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Abstract The hard magnetic material M-type strontium
hexaferrite (SrFe,0,9) was prepared by a facile surfactant-
free sonochemical strategy and subsequently by a calci-
nation process. The surface morphologies, structures, and
Curie temperature of the obtained final product was
investigated by powder X-ray diffraction (XRD), high
resolution scanning electron microscopy (HRSEM), trans-
mission electron microscopy (TEM), BET (Brunauer—
Emmett-Teller) specific surface area (SSA) and thermo-
gravimetric analysis (TGA). XRD confirmed the formation
of single-phase strontium hexaferrite with space group P63/
mmc (194) and hexagonal structure and the mean primary
crystallite size was found to be 44 nm. The morphology of
synthesized SrFe;,0,9 product was in spherical shape with
good crystalline nature. The measured Curie temperature
(T.) of the nanoparticles was around 462 °C. The magnetic
property of the sample was measured by using a Super-
conducting Quantum Interference Device (SQUID) mag-
netometer at temperatures between 4 and 300 K. The
measured saturation magnetization (M) at 300 K, 33 emu/
g, is significantly lower than that found for bulk SrFe;,09,
probably reflecting a size effect of the nano-particles.
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1 Introduction

Scientific and technological interest in magnetic ferrites
has attracted attention to the hexagonal M-type hexaferrites
MFe,0;9 (M = Ba, Sr, or Pb) due to their relatively large
saturation magnetization and high intrinsic coercivity [1].
These properties originate from the Fe®™ ions, which pre-
sent high uniaxial magneto-crystalline anisotropy with
single easy magnetization axis. The family of M-type
hexaferrites is having an hexagonal magnetoplumbite
crystal structure with space group P63/mmc and 64 atoms
in unit cell, with a major axis, the c-axis, that defines the
preferred magnetic direction in these permanent magnetic
material. SrFe ;0,9 belongs to this family, and is a ferri-
magnet in which iron ions in five different crystallographic
sites are coupled antiferromagnetically. The most
stable possible structure of SrFe ;0,9 with the lowest lat-
tice energy contains Fe ions with anti-parallel spins which
results in a net magnetic moment [2]. Its magnetic prop-
erties arise from interactions between metallic ions occu-
pying particular positions relative to the oxygen ions in its
hexagonal crystalline structure. Furthermore, the hexagonal
strontium ferrite has 24 magnetic Fe’" ions distributed
among five crystallographically distinct magnetic sublat-
tices, namely, three octahedral (2a, 12 k and 4f,), one
tetrahedral (4f,), and another one is a site in which ferric
ion is surrounded by five oxygen atoms forming a trigonal
bipyramide (2b). The magnetic moment and magne-
tocrystalline anisotropy of SrFe;,O;¢ originate from the
electronic structure of Fe’" ions at the five distinct mag-
netic sublattices [2].

Strontium hexaferrite has found remarkable demand and
challenging technological applications in fields such as
telecommunications, magnetic recording media, magneto-
optics, and microwave devices. This is due to the favorable
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combination of sufficiently high magnetic properties,
excellent chemical and physical stability, low production
cost compared with rare-earth compounds, abundance of
required raw materials, and relatively high Curie temper-
ature, as well as low eddy current loss and high electrical
resistivity [2]. The magnetic properties of the material
depend mostly upon composition, distribution of substi-
tuted cations at five crystallographic sites, which is very
much affected by its preparation method.

Therefore, many synthetic strategies have been applied
with bottom-up approaches of preparation of SrFe;,0;9 to
control particle shape, size, and magnetic properties. The
synthetic techniques include citrate precursor technique
[3], sol-gel method [4], co-precipitation method [5],
microemulsion method [6], microwave-assisted combus-
tion method [7], microwave-assisted calcination method
[8], modified polyacrylamide gel method [9], sol-gel auto-
combustion method [10-12], auto-combustion method
[13], hydrothermal method [14, 15], solvothermal method
[16, 17], electrospinning method [18], polymeric precursor
method [19], molten-salt assisted coprecipitation method
[20], glass—ceramic method [21], solid-state thermal
decomposition method [22], solid-state reaction method
[23], modified ceramic method [24], mechanochemical
method [25], and ultrasonic spray pyrolysis method [26].
However, these methods suffer from high cost and a
tedious synthetic procedure, which has urged to find new
synthetic strategy to avoid this hurdle. Accordingly, to
meet such requirements, a simple, inexpensive, environ-
mentally compatibility, and scalable sonochemical syn-
thesis approach has been investigated to obtain SrFe;,0;9
magnetic material to enhance the magnetic properties.
Furthermore, the use of sonochemical irradiation during the
homogeneous precipitation of the precursor solution is
expected to shorten the precipitation time of the product
along with a homogeneous distribution of the cations.
Since, high intensive ultrasonic wave would lead to an
acceleration effect in the rate of reaction and chemical
dynamics, different properties of the final product such as
purity, particle size, and shape can be controlled by
changing the various synthetic parameters like sonication
power, reaction temperature, and time [27].

The synthesis of nano materials by ultrasonic waves was
carried out by many research groups. Nanomaterials such
as metal oxides [28], alloys [29], coating [30] and
nanocomposites [30, 31], and semiconductors [32] were
prepared sonochemically. Sonochemistry uses ultrasound
energy to induce chemical and physical changes in a
medium through acoustic cavitation. In sonochemistry the
chemical reactions occur at 20 kHz—1 MHz as a result of
an implosive collapse of cavitation bubbles. This collapse
creates very high temperatures and high pressures, condi-
tions leading to the rupture of chemical bonds. Thus the
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continuous formation, growth, and implosive collapse of
sonochemically generated bubbles leads to a local and
extremely high increase in temperature (up to 5000 K),
pressure (>200 MPa), and cooling rates (10" K s™) in
liquid [27]. In fact, our group has already reported on the
synthesis of SrFe;,O;9 magnetic nanoparticles by the
sonochemical technique and studied their properties. For
example Sivakumar et al. [33] and I. Perelshtein et al. [34]
have reported already on the synthesis of strontium hexa-
ferrite fine nano powder through sonochemical technique
using Fe(CO)s as a precursor. However, the precursor used
in the present work is iron (III) acetylacetonate instead of
the toxic Fe(CO)s used before. Moreover, the saturation
magnetization of the final product is higher than that of the
previous product [33].

In this paper, we report a facile and green sonochemical
synthesis for the direct growth of SrFe;,O;9 followed by a
simple calcination process for excellent magnetic proper-
ties. Structural, morphological, thermal, and magnetic
characterization of the powder sample were carried out by
powder X-ray diffraction (XRD), high resolution scanning
electron microscopy (HRSEM), transmission electron
microscopy (TEM), thermogravimetric analysis (TGA)
under a permanent magnet, and Superconducting Quantum
Interference Device (SQUID).

2 Materials and methods
2.1 Materials

All the chemicals were of analytical grade and used with-
out any further purification. Strontium acetate ((CHj.
CO,),Sr) and Iron (III) acetylacetonate (Fe(CsH;0,)s;
97 %) were purchased from Sigma-Aldrich. Ammonia
solution 30 % (NH4OH) was purchased from Carlo Erba.
The sonochemical synthesis process was carried out using a
high-intensity ultrasonic horn (Ti horn, 20 kHz, 750 W at
50 % efficiency, Sonics & Materials Model).

2.2 Sonochemical preparation of SrFe ;>0

In a typical synthesis procedure, Strontium acetate, 0.31 g
(0.015 M), and Iron (IIT) acetylacetonate, 6.36 g (0.18 M)
(the molar ratio of Sr**:Fe*" was 1:12) were dissolved in
100 ml distilled water under magnetic string for 2 min to
obtain a mixture, which was irradiated with high-intensity
ultrasound radiation by employing a direct immersion horn.
After 15 min 1 mL of NH4OH solution was added drop by
drop into the mixture to reach the pH value of around eight.
The total time of ultrasound radiation was 1 h. Then the
solution was dried on a hot plate at around 80 °C to
evaporate the water. The solid was then dried in hot air at
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100 °C for 5 h. Finally, SrFe;,0,9 powder was obtained by
calcination in an ambient atmosphere at 1100 °C for 3 h at
a ramping rate of 10 °C/min in a muffle furnace, followed
by cooling to room temperature.

Figure 1 is a flow chart of the sonochemical synthesis of
strontium hexaferrite (SrFe;»,0,9) powder. The pho-
tographs of sonochemical apparatus from two different
angles are shown in Fig. 2.

X-ray diffraction pattern of the sample was recorded on
a Bruker D8 Advanced diffractometer using Cu K, radia-
tion (1.5406 10\) source. The diffraction data were collected
over the 20 range of 15-90° with an applied potential of
40 keV and current of 30 mA. Microstructural character-
istics such as morphology, particle size, and crystal struc-
ture of the sample was analyzed by a high resolution
scanning electron microscope (HRSEM) (HRSEM, FEI,
Magellan 400 L, accelerating voltage 15 kV). TEM
micrograph was obtained on a JEM-1400, JEOL trans-
mission electron microscope with an accelerating voltage
of 200 kV. Sample for the TEM study was prepared by
dispersing and sonicating the powdered samples in iso-
propyl alcohol and adding a few drops of the resulting
suspension to a TEM copper grid. BET (Brunauer-Em-
mett—Teller) specific surface area (SSA) was determined
from nitrogen (N2) adsorption/desorption isotherms mea-
sured at liquid nitrogen temperature using a Nova 3200e
Quantachrome analyzer. The specific surface area was
calculated from the linear part of the BET plot. The Curie
temperature (T.) of the SrFe ;0,9 sample, heat treated at
1100 °C, was determined by thermogravimetric analysis
(TGA) carried out on a TGA/SDTAS851e device equipped
with a small (10 Kgauss magnet) external permanent
magnet, in the 25-800 °C temperature range, at a heating
rate of 10 °C min~" and under flowing nitrogen. In TGA
analysis around 50 mg SrFe;,0,9 powder sample was used
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Fig. 1 Schematic illustration of synthesis process flow chart of
SI'FC]QO]Q

for studying Curie temperature (Tc). The magnetic prop-
erties of the SrFe,0,9 nanoparticles were measured by a
SQUID magnetometer (MPMS-XL5, Quantum design) at
temperatures between 4 and 300 K. The powder was
compressed, to avoid particles rotation.

3 Results and discussion

The phase purity and formation of M-type hexagonal
SrFe 1,019 was studied by powder X-ray diffraction mea-
surement, which is the most valuable technique to identify
the crystalline structure. Figure 3 shows the powder XRD
pattern of the obtained SrFe ;O powder. The indexed
diffraction peaks in Fig. 3 are assigned to M-type of
SrFe,0,9 phase, which are in agreement with the standard
JCPDF files (33—1340). The observed high intensity and
sharp, well-defined peaks indicate that the high crystalline
quality and most of the observed peaks correspond to the
resulting product of SrFe;,0.9, with very small Fe,O3
(JCPDF: 33-0664) residual phase. All the diffraction peaks
of the obtained product are consistent with those of the
single phase, hexagonal structure and P63/mmc (194)
space group. The crystallite size and lattice parameter for
hexagonal ferrite structure was determined using:

0.94

~ PcosO (1)
1 4/(h+hk+k\ P
=3 ) e @

where ‘D’ is the average crystalline size, ‘A’ is the wave-
length of Cu K,, ‘f’ is the full width at half maximum
(FWHM) of the diffraction peaks, ‘0’ is the Bragg’s angle,
‘a & ¢’ are the lattice parameters, and ‘hkl’ the crystal
plane index. The mean primary crystallite size (D) from the
Scherrer’s equation and lattice parameters (a, c) are cal-
culated to be D =44nm, a=0.5884 nm, and
¢ = 2.3035 nm, respectively. The minimum value of
standard  deviation = were  Aa = 0.0002 nm and
Ac = 0.0004 nm for the obtained SrFe ;0,9 powder. It
shows that the obtained lattice parameter is trustworthy.
Furthermore the all crystallographic planes have been
used to calculate the lattice parameters of the prepared
SrFe ;0,9 sample.

The morphology of the M-type strontium hexaferrite
material has been examined by high resolution scanning
electron microscopy (HRSEM) and transmission electron
microcopy (TEM.). Figure 4 shows HRSEM and TEM
images at different magnifications, histogram of particle
size distribution, and EDX pattern analysis of the
SrFe 1,09 nanoparticles. The SrFe;,0,9 particles obtained
show roughly spherical-like morphology and the average
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Fig. 2 Photographs of
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Fig. 3 Powder X-ray diffraction (XRD) pattern of SrFe;,0,9 powder
by sonochemical process

particles size is 200 nm with little agglomeration. The low
magnification HRSEM image (Fig. 4a) shows that the
diameter of the nanoparticles ranges between 50-500 nm.
It is suggested that any particle larger than 50 nm is an
aggregate of smaller particles growing as a result of
interparticle magnetic interactions.

The higher the synthesis temperature, the sharper are the
edges of the obtained nanoparticles, suggesting a better
crystallization of the obtained SrFe;,0;9 material. It is
clear that the robust attractive forces among magnetic
nanoparticles and higher the calcination temperature. Fur-
thermore, from HRSEM and TEM images (Fig. 4b, d), at a
high magnification, we can clearly observed that edge of
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the nanoparticles is sharp for the SrFe ;0,9 nanoparticles.
Histogram of particles size and its distribution analysis of
the SrFe;,0;9 nanoparticles obtained from HRSEM images
are shown in Fig. 4e.

In order to prove the homogeneity of the sonochemically
synthesized SrFe;,0,9 nanoparticles, energy dispersive
X-ray spectroscopy (EDX) measurement test was carried
out from HRSEM. The results display the presence Sr, Fe,
and O elements in the EDX spectrum (Fig. 4f). The atomic
ratio of strontium (Sr*>") to iron (Fe>") detected from the
EDX spectrum is approximately 1:12.

Furthermore, liquid nitrogen (N,) adsorption and des-
orption isotherms were performed to characterize the
specific surface area of the synthesized SrFe;,O9
nanoparticles. The specific surface area was determined by
using Brunauer-Emmett-Teller (BET) method, the calcu-
lated specific surface area of the prepared SrFe;;Oi9
nanoparticles is 8.1 m? g~ '.

Figure 5 displays the TGA curve of the SrFe;;O;9
nanoparticles under an external magnetic field. The Curie
temperature of the sample, deduced from TGA measure-
ments, (Fig. 5),is T, = 462 °C. At this temperature a sharp
drop in the mass (or force) is observed. This Curie tem-
perature is somewhat higher than the value of 450 °C
reported for bulk SrFe ;019 [35].

Figure 6 shows magnetic hysteresis loops for the
SrFe 1,019 nanoparticles measured by a SQUID magne-
tometer (MPMS-XL5, Quantum design) at 100 and 300 K.
Evidently, the loops are somewhat distorted, exhibiting a
narrow ‘waist’ at low external fields and a tendency to
saturate at low as well as high fields. This is mostly pro-
nounced at low temperatures. In Table 1 we summarize the
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Fig. 5 TGA curve of SrFe ;0,9 nanoparticles with an external
permanent magnet

measured values of the saturation magnetization, M;, the
remnant magnetization, M,, and the coercive field, H. at
100 and 300 K, and compare the results to bulk data at
room temperature published in the literature. While H.,
measured in our sample are comparable to those reported
for the bulk, the value of M; is significantly lower, probably
reflecting a size effect of the nanoparticles. Note that in

60 -
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-'10I00('J L 0
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—T T T T
-20000 10000 20000

Fig. 6 Hysteresis loops of SrFe;,0;9 nanoparticles at 100 and 300 K

Table 1 the M; is taken to be the magnetization for the
maximum field used. The data imply a slow increase at
higher fields probably due to superparamagnetic contribu-
tion from the smaller particles.

In a sample of isolated magnetic particles, one expects
to observe size effects when the particles size drops below
a critical size, D,,, which can be estimated as [5, 37]

D,, = 9a,,/2nM? (3)

@ Springer
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Table 1 Values of the
saturation magnetization (M),

the remnant magnetization (M,),
and the coercive field (H,) in
bulk and nanoparticles of
SrF612019

M, (emu/g) M, (emu/g) H.(Oe)
SrFe,0,9 nanoparticles (100 K)* 44 27 2600
SrFe;,0,9 nanoparticles (300 K)* 33 21 3800
SrFe;,0,9 nanoparticles (300 K)** 32 19 4600
SrFe;,0,9 nanoparticles (300 K)*** 24.7 10.9 3500
SrFe 1,019 Bulk (300 K)*** 78.5 31 3500
SrFe ;019 Bulk (300 K)**** 70.5 40 3004

* This work; ** Ref. [33]; *** Ref. [15];**** Ref. [36]

where a,, = (2k,T.K;/ a)o.s is the domain wall energy, k;, is
Boltzmann constant, K; the magnetocrystalline anisotropy
and a is the lattice constant. Taking the bulk values
T.=723K [35], a=5.88 x 107%cm from our XRD
measurements, M, = 70.5% = 3740e [36], and K| =

3.57 x 106erg/cm3 [5], one obtains D,, ~ 350 nm. As
most of the particles in our sample are smaller than this
value (see Fig. 4e) one may expect to see a superparam-
agnetic behavior of the sample. This is, of course, not the
case because of the tendency of the particles to aggregate.
Nevertheless, a signature of the magnetic behavior of the
individual nano-particles can still be observed in the unu-
sual behavior of the magnetic hysteresis loop (Fig. 6). This
loop shows neither the superparamagnetic behavior
expected for nanoparticles nor the hysteresis behavior
expected for multi-domain particles. We propose that the
measured loop is a superposition of the two, reflecting the
fact that our sample consists of large aggregates and small

Magnetization (a.u.)

20 30

// Magnetic Field (a.u.)

-

Fig. 7 Schematic behavior of the magnetization of nano-particles
(dotted curve) and large particles of equal volume (dashed curve).
The solid curve shows the superposition of the two contributions
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isolated particles. As a way of illustration, we show in
Fig. 7 a schematic behavior of the magnetization of
nanoparticles (dotted curve, based on a Langevin function)
and large particles of equal volume (dashed -curve).
Apparently, the solid curve that shows the superposition of
the two contributions is similar to the measured magneti-
zation curve shown in Fig. 6.

Incidentally, the experimental ratio M,/M; ~ 0.5 (see
Fig. 6) is consistent with the Stoner—Wohlfarth magneti-
zation model [38] for randomly oriented identical magnetic
particles. However, as apparent from Fig. 6, the magnetic
behavior cannot be described by this model.

4 Summary and conclusions

M-type strontium hexaferrite (SrFe;,0,9) a hard magnetic
nanopowder was successfully synthesized by a facile
sonochemical strategy and subsequently calcination pro-
cess. The obtained nanopowder was characterized by XRD,
HRSEM, TEM, BET, TGA, and SQUID measurements.
XRD observation showed that all the diffraction peaks of
the obtained product were consistent with those of the
single phase, hexagonal structure and P63/mmc (194)
space group. The mean primary crystallite size (D) from
the Scherrer’s equation and lattice parameters (a, c) were
calculated to be D =44 nm, a = 0.5884 nm, and
¢ = 2.3035 nm, respectively. From the low magnification
HRSEM image, the diameter of the nanoparticles was
between 50 and 500 nm. SrFe ;0,9 particles shown the
roughly spherical-like morphology and the average parti-
cles size was 200 nm. This size according to our inter-
pretation corresponds to an aggregate composed of 50 nm
size particles. The atomic ratio of strontium (Sr*™") to iron
(Fe’™) detected from the EDX spectrum was approxi-
mately 1:12. The BET measurement result of the specific
surface area was 8.1 m?> gfl. The Curie temperature (T,.) of
the sample, deduced from TGA measurement under mag-
netic field was 462 °C. SQUID measurement revealed
saturation magnetization significantly lower than that
measured for a bulk sample, probably reflecting a size
effect in the nanoparticles.
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