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Effect of Pb doping on the structural and low temperature magnetic properties of SrPb
𝑥
Fe
12−𝑥

O
19

(𝑥 = 0, 0.1, 0.2, 0.3, and 0.4),
synthesized by sol-gel autocombustion technique, has been investigated. The powder samples were sintered at 800∘C for 2 h
in order to develop the stable hexagonal phase, characteristic of the SrFe

12
O
19

structure. The consequences of Pb substitution
(at iron sites) on various structural parameters like lattice constants, unit cell volume, crystallite size, and porosity have been
discussed. Fourier transform infrared frequency bands were utilized to determine the formation of tetrahedral and octahedral
clusters of M-type ferrites. Hexagonal texture of the grains, a characteristic of the hexagonal crystal structure of SrFe

12
O
19
, was

refined by Pb substitution. The magnetic properties, determined using a vibrating sample magnetometer, revealed that saturation
magnetization decreased, while coercivity was increased with the increase of Pb contents. However, the increased squareness
ratio and hence the energy product motivate the utilization of these ferrite compositions where hard magnetic characteristics are
required.The increased values of saturationmagnetization were observed at reduced temperature of 200K, attributable to the better
spin alignments of individual magnetic moments at low temperature.

1. Introduction

M-type hexagonal ferrites belong to immensely valuable class
of magnetic materials, with a host of applications ranging
from simple permanent magnets used in electric motors
to modern day applications, for instance, as radar wave
absorbing materials. Owing to its high values of saturation
magnetization and coercivity [1], strontium hexaferrite, in
particular, is a very important member of this class of
magnetic materials, being widely used in telecommunication
[2], magnetooptic recording media, microwave devices [3],
and electronic industry [4]. Various preparation techniques

like coprecipitation process, molten salt method, solid state
reaction method [5], double sintering ceramic technique
[6], microwave-induced combustion process, sol-gel based
synthesis routes [7], and so forth have been adopted by the
researchers to refine the astonishing structural and magnetic
properties of these ferrites. However, sol-gel based autocom-
bustion route, being easier, energy efficient, and cheaper,
has emerged as a novel technique to prepare single phase
strontium hexaferrites. The crystal structure of SrFe

12
O
19

is
hexagonal which has a great influence on valuable charac-
teristics of these ferrites. One-unit cell of these ferrites is
composed of 64 ions that are distributed in such a way that
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these form two formula units, each having one spinel S-block
and one hexagonal R-block [2].The Fe3+ ions are oriented on
five different crystallographic sites in the unit cell. These ions
are the major cause of magnetism in these ferrites, resulting
in net magnetic moment of 20𝜇B per formula unit [8, 9].

Ferrimagnetic strontium hexaferrites are n-type semi-
conductor with band gap energy of 0.6 eV. Researchers are
attempting to improve the intrinsic properties of these ferrites
for innovations. For this purpose, introduction of some
divalent or trivalent dopant element and optimization of
preparation technique play a vital role. Diamagnetic Pb
ions, substituted at Fe sites with spin up, could enhance
the hard magnetic characteristics of SrFe

12
O
19

when doped
stoichiometrically. Hence, it has been understood as a quite
suitable dopant choice for these ferrites to improve not only
the structural properties but also the magnetic properties
[2, 3, 8]. In the present work, we have successfully employed
sol-gel based autocombustion technique to prepare the ferrite
samples in phase-pure form to investigate the structural and
low temperature magnetic properties of Pb-doped strontium
hexaferrites for use in devices that work efficiently with high
values of coercivity and electrical devices that showminimum
energy losses at higher applied frequencies.

2. Experimental

Single phase polycrystalline samples with compositions
SrPb
𝑥
Fe
12−𝑥

O
19
(𝑥 = 0.0, 0.1, 0.2, 0.3, and 0.4)were prepared

by a novel sol-gel based autocombustion route. A transparent
homogenous solution was obtained by dissolving stoichio-
metric proportions of analytical grade strontium nitrate
(Sigma Aldrich), iron (III) nitrate (Sigma Aldrich), lead (II)
nitrate (Sigma Aldrich), and citric acid (Avonchem, UK) in
50mL of deionized water. The relative molar concentrations
of citric acid, used as a fuel, and metal nitrates were in
the ratio of 2 : 1. The solution was placed over a hot plate,
positioned in a fume hood. The temperature of the hot
plate was gradually increased to 90∘C. The solution was
continuously stirred using a magnetic stirrer at 500 rpm, for
about 1 h, until it converted into a soft gel. At that instance,
the rotator was stopped and the stirrer was removed from
the gel. The temperature of the gel was increased in steps
up to 300∘C. As the gel was heated at this temperature for
about 15min., it burnt suddenly and vigorously and converted
into soft and fluffy powder. The product was grinded to
get homogenously mixed powder samples. All the samples
were synthesized using the same procedure and sintered at
800∘C for 2 h in order to get hexagonal ferrite phases. X-
ray diffraction (XRD) was used to investigate the crystal
structure of the prepared samples. The thermogravimet-
ric/differential (TG/DTA) analysis was performed using EXS-
TAR SII TG/DTA 7300 analyzer in order to investigate any
weight loss of the samples at high temperatures. The powder
samples were then pelletized and surface morphology was
analyzed using a JSM-6610 Oxford (with EDX attachment)
scanning electron microscope (SEM). Energy dispersive X-
ray spectroscopy (EDX) was performed to get quantitative
analysis of the samples. The formation of chemical bonds in
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Figure 1: X-ray diffraction patterns of SrPb
𝑥
Fe
12−𝑥

O
19
(𝑥 = 0.0, 0.1,

0.2, 0.3, and 0.4) sample.
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Figure 2: TGA spectra of SrPb
𝑥
Fe
12−𝑥

O
19
(𝑥 = 0.1, 0.2, 0.3, and 0.4)

samples.

the desired crystal phase was confirmed by Fourier transform
infrared spectroscopy (FTIR). Magnetic behavior of the
samples was analyzed using a 14 Tesla Quantumdesign PPMS
(Physical Properties Measurement System).

3. Results and Discussion

Crystal structure of all the prepared samples was determined
by X-ray diffraction, following the complete procedure as
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Figure 3: FTIR spectra of SrPb
𝑥
Fe
12−𝑥

O
19

(𝑥 = 0.0, 0.1, 0.2, 0.3,
and 0.4) samples.

described by Cullity [10]. Data obtained from the diffrac-
tometer was plotted. Positions of the diffracted intensities
were noted and corresponding values of sin2𝜃were evaluated.
These values were multiplied by 1/3, 1/4, and 1/7 in order
to find a repeated number named “𝐴” related to the lattice
parameter “𝑎” and wavelength (𝜆) of the incident radiation
by the relation 𝐴 = 𝜆2/3𝑎2. Using this relation, value
of “𝑎” was evaluated for 200 plane. The relation sin2𝜃 −
𝐴(ℎ
2

+ ℎ𝑘 + 𝑘
2

) = 𝐶𝑙
2 was used to find a parameter,

“𝐶” and hence the lattice constant, “𝑐,” using the expression
𝐶 = 𝜆

2

/4𝑐
2. hkl values corresponding to all the diffracted

intensities were determined and the patterns were indexed
as shown in Figure 1. The indexing of the patterns revealed
that crystal structures of all the samples exhibit characteristic
hexagonal structure. In addition, the indexed peaks were also
matched with the standard data (ICSD-00-033-1340), which
confirmed that samples revealing hexagonal structure con-
sisted of M-type strontium hexaferrites. TGA was performed
up to 800∘C with a heating rate of 20∘C/min. to determine
any carbon related species that may be present in the samples
due to reaction of Sr2+ with CO

2
which may be available

from the atmosphere and/or from the decomposition of
citric acid. Figure 2 shows the %age weight loss for the four
samples from room temperature to 800∘C. The curves reveal
a good stability and do not indicate any significant weight
loss. Hence, it is inferred that no carbon related species are
present in the prepared samples and sintering of samples
at 800∘C is sufficient to hinder the formation of SrCO

3

enabling the Sr2+ available to stimulate the incorporation of
Sr2+ into strontium hexaferrite matrix [11]. Slight increase in
the lattice parameters “𝑎” and “𝑐” was observed that led to
a minute increase in the unit cell volume (𝑉 = 0.866𝑎2𝑐)
as well. The trend might be attributed to the larger ionic

Table 1: Values of lattice constants, their axial ratio, unit cell
volume (𝑉), crystallite size (𝐷), bulk density (𝜌

𝑏
), X-ray density

(𝜌
𝑥
), porosity (𝑃), saturation magnetization (𝑀

𝑠
), remanence (𝑀

𝑟
),

𝑀
𝑟
/𝑀
𝑠
, and coercivity (𝐻

𝑐
) at SrPb

𝑥
Fe
12−𝑥

O
19
(𝑥 = 0.0, 0.1, 0.2, 0.3,

and 0.4).

Parameter 𝑥 = 0.0 𝑥 = 0.1 𝑥 = 0.2 𝑥 = 0.3 𝑥 = 0.4

𝑎 (Å) 5.8808 5.8856 5.8880 5.8889 5.8911
𝑐 (Å) 23.2018 23.2193 23.2297 23.2360 23.2361
𝑐/𝑎 3.9453 3.9451 3.9446 3.9457 3.9443
𝑉 (nm3) 694.8841 696.5439 697.3042 697.8268 698.3515
𝐷 (nm) 27.8971 28.4145 28.8917 29.9115 29.9176
𝜌
𝑏
(g/cm3) 2.9124 2.9965 3.1623 3.2817 3.2862
𝜌
𝑥
(g/cm3) 4.8167 4.8266 4.8615 4.9075 4.9080
𝑃 (%) 39.53 37.92 34.95 33.13 33.04
𝑀
𝑠
(emu/g) at

300K 63.22 57.79 53.16 49.65 41.62

𝑀
𝑠
(emu/g) at

200K 70.77 63.50 60.50 53.93 48.44

𝑀
𝑟
(emu/g) at

300K 33.05 30.62 28.71 25.84 23.66

𝑀
𝑟
(emu/g) at

200K 38.20 34.81 33.65 30.96 28.84

𝑀
𝑟
/𝑀
𝑠
at 300K 0.52 0.53 0.54 0.55 0.57

𝑀
𝑟
/𝑀
𝑠
at 200K 0.54 0.55 0.56 0.58 0.60

𝐻
𝑐
(Oe) at 300K 2360 3249 4360 5837 6015
𝐻
𝑐
(Oe) at 200K 3104 3471 4322 4915 5282

radius of the substituent, Pb2+ (0.98 Å) as compared to the
host, Fe3+ (0.49 Å). The crystallite sizes of all the samples
evaluated using Scherrer’s relation (𝐷 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃, 𝑘 is a
constant, 𝛽 is full width at half maximum in radians, and 𝜃 is
diffraction angle in degrees) were increased slightly as the Pb
concentration was increased in the series. The bulk density
(𝜌
𝑏
) was calculated from the weight and dimensions of the

sintered pellets using the relation 𝜌
𝑏
= 𝑚/𝜋𝑟

2

ℎ, where 𝑚 is
the mass, 𝑟 is the radius, and ℎ is the thickness of the samples.
X-ray density (𝜌

𝑥
) of the samples was calculated using the

relation𝜌
𝑥
= 2𝑀/𝑁

𝑎
𝑎
3 [12], where𝑀 is themolecularweight

of the composition, 𝑁
𝑎
is Avogadro’s number, and 𝑎 is the

lattice constant. The bulk and X-ray densities were used to
calculate the porosity (𝑃 = 1 − 𝜌

𝑏
/𝜌
𝑥
). The values of all these

structural parameters have been shown in Table 1.The results
reveal that porosity of the samples was decreased as the Pb
contents were substituted at the Fe sites in the series of the
samples. In other words, the grains became more compact
and densified with the Pb substitution which could play a
significant role in establishing the structural and magnetic
properties.

Figure 3 shows the FTIR spectra of all the prepared
samples. In ferrites, the spectroscopically active region lies
between 400 cm−1 and 800 cm−1 [13]. In our samples, there
were sharp and clear peaks at 600 cm−1, 550 cm−1, and
440 cm−1, corresponding to the characteristics peaks of
chemical bonds in SrFe

12
O
19
structure [14]. The peak inten-

sity remained almost the same as the amount that Pb dopant
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Figure 4: SEM micrographs of SrPb
𝑥
Fe
12−𝑥

O
19
(𝑥 = 0.0, 0.1, 0.3, and 0.4) samples.

was increased by in the series, which indicated that Pb could
be successfully substituted in a dilute amount at the Fe sites,
without disturbing the stoichiometry of the parent hexagonal
SrFe
12
O
19

structure. With the increase in Pb contents, the
chemical polarization of the internal bonds could be shared in
the form of Fe-O-Pb and Sr-O-Pb chemical bonds, resulting
in compact structures as that of SrFe

12
O
19
. The peaks at

3421 cm−1 and 1639 cm−1 exhibit the structure and bending
bonds of the surface hydrogen group (–OH) earned from the
damped environment [15].

Figure 4 shows the microstructural morphology of the
samples obtained using a scanning electron microscope.
Figure 4(a) reveals the micrograph of pure SrFe

12
O
19
sample

indicating that most of the grains are like platelets having
sharp grain boundaries. A close look at this image might
provide hindsight of the hexagonal texture of the grains,
a characteristic of the hexagonal crystal structure of the
SrFe
12
O
19
.With the substitution of Pb contents at Fe sites, the

microstructuralmorphology of the grains was further refined
until at 𝑥 = 0.3Pb contents; well defined hexagonal grains
were witnessed which were varying in size ranging from
0.190 to 0.291 𝜇m.The uniform grain sizes and homogeneous
contrast throughout the focused area confirm that the sample
consists of single phase ferrite composition. The shape and
compatibility of grains play a vital role in determining
the structural and magnetic properties of ferrites [16]. The
platelet-like hexagonal texture of ferrites has been investi-
gated as a potential candidate for use inmicrowave absorbing
coatings [17]. The elemental composition of the constituents
elicited from EDX, shown in the inset of Figures 4(a) and
4(d), confirms the stoichiometric ratio of the elements in the

prepared samples and the incorporation of Pb at Fe sites. The
quantitative data of atomic and percentage composition of
elements was in close agreement with the dissolved reactants.

Figure 5 shows the magnetic-hysteresis (M-H) loops of
the prepared samples obtained at 300K.Magnetic parameters
like saturation magnetization (𝑀

𝑠
), remanence (𝑀

𝑟
), and

coercivity (𝐻
𝑐
) were determined fromM-H loops as listed in

Table 1. The 𝑀
𝑠
and 𝐻

𝑐
values as a function of Pb contents

have been plotted in Figure 6. The plots reveal that the sub-
stitution of Pb contents at A-site of Fe changes the magnetic
properties of the ferrite samples in a remarkable way.The𝑀

𝑠

and 𝑀
𝑟
values of the ferrite samples were decreased from

63.22 to 41.62 emu/g and 33.03 to 23.66 emu/g, respectively,
whereas the 𝐻

𝑐
value was increased from 2360 to 6015 Oe

with the increase in the Pb contents. However, the 𝑀
𝑟
/𝑀
𝑠

ratio was observed to increase from 0.52 to 0.57 in the
series, as the decrease in 𝑀

𝑟
value is less prominent as the

corresponding decrease in the 𝑀
𝑠
value, making the later

samples in the series more effective, as far as energy product
is concerned. The value of𝑀

𝑠
at 𝑥 = 0 is in close agreement

with a recently reported value [18]. The crystal structure
has been understood as a critical factor which decides the
magnetic behavior of the material. The crystal structure
of SrFe

12
O
19

has five nonequivalent sublattices with three
octahedral (2a, 12k, and 4f), one tetrahedral (4f1), and one
trigonal bipyramidal (2b) sites [19]. Among these, three sites
(2a, 12k, and 2b) possess upward spin and two sites (4f1 and
4f2) spin downward. Hence, net magnetic moment results
due to upward spins. When Pb with a diamagnetic nature
is substituted with some of the iron ions, a decrease in the
net saturation magnetization is observed which decreases
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further as the Pb contents are increased up to 𝑥 = 0.4.
This decrease in𝑀

𝑠
value could be attributed to the decrease

of superexchange interactions among FeA
3+-O-FeB

3+, as the
substituted ions prefer to occupy the octahedral 12k sitewhich
has upward spin [20], followed by 2a and 4f2 sites [19]. Each
Fe3+ ion possesses a magnetic moment of 5𝜇B. Therefore, an
M-type molecule of SrFe
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19
possesses a magnetic moment

of 20.6𝜇B.The substitution of a diamagnetic ion at a site with
spin up reduces the total magnetic moment of the specimen
and hence the𝑀
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= 2𝐾/𝜇
𝑜
𝑀
𝑠
, where 𝐾 is magnetocrystalline anisotropy and

𝜇
𝑜
is permittivity of free space (= 4𝜋 × 10−7H/m). Hence,

a decrease in 𝑀
𝑠
and an increase in 𝐾 [21] are the possible

factors for an increased value of𝐻
𝑐
.

Figure 7 shows the M-H loops of the samples at 200K.
The 𝑀

𝑠
and 𝑀

𝑟
values of all the samples increased as

compared to their corresponding values at 300K in the series,
with the decrease in temperature, as has been plotted in
Figure 8 and listed in Table 1, but decreased with the increase
of Pb contents in the series. The increase in𝐻

𝑐
as a function

of Pb contents at 200K (Figure 7) could also be explained as
discussed earlier. The increased values of𝑀

𝑠
at 200K might

be described on the basis of Weiss theory of ferromagnetism
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[22]. According to this theory, at low temperatures, the
thermal activation energy of themagnetic ions reduces which
in turn helps the magnetic moments to align more easily in
the applied field direction. Therefore, an overall increase in
the magnetic moment and hence in the𝑀

𝑠
is observed. The

increased squareness ratio (𝑀
𝑟
/𝑀
𝑠
) in this case as well favors

the use of these materials for the applications where high
energy products are desired.

4. Conclusion

In this paper, the influence of Pb doping on the structural and
low temperature magnetic behavior of SrPb

𝑥
Fe
12−𝑥

O
19
(𝑥 =

0, 0.1, 0.2, 0.3, and 0.4) has been investigated systematically.
X-ray diffraction analysis of all the samples revealed the
hexagonal phase characteristics of the SrFe

12
O
19

crystal
structure. A slight increase in the lattice constants (𝑎 and 𝑐)
and the unit cell volumewas attributed to the larger ionic radii
of dopant Pb as compared to the host Fe site. The crystallite
size was also increased in the series as the Pb contents
were increased. The porosity was decreased from 39.53 to
33.04% in the series making the samples more compact to
improve the structural and hence the magnetic properties.
FTIR spectroscopy confirmed the metal-oxygen bonds for-
mation in the hexagonal structure of the samples. Surface
morphology has been described using SEM images and
elemental stoichiometric composition has been found using
EDX spectroscopy. Saturation magnetization was found to
decrease, while coercivity was increased with the increase of
Pb contents in the series at 300K. When temperature was
reduced to 200K, the saturationmagnetization of the relevant
samples was increased, credited to the preferred individual
spin alignments at low temperature. Remanence was also
decreased, but the corresponding effect was less prominent as
the𝑀

𝑟
/𝑀
𝑠
and consequently the energy product was found

to increase, corroborating the use of these ferrite composi-
tions where hard magnetic characteristics are required.
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