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Sr-hexaferrite samples were produced via the conventional ceramic method. X-ray diffractometry (XRD) patterns
confirmed the single nanocrystal phase as Sr-hexaferrite (SHF) where any pattern peaks of unreacted Fe2Os phase were
not detected. The mean crystallite size values were determined to be 44 + 3 nm and 41 + 3 nm for SHF-O1 and SHF-02,
respectively. The chemical bonding peaks of our sample indicated that the structure of Sr-hexaferrite formation was
confirmed by FTIR spectra result. Scanning electron microscopy (SEM) images indicated clearly observed porosity
regions with relative densities as high as 94 % and 87 % for SHF-O1 and SHF-O2 samples. The vibrating sample
magnetometry (VSM) of each sample at 2K and under a magnetic field of 10 kOe yielded saturation magnetizations, Ms
of 93.5 and 94.1 emu/g; remanence values, Mr of 76.4 and 67.8 emu/g for SHF-O1 and SHF-02, respectively. The
magnetization loops of both samples indicated a soft ferrimagnetic behaviour in which the saturation magnetizations were
higher than those measured at room temperature in the previous studies. The coercivities, Hc were measured to be 1500e
for both samples. The squareness values, SQR (Mr/Ms) were measured to be high, approximately 0.82 and 0.72 for SHF-
01 and SHF-02, respectively. Depending on the adequate values of magnetization an coercivity along with small mean
crystallite size and low porosity values of the obtained Sr-hexaferrite samples, we estimate that these samples are likely to

be evaluated further for the potential use as thermoseeds in the field of clinical hyperthermia.
Keywords: hexaferrites, ferrimagnetic properties, magnetization, coercivity.

1. INTRODUCTION

Hexaferrites have been massively fabricated materials
and today, their applications involve microwave and radar
technology, magnetic recording and data storage,
automotive industry and the others [1]. M-type hexaferrites
have been examined more frequently than other six classes.
90% of the magnetic materials that are produced today are
based on hexagonal ferrites [2].

The magnetic properties of Sr-hexaferrites such as the
saturation  magnetization,  coercivity = have  been
experimentally studied by replacing Sr?* and/or Fe* sites
with cationic dopants [3, 4]. The magnetic measurements at
the cryogenic temperature range have initiated in the last
twenty years, by the invention of required equipments which
are able to work below 4.2K [5].

M-type hexaferrites are metal oxides with a formula of
MFe12019. They are frequently utilized as permanent
magnets [6]. Apart from the high saturation magnetizations
and magneto-crystalline anisotropies, also high intrinsic
coercivites; they possess a number of electrical properties as
well such as high electrical resistivity, low dielectric loss,
low eddy current loss etc [7-9]. High frequency and
microwave field i.e radar absorbing materials, is an example
of their applications. Medical equipment applications also
require hard hexaferrite magnets [10, 11].

Despite their very old research history, there are still
undefined properties of especially M-type hexaferrites. In
addition, new and interesting fields of application have been
emerging upon the recent studies [12]. Two of the M-type
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hexaferrites, BaFe;2019 and SrFei;019, exhibit a
magnetoplumbite structure. Easy magnetization direction is
the c-axis in both of them [13].

Many studies have focused on the electrical and
magnetic properties of hard M-type hexaferrites, which
have been produced by different synthesis methods such as
chemical routes [14, 15] and solid oxide reaction methods.

Ferrimagnetic materials are magnetically characterized
by magnetometer, often at room temperature. High and low
magnetic fields are applied in this characterization; high
magnetic fields are utilized particularly for determining the
saturation magnetization [16].

Clinical hyperthermia is a thermal treatment of the
cancer using ferromagnetic seeds and the application of a
magnetic field. Sr-hexaferrites exhibit some tunable
magnetic properties, i.e. high saturation magnetization, to be
used in this context [17]. Most previous researches have
been focused on the room temperature magnetic behaviours
of the hexaferrites except some of the very recent studies on
the low temperature magnetization [18].

In order to improve the efficiency of the hyperthermia
treatment, high saturation magnetization is often preferred
[19]. Therefore, the aim of this paper is to conduct the
magnetic characterization of Sr-hexaferrites at 2K for a
higher saturation magnetization in order to enhance the
ferrimagnetic properties at the low temperature region.


https://www.sciencedirect.com/topics/physics-and-astronomy/hyperthermia
https://www.sciencedirect.com/topics/physics-and-astronomy/magnetic-fields
https://www.sciencedirect.com/topics/physics-and-astronomy/magnetization
https://www.sciencedirect.com/topics/physics-and-astronomy/saturation-magnetization
https://www.sciencedirect.com/topics/physics-and-astronomy/coercivity
https://www.sciencedirect.com/topics/physics-and-astronomy/hyperthermia

2. EXPERIMENTAL DETAILS
2.1. Ferrite preparation

The polycrystalline Sr-hexaferrites were synthesized
using conventional ceramic method. The raw materials of
alfa-Fe;O3 (min 99 wt.%) and SrCQO3 (98 —99 wt.%) were
mixed in the appropriate proportion and calcined at 1000 °C
for 1 h and 2 h to produce Sr-hexaferrite phase then coded
with SHF-O1 and SHF-02, respectively. Afterwards, the
hexaferrite product was ball-milled multiple times inside a
hardened steel container with steel balls as the grinding
medium to obtain fine powders with mean size of 0.8 mm in
order to achieve a single domain in each powder particle.
After mixing with some water, obtained wet slurry was die-
pressed under the pressure of 5MPa and the external
magnetic field of 10 kOe. Then green compacts were fired
at 1250 °C for 1 h.

2.2. Characterization studies
2.2.1. Phase identification

X-ray diffraction (XRD) data from the sintered samples
were collected at angular angles between 20-80° via
Rigaku D-Max2200 diffractometer using CuKa
(2 =1.54056 nm) radiation to confirm the phase
composition. The mean crystallite size values of the sintered
samples were calculated through Debye-Scherrer’s formula
using the full width at half maximum (FWHM) values
obtained from XRD data as in Eq. 1:
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where L is the average crystallite size; gis FWHM; @is the
half of the Bragg angle; A is the X-ray wavelength; k is a
constant. Based on Bragg's Law, the plane spacing of
hexagonal crystal, d is related to the lattice parameters (a
and c) as in Eq. 2:
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The lattice parameters of both Sr-hexaferrites were also

calculated by Bragg‘s Law using d-spacings and (hkl)
indices of the diffraction planes.

2.2.2. Microstructural characterization

The bulk densities of the Sr-hexaferrites were
calculated by determining the dry weight of the samples
after drying in oven for 30 min. and measuring the regular
dimensions of both samples. The total porosity for the
sintered samples was calculated based on the relative
density. The porosities of the samples were also measured
by bottle pycnometer method based on the Archimedes
principle.

Sr-hexaferrite samples were demagnetized by heating at
arate of 5 °C/min up to 460 °C and were held for 2 h. before
the analysis. The sintered samples were surface-finished by
polishing with SiC papers. Scanning electron microscopy
(SEM) technique was conducted using JEOL-JSM 6060 to
examine the microstructural morphology.
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2.2.3. FTIR analysis of hexaferrites

Fourier transform infrared (ATR-FTIR) spectroscopy
results were recorded between the spectra range of
3600 -650 cm™ using Perkin-Elmer Spectrum BX
spectrometer in order to confirm the formation of the
chemical bonds of the synthesized Sr-hexaferrites.

2.2.4. Magnetic behaviour of hexaferrites

To conduct the magnetic characterization of the
synthesized Sr-hexaferrites, the magnetization vs. magnetic
field curves were recorded at 2K under the applied field of
10kOe via vibrating sample magnetometer (VSM) using
Cryogenic Limited PPMS.

3. RESULTS AND DISCUSSION
3.1. Microstructural and structural analysis results

Table 1 indicates the sintered densities of both samples.
The theoretical density of SrFe;2019 was considered to be
5.1 g/lcm® in order to calculate the percentages of porosity.
The resultant relative densities can be derived as 94 % and
87 % for SHF-O1 and SHF-O2 samples.

Table 1. Densities of Sr-hexaferrite samples

Sample g, mm | t,mm | p glcm? Pi,% | Pii,%
SHF-01 10 5 478 6 2.94
SHF-02 6 3 4.44 13 13

&: diameter, t: thicknessp: bulk density,
Pi: porosity by dimensions, Pii: porosity by pycnometer

SEM images of SHF-O1 and SHF-O2 samples are given
in Fig. 1. Grain boundaries were not evident even after high-
magnification microscopic examination. Thus the grain
morphologies were not observed. However, the porosity
regions were clearly observed for both samples.

Fig. 2 indicates the XRD pattern peaks of sintered SHF-
01 and SHF-02 samples. XRD results confirmed the single
nanocrystal phase as magnetoplumbite Sr-hexaferrite
(JCPDS card number 00-024-1207) in both samples. The
pattern peaks of unreacted Fe,O3 phase were not detected.

The crystallite size values from the highest to lowest
peak intensity were measured as 43.1nm, 41.38 nm,
47.89 nm for SHF-O1 and 43.32 nm, 37.48 nm, 42.81 nm
for SHF-02, corresponding to the peaks of (107), (114) and
(110). According to the results, the crystallites along <110>
directions were higher than those along <114>directions,
which indicate a platelet growth in the Sr-hexaferrite
crystals [20].

The lattice parameters (a, ¢) of Sr-hexaferrite crystal
were calculated as 6.16 A°, 23.7 A° for SHF-O1 and
6.16 A°, 23.55 A° for SHF-O2, respectively.

3.2. FTIR results

In order to confirm the formation of Sr-hexaferrite,
FTIR spectrum of SHF-O1 sample was examined (Fig. 3).
First, since the band range of 3451 —3498 cm is related to
the stretching of water molecules [21], the small band at
3492 cm? in our sample corresponds to the band of O=H.
The sharp peak at 2920 cm™ indicates the surface bending
bond of the hydoxide (-OH) group due to the damped
environment [22].



https://pubs.rsc.org/en/content/articlelanding/2018/ra/c8ra02455c#fig4

Fig. 1. SEM images of both samples: a— SHF-O1; b— SHF-02
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Fig. 2. XRD patterns of both samples: a— SHF-O1; b— SHF-02

The small peaks around 1722 cm™ show the stretching
in the vibration of C=0 bond, whereas the relatively
stronger small band at 1065 cm® corresponds to the C-O
bond stretching. Finally, the clear sharp peak at 797 cm? is
related to metal oxide stretching of vibration [21].
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Fig. 3. FTIR spectrum of the sample of SHF-O1

As a result, the chemical bonding peaks of our sample
indicated that the structure of Sr-hexaferrite formation was
confirmed by FTIR spectra result.

3.3. Magnetic behaviour results

According to magnetic measurements at 2K, it was
confirmed that both samples exhibit typical soft
ferrimagnetic behaviour as shown by the narrow hysteresis
curves in Fig. 4. The magnetic alteration from hard to soft
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type in the ferrimagnetic hexaferrites, where spins are non-
collinear is a function of measurement temperature [23].
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Fig. 4. M-H hysteresis loops of the samples: a-SHF-O1;
b—-SHF-O2. Full arrow: saturation and blank arrow:
remanence values

The magnetic parameters of two Sr-hexaferrite samples
were calculated from the low temperature M-H curves. The
saturation magnetizations, Ms were determined to be 93.5
and 94.1 emu/g for SHF-O1 and SHF-02, respectively at
2K. These values were higher than those measured at the
room temperature [12].
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Fig. 5. a—demagnetization curves; b — BHmax parabola of Sr-hexaferrite samples

Because a less thermal energy causes a small fluctuation
in the magnetic moments thus, the saturation magnetization
rises [12]. Remanence values, Mr were determined to be
76.4 and 67.8 emu/g for SHF-O1 and SHF-02, respectively.
Remanence values of the Sr-hexaferrites at the room
temperature in the previous studies were substantially
lower, 13.2 emu/g in comparison [13] due to canted type
spin structures in the ferrimagnetic hexaferrites. The
coercivities, Hc at 2K were measured to be 1500e for both
SHF-0O1 and SHF-O2 samples which were significantly
lower in comparison to those at room temperature [13],
typical of M-type hexaferrites.

At 2K the squareness values, SQR (Mr/Ms) were
measured to be high, approximately 0.82 and 0.72 for SHF-
01 and SHF-02, respectively.

These results can be attributed to the appropriate
sintering treatment which permitted to obtain an oriented Sr-
hexaferrite [24]. Instead, the room temperature SQR values
were lower, i.e 0.54 for Sr-hexaferrite [13] because the spin
canting causes a reduced remanence in the hexaferrites [12].
The mean crystallite size values 0f 44 + 3 nmand 41 + 3 nm
for SHF-O1 and SHF-O2, respectively were calculated to be
smaller than the critical value for a single-domain (650 nm)
of the Sr-hexaferrites [25].

Table 2. Magnetic behaviour of the Sr-hexaferrite samples

Table 2 indicates the magnetic behaviour results of Sr-
hexaferrites were given at 2K, 10K and 300K. The
saturation magnetization value, Ms of our sample at 2K was
close to that of Tm doped SHF measured at 10K but it was
lower than BHF value measured at 2K. On the contrary, the
coercivity, Hc of our sample at 2K was lower in comparison
to the values obtained in other studies both at 300K and 10K,
which can be attributed to the variations in the crystalline
size. In order to examine the demagnetization behaviour of
the samples, the second quadrant of the ferrimagnetic curve
was converted into the magnetic induction (B) vs. field
strength (H) graph as in Fig. 5a. The remanent induction
(Br) and the coercivity (Hc) values of the Sr-hexaferrites
were shown on the B-H graph.

On the second quadrant of the ferrimagnetic curve, the
largest rectangle was also drawn to determine the maximum
energy product, BHmax of our sample as shown in Fig. 5 a.
The parabola curve in Fig.5b indicates the maximum
energy product vs field strength. In order to draw this curve,
the combinations of M-H values in the second quadrant
were considered. The vertex of this curve was taken as the
BHmax of our sample. BHmax values were calculated to be
1.6 and 1.2 kJ-m™3(0.19 and 0.16 MGOe) for SHF-O1 and
SHF-02, respectively.

Magnetic properties Temperature BHF(Ce, Zn) ab SHF(Tm) SHF(Zr) SHF-01
300K 65 (67) 70 52 46 *
Ms, emu/g 2K 117 (117) - - 93
10K — 97 75 —
300K 18 (7) 41 25 22
Mr, emu/g 2K 10 (6) - - 76
10K — 54 37 —
300K 75(3.1) 4.3 45 88"
Hc, kOe 2K 2.3(1.5) - - 0.2
10K — 2.8 3.5 —
300K 0.3(0.1) 0.6 0.5 05"
Mr/Ms 2K 0.1(0.1) - - 0.8
10K — 0.6 0.5 —
Reference [26] [27] [28] Present study, [18]
+: magnetic values at 300 K for a sample close to SHF-O1;
&b: two different doping levels.
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Heating effect generated by the ferromagnetism is a
significant point in the clinical hyperthermia application.
Specific absorption rate (SAR) is a measure of the heating
effect and this parameter has been investigated by some of
the researchers for Sr-hexaferrite. SAR value of
0.5-0.7 W/g has been found in Sr-hexaferrite composites at
a frequency of 214 kHz and amplitude of 220e, which
shows some potential usage in the clinical hyperthermia
[29]. SAR values between couple of units and tens W/g have
been measured in Sr-hexaferrite/maghemite  nano-
composites at a frequency of 108 kHz and amplitude of
188-855 Oe [30]. SAR values in the range of 50 — 750 W/g
have been determined in Fe3O4 nano-particles at a frequency
of 265 kHz and amplitudes of 184 -625 Oe depending on
the particle size [31]. Also, some nano-spinel ferrites of
MgFe;0a, ZnyFesxOs, MnZnFe,O4 have also been
investigated for their SAR values and they have been
measured to be 3.9, 36 and 110 W/g, respectively for these
ferrites [31]. As a result, it is estimated that our Sr-
hexaferrite ferrimagnets may produce similar orders of
heating effect to be used in the clinical hyperthernmia. Thus,
it will be quite beneficial to test the heating effects of our
Sr-hexaferrite samples for future studies.

4. CONCLUSIONS

Sr-hexaferrites were successfully synthesized via the
conventional sintering. As-sintered densities and the
porosities determined indicated a low porosity content. This
was confirmed by SEM images of both samples. However,
the grain boundaries could not be observed in the SEM
microscopy due to nano-sized crystals. XRD was utilized to
ensure the phase purity and the patterns indicated that both
of the samples contained a single phase of Sr-hexaferrite.
The crystallite size values calculated by Debye-Scherrer’s
formula varied in the range of 37 —47 nm.

Magnetic behaviour of the Sr-hexaferrite samples
altered from hard to soft ferrimagnetism with the decreasing
temperature in comparison to the previous studies where the
room-temperature magnetization was determined. In
contrast to the room-temperature studies, the collinear type
of magnetic structure is present at 2K with an increase in the
magnetization values. The saturation magnetization
increased by 1.1 % when the samples of SHF-O1 and SHF-
02 were compared due to the higher XRD intensity
observed in SHF-O2. The coercivities of both samples at 2K
were measured to be 1500e, which can be attributed to the
close crystal size values in the samples.

Consequently, it is anticipated that the performance of
our Sr-hexaferrite nanocrystals with a number of
appreciable properties might be useful as ferrimagnetic
thermoseeds for clinical hyperthermia applications, where a
combination of high magnetization and low coercivity is
required.
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