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Abstract

Nanoparticles of Mg–Co–Ti substituted strontium hexaferrite with nominal composition of SrFe12�2x(Mg,Co)x/2TixO19 (x¼0–2.5) were
synthesized by a co-precipitation method. The structural, magnetic and electromagnetic properties of samples were studied as a function of x by
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), vibrating sample magnetometer
(VSM) and vector network analysis. It was found that the particle size decreases with an increase in Mg–Co–Ti substitution. The XRD results
showed that the crystallite size of nanoparticles lies in the range of 40–45 nm. The results of hysteresis loops indicated that for x40.5, Ms and Hc

decrease with an increase in x. Vector network analysis measurements showed that the doped samples had much more effective reflection loss
values than those of undoped ferrites. As a result it was found that Mg–Co–Ti doped Sr-hexaferrite can be proposed as suitable absorbers for
applications in microwave technology with a good deal of consistently.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, reduction of electromagnetic backscattering
and electromagnetic interference by employing microwave
absorbing materials has important implications in the field of
electromagnetic compatibility [1], along with the development
of higher gigahertz electronics and the trend towards miniature
circuitry [2,3]. In this regard, hexaferrite magnetic materials
due to their large tunable anisotropy field are extensively
exploited in higher gigahertz range of microwave [4,5].
Among these magnetic materials, the strontium hexaferrite
nanoparticles are promising materials in this field. These
materials have interesting mechanical, chemical and physical
properties, especially, the magnetic properties that make it
suitable for wide variety of applications such as electrical and
magnetic motors, recording media and microwave absorption
[6–8]. Each of these applications required special magnetic
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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properties; hence the magnetic properties of hexaferrites must
be varied to make them suitable for different industrial
applications. The magnetic properties of Sr-hexaferrites such
as saturation of magnetization depend on the synthesis method,
particle size and the cations distribution in the magnetoplum-
bite crystal structure. To date, several research works have
been carried out to improve the magnetic properties of Sr-
hexaferrite, by substitution of magnetic and non-magnetic ions
such as Co2þ , Mn2þ , Sn4þ , Zr4þ and Mg2þ in the Fe3þ site
in hexaferrite structure [9–13]. Several techniques have been
also employed to synthesis of Sr-hexaferrite, such as the solid
state reaction route, hydrothermal [14], sol–gel [10,15],
microwave induced combustion [16] and chemical co-
precipitation [8]. The growing interest during the past
researches is essentially the synthesis of high purity and
ultrafine size of Sr-hexaferrite that having an excellent
magnetic properties. Co-precipitation method is an excellent
route for the preparation of purity hexaferrites due to the better
homogeneity, achievable compositional control and lower
synthesis temperature [17].
ghts reserved.
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Fig. 1. XRD patterns of SrFe12�2x(Mg,Co)x/2TixO19 nanoparticles sintered at
900 1C for 1 h.
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The key work of this paper lies in the investigation of the
effect of the simultaneous substitution of divalent and tetra-
valent cations of Mg2þ , Co2þ and Ti4þ on the structural,
magnetic and microwave absorbing properties of Sr-hexaferrite
(SrFe12�2x(Mg,Co)x/2TixO19) prepared by a co-precipitation
method. Furthermore, the correlation between structural, mag-
netic and electromagnetic properties was evaluated. The
measurements confirmed that the reflection loss capability of
strontium hexaferrite is remarkably enhanced with an addition
of Mg–Co–Ti substitutions.

2. Experimental procedure

SrFe12�2x (Mg,Co)x/2TixO19 nanoparticles with different
x (x¼0.0, 0.5, 1, 1.5, 2 and 2.5) were prepared by a
co-precipitation method. The stoichiometric amount of chlor-
ide compounds of Sr, Fe, Mg, Co and Ti with chemical
compositions of SrCl2 � 6H2O, FeCl3 � 6H2O, MgCl2 � 6H2O,
CoCl2 � 6H2O and TiCl4 were dissolved in deionized water at
70 1C to form a homogeneous solution. Then the pH of the
solution was adjusted slowly to 13 by adding drop wise
alkaline sodium hydroxide (NaOH 1 M) solution to form a
brownish yellow suspension of the hybrid complex. The
resulted gel was washed with deionized water for several time
and then filtered and dried at 100 1C and then calcined at
900 1C for 1 h. The formation of substituted Sr-hexaferrite was
confirmed by Fourier transform infrared spectroscopy (Tensor
27 FTIR spectrometer). The crystalline phases present in the
different samples were identified by X-ray diffraction on a
Philips diffractometer using Cu-Kα radiation. The nanoparti-
cles morphologies were observed by a VEGA/TESCAN
scanning electron microscopy (SEM). The vibrating sample
magnetometer (Kavir Magnet) was employed to investigate of
the magnetic properties of the samples at room temperature.

Vector Network Analyzer (R&S-ZVK) was used to measure
the S11 parameter. Therefore, the rectangular waveguide has
employed and the metal plate was copper with thickness of
2 cm. Variation of the reflection loss in (dB) versus frequency
was measured using an R&S vector network analyzer from 4
to 8 GHz.

The composite specimens for measurement of the reflection
loss properties were prepared by mixing ferrite powders and
epoxy resin with weight percentage of 70:30 and then pressed
to form of cylindrical with a thickness of 1.8 mm and the
diameter of 40 mm.

3. Results and discussion

3.1. Structural characteristics

The XRD patterns of the Mg, Co, and Ti doped M-type
strontium hexaferrite nanoparticles in various amount of dopants
are shown in Fig. 1. The main peaks of M-type strontium
hexaferrite (SrFe12O19) were appeared at 2θ¼30.51, 32.41, 34.21,
35.81, 37.21, 40.51 and 42.61 revealing typical hexagonal plans of
(110), (107), (114), (108), (203), (205) and (206), respectively
(ICSD 00-024-1207). Well suitable crystallinity of hexaferrite
nanoparticles in all amount of dopants can be confirmed from
sharpen peaks. In some samples, the peaks that was observed at
2θ¼24.21, 33.481, 49.651 and 63.321 can be referred to a
nonmagnetic α-Fe2O3 impurity phase (ICSD 00-033-0664)
formed during synthesis process. It can be noted that the present
impurity of α-Fe2O3 in final calcined samples, is due to the
conversion of ferric chloride to iron hydroxide (Fe(OH)3) and
NaCl, followed by dehydration to form α-Fe2O3 as the following
chemical reactions:

12FeCl3þ36NaOH¼12Fe(OH)3þ36NaCl (1)
12Fe(OH)3¼6Fe2O3þ18H2O (2)
The chemical reaction between α-Fe2O3 and SrO obtained
from dehydration of Sr(OH)2, occurs at calcination temperature
(900 1C) and the magnetic nanoparticles of Sr-hexaferrite are
formed by the following reaction:

SrOþ6Fe2O3¼SrFe12O19 (3)

As can be seen from Fig.1, with an increase in the amount of
Mg, Co and Ti contents, an additional nonmagnetic α-Fe2O3

phase is also appeared along with hexagonal phase. It can be
noted that with substitution of Fe3þ ions by the Mg, Co and Ti
cations in magnetoplumbite structure of SrFe12O19, some of
ferric ions leave the structure and reacted with anions to form
of α-Fe2O3 phases at high temperature [12,13].



Table 1
Structural parameters of SrFe12�2x(Mg,Co)x/2TixO19.

(MgCo)x/2Tix content, x a (Å) c (Å) Cell volume (Å3) Crystallite size (nm)

0 5.872 23.01 687.55 40
0.5 5.872 23.04 688.45 43
1 5.871 23.06 688.81 40
1.5 5.870 23.10 689.77 42
2 5.872 23.12 690.84 42
2.5 5.871 23.21 693.29 45

Fig. 2. Variation of lattice parameters as a function of x.

Fig. 3. FTIR spectra of the SrFe12�2x(Mg,Co)x/2TixO19 synthesized at 900 1C
for 1 h: (a) x¼0, (b) x¼0.5, (c) x¼1, (d) x¼1.5, (e) x¼2 and (f) x¼2.5.
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The structural parameters such as lattice constants (a and c),
cell volume (v) and crystallite size are also calculated from the
following equations and their values are listed in Table 1.

1/d2¼ (4/3)((h2þhkþk2)/a2)þ l2/c2 (4)

v¼ 0:8666a2c ð5Þ

The variation of lattice parameters with increasing x is
shown in Fig. 2. As can be seen the lattice parameter “a”
remains almost constant while the parameter “c” increases
slightly from 23.01 Å to 23.21 Å and the cell volume also
increases from 687.55 Å3 to 693.29 Å3, with an increase in the
concentration of dopants in hexagonal structure.

An obvious increase in the lattice constant (c) and cell
volume (v) can be related to the larger ionic radius of Mg2þ

(0.072 nm) and Co2þ (0.0745 nm) compared to the ionic
radius of Fe3þ (0.0645 nm). It must be noted that even though
the ionic radius of Ti4þ (0.605 nm) is smaller than the other
cations (Mg2þ , Co2þ and Fe3þ ) in the samples, however it
has no main influence on the variation of lattice parameters
because of low amount of substitution in the structure.

Fig. 3 shows the FTIR spectrograms of the SrFe12�2x(Mg,
Co)x/2TixO19 prepared with a co-precipitation method. It is
revealed that all of samples shown have almost the same IR
absorption behavior. There are obvious absorption peaks
related to the asymmetric stretching and out of plane bending
vibrations of the octahedral and tetrahedral sites of Sr-
hexaferrites doped with Mg, Co and Ti at 436, 465, 543 and
590 cm�1. The peak at 2926 cm�1 is ascribed to asymmetric
stretching band of –CH2– that implies the existence of a C–H
saturated compound with sp3 hybridization. The relatively
broad peaks at about 1630 and 3440 cm�1 exhibited the
stretching vibration and deformation vibration of hydroxyl
group (–OH) acquired from wet atmosphere. The present peaks
in the range of 1100–1500 cm�1 referred to M–O–M bands
(Metal–Oxygen–Metal) such as Co–O–Co or Fe–O–Fe bands.
Additionally it can be noted that with doping of the Mg2þ ,
Co2þ and Ti4þ ions into Sr-hexaferrite the oxygen atom of Fe
(Sr)–O bond might be shared with Mg, Co and Ti atoms.
Fig. 4 shows the SEM micrographs of Sr-hexaferrites

samples doped with different amount of Mg, Co and Ti
cations, and sintered at 900 1C for 1 h. As can be seen from
Fig.4 in all the samples, the distribution of particle size is
almost homogeneous and the average particle size is below
100 nm. It means that, the nucleation of particles is homo-
geneous and growth of them is hindered, but the nanoparticles
were agglomerated. The particle size is decreased with
increasing dopants concentration (i.e. increase of x). The
undoped sample (x¼0) has largest particle size (94 nm) and
the configuration is almost platelet shape. The sample with
x¼2.5 has the smallest particle size of 45 nm and the
configuration is almost spherical shape. In other words, with
an increase in the amount of dopants typical particle morphol-
ogies are gradually varied from platelet shape to spherical.



Fig. 4. SEM micrographs of SrFe12�2x(Mg,Co)x/2TixO19: (a) x¼0, (b) x¼0.5, (c) x¼1, (d) x¼1.5, (e) x¼2, and (f) x¼2.5, sintered at 900 1C for 1 h.
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The similar trend for morphological evolution was also
observed in Mn–Co–Sn substituted Ba-hexaferrite [18].

It is reported that the pH of precursors influences on the
morphologies of nanoparticles in co-precipitation synthesizing
method [19]. With an increase in concentration of dopants, the
pH of solvent is decreased and subsequently, high amount of
the agent (e.g. NaOH) is required to reach the suitable pH of
precipitation. Therefore the nucleation rate of precipitation and
subsequently the nanoparticles morphologies are varied from
one sample to another.
3.2. Magnetic properties of doped Sr-hexaferrite
nanoparticles

The magnetic hysteresis loops of M-type strontium hex-
aferrite doped with different amount of Mg, Co and Ti are
shown in Fig. 5.

Fig. 5 depicts that with an increase in amount of x, the
saturation of magnetization (Ms) decreases from 39.55 to
19.27 emu/g, except in x¼0.5 (40 emu/g), while the magnetic
remanence (Mr) decreases in all the samples. The decreasing of
Ms and Mr cannot be only related to the increasing of the non-
magnetic phases in doped Sr-hexaferrite such as α-Fe2O3, but
also can be explained on the basis of the occupation of the
substituted ions. There are five substitutional sites in the
magnetoplumbite structure of Sr-hexaferrite. The sites of
12k, 2a and 2b have upward spin direction, while 4f1 and
4f2 sites have downward spin direction. Thus, the magnetic
moment per formula of magnetoplumbite Sr-hexaferrite can be
expressed as follows [20]

m¼ (2a)-þ (2b)-þ (12k)-þ (4f1)
←þ (4f2)

← (6)

The Ti4þand Mg2þ are nonmagnetic while Co2þ has the
magnetic moment of 3 μB which is smaller than that of the
Fe3þ (5 μB). According to previous literature [21] the
magnetic moment per Fe3þ ion is various in each substitu-
tional site, that can be calculated from Mossbauer spectro-
scopy. Subsequently, the magnetic moments of Co2þ ions can
be expressed by the following equation:

μi¼μi(Fe
3þ )þμi(Co

2þ ) (7)

where μi(Fe
3þ ) and μi(Co

2þ ) are the magnetic moments of
Fe3þ and Co2þ ions, respectively, in the ith sublattice. The
increase of saturation of magnetization in xr0.5, may be due
to the replacement of 4f1 and 4f2 spin-down Fe3þ ions by non-
magnetic (Mg2þ , Ti4þ ) and magnetic ions (Co2þ ), respec-
tively, based on Eq. (6), however, further investigations are
needed in this field.

In the higher content of x (x40.5), the spin-up Fe3þ ions in
the 2a, 2b and 12k sites can be replaced by non-magnetic



Fig. 5. Magnetic hysteresis loops of SrFe12�2x(Mg,Co)x/2TixO19 with various composition.
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Mg2þ and Ti4þ ions and Co2þ (because of its lower magnetic
moment rather than Fe3þ ), especially the 12k octahedral site.
The cations of Mg, Co and Ti as dopants have a strong
influence on coercive force of M-type Sr-hexaferrite.

Fig. 6 shows the variation behavior of coercivity (Hc) of the
doped Sr-hexaferrite with an increase in amount of x.

As can be seen from Fig. 6, the coercivity of SrFe12�2x(Mg,
Co)x/2TixO19 (x¼0–2.5) is abruptly decreased from 4.8 kOe
for x¼0 to 1.58 kOe for x¼0.5 and then continuously
decreased to 1.1 kOe for x¼2. The coercivity (Hc) is linearly
related to the reciprocal of particle size [22] and also is
dependent of magnetocrystalline anisotropy as the following
equation:

Ha¼Hc¼2K1/Ms (8)

where K1 is the anisotropy constant and Ms is the saturation of
magnetization. Consequently, it is concluded that with decreas-
ing of particle size, the coercivity is increased. On the contrary
of expectation, it was found from SEM micrographs and VSM
results, that the coercivity has straightforward relation with
particle size, consequently another main parameter namely
anisotropy constant has the main impact on the variation of



Fig. 6. Influence of the amount of x on the Hc of the SrFe12�2x(Mg,Co)x/
2TixO19 nanoparticles.

Fig. 7. Reflection loss versus frequency in the SrFe12�2x(Mg,Co)x/2TixO19

with different amount of x.

Table 2
Microwave absorption properties of SrFe12�2x(Mg,Co)x/2TixO19.

Composition
(x)

Minimum RL
value (dB)

Frequency of
minimum RL (GHz)

Bandwidth (GHz)
(RLo�10 dB)

0 – – –

0.5 �21.6 10.26 2.27
1 �22.2 11.27 2.45
1.5 �24.59 9.13 3.69
2 �30.64 8.99 4
2.5 �36.78 9.8 3.5

Table 3
First anisotropy constant of SrFe12�2x(Mg,Co)x/2TixO19 samples with different
dopant contents (x).

x¼0 x¼0.5 x¼1 x¼1.5 x¼2 x¼2.5

K1 (� 105 erg/g) 5.36 3.65 1.98 0.53 �0.95 �1.01
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coercivity. It has been reported that in strontium hexaferrite the
12k, 4f2 and 2b sites are the major contributor to the
magnetocrystalline anisotropy [23]. As mentioned above, the
Ti4þ has tendency to occupy the 12k and partially 4f2 sites.
Also, Mg2þ occupies the 2b and 12k sites and Co2þ has
preferred to occupy the 4f2 and 2a sites for Fe3þ in M-type
phase, and as a result it causes negative impact on the
magnetocrystalline anisotropy consequently the coercivity
decreased, however, further studies are needed to confirm this.
3.3. Microwave absorption properties

The variation of the measured reflection losses (RL) of the
substituted Sr-hexaferrite samples with various amount of Mg–
Co and Ti cations (x¼0, 0.5, 1, 1.5, 2, and 2.5) in the
frequency range of 8–12 GHz is shown in Fig.7. Table 2 lists
the data of reflection loss properties for the absorbing
composites. As can be seen from Fig. 7 the whole series of
samples contain two resonance peaks except undoped Sr-
hexaferrite sample (x¼0). The maximum attenuation of the
incident electromagnetic wave occurs at resonance peaks. It is
known that the ferrimagnetic resonance frequency of strontium
hexaferrite (�48 GHz) is much larger than X-band frequen-
cies (8–12 GHz) due to its large magnetocrystalline anisotropy
[24]. Consequently the undoped sample does not have any
resonance peak in X-band frequencies and its reflection loss
(RL) is almost constant in the frequency range of 8–12 GHz.
As can be seen from Fig. 7, for x40, with an increase of the

substitution amount of cations in Sr-hexaferrite the frequencies
of the minimum reflection loss are shifted to lower frequencies.
The minimum of reflection loss also decreases from –21.6 dB
for x¼0.5 to �36.78 dB for x¼2.5, indicated that the
reflection loss properties of Sr-hexaferrite were enhanced with
increase an amount of Mg, Co and Ti substitution cations in
magnetoplumbite structure of Sr-hexaferrite.
Doping of Sr-hexaferrite with magnetic and nonmagnetic

cations causes to the reducing of resonance frequency accord-
ing to the ferrimagnetic resonance theory

f¼ (γ/2π)Ha (9)

where γ is the gyromagnetic ratio and Ha is anisotropy field.
With an increase in x value, the anisotropy constant (K1) and
crystalline anisotropy field (Ha) are decreased as shown in
Eq. (8).

The first anisotropy constant of the sample was also
measured by magneto-torque meter and listed in Table 3. It
can be observed that the first anisotropy constant values are
decreased with an increase in Mg–Co–Ti cations in the Sr-
hexaferrite samples. Consequently the resonance frequency of
doped Sr-hexaferrite samples is decreased to lower values in
comparison to undoped sample. According to Chen et al. [25],
a suitable microwave absorption material should have low
reflection loss and wide frequency bandwidth, in which the
reflection loss is higher than �10 dB. It can be seen from
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Fig. 7 that by adding the substitution amount to x¼2, the
absorption bandwidth increases from 2.27 GHz for x¼0.5–
4 GHz for x¼2. The ferrite with composition of SrFe8MgCo-
Ti2O19 exhibits the widest bandwidth than that obtained from
other samples. The maximum of reflection loss of this band is
�30.64 dB at matching frequency of 8.99 GHz and also there
is another matching frequency at 10.47 GHz with reflection
loss of �29.55 dB. This dispersion is due to the domain wall
motion resonance at lower frequency and natural resonance at
higher frequency, respectively. With a further increase of
x42, the absorption bandwidth is decreased. However, the
highest reflection loss is related to the ferrite with x¼2.5
(�36.78 dB at 9.8 GHz). Generally when the size of nano-
particles belongs to the nanoscale range, the quantum confine
effect makes the microwave-absorbing properties of nano-
ferrite change greatly. According to the Kubo theory [26], the
energy levels in nanoparticles are not continuous but split
because of the quantum confine effect. When an energy level is
in the range of microwave energy, the electron will absorb a
photon to hop from a low energy level to a higher one. In our
work, the nanoparticles is large enough (45–94 nm), so that the
quantum confine effect cannot be acted as an absorption
mechanism. The defects and interfaces can also cause multiple
scattering and interface polarization, which result in the
electromagnetic wave absorption. In other words, the repetition
reflection of the incident wave between nanoparticles will
cause more energy absorption of microwave.

Previous literature in the field has reported that the minimum
reflection loss reaches to �43 dB, however with narrower
bandwidth of 1.8 GHz [27]. The present study shows the Mg–
Co–Ti substituted Sr-hexaferrite with proper substitution
amount has related excellent absorption properties such as
minimum of reflection loss of �36.78 dB with more than
4 GHz absorption bandwidth.

4. Conclusions

Nanoparticles of SrFe12�2x(Mg,Co)x/2TixO19 ferrites were
synthesized successfully by a co-precipitation method. The
structural and magnetic results indicated that the amount of
dopants of Mg, Co and Ti cations has a strong influence on
crystalline parameters, saturation of magnetization and coer-
civity of samples. With an increase in x value, the lattice
parameter “a” was constant and the lattice parameter “c”
decreased slightly from 23.01 Å to 22.80 Å. Average particle
size tends to decrease from 94 nm for x¼0 to 45 nm for x¼2.5
and assuming more of a spherical shape appearance. With an
increase in x (0oxo2) the coercivity abruptly falls at first
(xr0.5), and then gradually decreased (x40.5). Based on
microwave measurements, the doped Sr-hexaferrites have
better reflection loss property than that of undoped one. The
resonance frequencies were shifted from 10.26 GHz with
minimum RL value of �21.6 dB (for x¼0.5) to 9.8 GHz
with minimum RL value of �36.78 dB (for x¼2.5). The
frequencies corresponding to the minimum reflection loss of
SrFe12�2x(Mg,Co)x/2Tix O19 shows an inverse relationship
with the increase in amount of dopants. The SrFe8(Mg,Co)
Ti2O19 (x¼2) nanoparticles can be used as a potential
magnetic loss material for X-band, with microwave absorption
greater than 90% (reflectivityr�10 dB) at frequency range
of 8–12 GHz.
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