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Abstract

The effect of crystallinity and particle morphology of the submicron barium hexaferrite (BaFe;,0;9) powders on the magnetic properties was
investigated on powders synthesized by solid-state calcination (BHF-c) and molten salt synthesis (BHF-m) methods. Solid-state calcination route was
found to yield agglomerated powders with poor crystallinity, whereas molten salt synthesis resulted in well crystallized powders with an anisometric
morphology. The saturation magnetization of the BHF-m and BHF-c samples is 59 emu/g, and 56 emu/g at 300 K, and 90 emu/g, and 86 emu/g at
10 K. The temperature dependence of magnetization of the BHF-m is higher and the increase in magnetocrystal anisotropy with decreasing
temperature is also steeper than that of the BHF-c due to the higher crystallinity. The magnetocrystalline anisotropy constant, K, calculated from the
Stoner—Wohlfarth theory, of the BHE-m and BHF-c powders is 14.24 and 10.14 HA%/kg, respectively. The higher effective anisotropy, K. of the BHF-
m is also confirmed through ferromagnetic resonance measurements. In conclusion, the higher crystallinity, slightly higher particle size and

anisometric morphology of the BHF-m particles translated into higher magnetic properties and magnetocrystalline anisotropy.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Barium hexaferrite (BaFe;,0;9, BHF) also known as barium
ferrite is widely used in permanent magnets [1]. It has a high
Curie temperature, a large saturation magnetization, an excellent
chemical stability and corrosion resistance, and it is relatively
cheap to produce. Barium ferrite and its derivatives have also
been used as chip inductors, and microwave absorbers in the GHz
range, because they have greater permeability and higher
magnetic resonance frequency than spinel ferrites [2]. But
mainly, it is an important magnetic recording material. The main
features that make it attractive for recording media are: (i) the
anisometric particle morphology and related large magneto-
crystalline anisotropy with easy magnetization axis normal to the
hexagonal basal plane; (ii) the square shape of hysteresis loop;
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(iii) its large coercivity. However, for these applications, the
ferrite should consist of uniform and fine (submicrometer) grains
to allow for both a relatively large remanent magnetization and a
high coercive field [3]. The magnetic recording media also
require high coercivity since keeping the recorded information
for a considerable time requires a high magnetic permanence.

Various methods have been used to synthesize fine BaFe ;09
powders such as: conventional solid-state calcination route [4],
citrate precursor [5], chemical co-precipitation [6], hydrothermal
synthesis [7], sol-gel process [8,9], crystallization from a glass
precursor [10], oxidation of a metallic barium—iron precursor
[11], spray pyrolysis [12] and molten salt synthesis [13] methods
resulting in various particle sizes, morphologies and related
magnetic properties. The composition of the ferrite is not the only
parameter in the properties. The morphology of the powder
particles are also reported to be influential on the magnetic
properties of the ferrite powders due to the variations in the
morphological anisotropy [9].
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Thus, in our study, BaFe ;0,9 powders with submicron
particle sizes were synthesized by solid-state calcination and
molten salt synthesis methods, and the structural and magnetic
features of the particles obtained through these two methods
were compared and discussed from the aspects of crystallinity
and particle morphology. Solid-state calcination was chosen
because this method is simpler, straightforward and less
expensive compared to other synthesis methods. On the other
hand, molten salt synthesis was chosen based on the fact that it
allows preparation of complex oxide powders with a high shape
anisotropy, i.e. anisometric morphology [13,14] and further
allows the fabrication of bulk materials with crystallographi-
cally textured microstructures [15-17].

2. Material and methods

In our study, BaFe;,0,9 powders with submicron particle
sizes were synthesized by solid-state calcination and molten
salt synthesis methods. For the solid-state calcination method, a
stoichiometric mixture of BaCO; (Alfa Aesar, 99.5%), Fe,03
(Alfa Aesar, 99.5%) were ball milled for 24 h in isopropanol
using zirconia balls in high density polyethylene bottle.
Isopropanol was evaporated during fast stirring to eliminate
differential powder settling. The powder mixture was put inside
an alumina crucible and then calcined at 1100 °C for 6 h to
synthesize single phase BaFe;,0;9. After calcination, powders
were again ball-milled for 24 h to reduce particle size using
ZrO; balls in isopropyl alcohol and then dried at 50 °C.

Various salts can be used in the molten salt synthesis of
anisometric ferrite particles such as NaCl-KCI [13], Na,SO4—
K>SO, [18] and Na,SO4-Li,SO4 [19]. In our case BaFe ;019
particles were synthesized by reacting KCI salt with BaFe ;019
powder at a weight ratio of 2:1. The BaFe,0,9 and KCI] were
initially mixed in an agate mortar and pestle for 1h. Then
powders were placed in covered alumina crucibles and heated up
to 1150 °C at a rate of 5 °C/min., held at this temperature for 8 h
and then cooled slowly to room temperature at a rate of 2 °C/min.
Afterwards, the BaFe ;09 particles were washed with hot
deionized water to remove salt and sonicated for 10 min. to
deagglomerate particles. The samples which are prepared with
molten salt and solid state calcination methods will be referred to
in the text as BHF-m, and BHF-c, respectively.

The structural properties of the powders were investigated
by scanning electron microscopy (SEM) (Philips XL30) and X-
ray diffraction (XRD) (Rigaku Dmax 2200). The ferromagnetic
resonance measurements were carried out by using Bruker
EMX (9.8 GHz) ESR spectrometer. The magnetic hysteresis
curves were recorded by vibrating sample magnetometer
(VSM) (Quantum Design PPMS 9T) between £30 kOe and in
the temperature range of 10—400 K.

3. Results and discussion
3.1. Structural and morphological features

Results of the phase analysis of the BaFe;,0,9 particles by X-
ray diffraction is given in Fig. 1. From this figure the main phase
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Fig. 1. X-ray diffraction patterns of BaFe;,0,9 particles synthesized through
solid state calcinations (BHF-c) and molten salt synthesis (BHF-m) methods.

is BaFe ,0,9, although the peaks appeared at 33.2° and 57.4°
indicated a very limited presence of a-Fe,Oj3. This is believed to
be a residual phase left over from the formation of the barium
hexaferrite phase due to insufficient reaction temperature and
time [20]. Molten salt synthesis was found to yield a higher
crystallinity, as indicated by the higher intensity of the peaks
compared to the lower intensity and broadened peaks of the solid
state calcination method [21]. The broadening of the peaks also
indicates a lower crystallite size for the BHF-c particles
synthesized with the solid state calcination route.

Morphology and size of the BaFe,0,o particles synthesized
through two different methods were investigated by scanning
electron microscopy and by particle size measurements. The
measurement results indicate smaller particle size for BHF-c but
agglomeration, nevertheless, in both cases. The micrographs
obtained from SEM examination are presented in Fig. 2. The size
of the BHF-c particles synthesized by SSC method, shown in
Fig. 2(a), and BHF-m particles synthesized by MSS method,
shown in Fig. 2(b), indicated that both of the synthesis routes led
to a particle size smaller than 1 wm in largest dimension.
However, at a closer look on the particle morphology at higher
magnifications, it is clear that SSC method led to poorly
crystallized particles with cracks and agglomeration (Fig. 2(c)),
whereas molten salt synthesis resulted in a lower agglomeration
and a better anisometric morphology, as seen in Fig. 2(d). The
hexagonal plate-like morphology is more apparent and cracks
have not been observed in this case. This is due to the more
homogeneous nature of the reaction mixture and also to the
efficiency of the mass transfer in the liquid medium of the molten
salt synthesis approach. The diffusion distances in the intimate
mix of the constituent oxides in the molten salt method is much
smaller and the mobility of species in the molten salt is much
higher compared with the solid state calcination routes [22].
Thus, complete reaction is accomplished in a relatively short
time and a perfectly crystalline phase with shape anisotropy can
be obtained with this method.

These structural differences in crystallinity and particle
morphology was found to have an impact on the magnetic
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Fig. 2. Particle size and morphology of BaFe;,0,9 particles synthesized through (a), (c) solid state calcination route, and (b), (d) molten salt synthesis method.

properties of the particles. This effect is the main focus of our
study and is discussed in details in the following section.

3.2. Magnetic properties

Magnetization curves taken at (a) 300 K and (b) 10 K for the
BaFe,0,9 powders prepared with two different methods are
plotted in Fig. 3. As seen as from this figure, the samples exhibit a
clear hysteretic behavior for the magnetization under applied
magnetic field. The samples saturate at about 30 kOe and show
large coercive field. The saturation magnetization (M) and the
coercive field (H,) of the BHF-m and BHF-c samples are given
Table 1. The measured saturation magnetization and coercive
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field are lower than the theoretical values for single crystals of
barium hexaferrites (Mg =72 emu/g and H.= 6700 Oe) [23].
The a-Fe, 03, whose presence was observed in the XRD analysis
(Fig. 1), is a non-magnetic intermediate phase. Interaction
between non-magnetic and magnetic particles affects the
magnetic anisotropy and therefore changes magnetic properties
of the samples [24]. This is believed to be why the saturation
magnetization and coercive field is lower than the theoretical
values. Also the saturation magnetization of the BHF-m is higher
than that of the BHF-c due to the higher crystallite/particle size,
better crystallinity and anisometric morphology of the BHF-m
compared to the BHF-c. Similar results were also obtained by
Kim et al. [25] in their study on Sr-ferrite (SrFe,,0,9) powders.
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Fig. 3. Magnetization curves for the BaFe;,0,9 powders measured at (a) 300 K and (b) 10 K using VSM.
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Table 1
Magnetic properties of powders synthesized with two different methods.

Coercive field
H. (kOe) @10 K

Saturation magnetization
M, (emu/g) @10 K

Synthesis method

Coercive field
H. (kOe) @300 K

The line width
of resonance

Saturation magnetization
M, (emu/g) @300 K

Magnetocrystalline
anisotropy constant

K (HA%kg) (kOe)
Solid state calcination  3.14 86 3.62 56 10.14 2.1
(BHF-C)
Molten salt synthesis ~ 3.94 90 4.82 59 14.24 1.6
(BHF-M)

Fig. 3 also indicates that the coercive field of the BHF-m is
higher than that of the BHF-c due to the higher magnetocrystal-
line anisotropy of the BHF-m, which in turn is due to the
anisometric morphology of the particles synthesized with this
method. Because, the coercive field (H.) of a magnetic material
is a measure of its magnetocrystalline anisotropy [26,27].

According to Stoner—Wohlfarth theory [28], the coercivity
of nanoparticles is determined by the magnetocrystalline
anisotropy constant (K) and saturation magnetization (Mj):

2K

He = 1
© = ol (M

where (¢ is the universal constant of permeability in free space,
47 x 107" H/m. Since M and H. are determined from VSM
measurements, the magnetocrystalline anisotropy constant (K)
can be calculated using this equation. In our case, the calculated
magnetocrystalline anisotropy constant of the BHF-m and
BHF-c powders are given in Table 1 as 14.24 and
10.14 HA?/kg, respectively. This result also supports our claim
that BHF-m has better crystallinity than that of the BHF-c.
In order to investigate the temperature dependence of
magnetization, we have carried out field cooled (FC) M-T
measurements. Fig. 4 presents M—T data of the BHF-m and BHF-
¢ samples. For field cooled M—-T measurements the applied field
of 50 Oe is kept constant during cooling from 400 K down to
10 K and the magnetization is recorded during field warming
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Fig. 4. Magnetization vs. temperature curves of the BHF-m and BHF-c samples
taken under an applied magnetic field of 50 Oe.

within the same field value. When the temperature is increased,
magnetization decreases in both samples as it is expected due to
the thermal agitations which fights against the magnetic order.
This decrease in magnetization is much faster for BHF-m
sample. However, even at 400 K BHF-m sample has much bigger
magnetization compared to the NHF-c sample. This is in
agreement with the structural results which claims that the BHF-
m sample has better crystalline structure.

For further investigation of magnetic properties, the
ferromagnetic resonance measurements were performed at
X-Band (9.8 GHz) frequency. In order to do FMR experiments
the powders were prepared as pellet film. A goniometer was
used to rotate the sample holder which is parallel to the
microwave magnetic field and perpendicular to the applied
static magnetic field. The sample was replaced on a sample
holder in two different geometries. For the in-plane geometry
the sample was attached horizontally at bottom edge
(horizontal surface) of sample holder. During in-plane
rotations, the film normal kept parallel to the microwave
magnetic field, but external dc magnetic field was aligned at
different orientation with respect to the sample axis. At out-of-
plane geometry the sample was attached to the flat platform of
sample holder where the magnetic field of microwave lie in
film plane and static magnetic field is rotated from the sample
plane to the film normal. At in-plane geometry the resonance
lines are not angular dependent. This means that the external
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Fig. 5. Angular dependence of the FMR resonance field of the samples in the
out-of-plane geometry.
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field did not re-orient the particle axes along the field
directions. The line width of the resonance lines, as given in
Table 1, are about 1.6 kOe for the BHF-m and about 2.1 kOe
for the BHF-c. This broad line seems to be originated from
different resonance fields of randomly distributed particles
which have different orientation of magnetic easy axes. As
seen from Figs. 1 and 2, the particle size, crystallinity and
anisometric morphology of the BHF-m sample is higher than
that of the BHF-c sample. Thus, the line width of resonance
spectrum of the BHF-c is larger than that of BHF-m. The
angular dependence of FMR signal of the samples in the out-
of-plane geometry is presented in Fig. 5. Fig. 5 clearly shows
that the out-of-plane resonance field values of the BHF-m are
higher than that of the BHF-c for all directions of the field. It
means that the effective anisotropy, K.¢rof the BHF-m is higher
than that of BHF-c. This is another result of better crystallinity
of BHF-m sample and confirms the calculations done by

Eq. (1).
4. Conclusions

This study was conducted to investigate the effect of
crystallinity and particle morphology of the submicron
BaFe,,0,9 powders on the magnetic properties. Particles with
submicron sizes and within similar size range were synthesized
by solid-state calcination (BHF-c) and molten salt synthesis
(BHF-m) methods. Solid-state calcination route yielded
agglomerated powders with poor crystallinity, whereas molten
salt synthesis resulted in well crystallized powders with a high
shape anisotropy, i.e. anisometric morphology. Both of the
particles contained a limited presence of «-Fe,O; as a
secondary phase. These structural differences in crystallinity
and particle morphology were found to have an impact on the
magnetic properties of the particles.

The saturation magnetization of the BHF-m and BHF-c
samples is 59 emu/g, and 56 emu/g at 300 K, and 90 emu/g, and
86 emu/g at 10 K. Values are higher for BHF-m due to the
higher crystallite/particle size, better crystallinity and aniso-
metric morphology of the BHF-m compared to the BHF-c. The
magnetocrystalline anisotropy constant, K, was calculated from
the Stoner—Wohlfarth theory using measured M and H,. data
obtained from VSM measurements. The calculated K constant
of the BHE-m and BHF-c powders is 14.24 and 10.14 HA%/kg,
respectively. The higher effective anisotropy, K¢ of the BHF-m
is also confirmed through ferromagnetic resonance measure-
ments. In conclusion, the higher crystallinity, slightly higher
particle size and anisometric morphology of the BHF-m
particles translated into higher magnetic properties and
magnetocrystalline anisotropy.
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