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a b s t r a c t

Nanoparticles of Sn–Mg substituted strontium hexaferrite with the composition of SrFe12−x(Sn0.5

Mg0.5)xO19 (x = 0.0–1.0) were synthesized by chemical coprecipitation method. Deionized water/ethanol
(50/50) was used as the solvent. The single phase strontium hexaferrites were obtained at pH 13 and
Fe3+/Sr2+ molar ratio of 9 after calcination at 800 ◦C. The mean particle size of samples was decreased
eywords:
ermanent magnets
hemical synthesis
nisotropy
agnetic measurements

from 82 to 56 nm with increasing the Sn–Mg content from x = 0.0 to x = 0.8. The effect of Sn–Mg substi-
tution on magnetic properties of hexaferrites was studied using vibrating-sample magnetometer. It was
found that increasing the Sn–Mg from x = 0.0 to x = 0.8 reduced the coercivity from 4728.9 to 1455.5 Oe
and increased the saturation magnetization from 51.34 to 65.49 emu/g. A vector network analyzer was
used to investigate the microwave absorption properties. According to microwave measurements, doped
strontium hexaferrite composites had much more effective electromagnetic absorption properties than

ferrite
undoped strontium hexa

. Introduction

The M-type ferrites with magnetoplumbite structure and com-
osition of MFe12O19 (M = Sr, Ba, Pb) have been studied because of
igh Curie temperature, relatively large magnetization, excellent
hemical stability and high microwave magnetic loss [1,2]. Stron-
ium hexaferrite nanoparticles have a wide range of uses in several
pplications such as magnetic recording media, microwave devices
nd microelectromechanical systems (MEMS) [3,4]. The orientation
f spins and location of magnetic ions in the crystal lattice have been
etermined by Gorter [3]. The unit cell of this structure consists of
en oxygen layers. Within these layers, the Fe3+ ions occupy five
ifferent interstitial sites. Three sites, named 2a, 12k, and 4f2 have
ctahedral coordination, one site (4f1) has tetrahedral coordination
nd the 2b site has trigonal bipyramidal (Fivefold) coordination.
he Fe3+ ions in the 2a, 12k and 2b sites are aligned parallel to
ach other whereas those of 4f1 and 4f2 are arranged in oppo-
ite directions. The magnetic properties of M-type ferrites depend
n synthesis procedure, particle size, composition and substitution
f Fe3+ ions with other cations at five interstitial sites. A conven-

ional route for the synthesis of strontium hexaferrite involves a
olid-state reaction of iron oxide and strontium carbonate mixture
t around 1200 ◦C [5]. However, preparation of chemically homo-
eneous, strain free and mono-dispersed nanoparticles could not
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be easy via conventional methods. Consequently, several meth-
ods to synthesize these materials have been investigated [6–10].
Among them, coprecipitation as a simple and low cost method has
been recently attracted much attention [11,12]. For improvement
of magnetic properties of strontium hexaferrites the substitution
of several cations such as Al3+–Ga3+, Zr4+–Zn2+, Zr4+–Ni2+ at five
interstitial sites of hexaferrite have been investigated [13–16]. In
the case of M-type hexaferrites, it was known that the crystalline
anisotropy could be reduced by Sn4+–Zn2+, Sn4+–Co2+, Sn4+–Mn2+

and Sn4+–Ni2+ substitution of Fe3+ ions [17–19]. Reduction in
anisotropy decreases the coercivity but replacement of Fe3+ by
these cations lowers the saturation magnetization. Low coerciv-
ity and high saturation magnetization values are simultaneously
required for use in recording media applications [14]. Accordingly,
reduction in the coercivity along with increasing in the saturation
magnetization is a new approach in preparing hexaferrites. The aim
of the present study was to investigate the influence of Sn–Mg sub-
stitution on the structure, particle size and magnetic properties of
coprecipitated strontium hexaferrite nanoparticles.

2. Experimental

High purity materials, Fe (NO3)3. 9H2O (Merck, >99%), Sr (NO3)2 (Merck,
>99%), SnCl4 (Merck, >99%), Mg (C2H3O2)2.4H2O (Merck, >99.5%) and NaOH (Merck,

>99%) were used in the synthesis of samples. Initially iron nitrate and strontium
nitrate with Fe3+/Sr2+ molar ratio of 9 were dissolved in a mixture of deionized
water/ethanol (50/50) as the solvent. Then tin chloride and magnesium acetate were
added to the solvent to achieve stoichiometry of SrFe12−x(Sn0.5 Mg0.5)xO19 where
x = 0.0–1.0. The hexaferrite precursors were precipitated by addition of NaOH solu-
tion (2 M) as a precipitating agent at pH 13. After drying at 80 ◦C, the precipitates

dx.doi.org/10.1016/j.jallcom.2011.03.002
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. The X-ray diffraction patterns of the samples with different Sn–Mg substitu-
ion levels after calcination at 700 ◦C for 2 h.

ere calcined at 700 and 800 ◦C for 2 h. In order to measure the microwave absorb-
ng properties of hexaferrite, the composite specimens were prepared by mixing
trontium hexaferrite powders and an acrylic resin with the weight ratio of 70:30
espectively. Mixtures of ferrite powders with acrylic resin were plasticized and
red at 240 ◦C and 6 Mpa. The formed composites were cylindrical with the thick-
ess of 2 mm and the diameter of 10 mm. The phase composition of samples was
etermined by X-ray diffraction (XRD). A Bruker, D8 advanced X-ray diffractome-
er (with Cu K� radiation) was used. The elemental composition was determined
ith X-ray fluorescence analysis (XRF, Bruker S4 Explorer). A Leica Cambridge S-360

canning electron microscope (SEM) and a dynamic light scattering nanoparticles
ize analyzer (Horiba LB-550) were used to measure the particle size of the samples.

he magnetic properties were measured using a vibrating sample magnetometer
VSM) with maximum field strength of 1 T (10,000 Oe). A vector network analyzer
as used to investigate the microwave absorption properties of the composite

pecimens.

able 1
he elemental composition of SrFe12−x(Sn0.5 Mg0.5)xO19 (x = 0.0, 0.2 and 1.0) samples dete

X = 1.0 X = 0.2

Nomminal composition XRF analysis Nomminal composition X

11 10.83 11.8 11
1 1.08 1 1
0.5 0.53 0.1 0
0.5 0.56 0.1 0

Fig. 3. Size distribution of the substituted strontium hexaferrites SrFe12−x
Fig. 2. The X-ray diffraction patterns of the strontium hexaferrites with different
Sn–Mg substitution levels, after calcination at 800 ◦C for 2 h.

3. Results and discussion

The X-ray diffraction patterns of the samples with different
Sn–Mg substitution levels calcined at 700 ◦C are shown in Fig. 1.
It is evident that all of the samples are mixtures of SrFe12O19 and
Fe2O3 phases, and the proportion of Fe2O3 phase increased with
increasing the substitution level from x = 0.2 to x = 1.0.

Fig. 2 shows the X-ray diffraction patterns of the substituted

strontium hexaferrite samples after calcination at 800 C for 2 h.
As seen, X-ray patterns of all samples are corresponding to the
SrFe12O19 phase [20] and other phases are not seen. Accordingly,
the single phase Sn–Mg substituted strontium hexaferrite samples

rmined by XRF analysis and nominal composition of them.

X = 0.0

RF analysis Nomminal composition XRF analysis Element

.65 12 11.86 Fe

.11 1 1.07 Sr

.11 0 0 Sn

.13 0 0 Mg

(Sn0.5 Mg0.5)xO19with x = 0.0 (a), x = 0.4 (b), x = 0.6 (c) and x = 0.8 (d).
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x = 0.0 to x = 0.8. This is in good agreement with Ghasemi et al.
report [23]. The Sn+4 and Mg+2cations usually occupy the octahe-
dral sites. The 4f2 has an opposite spin relative to other octahedral
sites. Therefore, increase in saturation magnetization may be due
to replacement of Fe+3 from 4f2 sites by nonmagnetic Sn+4 and
Fig. 4. SEM micrographs of SrFe12−x(Sn0.5 Mg0.5)xO19 s

ere obtained by increasing the calcination temperature from 700
o 800 ◦C.

The results of XRF elemental composition analysis of
rFe12−x(Sn0.5 Mg0.5)xO19 (where x = 0.0, 0.2 and 1.0) samples
re presented in Table 1. The elemental composition results are in
ood agreement with the nominal composition of hexaferrites.

The mean particle size and particle size distribution of Sn–Mg
ubstituted strontium hexaferrite samples are shown in Fig. 3. It
as found that the mean particle size of samples decreased by

ncreasing the substitution level. The mean particle sizes of samples
ith x = 0.0, 0.4, 0.6 and 0.8 were 82, 69, 61 and 56 nm, respec-

ively. It may be due to effect of pH of precursors. When tin chloride
nd magnesium acetate were added to the solvent, pH decreases
o lower values and higher amount of NaOH is required to reach
H 13. Therefore it could change the nucleation rate of precipita-
ion during ferrite synthesizes. Narrow particle size distribution of
owders can satisfy the requirement for specific applications [21].

Fig. 4 shows the SEM micrographs of the Sn–Mg substituted
trontium hexaferrites calcined at 800 ◦C for 2 h. An image ana-
yzer was used to estimate the mean particle size of the samples.
he mean particle sizes of samples with x = 0.0, 0.6 and 0.8 were 69,
5 and 48 nm, respectively. The obtained results are in accordance
ith those of PSA. The small difference between the results could be
ue to agglomeration of particles in PSA. Again, the measurements
howed that the mean particle size of hexaferrite was decreased by
ncreasing the Sn–Mg content and it was in agreement with other
esearches [22].

The magnetic properties of the Sn–Mg substituted samples were
resented in Figs. 5 and 6. Fig. 5 shows the M–H hysteresis curves
f the SrFe12−x(Sn0.5 Mg0.5)xO19 powders where x = 0.0–0.8. The
amples could not be saturated completely due to insufficient mag-
etic field of 1 Tesla (10,000 Oe). The effects of Sn–Mg substitution

n the coercivity and saturation magnetization of samples were
ummarized in Fig. 6. The obtained results showed that the coer-
ivity was decreased from 4728.9 to 1455.5 Oe by increasing the
n–Mg proportion from x = 0 to x = 0.8. It has been shown the coer-
ivity of hexaferrites is dependent on the crystalline and shape
s synthesized with x = 0.0 (a), x = 0.6 (b) and x = 0.8 (c).

anisotropy [19]. As it has been reported [14,15,19] substitution
of Fe3+from octahedral sites by nonmagnetic cations causes the
crystalline anisotropy decreases and anisotropy changes from uni-
axial to planar. Reduction in the coercivity could be a consequent
of this replacement. On the other hand, the shape anisotropy can
be reduced by decreasing the particle size. Accordingly, decreas-
ing particle size with increasing Sn–Mg content could be another
reason for decrease of the coercivity.

It is also obvious that the saturation magnetization increases
from 51.34 to 65.49 emu/g with increasing the Sn–Mg values from
Fig. 5. Hysteresis curves of the strontium hexaferrite samples synthesized with
different Sn–Mg substitution levels.
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Fig. 6. Effect of Sn–Mg substitution on the coercivity and saturation magnetization
of hexaferrites.
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[19] D. Lisjak, M. Drofenik, J. Eur. Ceram. Soc. 24 (2004) 1841–1845.
ig. 7. Reflection loss versus frequency in the composite samples with different Sn+4

nd Mg+2 substituted hexaferrites.

g+2cations. This replacement is in accordance with previous argu-
ent related to decrease in coercivity.
Fig. 7 shows the variation of reflection loss with the frequency

n the composite samples with a proportion of 70 wt% ferrites. For
icrowave applications, the reflection loss should be more than
20 dB. The bandwidth is the frequency range that the reflection

oss is more than −20 dB. The bandwidth and reflection loss of
he composite containing undoped hexaferrite is not appropriate
or use as microwave absorption materials. This is due to high
nisotropy fields of ferrite. The natural resonance and domain wall
esonance are two different resonance mechanisms in polycrys-
alline ferrites. The natural resonance is usually higher than domain
all resonance. The natural resonance frequency, f r, is dependent

n anisotropies as the following equation:
�fr = �(H�H˚)1/2

here � is the gyromagnetic ratio, H� is out of plane anisotropy
eld and H� is in plane anisotropy field [23]. Therefore, with Sn+4

nd Mg+2 substitutions, the anisotropy fields decrease and accord-

[
[

[
[

d Compounds 509 (2011) 5893–5896

ing to performed studies the anisotropy is modified from uniaxial
to nearly planar [19,23]. Consequently, the corresponding natu-
ral resonance frequencies should be decreased. For the composite
containing doped ferrite with x = 0.2 the matching frequencies and
reflection loss are equal to 11.46 GHz and −28 dB. At relatively same
frequencies, the reflection loss reach −29.5 and −32 for x = 0.4 and
0.6, respectively. The bandwidth increases with Sn+4 and Mg+2 con-
tent. The composite containing doped ferrite with x = 0.8 had the
highest reflection loss and bandwidth. The maximum reflection loss
was −35 dB at a matching frequency of 11.44 GHz.

4. Conclusion

Single phase nanoparticles of Sn–Mg substituted strontium
hexaferrites were synthesized successfully by a coprecipitation
method. Good agreement was observed between the XRF analysis
and nominal elemental composition of hexaferrites. The influences
of Sn–Mg substitution on the particle size and magnetic properties
of coprecipitated strontium hexaferrite nanoparticles were stud-
ied. The mean particle size of samples was decreased from 82 to
56 nm with increasing the Sn–Mg content from x = 0.0 to x = 0.8. It
was found that increasing the Sn–Mg content from x = 0.0 to x = 0.8
led to a reduction in the coercivity from 4728.9 to 1455.5 Oe and
increasing the saturation magnetization from 51.34 to 65.49 emu/g.
Accordingly, the synthesized hexaferrites can satisfy the require-
ments for applications in recording media. Based on microwave
measurements, the composites from doped strontium hexaferrite
and acrylic resin could be suitable for practical applications at
high frequencies. It was concluded that the composites containing
doped ferrites had much more effective electromagnetic absorp-
tion properties. The composites which contained doped ferrite with
x = 0.8 exhibited the largest reflection loss and the widest band-
width relative to other specimens.
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