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Abstract. M-type nanosized barium hexaferrite BaMexFe12-xO19 (Me = Al3? and x = 0.0, 0.4, 0.8) was synthesized by
sol–gel auto-combustion method using urea as a fuel. Characterization of prepared sample was done by using different
techniques, such as XRD (X-ray diffractometer), SEM (scanning electron microscope), EDAX (energy dispersive X-ray
analysis), TEM (transmission electron microscope) and vibrating sample magnetometer (VSM). XRD studies show the
formation of M-type barium hexagonal ferrite with space group P63/mmc. The effect of substitution of Al3? ion for Fe3?
ion on the unit cell parameter, density, porosity has been studied. The SEM study shows that the samples exhibit
spherical-shaped particles and agglomeration of individual particles in some parts. EDAX study confirms the elemental
composition of prepared samples. TEM images confirm the nanosize of prepared samples. The VSM or magnetic study
reveals that the saturation magnetization (Ms) value decreases from 57.1 to 33.6 emu g-1, while coercivity (Hc) value
increases from 1737 to 2071 Gauss by the substitution of Al content. Substitution of Al3? ion in barium hexaferrite
significantly improves the magnetic properties.
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Introduction

Barium hexaferrite with a hexagonal structure (BaFe12O19)
is well known for its high performance permanent magnetic
and good mechanical hardness [1,2]. It has involved significant attention in recent years due to its high coercivity
(magneto-crystalline anisotropy property), relatively large
magnetization, high Curie temperature, and the superior
chemical stability and corrosion resistivity [3–6]. Ferrite
material can be categorized into three types namely spinel,
hexagonal and garnets according to their crystal lattice
structure. Today, modern developments in different areas
lead to a continuous demand of materials with improved
magnetic properties for such science and technology
applications. BaM (BaFe12O19) has a hexagonal crystal
structure with 64 ions per unit cell with space group of P63/
mmc. In the crystal structure, the Fe3? ion cations occupy
five different interstitial sites i.e., three octahedral sites, one
trigonal pyramidal and one tetragonal site (2b), (12k, 2a,
4f1), 4f2, respectively. As we know, physical properties of
barium ferrites are mainly depend on the size and shape of
the particles, different synthesis techniques have been used

to obtain the desired barium hexaferrite structure. Synthesis
method of hexaferrite affects the structure, physical and
magnetic properties for different applications. An ideal
method to synthesize the substituted M-type hexaferrite
should include the following: low annealing or calcination
temperature, energy efficient and a short reaction time.
Although some researchers have reported Al-substitution
barium ferrite [7–11], which leads to decrease in magnetic
properties and specially magnetization value, it is not best
suited for different applications. The performance of
M-type hexaferrite must be improved by substitution with
trivalent ions, such as La3?, Al3?, Sm3?, Bi3?, Nd3?, Cr3?,
etc. [12]. The nanosize ferrite particles can be prepared by a
large number of methods like co-precipitation of hydroxides, hydrothermal synthesis, sol–gel synthesis [13,14], etc.
Gawali et al [15] have synthesized the Al-substituted nano
calcium hexaferrite CaAlxFe12-xO19 (x = 0, 2, 4) by sol–gel
auto-combustion technique using urea as a fuel. It has been
observed that the lattice parameters and lattice volume
decrease with increasing Al-ion concentration in pure
sample of barium hexaferrites. The calculated values of
a and c are found to be 5.8 and 22.1 Å, respectively [15].
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So, in the present work, M-type barium hexaferrite substituted with trivalent aluminium ion has been synthesized by
sol–gel auto-combustion method. This synthesis technique
is simple, safe and low-cost, and also takes less time for
processing as compared to other synthesis techniques. The
main advantages of this method are: high purity, low sintering temperature, high homogeneity, ultrafine powder,
easy handling of instruments, etc. Our aim is to investigate
the enhancement of magnetic properties of barium hexaferrites substituted by Al ions substitution using nominal
composition BaAlxFe12-xO19 (x = 0.0, 0.4, 0.8).
The substitution of Al3? ions on the Fe sites can strongly
affect the magnetic properties of hexaferrites, such as saturation magnetization (Ms) and coercive field (Hc) as recognized by powder X-ray diffraction (XRD) and vibrating
sample magnetometer (VSM).

2.
2.1
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Urea supplies the required energy to initiate exothermic
reaction among the metal nitrates. Here, metal nitrates are
used as oxidants. All the solution of metal nitrates and fuel
were mixed properly to form homogeneous yellow brown
colour aqueous solution. This homogeneous solution is now
heated on a hot plate for 2–3 h at 80°C. After the evaporation of water, this homogeneous solution turns into a
brown colour gel. Then, the gel is burnt by self-propagating
combustion in microwave oven where large amount of gas
is evolved and finally gets homogeneous into brown colour
loose powder/ash. This ash was further grinded by pestle
mortar for 3–4 h to form fine powder. This fine powder thus
obtained were sintered in a muffle furnace at a temperature
of 800°C for 5 h to obtain ferrite nanoparticles by increasing
the temperature slowly to 100°C per hour, and then cooled
at the same rate. The sample powder obtained from sintering is grinded by pestle mortar for 1–2 h and then, kept in
moisture-free air tight bottles for further characterization.

Experimental
Material preparation

The polycrystalline M-type barium hexaferrite with chemical
formula BaAlxFe12-xO19, x = 0.0, 0.4, 0.8, was synthesized
by sol–gel auto-combustion method. The stoichiometric
amount of AR grade chemicals like metal nitrates
Ba(NO3)24H2O, Fe(NO3)39H2O and Al(NO3)39H2O are
dissolved in 40 ml distilled water using beakers and
made into homogeneous solution. Urea (CO(NH2)2) also
dissolves in this homogeneous solution and work as reducing
agent.

Figure 1.

2.2

Characterization techniques

Structural properties have been investigated using XRD
pattern obtained from Bruker AXS D8 Advance X-ray
diffractometer in the range of 10–80° using CuKa radiation
(k = 1.54060 Å) operating at 40 kV and 35 mA having step
size of 0.02°. The surface morphology was identified using
scanning electron microscopy (SEM) JEO model JJM6390LV instrument as well as TEM (FEI, model Tecnai G2,
F30). The magnetic properties of all the samples were
measured by using VSM at room temperature with a

XRD patterns of BaAlxFe12-xO19, S-1 (x = 0.0), S-2 (x = 0.4) and S-3 (x = 0.8).
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maximum field of 10K Gauss. The magnetic hysteresis
loops (M vs. H) are obtained to give the values of saturation
magnetization (Ms), coercivity (Hc) and remanence magnetization (Mr).

(FWHM), h the peak position in radian and k (1.540 Å) the
wavelength.
X-ray density of sample was calculated by using the
following reaction:
Dx ¼ nM=NA Vcell ;

3.

Results and discussion

3.1

Structural analysis

Figure 1 shows XRD patterns of M-type hexaferrite with
composition BaAlxFe12-xO19 (x = 0.0, 0.4, 0.8). The
XRD patterns consist of reflecting planes (102), (107),
(114), (200), (110), (203), (205), (217) and (300) confirming that prepared samples belong to M-type hexaferrite. Indexing of (hkl) planes were determined with the
help of Match software as well as the manual method.
Our XRD patterns were matched with JCPDS card no.
84-0757 of standard barium hexaferrite. In samples
S-1 (BaFe12O19), S-2 (BaAl0.4Fe11.6O19) and S-3
(BaAl0.8Fe11.2O19), a-Fe2O3 is present as secondary
phase. This secondary phase may be due to incomplete
crystalline reaction. The highest intensity peak value of
all the samples were observed at (114) plane.
The average crystallite size was calculated from the peak
positions (114) using the Scherrer formula [16].
D ¼ kk=b cos h;

ð1Þ

where D is the crystallite size in nm, k the Scherrer constant
having value 0.9, b the full-width at half maximum

Figure 2.

Enlarged view of some XRD peaks.
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ð2Þ

where n is number of molecules per unit cell, M the
molecular weight, NA the Avogadro’s number, V the cell
volume. The ratios of lattice constants vary with substitution of Al3? ion in pure barium hexaferrites sample.
The c/a ratio of all the samples is in the range of
3.8–3.95, which lies below the lattice constant ratio 3.98,
confirming that prepared barium ferrites have hexagonal
structure. The calculated values of crystallite size, lattice
parameters and density are given in table 2. The c/a ratio
is also an important parameter to quantify the M-type
hexagonal structure [17–20]. The variation in the densities shows general behaviour i.e., the actual (experimental) density values were found to be in general less than
those of X-ray density Dx (theoretical density), which are
expected due to the presence of unavoidable pores created during firing [21]. The variation in porosity is related
to values of lattice parameters and it is reported that if
density increases, the volume of unit cell and lattice
constant ultimately decrease and vice-versa [22,23]. The
crystal size of all the samples is calculated by using the
Scherer equation and found to be 26.26, 24.42 and 22.16
nm, respectively. Due the smaller ionic radius of Al3?
(0.53Å) ions as compared to that of Fe3? (0.67Å) ions,
the lattice parameters (a, c) of the prepared samples were
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Figure 3.
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EDAX spectrum of the prepared pure and doped samples.

decreased by increasing substitution amount of Al3? ion.
So, as a result, the crystal size and cell volume of
samples were also decreased by substitution of Al3? ion.
The reduction in cell dimensions is due to the solubility
of Al3? ions in the M-type hexaferrite [24]. These results
are well agreed with the results given by Zhang et al [25]
for Al-substituted barium hexaferrite synthesized by sol–
gel auto-combustion technique. The enlarged view of

some 2h values vs. intensity count is shown in figure 2. It
is observed that when Al3? ion (0.53 Å) is replaced by
Fe3? (0.67 Å), the intensity peaks (114), (107) and (203)
are shifting towards higher 2h positions. It is obvious as
there is constriction in the values of lattice parameters
a and c. But the value of c for the sample S-3 is slightly
lower than the value of S-2. But overall, the values of
XRD peaks are shifting towards higher side of 2h.
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Figure 4.
Table 1.
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SEM micrographs of samples.

Stoichiometric ratio of metal nitrates for synthesis of BaAlxFe12-xO19 (x = 0.0, 0.4, 0.8) samples for total of 30 g precursors.

Sample

Barium nitrate
(g)

Ferric nitrate
(g)

Aluminium nitrate (g)

Urea
(g)

1.1182
1.1201
1.1219

20.745
20.0866
19.426

—
0.6431
1.2880

8.1366
8.1501
8.163

BaFe12O19
BaAl0.4Fe11.6O19
BaAl0.8Fe11.2O19

Table 2.

Structural data of BaAlxFe12-xO19 samples (x = 0.0, 0.4, 0.8).

Sample
code

Concentration
(x)

S-1

0.0

S-2

0.4

S-3

0.8

a (Å) c (Å)

Cell
volume
(Å3)

Axial ratio
(c/a)

X-ray density
(Dx) (g cc-1)

Bulk density
(Db) (g cc-1)

Porosity
(P) %

Crystal size
(D) (nm)

5.851

687.23

3.79

5.370

3.252

39.44

26.26

680.85

3.93

5.36

3.452

35.63

24.41

671.52

3.89

5.38

3.125

42

22.16

23.1
77
5.848 22.9
89
5.841 22.7
25

It occupies the tetrahedral site of hexagonal crystal
structure and makes a distortion in the geometry of
hexagonal crystal structure. Therefore, the (hkl) planes get
shifted to the higher value of 2h positions which is well
mentioned in figure 2.

3.2
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Microstructural analysis

The energy dispersive X-ray (EDAX) analysis plots for
synthesized samples are shown in figure 3. The EDAX plots
show the presence of Ba2?, Fe3? and Al3? ions with
a proper ratio in desired stoichiometric composition. The

a-Fe2O3 peak was also seen in the EDX spectrum analysis
[26].
Surface
morphology
and
microstructure
of
BaAlxFe12-xO19 of type samples x = 0.0, 0.4, 0.8
nanomaterial were observed by SEM. The SEM
micrographs of Al ion-doped Ba-hexaferrite sintered at
800°C are shown in figure 4. Surface of the prepared
samples appeared as a collection of individual
nanoparticles. SEM images show that the particles have
uneven distributions. The resolution of micrographs
was taken up to the mark of micrometre range, the
particle size taken from XRD and SEM images confirmed nanometre range. It is clearly noticed that
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Figure 5.

Table 3.
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SAED and TEM images of the prepared pure and doped barium ferrite samples.

Magnetic properties of prepared barium hexaferrite sample.

Sample
S-1 (BaFe12O19)
S-2 (BaAl0.4Fe11.6O19)
S-3 (BaAl0.8Fe11.2O19)

Saturation magnetization (Ms)
emu g-1 (10-3)

Remanence magnetization (Mr)
emu g-1 (10-3)

Coercivity (Hc)
(Gauss)

Squareness ratio
(Mr/Ms)

57.1
51.4
33.6

36.9
32.7
22.1

1737
2071
1789

0.64
0.63
0.65

powder particles have high tendency to join together
and form spherically agglomerated shape [27,28]
because we have not applied any kind of capping agent
in the synthesized material, barium hexaferrite samples.
The surface of synthesized samples appears to be a
mixture of individual nanoparticles of good crystalline
nature and aggregates formed as a resultant of
agglomeration of individual nanoparticles. The
agglomerated nature of the sample also indicates the
pores present in the material because ferrite has a high
tendency to absorb the moisture from the atmosphere.
Water absorption by the aggregate also affected the
early compressive strength of crystallites. The water
molecules trapped in the crystal sites during the formation may lead to the porous nature of the ferrites.
During firing in microwave oven, oxygen ions diffuse
through the materials which creates some unavoidable
pores, which is one of the factors for densification of the
samples [20]. Since, the materials were synthesized at
very high temperature of up to 800°C, at this temperature
some particles get diffused with the grain boundary of
neighborhood particle which is neither a strong bond nor
a loose bond, so there might be some possibility to trap
some moisture inside the material. Particle size is large
for sample with x = 0.0 as compared to sample with

x = 0.4 as shown in figure 4a and b, also agree with
XRD data given in table 1. Particle size obtained from
SEM images is in the range of 20–40 nm. This is well
agreeing with structural data given in table 2.
Figure 5a shows SAED or electron diffraction images of
bright ring spots which are indicators of polycrystalline
nature of barium hexaferrite sample formed. Figure 5b
shows TEM images, which confirm that all the prepared
samples have nanosized crystals.

3.3

Magnetic properties

In the present work, the magnetic properties determined
from hysteresis curve obtained from VSM have been
summarized in table 3. Magnetic properties of hexagonal
ferrite depend on the intrinsic properties of M-type phase.
The effect of substitution of Al3? has been seen on
retentivity, saturation magnetization and coercivity is
shown in figure 6. Table 3 shows the variation of magnetic properties of pure barium hexaferrite with substitution of Al3? ions. It shows magnetic moments that lie
in the range of 33.6–57.1 emu g-1, retentivity between
22.1 and 36.9 emu g-1 and the coercivity between 1737
and 2071 Gauss and indicates the good quality of hard
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Magnetic hysteresis curve of BaAlxFe12-xO19 (x = 0.0, 0.4 and 0.8).

ferrites. The increase in coercivity and decrease in Ms
with Al3? ion substitution is well agreed with the
observation made for Al-substituted barium hexaferrite
prepared by glass ceramic method [29]. Al-doped
BaAl0.4Fe11.6O19 sample has high coercivity (2071
Gauss), it may be due to uniaxial magnetocrystalline
anisotropy along c-axis [30].
The coercivity of sample S-3 decreases due to the
replacement of iron ions from 12k site to result in a
reduction in the magnetocrystalline anisotropy [31].
Similar types of variations have been reported by Fang
et al [32]. The quick decrease in coercivity value of
sample S-3 indicates the transformation of hard ferrite
into soft ferrite. During the replacement of Fe3? (5 lB)
ions by Al3? (0 lB) ions, 85% of Al ions occupy octahedral sites and 15% occupy tetrahedral sites [33]. The
decrease in saturation magnetization value may be due to
the Al3? (0 lB) ions substituting Fe3? (5 lB) at spin-up
state in the hexagonal structure. Here, Hc values of
sample S-2 was found to increase, as a result, magnetocrystalline anisotropy value also increases. Residual
magnetization (Mr) is measured directly by hysteresis
loop of all the samples. Similar changes in the saturation
magnetization and remanence have also been observed for
Al3? and Cr3? doped barium hexaferrite samples by Fang
et al [34], Singhal et al [35] and Ounnunkad et al [36].
Values in table 3 prove that prepared nanomaterials are
hard type ferrites and can be used for storage devices

because of high squareness ratio. Squareness ratio plays
an important role in permanent magnets, storage devices
and recording media applications.

4.

Conclusions

In the present research module, pure and Al3? ion-doped
samples of barium hexaferrite have been prepared successfully by sol–gel auto-combustion method. The XRD study
shows that all the samples have hexagonal crystal structure
with small impurities of a-phase present in all three samples
S-1, S-2 and S-3. The synthesized aluminium-doped barium
hexaferrite has particle size in the range of 20–30 nm. SEM
images show particles have odd and even distributions and
vary from sample to sample and also show agglomeration in
some parts. EDAX spectrum confirms the elemental composition of the prepared samples. TEM images show that
particles formed are in nano range. Magnetic properties
show that substitution of Al3? ion in barium hexaferrite can
increase the coercivity and decreases saturation magnetization value which were observed in the magnetic measurements. We can see that in the present work, magnetic
properties show improvement by Al-ion substitution and
these prepared materials are hard type ferrites. The observed
result shows that these synthesized hexaferrite materials
have potential applications for high frequency microwave
absorption, data storage devices and recording media.
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[22] Seifert D, Töpfer J, Langenhorst F, Le Breton J M and
Chiron H 2009 J. Magn. Magn. Mater. 321 4045
[23] Dong Limin, Zhidong Han, Zhang Yaoming, Wu Ze and
Zhang Xian You 2006 Rare Metals 25 605
[24] Min Z, Liang M A, Hong Ming and Zheng H E 2007 J.
Shanghai Univ. (Engl. Ed.) 11 263
[25] Zhang Yue-Yue, Zhang Min-Jian, Liang Ma Hong and Lis
Guo Guang 2008 J. Shanghai Univ. 12 216
[26] Dhage V N, Mane M L, Keche A P, Birajdur C T and Jadhav
K M 2011 Physica B 406 789
[27] Petrovic M Vjatovic, Bobic J, Ursic H, Banys J and Stojanovia B 2013 J. Sol–Gel Sci. Technol. 67 267
[28] Verma Anjali and Chatterjee Ratanamala 2006 J. Magn.
Magn. Mater. 306 313
[29] Albanese G 1995 J. Magn. Magn. Mater. 14 7421
[30] Singhal S, Namgyal T, Singh J M, Chandra K and Bansal S
2013 Bull. Mater. Sci. 36 107
[31] Rewatkar K G 2007 J. Magn. Magn. Mater. 316 19
[32] Huang F, Liu X, Niu X, Ma Y, Huang X and Lv F 2015 30
301
[33] Satone B S and Rewatkar K G 2015 Int. J. Mod. Trend. Eng.
Res. 2 180
[34] Fang Q Q, Cheng H, Huang K, Wang J, Li R and Jiao Y
2005 J. Magn. Magn. Mater. 294 281
[35] Singhal S, Garg A N and Chandra K 2005 J. Magn. Magn.
Mater. 285 193
[36] Ounnunkad S and Winotai P 2006 J. Magn. Magn. Mater.
301 292

