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Abstract

The effect of Sn? “—Sn** mixture on magnetic properties of BaM has been studied by Mdssbauer spectroscopy and vibrating sample
magnetometry. The results show that the magnetization reached a maximum for x=0.2 and then diminished. Mdssbauer spectra showed that
Sn” "—Sn** ions preferentially occupy 2b and 4f; sites, followed by 4f, and 2a sites; whilst the 12k was the least affected by the substitution.
The preference for the 4f, and 4f; sites is responsible for the increase in the magnetization at low substitutions, due to their spin down
configuration. At x > 0.3 values, a steep drop of both M and M, was recorded, which might be due to the appearance of small amounts of tin
oxide (SnO,) as a secondary phase. A large variation of the intrinsic coercivity, Hy;, (4.8 to 0.909 kOe) was obtained as a function of the
substitution. The rapid decrease of H,; has its origin in the preference of Sn>*—Sn* ions for the 2b and 4f; sites.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The hexagonal ferrites (BaFe;,O;9) have been widely
studied as potential materials for perpendicular magnetic
recording and microwave absorption. For these applications,
high saturation magnetization, a suitable coercivity and low
temperature coefficients of coercivity and remanence are
desired. To obtain good quality of barium ferrite materials,
various methods have been used for their preparation and a
large number of investigations have been carried out to
modify the magnetic parameters by replacing Fe® " with
different cationic combination [1]. In order to obtain hex-
agonal ferrites with improved characteristics for applications
in the field of magnetic recording, a new chemical substi-
tution was obtained (Sn®>“—Sn*"), which showed to be
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effective in reducing the magnetocrystalline anisotropy
and enhancing M. For the understanding of the origin of
these properties, it is necessary to elucidate which crystal-
lographic sites the Sn” " and Sn* " ions prefer to occupy.
The *’Fe Mdssbauer effect is an ideal technique to
investigate the site occupancy in compounds with multiple
sublattices, such as BaM. In this paper, we present the
results of a Mgssbauer and magnetic study in samples of
BaFe;, _ »(Sn”* "—Sn* ),0,¢ with x ranging from 0 to 0.4.

2. Experiment

Polycrystalline samples of BaFe;, _ 2«(Sn” "—Sn* BNOI
(BaMg,,_g,) with 0<x<0.4 were synthesized by attrition
milling. BaCO3, Fe,O3, SnO and SnO, were used as raw
materials, all of 98% of purity. Milling was performed in a
Segvary attritor using a ball/powder ratio of 15 and an Fe/Ba
ratio of 10. The powders were milled for 28 h in air using an
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angular velocity of 400 rpm and 250 ml of benzene to avoid
agglomeration at the mill bottom. After mechanical milling,
the samples were annealed at 1050 °C for 1.5 h.

The identification of the crystalline phases in the samples
was performed with an X-pert Phillips diffractometer using
Cu-K,, radiation. The magnetization curves of BaMg,g,
were measured in an applied external magnetic field of 12
kOe at room temperature, using a Lake Shore 7300 vibrat-
ing sample magnetometer. Mdssbauer spectroscopy studies
were performed with a spectrometer operated at a constant
mode, using a >’Co/Rh y-ray source to determinate the
distribution of Sn*" and Sn*” in the hexagonal structure.
The Mossbauer spectra were fitted using the NORMOS
software package. The temperature dependence of the
magnetic susceptibility, y (0) was determined by bridge
method in an alternating magnetic field of 4.52 Oe at 1 kHz.
The measurements were performed up to 730 °C at a
constant heating rate of 4 °C/min. To obtain information
on both the morphology and particle distribution, a Philips
XL 30 scanning electron microscope (SEM) was used.

3. Results and discussions

The X-ray diffraction studies of the Sn®*—Sn** substi-
tuted barium ferrites (Fig. 1), revealed that BaM was the
only phase present for x<0.3, at least, within the errors
inherent to the technique. For x>0.2, SnO, appeared as a
secondary phase, whose formation occurred presumably to
the expense of less stable Sn® " ion, owing to the milling
conditions.

Maéssbauer spectra at room temperature for BaMg, _g,
are shown in Fig. 2. Hyperfine magnetic field, the quadru-
pole splitting, the isomer shift, the angle 0 between the
hyperfine field and the principal axis of the electric field
gradient tensor, the line-width at haft-maximum and the
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Fig. 1. X-ray diffraction patterns for BaMg, s, showing only the
magnetoplumbite structure up to x=0.2.
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Fig. 2. >"Fe Mdssbauer spectra at room temperature for BaMg, s, samples
(x=0-0.4). Note the change in the intensity and width as the substitution
increases.

total intensity were the fitted parameters for each of the five
Zeeman patterns. This gave a maximum number of adjust-
able parameters of 30, which correspond to the five different
Fe® * sites (4f,, 2a, 4f), 12k and 2b) in the magnetoplumbite
structure [2,3]. The intensity and shape of the spectra
changed as x increased, indicating that the substitution of
iron ions by the diamagnetic ions took place. The spectra for
x>0 were fitted with four sextet subpatterns, corresponding
to five different crystallographic sites, 4f,, 2a+4f}, 12k and
2b, respectively. The hyperfine fields for 2a and 4f; sites are
nearly equal, so that these two subpatterns could not be
resolved. As x increased, 12k site was fitted with two

2a+4f1
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Fig. 3. Variation of the relative spectral areas S (%) with increasing
substitution ratio.
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Fig. 4. Variation of (a) hyperfine fields (H.g; kOe) and (b) AH¢ (kOe) as a
function of the substitution x.

subpatterns, 12k and 12k;. This could be related to changes
in the environment or neighbours of the iron ions at the 12k
site when the substitutions take place in R block. On the
other hand, the appearance of an additional subspectrum for
x=>0.3 was observed. This compound must possess iron
ions to be detected by Mdssbauer spectroscopy. It cannot be
a (super) paramagnetic phase because it would be mani-
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Fig. 5. Temperature dependence of the magnetic susceptibility of BaMg,, -
sn- Note the increase of y with substitution.

Table 1

Variation of the magnetic properties with the substitution grade

X M (emu/g) H.; (kOe) M, (emu/g) T. (°C)
0.0 60.9 4.79 34.8 442
0.1 64.0 2.89 335 399
0.2 66.15 1.977 33.15 373
0.3 65.0 1.054 26.8 361
0.4 59.8 0.909 223 350

fested as a doublet spectrum. Therefore, it is believed to
correspond to a nonmagnetic probably amorphous phase, in
this case it is reasonable that it was not identified in the X-
ray pattern.

The variation of the relatives areas (S, %) and hyperfine
fields (H.r) with increasing doping rate is shown in Figs. 3
and 4, respectively. From Fig. 4b, it can be observed that
AH.s was maximum for the bipyramidal 2b site, followed by
4f, and 2a+ 4f; sites, whilst the octahedral 12k site was the
least affected by the substitution. According to previous
reports [4,5] and taking into account the difference of ionic
radii between Sn’* (1.12 A) and Sn** (0.71 A) ions, it can
be assumed that Sn® " ions substitute in the octahedral (4f,
and 2a) sites, whereas Sn* " ions prefer the tetrahedral (4f;)
and bipyramidal (2b) sites. The latter assumption can be
further supported by the fact that the octahedral interstitial
site is larger than the tetrahedral site.

The temperature dependence of the magnetic suscepti-
bility, y (0) was measured in a full automatic device,
where the sample (0.2 cm’—1 g) was heated at a constant
rate of 5 °C/min with a step between each individual
measurement of 5 °C [6]. These measurements (Fig. 5)
showed that y increased with the Sn®*—Sn*" substitution.
This can be explained taking into account that the mag-
netic susceptibility depends partly on the contribution of
noncollinear spins in the magnetic structure. Consequently,
it increases due to the disruption of the collinear uniaxial
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Fig. 6. Hysteresis loops for BaMg,, s, compounds showing the increase of
the susceptibility and the decrease of the coercivity as the substitution
increases.
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Fig. 7. Saturation (M) and remanent (M,) magnetization and coercivity
(H,;) as a function of the substitution.

magnetic structure by the replacement of Fe’ " ions, by
either nonmagnetic or less magnetic cations. Table 1
summarizes the Curie temperatures, 7;, determined from
the Hopkinson’s effect, shown in the y (0) curves (Fig. 5).
The increase of the substitution level caused a 7, decrease
of ~ 21%. This could be explained by the reduction in
the strength of superexchange interactions among iron ions
[7]. Although, the Hopkinson’s effect could also be shifted
to lower temperatures due to the presence of the secondary
phase (SnO,).

Fig. 6 shows the hysteresis loops for the samples with
substitution values of x=0 and 0.3 obtained by vibrating
sample magnetometry. The effect of the Sn* "—Sn** substi-
tution on the hysteresis curve shape and the magnetic
properties of the samples can be observed perfectly. From
the slope corresponding to the primary magnetization

curves, qualitative information on the magnetic susceptibil-
ity change with the substitution can be obtained.

The variation of magnetic properties with the substitu-
tion level x is shown in both Table 1 and Fig. 7. It can be
seen that M rise gradually up to a maximum at x=0.2
(increase ~ 9%), decreasing beyond x > 0.3. The increase
of M owes to the site preference occupancy of Sn*" (2b
and 4f;) and Sn>* (4f, and 2a) ions. That means that Fe® *
ions with spin down (4f; and 4f;), which contributing
negatively to total magnetization, are replaced, increasing
the total M. On the other hand, the remanent magnetiza-
tion, M, remained almost without change (diminution
~ 5%) up to x=0.2, diminishing drastically (reduction
~ 36%) only for compositions of x> 0.3, presumably due
to the onset of the SnO, nucleation. The strong drop of
H; (drop ~ 81%) as x increased was related to reduction
of the magnetocrystalline anisotropy, due to the replace-
ment of iron ions at 2b bipyramidal sites, which have the
greatest contribution to the anisotropy [7-9].

The morphology and the particle size distribution of
BaMg, g, are shown in the micrographs of Fig. 8. All the
particles showed nearly hexagonal platelet shape. The
particle size in the micrograph seems to decrease as the
substitution level increased up to x=0.3 and stayed well
below 1 um. However, it is clear that other studies are
necessary to find out the real crystalline size of the powders.

4. Conclusions

It was possible to synthesize Sn*"—Sn*"* substituted
barium hexaferrites by mechanical alloying. These com-
pounds possess the required microstructure and magnetic
properties for high-density magnetic recording applica-

Fig. 8. SEM micrographs for BaMg,, s, samples with (a) x=0, (b) x=0.1, (c) x=0.2, (d) x=0.3 and (¢) x=0.4. The grain size is well below 1 um and appears

to decrease with substitution.
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tions. The saturation magnetization increased moderately
( ~ 9%) for small levels of substitution. This enhancement
is presumably related to the preferential occupation of
Sn*" and Sn*” ions in 4f, and 4f; sites, respectively. By
changing the substitution rate x, the coercivity could easily
be controlled without a significant reduction of M. The
steep reduction of M, for x>0.3 was likely due to the
formation of SnO,. The strong reduction of H; ( ~ 81%)
as x increased is related to reduction of the magneto-
crystalline anisotropy, due to the substitution of Fe® * ions
firstly on the 2b bipyramidal and 4f, octahedral sites. The
magnetic susceptibility () increased with the substitution
x, which is believed to relate to the disappearance of some
superexchange interactions among the iron ions. The rapid
increase in the magnetic susceptibility as well as the large
reduction in saturation magnetization at x>0.3 could
suggest that a noncollinear magnetic structure occurs due
to spin canting. The Sn** cations substituted Fe® © mainly
on the bipyramidal (2b) and slightly on tetrahedral (4f))
site, whilst the Sn? " ions preferred the octahedral (4f, and
2a) sites. The reduction of 7. ( ~ 21%) demonstrates the
gradual breakdown of magnetic ordering. Our results
suggest that the Sn”> “—Sn* "substitution can be a promis-
ing candidate for magnetic recording applications.
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