All of the hexaferrite samples were characterized using instrumental techniques of X-ray
diffraction, optical microscopy, and vibrating sample magnetometer to study the effect of La—Y substi-
tution on the structural and magnetic properties. The bulk densities changed from 4.45 to 4.96 g/cm?®
after sintering at 1250°C. X-ray diffraction diagrams of all the sintered samples confirmed that the
Sr-hexaferrite phase persisted with La/Y and Co co-substitution without secondary phases. However,
the substitution affected the peak intensities and the positions of Bragg angles. The reduction in the
saturation magnetization (M) was observed from 25.4 emu/g for single La to 9.40 emu/g for La-Y sub-
stitution. It was found that the coercivity (H.) improved from 502 to 2080 Oe for a single Y-substituted
sample and a single La-substituted sample, respectively. The measured squareness ratio (M, /M,) was
larger than 0.5, indicating that the change in the magnetization can be realized by the rotation. The
results suggest that the incorporation of rare-earth cations can improve the magnetic properties of

(2024)

strontium hexaferrites.
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1. Introduction

Magnetic hyperthermia is a type of cancer
treatment during which magnetic nanoparticles or
thermoseeds generate the heating under the mag-
netic field to destroy the malignant cells. In 2023,
Radon and co-workers [1] explored magnetically
induced hyperthermia and conducted a biocompat-
ibility study. The biomaterials having high satura-
tion magnetization provide an efficient therapeu-
tic treatment against these malignant cells. The
maghemite (y-Fe203) and magnetite (Fe3Oy), as
the ferromagnetic phases, are the candidate bioma-
terials that are considered for use in this magnetic
hyperthermia technique [2]. The surface of the mag-
netite nanoparticles is modified to produce biocom-
patible nanoplatforms against cancer [3-5].

During the application of magnetic hyperthermia,
the local temperature rise (42-46°C) is provided un-
der the magnetic field, destroying the cancer tissue.
Protein scaffolding is weakened through this tem-
perature rise inside the nucleus of the cancer cell,
and then the nuclear DNA becomes vulnerable to-
wards radiation and chemotherapy [6].

Strontium hexaferrites have aroused considerable
interest in the research field of magnetic proper-
ties. In addition, this material is beneficial as a
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permanent magnet due to high magnetocrystalline
anisotropy having a single magnetization axis, high
saturation magnetization, high Curie temperature,
as well as corrosion resistance and excellent chemi-
cal stability [7, 8.

Hexaferrite materials are widely used for a num-
ber of applications such as magnetic recording and
the absorption of electromagnetic radiation in the
microwave range [9, 10]. Other important applica-
tions of hexaferrite materials are computer data
storage, magneto-optic recording, and magnetic flu-
ids [11]. The specific magnetic properties of the Sr-
hexaferrites arise due to the interaction between the
metallic ions in the hexagonal crystal lattice and the
oxygen anions [12].

The traditional method of producing strontium
hexaferrites is known as the solid-state reaction.
Steier and colleagues [13] explained the formation
of hexaferrites according to the solid-state reaction.
This method consists of two stages, namely

SrCO3 + FeyO3 — SrFe,O4 + COQ, (1)

SrFe;Oy4 + 5FesO3 — SrO - 6FeyOs. (2)

The decarboxylation occurs, which is accompanied
by the formation of SrFe,O4 monoferrite, see (1).
Afterwards, the cation of Sr2* diffuses into the iron
(3+) oxide. In this method, the starting powders are
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Fig. 1.

Samples of Co- and La—Y-doped Sr-ferrite.

mixed and then sintered at around 1000°C, and the
resultant particles have a size of ~ 1 pm [14]. Some
other production techniques, such as controlled
crystallization, chemical coprecipitation, sol-gel,
and self-propagation high-temperature synthesis,
are also utilized to obtain finer particle sizes. Be-
cause of the high cost and complexity of these meth-
ods, we preferred to use the traditional solid-state
reaction for the Sr-hexaferrites [15].

An efficient approach to modify the magnetic
properties of the M-type hexaferrites is the sub-
stitution by various cations. In an earlier study,
the substitution by Co-Mg was reported to pro-
duce a co-doped Sr-hexaferrite [16]. The substitu-
tion of Fe3t by a trivalent cation, Co®t, was also
reported to produce and characterize a nanocom-
posite [17]. On the other hand, some attention has
been given to the magnetic results of the substitu-
tion of Ba or Sr by the rare-earth elements. Var-
ious examples of these studies include La—Co [18],
Cu-Gd [19], and La—Cu [20] substitutions to the M-
type strontium hexaferrite. These studies cover a
co-substitution with a transition metal along with
a rare-earth element. In this work we aimed to in-
vestigate the effects of a transition metal (here —
Co) together with two kinds of rare-earth elements
(here — La-Y) on the magnetic properties of stron-
tium hexaferrite.

2. Experimental methods

Four hexaferrite samples with different doping
percentages were synthesized and labelled as SFL,
SFY, SFLY1, and SFLY2. The correspondence of
the label to a given compound is as follows: SFL
- Srl_m(La)zFeu_mCozolg (i]'l = 02), SFY —
Srlfz(Y)mFem,mCOwolg (.’L‘ = 02), SFLY2 —
SI‘1_2$(La,Y)erlg_wCOQ;Olg (Z‘ = 02), and SFLY1
- Srl_gx(La,Y)mFelg_xCOxolg (1‘ = 01) The
starting materials for the present synthesis include
strontium carbonate (SrCQOj3) and hematite (FeO3)
powder as the main ingredients. LasO3 and Y2Og3
powders were utilized for co-doping the hexaferrite.

Additionally, Co203 (99 wt % purity, particle size
44 pm, Nanokar) was used to replace Fe3*t. Stearic
acid was used as an agent for process control. The
solid-state reaction process started with mixing the
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Relative density and porosity results. TABLE 1
Theoretical Relative Porosity
Label . 3 .
density [g/cm®| | density [%] P [%]
SFL 5.11 95 5
SFY 5.11 87 13
SFLY2 5.11 88 12
SFLY1 5.11 97 7

powder in an agate mortar. Then, powder mix-
tures were placed in a hydraulic pressing machine to
obtain Sr-hexaferrite samples. They were then com-
pressed to reach near-full densification. Finally, the
pellets were sintered at 1250°C for 3 h in an oxide
furnace to ensure the formation of the SrFe;20O19
compound, as shown in Fig. 1. Afterwards, the fur-
nace was cooled to room temperature at a moderate
rate.

The powder mixtures were identified by X-ray
diffraction (XRD) in the 26 range of 20-70° using
Cu K, radiation (A = 0.15405 nm). X-ray diffrac-
tometer used was Rigaku D/Max-2100. The mi-
crostructural images were taken with an optical mi-
croscope at different magnifications.

The relative densities were determined through
the porosity, based on the bottle pycnometer
method, using water as the liquid medium, i.e.,

(w2—wl) 3
(w2—wl) — (w3—w4)’ (3)
where P is porosity; w; is mass of empty volume of
pycnometer; wo — mass of pycnometer and sample;
w3 — mass of pycnometer, sample, and water; wy —
mass of pycnometer full of water in grams [21]. The
relative densities were calculated considering the
theoretical density of 5.1 g/cm3 for Sr-hexaferrite.

The ferrimagnetic properties of the co-doped
hexaferrites were measured with a vibrating sam-
ple magnetometer (VSM) using Dexing Magnet
VSM-550 at room temperature at a magnetic field
of up to 10 kOe. The magnetic parameters were de-
termined using the M—H hysteresis loops.

3. Results and discussion

Table I represents the relative density and the
porosity results. The bulk densities changed from
4.45 to 4.96 g/cm? after sintering at 1250°C. These
values were consistent with the density values
(4.7-5.0 g/cm3) given in a recent study, where Sr-
hexaferrite was substituted with La—Co and sin-
tered at a similar temperature (1230°C) [18].

The main phase and purity of the samples sin-
tered at 1250°C for 3 h were determined from the
XRD patterns shown in Fig. 2. All of the diffrac-
tion peaks were indexed as hexagonal strontium
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Fig. 2. XRD patterns of the obtained hexaferrites.

hexaferrite. Also, no characteristic peak belong-
ing to an impurity oxide phase was detected. This
showed that the formation of the SrFe;,019 com-
pound was accomplished completely under the sin-
tering conditions. Similar to our XRD results, Co—
Mg co-doped Sr-hexaferrites were indexed to the
magnetoplumbite structure in a previous study [16].
Also, another study on the Sr-hexaferrite/Co
nanocomposites confirmed our XRD results, and
the formation of the impurities was avoided in that
study [17]. On the other hand, research on the Si
substitution of strontium hexaferrite showed the
formation of a secondary FesO3 phase [18]. The ef-
fect of Co and binary La—Y doping on the XRD
patterns of the synthesized Sr-hexaferrite samples
can also be seen in Fig. 2, which shows that there
were some differences between the samples in terms
of peak intensities and the positions of Bragg angles.

The optical microscopy images are given in Figs. 3
and 4. As observed from the images, homogeneous
morphology was present in the microstructure of
the samples. As confirmed with the relative density
(i-e., 97 %) results, porosity was not observed in
the optical images. Similar to our study, You and
co-workers [18] in 2022 utilized the conventional ce-
ramic process to obtain average low porosity val-
ues in the range of 0.1-8% [18]. After the sintering
step at 1250°C for 3 h, no change was observed in
the morphologies of the SFY, SFLY1, and SFLY2
samples, except that the microstructure of the SFL
sample appeared to be different, showing a higher
interconnected structure.

Hexagonal strontium hexaferrite was the major
phase in all of the samples studied here. In addi-
tion, a greater degree of crystallization process of
SrFe 5,019 was observed for all XRD patterns, and
this result relies on the sintering temperature. The
crystal is known to be a growth process around a
nucleus.

Hence, the crystal size predicted from the op-
tical microscopy images was a function of sinter-
ing temperature, which can be controlled or al-
tered by adjusting the annealing temperature [§].
The sintering process can significantly improve the
ferrimagnetic parameters of strontium hexaferrites.
Wang and colleagues [7] reported that the sintering

281

Fig. 3. Optical images of (a, b) SFL, (c, d) SFY.
Magnification: (a, ¢) 500x and (b, d) 1000x.

Fig. 4.

SFLY1. Magnification: (a, c¢) 500x and (b, d)
1000 x.

Optical images of (a, b) SFLY2, (c, d)

process in air atmosphere can decrease the concen-
tration of oxygen vacancies, which can change the
amount of near neighbour oxygens and iron. As a re-
sult, this effect can contribute more to the superex-
change interaction of Fe-O-Fe, and the ferrimag-
netic properties of Sr-hexaferrite are improved [7].

Figure 5 shows the magnetic hysteresis curves for
the Sr-hexaferrite samples measured at room tem-
perature. For the M—H loops, the interrelated mag-
netic parameters (the saturation and remanence
magnetizations and the coercivity) are listed in
Table II.

The hysteresis loop of the Sr-hexaferrite sam-
ple of SFL exhibited the highest saturation mag-
netization, M, 25.4 emu/g, and the coerciv-
ity value, H. = 2.08 kOe. According to a very
recent study, La-substituted hexaferrite had M,



B. Ertug

M [emu/g]

-8000 8000

-12000 -4000
H [Oe]
— SFL — SFY
—SFLY1 SFLY2

-30

Fig. 5. Hysteresis loops of SFL, SFY, SFLY1, and
SFLY?2.
r 20
—— RS —e— SFL === SFY
—— SFLY! SFLY2 L 15
= =
2
',."."/ r 10 £
o~ KA
... E
< Hs
P's
_ £ . I,
-5000 -3000 H [O¢] -1000
Fig. 6. Max. energy product (BH)max of SFL,

SFY, SFLY1, and SFLY2.

value of 22.17 emu/g, and its coercivity value
was 3.338 kOe. These values are consistent with the
results of our study [20]. The value of the satura-
tion magnetization M, of Sr-hexaferrite reference
material was 33.6 emu/g, its max. energy prod-
uct was (BH)max = 148.1 kJ/m? or 18.62 MGOe
(as can be seen in Fig. 6), and its coercivity was
H, = 4.3 kOe [22]. Thus, it can be seen that the
coercivity and M value were reduced by La substi-
tution. Similar to our finding, a previous study on
the Sr-hexaferrite magnets showed that the substi-
tution of Sm along with the other rare-earth substi-
tutions such as La, Pr, and Nd had a beneficial effect
on the coercivity of Sr-hexaferrite [23]. However, in
another study, Co-Mg co-doping caused a drastic
decrease in the coercivity from 2.3 kOe (undoped)
to 0.43 kOe (doped). This effect was attributed to
the soft magnetic nature of the sample [16]. On the
other hand, the reduction in the saturation magne-
tization M, by the La and/or Y substitution was
observed in our study (from 25.4 emu/g for sin-
gle La to 9.40 emu/g for La-Y substitution). This
was not the case in a previous study, in which
M, value increased by 2.6% with the Si-Li sub-
stitution [18]. The improvement of the coercivity
by La substitution that was found in our study
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Magnetization and other magnetic data. TABLE II
Label | M [emu/g] | M, [emu/g] | H. [O€] | M, /M;
SFL 25.4 12.8 2080 0.50
SFY 15.4 5.50 502 0.36
SFLY2 9.40 2.70 155 0.30
SFLY1 8.90 2.50 155 0.30

was not observed in another study, where the Gd
and Cu substitution reduced the coercivity from 5.3
to 1.5 kOe. This result was explained by the reduc-
tion in the magnetic anisotropy due to the substitu-
tion of Gd3* at the Sr?* site and Cu?* at the Fe?+
site in the hexaferrite lattice [19].

The SFL sample exhibited a (BH)max value of
1.99 kJ/m? or 0.3 MGOe, and the value of the
SFY sample was 0.2 kJ/m? or 0.03 MGQOe. Sim-
ilar max. energy product values were found in a
previous study where undoped composition had a
(BH )max value of 0.24 MGOe [19], which was close
to that of the SFY sample. In the same study, the
doped composition exhibited a (BH)pax value of
1.33 MGOe [19], which was close to that of the SFL
sample in our study.

According to Bahadur and colleagues [24], the
energy product of 1.0 MGOe was obtained when
the sample was sintered at 700°C. For parti-
cles of 50 nm, the saturation magnetization M
of 33 emu/g and the coercivity H. of 0.58 kOe
were obtained, whereas the My and H. values of
35 emu/g and 4.8 kOe, respectively, were obtained
for the particles of 70 nm [25-27], for comparison
with our results. In our study, saturation magnetiza-
tion was 23% lower than these values, and there was
a noticeable improvement in our coercivity value
compared to the above value of 0.58 kQOe.

The saturation magnetization value obtained
from the co-precipitated sample, which was sin-
tered at 640°C, was 25 emu/g [28]. According to
the study of Shepherd and colleagues [29], the coer-
civity value H. of the hexaferrite sample was de-
termined to be 5.26 kOe. Another study on the
M-type hexaferrite found a coercivity value of 5 kOe
for a Fe:Ba ratio of 1:1 after the sintering process
at 700°C [24]. The saturation magnetization in our
study was 1.6% higher than those given in the above
studies, whereas our coercivity value was lower than
the values given in those studies.

The squareness ratio (M,/M;) of the sample
SFL, which showed the highest value, was deter-
mined to be 0.50, and this value was close to
that measured in the reference material of pure
strontium hexaferrite (0.62) [22]. Rambabu and
co-workers [20] (2024) found a M, /M, value of
0.49 for their La-substituted hexaferrite sample. In
Gd—Cu-doped hexaferrite nanoparticles, the mea-
sured M, /M, value was 0.511 [19], which is very
close to that obtained in our study. This value
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reflects the ability of the sample to retain the mag-
netization under the magnetic field application, and
the value obtained for the SFL sample showed that
this sample is suitable in terms of strong magneti-
zation and the stability of the magnetization [30].
Since the squareness ratio (M,/M;) in our study
is larger than 0.5, it can be said that the change
in the magnetization can be realized by the rota-
tion [19]. This property is desired for the perma-
nent magnets. Therefore, it is reasonable to suggest
that the incorporation of the new rare-earth cations
into the hexaferrite lattice could be important for
improving the ferrimagnetic properties of strontium
hexaferrite materials.

4. Conclusions

This study reports the production process of
SrFe 2019 materials successfully by the solid-state
reaction at 1250°C for 3 h. The properties of the
synthesized samples were discussed in terms of bi-
nary La—Y and Co doping. Depending on the mag-
netic results, it was determined that doping with
La at « = 0.2 yields the best results. The values of
the saturation M and remanence M, magnetiza-
tion of the SFL sample were determined to be 25.4
and 12.8 emu/g, respectively. The coercivity value
H,. was 2.08 kOe.

These highest magnetization values observed in
this sample can be attributed to the amount of the
main phase Sr-hexaferrite. The maximum energy
product (BH)max values were estimated by taking
the product of the coercivity field and the rema-
nence magnetization. These values are considered
to be comparative indications of hysteresis areas of
the samples.

The study also revealed that the main phase in
all of the samples was SrFe 2019, and the diffraction
peaks showed that the formation of SrFe;5019 com-
pound was accomplished completely without any
impurity phases. XRD patterns indicated that the
binary La—Y and Co doping affected both the peak
intensities and the positions of the Bragg angles.
Based on the structural and ferrimagnetic results, it
can be suggested that new rare-earth cations could
be incorporated into the hexagonal lattice to im-
prove the magnetic properties of the strontium hex-
aferrites.
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