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a b s t r a c t

The nanocrystalline Cr3+ substituted barium hexaferrite having generic formula BaFe12−xCrxO19 (where
x = 0.00, 0.25, 0.50, 0.75, and 1.00) samples were synthesized by sol–gel auto-combustion technique. The
precursors were prepared by using stoichiometric amounts of Ba2+, Fe3+ and Cr3+ nitrate solutions with cit-
ric acid as a chelating agent. The metal nitrate to citric acid ratio was taken as 1:2 while pH of the solution
was kept at 8. The thermal decomposition of nitrate–citrate gels of as-prepared powder was investigated
by TG/DTA. The as-prepared powder of BaFe12−xCrxO19 was sintered at 900 ◦C for 8 h. The sintered pow-
der was characterized by XRD, EDAX, SEM and VSM technique. The pure barium hexaferrite shows only
single phase hexagonal structure, while for the samples at x = 0.25, 0.50, 0.75 and 1.00 shows �-Fe2O3
4.25.Ld
3.35.Cg

eywords:
arium hexaferrite
ol–gel

peaks with M-phase of barium hexaferrite. The lattice parameters (a and c) decreases with increase in
chromium content x. The particle size obtained from XRD data is in the range of 30–40 nm which con-
firms the nanocrystalline nature of the samples. The magnetic properties were investigated by means
of vibrating sample magnetometer (VSM) technique. The saturation magnetization (Ms), remanence
magnetization (Mr), coercivity (Hc) and magneton number (nB) decreases with increase in chromium
content x.
anocrystalline

agnetization

. Introduction

Barium hexaferrite (BaFe12O19) is a hexagonal M-type mag-
etoplumbite ferrimagnetic ceramic material with an easy
agnetization along the c-axis. It is commonly used as permanent
agnets particulate media for magnetic recording as well as in
icrowave devices [1–3]. Hexagonal ferrites are divided into six

ifferent types M(AFe12O19), W(AMe2Fe16O27), X(A2Me2Fe28O46),
(A2Me2Fe12O22), Z(A3Me2Fe24O41), U(A4Me2Fe36O60) where
= Ba, Sr, Pb, etc. and Me = is a divalent transition metal [4]. Among

hese types barium hexaferrite is widely used due to its low produc-
ion cost combined with excellent magnetic properties. It has a high
urie temperature, a high coercive force and magneto crystalline
nisotropy along the c-axis and is chemically stable and corrosion
esistant. It is used to prepare sensors and microwave absorbing
aterials [5–9]. Moreover, due to their high anisotropy field hexa-

errites can be used at much higher frequencies than spinel ferrites

nd garnets [10], for this reason they are interesting above 30 GHz.
n account of their superior chemical stability, mechanical hard-
ess, excellent corrosion resistance and low level of media noise,
hey are suitable for rigid disc media without protective and lubri-
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cant layers. Due to large magneto crystalline anisotropy and strong
dependence of the orientation of easy axis on the microstructure,
they have potential for application in both perpendicular and lon-
gitudinal magnetic recording media [11,12].

Various synthesis methods have been developed to prepare
fine barium hexaferrite powders with the desired particle size and
magnetic characteristics. These methods includes co-precipitation
method [13,14], glass crystallization [15], hydrothermal [16],
sol–gel auto combustion [17,18], microemulsion [19], citrate pre-
cursor [20], aerosol process [21] and spray pyrolysis technique
[22,23]. Although these methods leads to formation of nanosize
particles and good magnetic properties, many of these methods
has some drawbacks or limitations. Among these methods, the
sol–gel auto combustion method ensures the proper distribution
of various metal ions resulting into stoichiometric and smaller par-
ticle size product compared to above other methods. Huang et al.
[24] first reported the work on synthesis of fine BaFe12O19 pow-
ders using citric acid–nitrate sol–gel auto combustion followed by a
secondary heat treatment. Many investigators [25,26] have synthe-
sized BaFe12O19 nanocrystalline powder by probing the influences

from metal nitrate to citric acid ratios as well as the pH values
[27,28].

In the present study, the stoichiometric proportion of metal
nitrate to citric acid has been used to prepare barium hex-
aferrite samples. The pure nanocrystalline barium hexaferrite

dx.doi.org/10.1016/j.jallcom.2011.01.040
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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where ‘d’ is the interplaner spacing and hkl are the Miller indices.
The values of lattice parameters are given in Table 1. It is evi-
dent from the values of lattice parameters a and c that both lattice
parameters goes on decreasing with increase in the Cr content

Table 1
Lattice constant ‘a’ and ‘c’, c/a ratio and cell volume (V) of BaFe12−xCrxO19 samples.

Comp. ‘x’ Lattice constant (Å) c/a V (Å)3

a c

0.00 5.8790 23.1410 3.9362 692.655
ig. 1. Thermogravimatric analysis and differential thermal analysis of BaFe12O19

ample.

as been studied by many workers. However, the Cr3+ substi-
uted nanocrystalline barium hexaferrite has not been studied
n detail. In order to understand the role of chromium in bar-
um hexaferrite matrix an investigated was done in the present

ork.

. Experimental

Nanocrystalline chromium substituted barium hexaferrite samples were pre-
ared by sol–gel auto combustion technique. AR grade barium nitrate Ba(NO3)2,
erric nitrate Fe(NO3)3·9H2O, chromium nitrate Cr(NO3)3·9H2O were dissolved
n minimum amount of deionised water. Citric acid (C6H8O7) was then added
nto the prepared aqueous solution to chelate Ba2+ and Fe3+ ions in the solution.
he metal nitrate to citric acid ratio was kept as 1:2 and then the pH of the
ixed solution was kept at 8 by adding ammonia solution. The mixed solution
as evaporated to dryness by heating at 100 ◦C on a hot plate with continu-

us stirring and finally formed a very viscous brown gel. This viscous brown
el was ignited by increasing the temperature up to 150 ◦C and the loose pow-
er of the samples was obtained. Finally, the as burnt powder was sintered
t 900 ◦C for 8 h to obtain chromium substituted barium hexaferrite nanoparti-
les.

The thermal decomposition behaviour of the as prepared powder was
xamined by simultaneous TG/DTA analysis. The phase identification of the
repared samples was performed with the help of Philips X-ray diffractome-
er (Model PW-3710) using Cu K� radiation (� = 1.5405 Å). The stoichiometric
roportion of the constituent ions was examined through EDAX technique.
he surface morphology of the prepared samples was studied by using scan-
ing electron microscopy (Model JEOL-JSM 63604) technique. The magnetic
arameters such as saturation magnetization (Ms), remenant magnetization
Mr), and coercivity (Hc) were obtained at room temperature by vibra-
ional sample magnetometer (VSM) technique with maximum applied field of
kOe.

. Results and discussion

.1. Thermal analysis

The TG-DTA plot for the as synthesized powder is shown in Fig. 1.
n endothermic reaction with weight loss is observed at around
00 ◦C corresponds to the evaporation of water in the samples. The
xothermic peak at the onset temperature of 200 ◦C in the DTA
urve corresponds to the crystallization of the M-phase of the bar-
um hexaferrite nanoparticles. From TGA curve a weight loss of 25%

as observed over the temperature region 50–500 ◦C. From 550 ◦C
nwards there is a small weight loss ≈5% upto 575 ◦C. Two distinct
eight loss steps around 50–500 and 750–950 ◦C were observed,

hich were attributed to the decomposition of hydroxides and bar-

um nitrate, respectively. Above 950 ◦C no further indistinguishable
eight loss was detected indicating that all organic constituents
ere eliminated.
2θ

Fig. 2. X-ray diffraction patterns of BaFe12−xCrxO19 samples.

3.2. Structural analysis

Fig. 2 shows the X-ray diffraction patterns of the BaFe12−xCrxO19
(where x = 0.00, 0.25, 0. 50, 0.75 and 1.00) M-type hexaferrite sam-
ples. The BaFe12O19 (x = 0.00) sample shows single phase hexagonal
structure while Cr3+ substituted BaFe12O19 samples shows �-Fe2O3
as a secondary phase. The presence of �-Fe2O3 peaks in barium
hexaferrite matrix is also reported in the literature [29]. The X-ray
diffraction pattern for pure BaFe12O19 is in good agreement with
JCPDS data (file no. 84-0757). Using the JCPDS data the peaks of the
XRD pattern were indices for hexagonal structure. However, the
change in the relative intensities of the patterns may be related to
occupation of the crystallographic sites of the crystal lattice. Lattice
parameters a and c for all the samples were calculated by using the
formula [30]:

1
d2

= 4
3

(
h2 + hk + k2

a2

)
+ l2

c2
(1)
0.25 5.8785 23.1320 3.9350 692.268
0.50 5.8768 23.1290 3.9355 691.759
0.75 5.8759 23.1157 3.9339 691.168
1.00 5.8747 23.1056 3.9330 690.584
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Table 2
X-ray density (dx), bulk density (dm), porosity (P), particle size (t) and grain size (G)
of BaFe12−xCrxO19 samples.

Comp. ‘x’ dx (g/cm3) dm (g/cm3) P (%) t (nm) G (nm)

0.00 5.3284 3.5342 33.6709 37.98 60
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0.25 5.3267 3.4943 34.3989 34.53 55
0.50 5.3260 3.4665 34.9119 32.44 51
0.75 5.3259 3.4377 35.4522 31.65 46
1.00 5.3258 3.4259 35.6717 30.24 41

. The decrease in the lattice parameters with the addition of
hromium is due to replacement of higher ionic radii element Fe3+

0.67 Å) by smaller ionic radii element Cr3+ (0.63 Å). Similar results
ere observed by substitution of Fe3+ (0.67 Å) by Mn3+ (0.645 Å)

ons in barium hexaferrite [31]. This result shows that the crys-
al structures of barium hexaferrites were contracted after being
oped with Cr3+ ions. Particle size (t) is obtained with the help of
WHM of most intense peak of the XRD pattern by using Scherrer
ormula [32]:

= 0.9�

ˇ cos �
(2)

here ˇ is the FWHM and � is the wavelength of the target material.
The particle size obtained from the XRD data is in the range

f 30–40 nm. The values of particle size is listed in Table 2. The
ulk density of all the samples was measured by using well known
rchimedes method and the values are presented in Table 2. The
-ray density (dx) was calculated according to the relation [30]

x = 2M

NaVcell
(3)

here numeric factor denotes the number of formula units in a unit
ell, M is the molar mass, Na is the Avogadro’s number and Vcell is
he unit cell volume computed from the values of lattice constants
and c as [30]:

cell =
√

3
2

a2c (4)

he values of unit cell volume and X-ray density are given in
ables 1 and 2, respectively. The unit cell volume and X-ray den-
ity both decreases with increase in Cr3+ content x. This behaviour
f X-ray density is attributed to the fact that cell volume decreases
ore than the negligible rise in the molar masses of the doped metal

ations. The values of measured density (dm) are smaller than that
f the X-ray density which is due to the presence of unavoidable
ores during the heating process. The porosity (P) was calculated
y using the following formula [30]:

(%) =
(

1 − dm

dx

)
× 100 (5)

he porosity of the samples increases with increase in Cr3+ sub-
titution x. The increase in the porosity indicates that the doped
lements may have retarded the process of densification of the
exaferrite matrix. The energy dispersive X-ray analysis plots for
ypical samples are shown in Fig. 3. The EDAX plots gives the evi-
ence of Ba2+, Fe3+, Cr3+ ions with proper ratio confirming the
esired stoichiometric composition. The �-Fe2O3 peak was also
een in the energy dispersive X-ray analysis plots [27].

.3. Microstructural analysis
The surface morphology and microstructure of BaFe12−xCrxO19
f typical samples x = 0.00, 0.50, 1.00 nanomaterials were observed
y scanning electron microscopy (SEM) as depicted in Fig. 4. The
urface of synthesized samples was appears to be a mixture of
ndividual nanoparticles of well crystalline nature and aggregates
k e V

Fig. 3. Typical EDAX pattern of BaFe12−xCrxO19 for (a) x = 0.00, (b) x = 0.50, and (c)
x = 1.00 samples.

formed as a resultant of agglomeration of individual nanoparticles.
These SEM images were used to obtain the grain size. The average
grain size obtained from SEM images is in the 40–60 nm range and
is listed in Table 2.

3.4. Magnetic analysis

The magnetic behaviour of BaFe12−xCrxO19 (x = 0.00, 0.25, 0.50,
0.75, and 1.00) was recorded at room temperature by using vibrat-
ing sample magnetometer (VSM) technique at maximum field
9 kOe. The sample shows high coercivity and non saturation up to
a field of 9 kOe. Non saturation behaviour of the samples may indi-
cate the presence of some fraction of super paramagnetic particles

in the sample or an additional phase such as �-Fe2O3. The presence
of �-Fe2O3 which is canted antiferromagnet, may also contribute
to the reduction in magnetization value [33]. The saturation mag-
netization (Ms), remanence magnetization (Mr), coercivity (Hc) of
BaFe12−xCrxO19 samples decreases with increase in chromium con-
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Fig. 5. Hysteresis plots of BaFe12−xCrxO19 samples.

Table 3
Saturation magnetization (Ms), remenant magnetization (Mr), coercivity (Hc) and
magneton number (nB) of BaFe12−xCrxO19 samples.

Comp. ‘x’ Ms (emu/g) Mr (emu/g) Hc (Oe) Mr/Ms nB (�B)

0.00 40.443 22.287 5689.28 0.5511 8.0486
ig. 4. Typical scanning electron microscope images of BaFe12−xCrxO19 at (a) x = 0.00,
b) x = 0.50 and (c) x = 1.00 samples.

ent. The decrease in magnetization is related to the magnetic
oment of the constituent ions. In the present case Fe3+ ions hav-

ng magnetic moment of 5 �B was replaced by Cr3+ ions which
aving 3 �B magnetic moment. Owing to the magnetic moment
f Cr3+ (3 �B) ion is not able to cancel out with spin down moments
f Fe3+ ions (5 �B). More specifically substitution causes weaken-
ng of super exchange interaction of type FeA

3+–O–FeB
3+, leading

o collapse of magnetic collinearity of the lattice. The decrease in
aturation magnetization and remanence magnetization with sub-
titution of Cr3+ is closely agrees with the observations made for
l3+ and Mn3+ substituted barium hexaferrite prepared by glass
eramic technique and solution combustion technique [31,34,35].

The magneton number nB (�B) is obtained by using the relation:

B = Molecular weight × Ms

5585
(6)
here Ms is the saturation magnetization of the sample.
The values of magneton number nB (�B) goes on decreasing

ith increase in Cr3+ substitution due to the replacement of less
agnetic moment of Cr3+ (3 �B) as compared to Fe3+ (5 �B). The
0.25 38.390 21.250 5687.23 0.5535 7.6334
0.50 36.640 22.865 5464.80 0.6240 7.2791
0.75 13.491 8.264 5462.13 0.6125 2.6778
1.00 5.119 3.053 5396.41 0.5964 1.0152

hysteresis loops for Cr3+substituted barium hexaferrite samples are
depicted in Fig. 5. The values of saturation magnetization decreases
from 40.433 emu/g to 5.113 emu/g and the values of coercivity
decreases from 5689.28 Oe to 5396.41 Oe. The values of these mag-
netic parameters are listed in Table 3. From our results it is clear
that the magnetic properties were influenced by Cr3+ substitution
in the barium hexaferrite matrix.

4. Conclusions

Nanocrystalline chromium substituted barium hexaferrite
samples have been successfully synthesized by sol–gel auto-
combustion technique. The X-ray diffraction pattern reveals the
formation of M-phase hexagonal structure at x = 0.00, and for
0.25–1.00 (in the step of 0.25) shows �-Fe2O3 as a secondary phase.
Energy dispersive analysis of X-rays confirms that the synthe-
sized samples have attained the nominal theoretical stoichiometry.
The lattice parameters a and c, X-ray density (dx), particle size (t)
decreases whereas porosity increases with increase in Cr3+ substi-
tution x. SEM image shows the well agglomerated grains. The values
of saturation magnetization, remanent magnetization and magne-
ton number goes on decreasing with the increase in Cr3+ content
x.
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