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Abstract. Single-domain barium ferrite nano particles have been synthesized with narrow particle-size
distribution using an auto combustion technique. In this process, citric acid was used as a fuel. Ratios of
cation to fuel were maintained variously at 1:1, 1:2 and 1:3. The pH was 7 in all cases. Of all three
cases, a cation to citric acid ratio of 1: 2 gives better yield in the formation of crystalline and single do-
main particles with a narrow range of size distribution. Most particles are in the range of 80 to 100 nm.
Maximum magnetization and coercivity values are also greater for 1: 2 ratios. These values measured at
room temperature are found to be 55 emu/gram and 5000 Oe respectively. XPS and ESR studies support

the results.
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1. Introduction

Nano-sized barium ferrite with hexagonal molecular
structure (BaFe;,049) is a known high performance
permanent magnetic material.* owing to its fairly large
magneto crystalline anisotropy, high Curie tempera-
ture, and relatively large magnetization, as well as
its excellent chemical stability and corrosion resisti-
vity. For ideal performance, barium ferrite particles
are required to be of single magnetic domain, good
chemical homogeneity and narrow particle-size dis-
tribution. The interest in these nano-sized particles
lies in our ability to affect their physical properties
through manipulation of size, composition and aspect
ratio to produce changesin overall physical properties.

Recent studies have shown that physical properties
of nano particles are influenced significantly by the
processing techniques.? Since crystallite size, distri-
bution of particle sizes and inter particle spacing
have the greatest impact on magnetic properties, the
ideal synthesis technique must provide superior con-
trol over these parameters.® A variety of techniques
has been employed for the synthesis of nano particles
with definite shapes and sizes.*®

Self-propagating high temperature synthesis (SHS)
also known as auto combustion is an important
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technique widely used for the synthesis of a variety
of oxides for different applications.”® Synthesis of
hard ferrites has been reported by using the sol—gel
auto combustion technique.™* This combustion method
presents some advantages over other methods: the
reagents are simple compounds, special equipment
is not required (Pyrex containers are used), dopants
can be easily introduced into the final product, and
agglomeration of powders remains limited. The
method uses the energy produced by the exothermic
decomposition of a redox mixture of metal nitrates
with an organic compound. In the combustion mixture,
nitrates and organic compounds behave like conven-
tional oxidants and fuels. The reaction is carried out
by dissolving metal nitrates and fuels in a minimum
amount of water in a pyrex dish and heating the
mixture in order to evaporate water in excess. The
resulting viscous liquid foams, ignites, and undergoes
self-sustained combustion, producing ashes contain-
ing the oxide product. During the combustion, exo-
thermic redox reactions associated with nitrate
decomposition and fuel oxidation take place. Gases
such as N, H,O, and CO, evolve, favouring the for-
mation of fine particle ashes after only afew minutes.
The properties of the final product (particle size,
surface area and porosity) depend on the method of
combustion. The departure of gases favours the de-
segregation of the products (increases the porosity)
and heat dissipation (inhibits the sintering of the pro-
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ducts). Exothermicity of combustion is controlled by
the nature of the fuel and the ratio of oxidizer to
fuel. The reaction paths for the synthesis have been
described elsewhere.™

The combustion synthesis is also advantageous
over the solid state synthesis in terms of better com-
positional homogeneity and purity of the final prod-
uct.”® However, only a few efforts have been made
to correlate the effect of synthesis parameters like
pH,* fuel-to-oxidant ratio,™ and effect of different
fuels' with powder characteristics. Here, an effort
has been made to identify the effect of fuel ratios on
barium ferrite synthesis at a lower pH value of 7 and
their influence on size, morphology and magnetic
properties.

2. Experimental procedure

For the preparation of barium ferrite nano particles,
analytical grade barium nitrate Ba(NQOs), of purity
99%%, AR grade ferric nitrate Fe(NOs)30H,0 of
98% purity and AR grade citric acid of 99%6% were
taken as starting materials. Although the stoichio-
metric Fe/Ba ratio should be 12 for BaFe;;,04g, it
was reported that an excess of barium is needed to
ensure the formation of single-phase BaFe;,0;0."*®
Affleck et al'® suggested that a small amount of bar-
ium volatilizes during the combustion and calcina-
tions process, which is responsible for the “off
stoichiometry”. Huang et al® have tried different ra-
tios of Ba/Fe and established that a ratio of 1:11%
gives single-phase ferrites. Hence, the molar ratio of
Bato Fe was fixed at 1:11%6. The nitrates were dis-
solved with a minimum amount of de-ionized water
to get a clear solution. Three samples with different
fuel ratios were prepared as follows.

(a) Bf1l —cations: citricacid=1:1
(b) Bf12 — cations: citricacid=1:2
(c) Bf13 — cations: citricacid=1: 3.

An agueous solution of citric acid was mixed with
the nitrate solution in the required ratio. After com-
plete dissolution of all starting materials, an appro-
priate amount of nitric acid/ammonia solution was
added dropwise to this solution with constant stirring
until the pH reached 7. The resulting solution was
then heated on a hot plate, whose temperature was
maintained around 80° to 90°C. This process was
continued for 3 to 4 hours, after which the transparent
solution turned to viscous brown gel followed by

foaming of the gel. The foamy gel was kept on a
pre-heated oven at 150°C which caused its sponta-
neous ignition. The combustion reaction was com-
pleted within a few seconds and loose powder was
formed. This was crushed and ground thoroughly.
The fine powder sample was then heat-treated at
450°C for 24 h to remove carboneous materials and
at 850°C for 6 h for the final formation of barium
ferrite nano particles.

To confirm the formation of a single phase, X-ray
diffraction analyses of the synthesized powdered
samples were done between 20° and 90° angle using
a PANalytica XPERT-PRO diffractometer with
CuK, radiation. Particle size and morphology of the
samples were examined by Philips C200 transmis-
sion electron microscope (TEM) operated at 200 kV.
Magnetic properties of the hexaferrite samples were
measured by using a vibrating sample magnetometer
with a maximum applied field of 20 kOe. Room tem-
perature electron spin resonance (ESR) spectra of
the samples were recorded on an X-band (931 GHz)
Elinc Century Series EPR spectrometer. Electronic
spectroscopy for chemical analysis (ESCA) was also
performed on a Thermo VG Scientific Multilab
2000 instrument using a 15 kV Al K-a gun.

3. Resultsand discussion

The as-prepared samples consist of oxide and carbo-
neous forms of the starting constituents. The samples
are then calcined in a two-stage heat treatment process,
430°C for 24 h and 850°C for 6 h for the removal of
impurities to get nano particles of single-phase
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Figurel. Differential thermal analysisof BfC11.
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Figure 2. XRD patterns of the samples heat-treated at 450°C for 24 h and 850°C for 6 h. Samples are (a)

Bf11, (b) Bf12 and (c) Bf13.

barium ferrite. The temperature for the first stage of
heat treatment is estimated from the DTA curve of
the sample as shown in figure 1.

The X-ray diffraction patterns of the samples are
shown in figure 2 which match exactly with the stan-
dard powder diffraction file no. 07-0276, 84-0757,
confirming the formation of single-phase barium
ferrite particles. However, at higher fuel ratio 1: 3,
there are some traces of iron oxide peaks. The single
phase may also have been promoted due to calcina-
tions of samples at 850°C for longer time durations.

The XPS data for the sample BfC12 as a typical
exampleis presented in figure 3. The binding energies
are determined from the Cys peak at 287 eV. The Ba
*ds, and Ba *dy, peaks are observed at 7824 and
797% eV respectively, and the Fe 2|03/z and Fe zpﬂz
peaks are seen at 7137 and 72689 eV respectively,
which are characteristic of the sample® The small
shift in binding energy of the Ba peak in ferrite as
compared to that in BaO is due to the different envi-
ronments in which the Ba ion is placed in the two

compounds, which contribute to the differencein re-
laxation effect.

In the ferrite, the presence of Fej, is detected and
confirmed by its distinct characteristic satellite peak
at around 8% eV above the principal peak. The ob-
servation of a distinct satellite at 80 eV above the
main peak indicates the absence of Fe;O, phase in
the material. Fe;0, does not show any satellite®” due
to overlapping of the satellite peaks for Fe** (at a
separation of 8% eV) and Fe** (at a separation of
60 eV) resulting in the formation of a broad back-
ground. Usually ?ps, binding energy is in the range
711-7117 eV with a satellite-primary peak energy
separation of about 8% eV. According to Allen and
co-workers,??* such binding energy concerns mate-
rials in which the Fey, concentration is higher than
that of Fey,. The large values of FWHM show that
the iron distribution is complex. The binding energy
of the O 1s peak is about 532 eV. This energy isin
agreement with results from the literature.?* The O
1s spectrum shows a large FWHM of approx 18 eV.
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Figure 3. Results of electron spectroscopy for chemical analysis of heat-treated BfC12. The peaks
shown are for (a) carbon, (b) barium, (c) iron and (d) oxygen atoms.

Figure 4. TEM photograph of BfP7C12 showing hexa-
gonal morphology (scale: 100 nm).

The concentration of each element is estimated in
atomic percent using the normalized area under the
peaks and the ratio is as expected stoichiometrically.

Finally, the carbon contents are analysed to deter-
mine the amount of carbonaceous species present in
the sample. The XPS data shown in figure 3b reveal
that the carbon present in the sample is very little,
approximately 1 atomic percent. This could also
be due to the impurities. This residual carbon has no
adverse effect on the properties of the sample. It
could, on the contrary, improve the hard magnetic
properties if it works as a pinning centres. It is re-
markable that monophasic BaFe;;0,9 is synthesized
at a low temperature considering that a major peak
between 400° and 430°C is observed by the DTA of
the pre-fired powder. This suggests that the precursor
nanoparticles generated by the auto combustion
process are highly receptive to pyrolysis due to their
very large specific surface area and that the thermal
decomposition of the precursor occurs quite effi-
ciently in air.
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Tablel. Magnetic properties of barium ferrite sample synthesized at pH 7.

Fuel ratios  Magnetization (emu/gram) Mr (emu/gram) M,/Mg Hc (Oe) (BH)max (10° GOe)
Bf11 46 24 062 2587 0617
Bf12 55 28 060 5000 1013
Bf13 43 22 061 4445 0428
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Figure5. Room temperature hysteresis|oop for different samples. (a) Bf11, (b) Bf12 and (c) Bf13.

Particle morphology and size of barium hexaferrite
sample recorded by TEM are shown in figure 4 for
Bf12 as atypical example. Plates of nearly hexagonal
habitus as well as some cylindrical rods are formed.
The average particle diameter is between 80 and
100 nm. All samples show crystaline and single-
domain particles.

Magnetic behaviour of these barium hexaferrite
samples are presented in figure 5. None of the sam-
ples show saturation up to a field of 20 kOe. How-

ever, they show high remanance and coercivity.
Non-saturation may indicate the presence of some
fraction of super paramagnetic particles in the sam-
ple or an additional phase such as a-Fe,Os, which is
a canted antiferromagnet. The presence of a-Fe,0;
is evident in the XRD pattern of sample Bf13. Its
presence in smaller amounts in the other two sam-
ples is not ruled out. The magnetization values of
the samples Bf11 and Bf13 (~43 emu/gram) are lower
compared to the sample Bf12 (~55 emu/gram). The
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value obtained is shown in table 1. The reported
values of Mg for a monophasic BaFe;,0;9 sample are
53 emu/g,”®> 578 emu/g® and 616 emu/g.”® The low
magnetization values for Bf1l and Bf13 samples
could be the consequence of the wide particle size
distribution, where there is a small fraction of super-
paramagnetic particles contributing to reduce mag-
netization. The presence of a-Fe,O;, which is a
canted antiferromagnet, may contribute to the reduc-
tion in magnetization value. The squareness ratio
(M/My) is found to be around 0.5 for all three cases
which is the expected value for randomly packed
single-domain particles.?’” The energy products (BH)ma
of the samples prepared at fuel ratios 1:1, 1:2 and
1:3 are 0617, 1013 and 0428 MGOe respectively.
The maximum energy product (BH)ma value was
obtained by maintaining fuel ratioat 1: 2.

We also carried out electron spin resonance (ESR)
studies of the samples. In figure 6, we show atypical
ESR spectrum of the sample Bf12. The line width
AH and symmetric resonance absorption can be ascri-
bed to the ferrimagnetic resonance exhibited by Fe**
cations in BaFe;,049 at different interstitial sites that
couple anti-ferromagnetically due to a super-exchange
interaction.? Table 2 summarizes these results.

The variation in AH can be discussed in terms of
anisotropy factors. The distortion of the crystal lattice
and the Fe-sites within the lattice contribute their effects
to the H, and H, anisotropy factors respectively.
Theory relevant to ESR has already been discussed
elsewhere.”® Following the results of Shirk and
Buessem® on BaFe,,O., particles of the size and
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Figure 6. ESR spectra for the sample Bf12 measured at
room temperature.

Table 2. ESR parameters of barium ferrite
at room temperature.

Fuel ratios AH (gauss) g factor
Bf11 1000 2X79
Bf12 1050 2X48
Bf13 1700 1°686

morphology considered here can be characterized by
a shape anisotropy Hy, = 4pM; (platelets magnetized
perpendicular to the plane).

Magnetic anisotropy, i.e. due to domain structure
(Hg), contributes to DH for the sintered samples. The
origin and effects of these anisotropies are discussed
elsewhere®* DH is aso influenced by porosity,
eddy currents and inhomogeneous magnetization.**
These factors do not vary much in the samples studied
in this investigation. They do, of course, change DH
by a constant factor (included in DH, defined below)
and effectively do not impart the variation of DH for
the different samples. Thus we can express DH in terms
of variation in the anisotropy factors as follows,

DH = DHo + ADH, + BDH,, + CHg, 1)

where A, B and C are constants that correlate changes
in the respective anisotropy factors to the DH. Equa
tion (1) successfully explains the variation in DH for
the sample series, for the constants A =B =%;(as-
sumed empirically),® and Hq = 0. The H, and H, in
these samples vary basically owing to the variation
in M.

It is to be noted that citric acid with one hydroxyl
and three carboxyl groups is a multidentate ligand
and complexes with multivalent atoms to form che-
lates. Y u and Huang™ have suggested that increasing
citric acid contents causes more citric acid to ionize,
resulting in more carboxylic groups (COOH) chelat-
ing with Fe** and Ba®" in the solution. It is believed
that the high degree of chelation of the metallic ions
in the solution is responsible for high uniformity of
metallic constituents. Upon heating, the uniformly
distributed Fe** and Ba®* can convert to hexagonal
barium ferrite more easily and completely. That par-
tially explains the better magnetic properties of the
sample Bf12 as compared to Bf11. But we also ob-
serve a deterioration in the properties of Bf13. This
is because of the presence of a-Fe,O; phase. It is
suggested that as the ratio increases beyond an op-
timum level, the exothermicity of the reaction due to
excess citric acid promotes formation of secondary



Auto combustion synthesis of barium ferrite nano particles 21

phases and brings about deterioration of the mag-
netic properties.

4. Conclusion

It can be concluded that crystalline and single-
domain barium ferrite can be synthesized through
sol—gel auto combustion technique with citric acid
asafuel at pH 7. In the present work, barium ferrite
synthesized at 1:2 ratio of cations to citric acid
exhibits better magnetic properties. Higher magnetic
moment (55 emu/g), high coercivity value (5000 Og)
and maximum energy product (BH)ma (10137
10° GOe) are obtained at 1: 2 fuel ratios. A large in-
crease in ESR line width has been observed for citric
acid ratio 1:3. An explanation based on anisotropy
and spin relaxation time has been provided which
confirms the magnetic results.
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