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Abstract

Nano-sized and single phase W-type hexaferrite (BaCo,Fe 60,7) powders synthesized by sol-gel autocombustion method have been
investigated. The samples were sintered in a temperature range of 1000-1200 °C for 5 h. The thermal decomposition behavior of as-prepared
powder was studied by thermogravimetry (TG), differential thermal analysis (DTA) and infrared spectra (IR). The structural and magnetic
properties of powders were investigated by X-ray diffraction (XRD) and vibrating sample magnetometer (VSM). The grain size calculated by
Scherer equation was found in the range of 3647 nm which is small enough to obtain a suitable signal-to-noise ratio in high density recording
media. Hysteresis loop measurements show that the coercivity values lie in the range of 210.61-1602.6 Oe with increasing sintering temperature.
Magnetization studies show a significant increase in the values from 15 to 22 emu/g. The dc electrical resistivity is observed to decrease up to a
certain value as the temperature increases and then rises at higher temperature.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ferrites form a very good class of electrical materials
because of their high resistivity and low loss behavior, and
hence have vast technological applications over a wide range of
frequencies [1]. Ferrites assume special significance in the field
of electronics and telecommunication industry because of their
novel electrical properties which makes them useful in
radiofrequency circuits, high quality filters, rod antennas,
transformer cores, read/write heads for high digital tapes and
other devices [2,3]. In recent years, there has been considerable
interest in the study of the properties of nano-sized ferrite
particles because of their importance in the fundamental
understanding of the physical processes as well as their
proposed applications for many technological purposes. The
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physical properties of the nano materials are predominantly
controlled by the grain boundaries than by the grains [4]. The
electrical properties of nano ferrites are greatly affected when
the particle size approaches to the critical size, below which
each particle is treated as single domain [5]. This activity has
been inspired in part by the realization that the physical and
chemical properties of nano phase materials are in general
dramatically different from those of the bulk counter parts and
that nano phase materials exhibit new or cross over phenomena
[6-8]. Increasing attention has been paid to W-type hexagonal
ferrites because their potential application as permanent
magnets for electrical, electronic and automobile devices.
Also, W-hexaferrites with planar structure are among the most
popular microwave absorption materials for their higher
efficiency and lower cost than those of other materials [9].
A variety of techniques have been developed to synthesize W-
type hexaferrites. The conventional mechanical grinding [10]
and glass crystallization methods [11] for W-hexaferrites
preparation have disadvantages such as time consuming and
introducing impurities into material compositions. Further-
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more, the high calcination temperature (>1200 °C) results in
the formation of coarse aggregation and the vaporization of
some compositions. Besides, the calcining temperature is rather
high, Zhang et al. [12] have prepared BaZn, _Co.Fe 50,;
hexaferrites by citrate sol-gel method, still relatively high
calcination temperature of 1100 °C is needed for the formation
of W-type hexaferrite phase. Stearic acid gel method has been
used to prepare ultrafine W-type hexaferrites, which is a simple
method with little limitation except that all raw materials must
be dissolved in the molten stearic acid [13]. In this article, we
focus on the synthesis of nanocrystalline BaCo,Fe 50,7
hexaferrite powders by a sol-gel autocombustion technique,
which is a novel way with a combination of sol-gel and the
combustion process. This method has the advantage of
inexpensive precursor, facile operation, low annealing or
sintering temperature, energy-efficiency and the resulting nano-
sized particles with narrow size distribution and excellent
chemical homogeneity. Moreover the lack of knowledge about
temperature dependent magnetic properties of Co, W-hexafer-
rites stimulates us to prepare and analyze these nano materials.

2. Experimental

A sample of single-phase polycrystalline W-type hexaferrite
of composition BaCo,Fe 0,7, has been prepared using the
conventional sol-gel autocombustion method. Aqueous solu-
tions of Ba(NOs), (+99%,Sigma Aldrich, Mexico), Co(NO3),—
8H,O (+98%, Sigma Aldrich, UK) and Fe(NO;5);-9H,O
(+98%, Sigma Aldrich, USA) were used. Citric acid
(99.91%, Fisher Scientific, UK) was used as a chelating agent.
During the synthesis, the aqueous solutions of the metallic salts
of the component in stoichiometric ratios and citric acid were
slowly added together. The resultant sol was then stirred, using
a magnetic stirrer, while being heated at 80 °C, to transform the
sol into a gel. Meanwhile pH value of the sol was adjusted to
approximately 7-8 by using ammonia (35%, Fisher Scientific,
UK). After 6-7 h, the dried gel underwent autocombustion to
produce powdered samples. The finely ground powders were
pressed into pellets (3.5 mm thickness and 8 mm diameter)
under a force of 40 kN for about 1.30 min by using the Paul
Otto Webber hydraulic press. Simultaneous sintering of the
powders and pellets at a temperature of 1000 °C in a
temperature-programmed furnace for 5 h at a heating rate of
12 °C/min resulted in a single-phase W-type hexaferrite. Fig. 1
shows the flow diagram for synthesis of nanocrystalline
BaCo,Fe 40,7, hexaferrite powders prepared by the above
mentioned method. The thermal decomposition behavior of the
as-prepared powder was examined simultaneously by means of
thermogravimetry (TG) and differential thermal analysis
(DTA) with a heating rate of 10 °C/min in the air on the
Linsies PT 1600 TGA and DTA instruments, respectively.
Infrared (IR) spectra were recorded on Shimadzu 8400S IR
spectrometer by KBr pellets method. IR spectra study is
specially made to observe the two broad bands, which are
characteristic bands of ferrites and usually occur due to
tetrahedral and octahedral complexes. X-ray diffraction (XRD)
analysis of powder samples were carried out by X-ray
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Fig. 1. Flow diagram for synthesis of nanocrystalline BaCo,Fe ;0,7 hexafer-
rite powders.

diffractometer equipped with Cu Ko radiation source
(A =1.5406 A). The magnetic properties like magnetization
values (M) and coercivity (H.) were measured by a vibrating
sample magnetometer (VSM) at an applied field of 8 kOe at
room temperature. The bulk density (dg) was calculated by the
relation:

m
dg = — 1
B=_3, ey
where ‘m’, ‘r’ and ‘¢’ are the mass, radius and thickness of the
pellet respectively. The dc electrical resistivity was measured
by two point probe method at room temperature by the formula;

r==— @)

s

where ‘R’ is the resistance and ‘A’ is the area of pellet.

3. Results and discussion
3.1. Thermal analysis

The DT/TGA graph for an as-prepared sample with nominal
composition BaCo,Fe c0,7 is shown in Fig. 2. The thermal
analysis is carried out to evaluate the mechanism for the
formation of hexaferrite phase and to observe the effect of
heating on structural changes of the synthesized sample. The
DTA curve shows a peak at about 100 °C which is due to loss of
water from the sample. The other peaks appeared at 291 °C,
526 °C and 920 °C indicating the formation of oxides from
hydroxides, monohexaferrite and the formation of hexagonal
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Fig. 2. DT/TGA curve of as-prepared BaCo,Fe,c0,; powder.

phase, respectively [14]. Whereas for thermogravimetric curve,
two distinct weight loss steps around 100 °C and 291 °C were
observed, which were attributed to the decomposition of
hydroxides and barium carbonate, respectively.

3.2. FT-IR spectra

The FT-IR spectra of BaCo,Fe 40, for the as-prepared and
sintered (at 1000 °C) samples are shown in Fig. 3(a and b). The
spectrum of as-prepared powder shows the characteristic band
of O-H stretching vibration of residue water at 3445 cm™ ',
anti-symmetrical vibration of CO; at about 1581 cm ™', the N—
O stretching vibration of NO3 at about 1403 cm ' and metal—
oxygen stretching vibrations of a-Fe,O5 at 549 cm ™' respec-
tively [15]. Thus indicating the co-existence of NO5 ion, O-H,
CO; and iron groups in the as-prepared powder sample.
Whereas for sintered samples there are two typical hexaferrite
absorption bands, the higher frequency band is seen to be at
588 cm™' and lower frequency band at 431 cm™'. This
difference in band position is expected because of difference
in Fej—O; distance for octahedral and tetrahedral sites.
Similar results are observed in chromium substituted ferrite
[16].

3.3. Structure determination

Fig. 4 shows the powder XRD patterns of the BaCo,Fe 50,7
samples sintered at different temperatures. It is evident from the
figure that the sample sintered at 1000 °C is in single phase with
hexagonal structure without showing any detectable second
phase impurities. The observed diffraction lines were found to
compare to those of the standard pattern (ICSD-00-051-1879)
of the barium ferrite with no extra line, indicating thereby that
all the samples have a single phase hexagonal structure and no
unreacted constituents were present in the samples. The FT-IR

results are in good agreement with the XRD results. Moreover,
on increasing the sintering temperature beyond 1000 °C, broad
peaks were observed, which become narrower and sharper at
1200 °C, manifesting the increase of particle size and crystal-
linity [17].

The lattice parameters (a and c) were calculated from the
XRD data using the following equation [18]:

2 kz
(R + hk + k%) + -1 (3)

A
Sin%0 =
mr=3 42

3a?
where ‘hkl’ are the corresponding indices of each line in the
pattern and ‘0’ is the Bragg’s angle. The observed values of the
lattice parameters ‘a’ and ‘c’ (a = 5.846 10\, c=32.854 10\) are in
close agreement with the reported values for hexagonal ferrites
[19]. The grain size (D) is calculated from diffraction line
broadening using the well-known Scherer equation:

_ Kx
~ Bcosb

“4)

where ‘B’ is the broadening of diffraction lines at half-width of
its maximum intensity, ‘A’ is the wavelength (1.5406 A[]), and
‘K’ is a constant (0.89 for hexaferrite). The grain size is found in
the range of 36.2-47.01 nm (Table 1). It has been reported that
the grain size <50 nm is required to obtain the suitable signal-
to-noise ratio in the high density recording media [20]. In the
present work the grain size is 36.2-47.01 nm so these materials
can be considered to use for applications in high density
recording media for obtaining suitable signal-to-noise ratio.
The density data of W-type ferrites are given in Table 1. It is
seen that as the sintering temperature of ferrites increases, the
density increases. But at higher temperature (1200 °C), the
density of ferrites decreases which may be due to presence of
pores created during sintering process at this temperature. The
increase in the density is around 10-11% for a temperature
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Fig. 4. XRD patterns of BaCo,Fe;c0,; powders sintered at different tempera-
tures.

Table 1
Grain size, bulk density, magnetization, magnetic moment, coercivity and
resistivity of W-hexaferrite powders at different sintering temperatures.

TCC) D Density M Ng Hc P
(m)  (dp) (gfem’)  (emw/g) (up) (Oe) (Qem x 10°)
1000 36.2 3.79 15.52 241 1602.6 9.4
1050 37.9 3.98 16.80 2.61 15134 8.6
1100 42.9 4.05 18.70 290 1133.2 6.2
1150 45.2 4.18 22.02 3.42 210.7 5.1
1200 47.01 4.17 20.12 3.12 210.61 6.3

increase of 150 °C (from 1000 to 1150 °C). There was no
significant increase in the density beyond 1150 °C. The maxi-
mum density obtained was 4.18 g cm > at 1150 °C. The be-
havior of density with increasing temperature is shown in
Fig. 8.

3.4. Magnetic measurements

Fig. 5 shows the hysteresis loops for BaCo,Fe ;0,7 at
different temperatures and various magnetic properties such as
coercivity (Hc) and maximum magnetization (M) values
measured at 8 kOe were calculated. The shape and the width
of the hysteresis loop depend on factors such as chemical
composition, cation distribution, porosity, and grain size. It is
clear from the figure that the magnetization did not saturate but
increases continuously up to 8 kOe. The reason for this is that
the maximum magnetic field (8 kOe) of VSM used in present
study was below the value of anisotropy field (11-13 kOe) of
W-hexaferrites [21]. The loops are wide having large value of
coercivity in the range of 210.61-1602.6 Oe (Table 1).
Previously it was reported that the coercivity values for cobalt
substituted hexaferrites determined by various research work-
ers lie in the range of 50-200 Oe [22,23] but in the investigated
ferrites we have obtained the Hc value up to 1602 Oe, which is
much higher than that of the previously reported values. For
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Fig. 5. M-H loops of BaCo,Fe 60,7 powders sintered at different temperatures
(a=1000 °C, b=1050 °C, ¢ = 1100 °C, d = 1150 °C, e = 1200 °C).
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Fig. 6. Variation of grain size and coercivity with increasing temperature.

nano crystalline materials, the coercivity is closely related to
the grain size ‘D’ of the materials depending on the exchange
length L.,. For ‘D’ greater than L.,, Hc varies inversely with the
grain size (1/D) and for Fe based alloys, L., is estimated to be
35 nm [24]. It is reported before incase of BaCoZnFe 0,7 [22]
that L., may be much smaller than 35 due to the small values of
exchange constant and large value of magneto-crystalline
anisotropy constant. Consequently, the same assumption holds
for the investigated BaCo,Fe 50,7 ferrites with the grain sizes
in the range of 3647 nm, which are larger than the exchange
length. Hence, it could be concluded that in our case the
variations in the coercivity are due to the grain size of the
hexaferrite nano particles. The behavior of coercivity and grain
size with varying sintering temperature is shown in Fig. 6.
Fig. 7 represents the effect of sintering temperature on the
maximum magnetization (M) values of the synthesized barium
hexaferrites. It is obvious that the M continuously increases
with temperature increment and the maximum value is obtained
at 1150 °C followed by a decrease with further increase of
temperature. The lowering of M values at higher temperature
may be a consequence of larger particle size formed as a result
of their coalescence with each other. It is well known that
particle size has a significant effect on the magnetic properties
of the magnetic materials. When the particles are smaller than
the critical single domain size they are mainly in single domain.
On the contrary, when the particle size becomes bigger than the
critical value most of them would exist in multi-domain. With
an increase in the sintering temperature the particle size also
increases towards the critical single domain size. As a result,
the magnetization (M) increases eventually reaching a
maximum value at single domain size because of the coherent
rotation of spins. As the particles become larger than the single
domain size at higher temperature, the value of magnetization
begins to decrease. Similar results are reported in the early
literature for pure barium hexaferrites [25]. The values of
magnetization (M) with varying sintering temperatures are
listed in Table 1. There are few examples in which the
magnetization values increased and at the same time the
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Fig. 7. Variation of magnetization values (M) with increasing temperature.

coercivity decreased with increment of temperature in barium
W-hexaferrites. The recording media requires high enough
coercivity above 600 Oe and magnetization values as high as
possible [14]. On the basis of these results, it can be affirmed
that coercivity (at certain temperatures) as well as saturation
magnetization of the investigated ferrites can be controlled
greatly by sintering temperature to use them for applications in
recording media. Magnetic moment as a function of
temperature was also calculated for the synthesized ferrites
from the magnetization data [26] by the formula:

= zec X dp (&)

where M,, is the molecular weight of the samples, M the
magnetization values and dp is the measured density of the
samples. It is clear from Table 1 that the value of magnetic
moment increases with the increase in temperature and then
decreases at 1200 °C. The increase in the magnetic moment
value is due to the increment in magnetization and vice versa as
the magnetic moment and magnetizations are directly related to
each other. The magnetization and magnetic moment data are in
agreement with each other [27].

3.5. DC electrical measurements

The variation of dc electrical resistivity with increasing
sintering temperature is shown in Fig. 8. It is clear that
resistivity deceases monotonously with rise in sintering
temperature, reaches its minimum at 1150 °C and begins to
rise at higher temperature (1200 °C). This behavior can be
explained on the basis of two facts, firstly at high temperatures,
ferrite is deoxidated and part of Fe** ions change to Fe** ions
due to conversion of Co** into Co™*. During cooling, Fe** ions
in the grain cannot be oxidated entirely. Electronic transfer
between Fe’* and Fe?* is the main electric conduction
mechanism of ferrite. Co®* may restrain the formation of
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Fe?*, which can be expressed by the well known reaction as:
C03+ +F62+ N C02+ +F63+

In addition, the active energy of electronic transfer between
Co>* and Co®* is much higher than that of between Fe>* and
Fe?*. Asa result, resistivity of the ferrite is enhanced after being
sintered at higher temperatures. If the sintering temperature is
relatively low (<1150 °C), few Fe’* ions change to Fe**. The
inhibition of Co®* on the formation of Fe®* becomes a minor
factor for the electric conduction of ferrite. The electronic
transfer between Co”* and Co®* results in the rise of electric
conduction. Secondly, as discussed above that density of the
investigated ferrites increases with increase in temperature and
reaches its maximum at 1150 °C followed by the decrease at
1200 °C. Since density is inversely related to the porosity of
ferrites which may affect the dc resistivity. At lower
temperatures, there may be a small number of pores which
offer a little hindrance to the hopping of charge carriers
between Fe* and Fe?” sites thereby decreasing the resistivity of
these ferrites. But at higher temperature, there will be an
increased number of pores which in turn hinders the motion of
charge carriers [28] and as a result resistivity increases.

4. Conclusion

Nanocrystalline and single phase BaCo,Fe;40,; hexaferrite
powders were successfully synthesized by the sol-gel auto-
combustion method. Pure nanocrystalline W-type hexaferrite
powders can be achieved when the as-prepared powder is
sintered at and above 1000 °C. The study of IR spectra of
sintered powder shows two absorption bands in the range of
430-590 cm ™' which are typical for hexaferrites. The grain size
increases with temperature from 36 to 47 nm which is less than
50 nm and suitable to obtain high signal-to-noise ratio in high
density recording media. VSM measurements show that the
coercivity and magnetization values are strongly dependent on
sintering temperature and have suitable values at certain

temperature to make these materials promising candidates for
applications in high density recording media.
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