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Sn–Zn–Co-substituted strontium M-type hexaferrite SrZnxCoxSn2xFe12−4xO19 (x = 0.0, 0.3, 0.5, and 0.7) was synthesized
via modified sol–gel auto-combustion method. A microwave device was used to obtain the finest particles and to complete the
combustion process. By substitution of tetravalent and divalent cations instead of iron, magnetic and structural properties of M-type
hexaferrite were changed. So, the effects of Sn4+, Zn2+, and Co2+ doping on the structure and magnetic characterization of M-type
hexaferrite were investigated. The Fourier transform infrared spectroscopy revealed bands at 430 and 590 cm−1, related to the
stretching vibrating bonds of Fe–O. The X-ray diffraction analysis showed that all samples prepared were of P63/mmc symmetry
and average crystal size of 68 nm. Field emission scanning electron microscopy analysis revealed the hexagonal plateletlike shape of
all samples. Vibrating sample magnetometer results showed that by increasing the dopants content, coercivity (Hc), and saturation
magnetization (Ms) changed drastically. Saturation magnetizations decreased during dopants displacement and then reach to the
highest value (65.46 emu/g) at x = 0.5 then increasing of dopants to x = 0.7, cause the reduction of Ms (56.13 emu/g). Coercivity
diminished by dopant substitution and the semi-hard samples were received as an alternative to the hard hexaferrite.

Index Terms— Coercivity (Hc), M-type hexaferrite, saturation magnetization (Ms), sol–gel auto-combustion.

I. INTRODUCTION

M -TYPE hexagonal ferrites with high coercivity, high
Curie temperature, high electrical resistivity, and large

magnetocrystalline anisotropy along the c-axis are beneficial
materials [1]–[4]. The usage of these materials as a per-
manent magnet, data recording media, super capacitors, and
microwave absorbers was prevailed [5], [6].

The unit cell of M-type hexaferrites consists of S and R
blocks. S block is made of Fe6O2+

8 unit and the R block is
built of MFe6O2−

11 . Iron in the hexagonal structure occupied
five different sites in tetrahedral 4f1 (↓), bipyramidal 2b (↑),
and three octahedral sites [12 K (↑), 4f2 (↓), and 2a (↑)].
By substitution of Fe3+ in 12 K (↑), 4f2 (↓), or 2a (↑)
sites with tetravalent cations such as Ti4+, Zr4+, and Sn4+
and some divalent cations, for example, Cu2+, Ni2+, and
Co2+, magnetic and structural properties of hexaferrites were
changed [7]–[10].

Since the occupation of Sn4+ as a dopant on the hexaferrite
structure was investigated rarely [16], we were interested in
studying magnetic, and structural doping effects of this cation.
Many synthesis methods such as sol–gel [11], hydrother-
mal [12], co-precipitation [13], and microemulsion [14] have
been used to prepare strontium hexaferrites [15]. Unlike other
methods, sol–gel auto-combustion demonstrated to be cost-
effective without any expensive precursors for the synthesis
and the synthesis procedures are time-consuming.

In this paper, Sn–Zn–Co-substituted strontium hexafer-
rite was prepared by a novel sol–gel auto-combustion
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method using a microwave device. By using a microwave
device, finest particles were obtained and the auto-combustion
process was completed. Then, doping effects of Sn4+, Zn2+,
and Co2+ on the structural and magnetic properties of
SrZnxCox Sn2xFe12−4xO19 (x = 0.0, 0.3, 0.5, and 0.7) were
investigated by using Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction analysis (XRD), field emission scan-
ning electron microscopy (FESEM), and vibrating sample
magnetometer (VSM) analysis.

II. EXPERIMENT

High purity Sr(NO3)2, Fe(NO3)3, Co(NO3)2, Zn(NO3)2,
SnCl4, and citric acid (as a fuel) were used without any further
purification. Stoichiometric amounts of salts are dissolved in
deionized water. An appropriate quantity of citric acid (molar
ratio of citric acid/salts 1.5/1) was used. Ammonium solution
was added dropwise under vigorous stirring to adjust pH value
to 7. The solution was heated up to 110 °C while converting
to gel. For gel ignition and gaining the finest particle size,
a microwave device was utilized. The gel ignited, and a black
and puffy powder was obtained. The products were calcined
at 500 °C for 5 h and then calcined at 800 °C for 2 h. The
schematic process of SrZnxCox Sn2xFe12−4xO19 (x = 0.0, 0.3,
0.5, and 0.7) synthesis is depicted in Fig. 1.

III. CHARACTERIZATION

The FTIR analysis was performed using a Bruker-Tensor 27.
The XRD characterizations were performed by Philips X-ert
diffractometer using CuKα line radiation at 2θ scanning
20–80 with the step size of 0.05°. The morphology of the
product was studied by scanning electron microscopy (SIGMA
VP-500, ZEISS model). Magnetic properties of the compounds
were investigated by VSM ZVK, R&S.
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Fig. 1. Flow chart for synthesis of SrZnx Cox Sn2x Fe12−4x O19.
(x = 0.0, 0.3, 0.5, and 0.7).

IV. RESULTS AND DISCUSSION

A. FTIR Investigation

For asserting the formation of product bonds, FTIR studies
were done (Fig. 2). For M-type hexagonal ferrites, two main
bands at 430 and 590 cm−1 were observed which corresponds
to the stretching vibrating bonds of Fe¯O in tetrahedral and
octahedral sites [17]–[19]. The vibrational modes of tetrahe-
dral clusters are higher than octahedral one due to the shorter
bond length of tetrahedral clusters. By increasing the dopant
concentration, FTIR spectrum showed a red shift to the lower
wavenumbers (580.7–594.5 cm−1) because Sn4+ is heavier
than Fe3+ [20].

B. XRD Patterns
The XRD diffraction patterns of compounds are shown

in Fig. 3. All the specimens are matched with the
ICSD 00-024-1207, which exactly indicate the structure of
Sr-hexagonal ferrite. The peaks with Miller indices of (110),
(107), (114), (108), (203), and (205) revealed the formation
of strontium hexagonal ferrite [21].

Calcination at 800 °C caused the formation of orthorhombic
α-Fe2O3 phase, which could be eliminated by the temperature
increase. During the calcination process, local combustion
occurs which is responsible for the existence of α-Fe2O3
impurity [22], [23]. At x = 0.5, the orthorhombic phase
disappeared, which may be related to the synthesis process
but it needs further studies.

Based on Bragg’s law, the crystal plane distance and dif-
fraction angle are in reverse relation. So, due to the increase
of dopants, the peaks shifted to lower angles because of the

Fig. 2. FTIR spectrum of SrZnx Cox Sn2x Fe12−4x O19. (a) x = 0.0.
(b) x = 0.3. (c) x = 0.5. (d) x = 0.7.

enlargement of the structure. The lattice parameters and the
cell volume were calculated from the following equations [24]:
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Fig. 3. XRD diffraction patterns of SrZnx Cox Sn2x Fe12−4x O19.(a) x = 0.0.
(b) x = 0.3. (c) x = 0.5. (d) x = 0.7.

where d is the crystal plane distance, a and c are lattice
parameters, h, k, and l are Miller indices, and V is the
cell volume. By increasing the dopants content, the lattice
parameters a and c increased and consequently the cell volume
increased (Table I).

TABLE I

LATTICE PARAMETERS OF SrZnx Cox Sn2x Fe12-4x O19

(x = 0.3, 0.5, AND 0.7)

Fig. 4. SEM images of SrZnx Cox Sn2x Fe12−4x O19. (a) x = 0.0. (b) x = 0.3.
(c) x = 0.5. (d) x = 0.7.

The reason for this observation lies under the higher ionic
radius of dopants in comparison with iron. Ionic radius of
dopants are Sn4+ = 0.69, Zn2+ = 0.74, and Co2+ = 0.74 Å,
which are bigger than Fe3+ = 0.64 Å. The dopants radii are
higher than iron; therefore, the lattice parameters a and c are
enhanced by dopants content. The ratio of c/a in all samples
was about 3.95, which is in accordance with the value of all
hexaferrites [25].

The average crystallite size estimated by Scherer’s equation
D = (kλ/β cos θ) is 68 nm. In this equation, k (0.89) is
constant, λ (1.540 Å) is the wavelength of the X-ray radiation,
θ is the diffraction angle, and β is the full-width at half
maxima.

C. FESEM Analysis

Morphology of the SrZnxCox Sn2xFe12−4xO19 (x = 0.3,
0.5, and 0.7) powder is displayed in Fig. 4. It can be observed
from the micrographs that all the samples are in the form
of hexagonal platelets. The average sizes for x = 0, 0.3,
0.5, and 0.7 are about 170.04, 143, 63.04, and 136 nm,
which are smaller than the critical size of 650 nm. So,
it can be estimated that all products have single-domain-wall
structures [26]. Because of the magnetic attributes of the
hexaferrite, agglomeration of specimens is clearly observed.
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Fig. 5. Hysteresis loops of Sn–Zn–Co-substituted and pure strontium
hexaferrite.

TABLE II

MAGNETIC PARAMETERS OF SrZnx Cox Sn2x Fe12-4x O19

(x = 0.3, 0.5, AND 0.7)

D. Magnetic Properties

The hysteresis loops of pure ferrite (Fig. 5) indicate that the
sample is classified in the hard magnetic materials because
of the large coercivity (Hc). Dopants addition considerably
changed the magnetic properties and turned samples into
semi-hard ferrites. The saturation magnetization (Ms ), coer-
civity (Hc), the remanent magnetization (Mr ), and squareness
ratio (Mr /Ms) of substituted compounds are listed in Table II.

Squareness ratio (Mr /Ms ) of the samples is in the range
of 0.2–0.59. From the industrial point of view, different
squareness ratio in hexaferrites is appropriate in various appli-
cations, for example, data recording media and permanent
magnets [27].

The saturation magnetization (Ms ) of pure strontium
hexaferrite is lower (46.40 emu/g) than the usual reports
(60.23 emu/g), since the calcination temperature was set
at 800 °C [28]. In this temperature, nonmagnetic α-Fe2O3
appeared as a secondary phase in addition to the strontium
hexaferrite. As a result, the Ms value decreased abruptly.
By dopant addition, Ms reduced because of two facts. The first
was the formation of nonmagnetic α-Fe2O3 phase and the sec-
ond was the introduction of dopants in the crystal structure.
In the structure of strontium hexaferrite, iron is responsible for
magnetic properties of the whole lattice. Iron in the hexagonal
structure occupies five different sites in tetrahedral 4f1 (↓),

bipyramidal 2b (↑), and three octahedral sites [12 K (↑), 4f2
(↓), and 2a (↑)] [29], [30]. According to other studies and
especially Mossbauer results, Co2+ is substituted for Fe3+ in
octahedral and 4f2(↓) and 2a (↑) sites [31]. Sn4+ is preferred
to substitute for Fe3+ in bipyramidal 2b and tetrahedral 4f1
sites. Due to the large radius, Sn4+ cations choose to occupy
octahedral sites for any predictable distortion. So, Sn4+ prefers
to occupy 2b position rather than 4f1 sites [32], [33].

Consequently, the saturation magnetization decreased in
comparison to the pure SrM. By increasing dopants and
when x = 0.5, the α-Fe2O3 phase disappeared, and Sn4+
preferably occupied 4f1 sites. Consequently, saturation mag-
netization (Ms) increased noticeably and reached the highest
values (65.463 emu/g) [34].

Likewise, addition of dopants causes α-Fe2O3 phase forma-
tion and saturation magnetization (Ms) decreases in compari-
son to x = 0.5 (from 65.46 to 56.13 emu/g). But the value of
saturation magnetization is higher than x = 0.3 (40.15 emu/g)
because, by increasing dopant, Sn4+ preferred 4f1 position.
As a result, Ms at x = 0.3 is smaller than x = 0.7. Zn2+
occupied tetrahedral sites 4f1 (↓) which can increase the
total magnetic moments. But because of the formation of
α-Fe2O3, the saturation magnetization did not enhance. For
Co2+, when the amount of substitution was less than 0.5,
this cation can occupy the 2a site. Therefore, the saturation
magnetization decreased. For the substitutions higher than
0.5, Co2+ occupied 4f1 sites, so the saturation magnetization
decreased [35], [36].

On the whole, the effect of 4+ cation doping is more
effectual than 2+ cation substitution in the variation of mag-
netic properties [37]. As a result, Sn4+ doping is much more
impressive than Co2+and Zn2+.

Easy magnetization directions of SrFe12O19 hexaferrite
was named uniaxial anisotropy which was along the c-axis.
By substituting tetravalent and divalent cations such as Sn4+,
Co2+, and Zn2+ instead of Fe3+, the uniaxial anisotropy
along the c-axis improves and changed to the basal plane [38].
Consequently, Hc decreased severely from 5778.19 to
414.65 Oe [39]. By further substitution of dopants at
x = 0.7 (1507.51 Oe), Hc increases according to the enhance-
ment of the in-plane anisotropy [40].

V. CONCLUSION

A series of SrZnxCoxSn2x Fe12−4xO19 (x = 0.0, 0.3,
0.5, and 0.7) was synthesized successfully via sol–gel auto-
combustion method. FTIR analysis showed the metal-oxygen
bands at 430 and 590 cm−1 frequency, which was related to the
stretching vibrating bonds of Fe-O. The hexagonal structure
of the samples with the secondary phase of α-Fe2O3 was con-
firmed by XRD results. Lattice parameters aand c increased by
substitution of large radius cations in comparison with iron.
FESEM micrographs revealed the hexagonal of all prepared
products. In all samples, coercivity (Hc) decreased as a result
of dopant addition, and the semi-hard magnetic products were
produced rather than the hard strontium hexaferrite. Saturation
magnetization (Ms) reduced at x = 0.3 because of the
formation of nonmagnetic α-Fe2O3 phase and the occupation
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of the crystal sites by dopants. At x = 0.5, no secondary
phase is formed; as a result, Ms increased to 65.46 emu/g.
At x = 0.7, the secondary phase appeared, so saturation
magnetization reduced as a result of the nonmagnetic phase
formation.
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V. Jančárik, M. Papanova, and J. I. Escalante-Garcıa, “Magnetic studies
of NiSn-substituted barium hexaferrites processed by attrition milling,”
J. Magn. Magn. Mater., vol. 270, pp. 77–83, Mar. 2004.

[38] A. Sharbati, J. M. V. Khani, and G. R. Amiri, “Microwave absorption
studies of nanocrystalline SrMnx/2(TiSn)x/4Fe12−x O19 prepared by
the citrate sol–gel method,” Solid State Commun., vol. 152, no. 3,
pp. 199–203, 2012.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 IEEE TRANSACTIONS ON MAGNETICS

[39] P. Meng, K. Xiong, K. Ju, S. Li, and G. Xu, “Wideband and enhanced
microwave absorption performance of doped barium ferrite,” J. Magn.
Magn. Mater., vol. 385, pp. 407–411, Jul. 2015.

[40] A. Ghasemi, A. Hossienpour, A. Morisako, A. Saatchi, and M. Salehi,
“Electromagnetic properties and microwave absorbing characteristics of
doped barium hexaferrite,” J. Magn. Magn. Mater., vol. 302, no. 2,
pp. 429–435, 2006.

Shadi Ghezelbash was born in Tehran, Iran, in 1983. She received the B.Sc.
degree in pure chemistry from Kharazmi University, Karaj, Iran, in 2005, and
the M.Sc. degree in inorganic chemistry from Islamic Azad University, North
Branch, Tehran, in 2010, where she is currently pursuing the Ph.D. degree in
inorganic chemistry from Science and Research Branch.

From 2007 to 2009, she was with the Department of Chemistry, Defense
Ministry, Malek Ashtar University, Shahin Shahr, Iran, as a Researcher.
From 2010 to 2011, she was a Science Teacher with the Tavan Mobtakeran
Institute, Tehran. Her publications include the following: Synthesis and
Characterization of CoTiO3-Clay Nanocomposite by Sol–Gel Method (2010,
with M. Enhessari, S. Nazari Moqhadam, M. Kargar Razi, and M. Habibi
Tootkani) in International Journal of Nano Dimension (vol. 1, pp. 125–132);
Photo Catalytic Studies of Nanocomposite Nickel Titanat-Kaolinite
(Nanosense2010 Congress, Vienna, Austria); Synthesis and Characterization
of Barium Strontium Titanate-Kaolinite (11th Nano Congress, Amirkabir
University of Technology, Tehran, Iran); and Marker Document (2011, Malek
Ashtar University, Defense Ministry).

Ms. Ghezelbash received the 9th Rank in the Islamic Azad University Ph.D.
Entrance Exam. She received the Booth Award at the 11th Student Projects
Festival Tebyan—Herbal Anti-Warts Cream, the 11th Student Projects Festival
Tebyan—Herbal Sunscreen, and the 12th Student Projects Festival Tebyan—
Parallel Worlds, and the Seminar Award at the 11th Student Projects Festival
Tebyan—Blog Design.

Mohammad Yousefi was born in Qom, Iran, in 1971. He received the Degree
in chemistry from the National University of Iran, Tehran, Iran, in 1995,
the Degree in inorganic chemistry from the Isfahan University of Technology,
Isfahan, Iran, in 1997, and the Degree in inorganic chemistry from Science
and Research University, Tehran, in 2000.

Since 2000, he has been an Associate Professor with Science and Research
University, Tehran, where he has been a Research Deputy since 2013. His
publications include the following: Synthesis and Characterization of Diopside
Glass–Ceramic Matrixcomposite Reinforced With Aluminum Titanate (2009)
in Ceramics International (vol. 35, pp. 1447–1452); 1, 4, 10, 13-Tetraoxa-7,
16 Diazoniacyclooctadecanebis [Tetrachloridoaurate (III)] Dehydrate (2008)
in Acta Crystallographica (vol. E64, p. m840); Sintering Behavior of
SiO2-CaO-MgO (Na2O) Glass–Ceramics System (2007) in Ceramics Interna-
tional (p. 761); In Vitro Anti-Proliferative Activity of Novel Hexa Coordinated
Triphenyltin(IV) Trifluoroacetate Containing A Bidentate N-Donor Ligand
(2014) in Journal of Structural Chemistry (vol. 55, pp. 101–106); and
Synthesis, Spectroscopic Characterization, X-Ray Structure, and in Vitro
Antitumor Activities of New Triorganotin(IV) Complexes With Sulfur Donor
Ligand (2013) in Medicinal Chemistry Research (vol. 22, pp. 5730–5738).

Moayad Hossainisadr was born in Khoy, Iran, in 1970. He received the
Degree in chemistry from Uromiyeh University, Uromiyeh, Iran, in 1994,
the Degree in chemistry from Bu Ali Sina University, Hamadan, Iran, in
1996, and the Degree in inorganic chemistry from Shahid Chamran University,
Ahwaz, Iran, in 2000.

Since 2001, he has been a Professor of inorganic chemistry with the Shahid
Madani University of Azarbaijan, Tabriz, Iran. Since 2006, he has been a
University Professor with Islamic Azad University, Science and Research
Branch, Tehran, Iran. His publications include the following: Application
of a Palladium Hexacyanoferrate Film-Modified Aluminum Electrode to
Electrocatalytic Oxidation of Hydrazine in Analytical Sciences (vol. 21,
no. 11, pp. 1317–1323); Electrochemical Behavior of Iodide at a Nickel
Pentacyanonitrosylferrate Film Modified Aluminum Electrode Prepared by
an Electroless Procedure in Journal of Electroanalytical Chemistry (vol. 10,
no. 16, pp. 1269–1284); Nonlinear Optical Properties and Crystal Structure
Determination of a Pentanuclear Copper(I) cluster (NEt4)2[MoS4(CuBp)4]
(Bp = H2B(pyrazolyl)2 ) in Polyhedron (vol. 25, no. 17, pp. 3285–3288);
Synthesis, Characterization and Sustained Release Properties of Layered Zinc
Hydroxide Intercalated With Amoxicillin Trihydrate in Journal of Experi-
mental Nanoscience (vol. 10, no. 16, pp. 1269–1284); and Synthesis and
Identification of Carvedilol Nanoparticles by Ultrasound Method in Journal
of Nanostructure in Chemistry (vol. 3, no. 1, p. 26).

Mr. Hossainisadr was a member of 8th and 9th Parliament, Tehran, from
2008 to 2012.

Saeid Baghshahi was born in Tehran, Iran, in 1967. He received the Degree
in ceramic engineering from the Iran University of Science and Technology,
Tehran, in 1990, the Degree in materials engineering and the Ph.D. degree
in materials engineering from the University of New South Wales, Sydney,
NSW, Australia, in 1993 and 1997, respectively.

He joined military service as an academic with Imam Khomeini Interna-
tional University, Qazvin, Iran, in 1998, where he is currently a Lecturer. He
was a Full Professor with the Department of Materials Science and Engineer-
ing, Imam Khomeini International University, in 2016. Since 2004, he has
been a Part Time Academic Member of Islamic Azad University, Science and
Research Branch, Tehran. He has authored many books and articles in Persian
and English including Surface Crystallization of Rare-Earth Aluminosilicate
Glasses (2001, with S. Baghshahi, M. P. Brungs, C. C. Sorrell, and H. S. Kim)
in Journal of Non-Crystalline Solids (vol. 290, nos. 2–3, pp. 208–215);
Graphite Flake Carbon Composites With a “Sinterable,” Microbead Matrix,
I. Mechanical Properties (2003, with A. Mirhabibi, B. Rand, S. Baghshahi,
and R. Aghababazadeh) in Carbon (vol. 41, pp. 1593–1603); and Effect of
Cu2+ Substitution on Structural and Magnetic Properties of Ni–Zn Ferrite
Nanopowders (2016, with Molaahmadi, Baghshahi, and Ghasemi) in Journal
of Materials Science: Materials in Electronics (vol. 27, pp. 11447–11456).
His current research interests include advanced ceramics including electroce-
ramics, ceramic pigments, and nanoceramics.


