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Barium hexaferrite samples BaFeq,_,,TixRuyO19 were prepared by ball milling and their structural and
magnetic properties were investigated using X-ray diffraction, TEM, Mossbauer spectroscopy, and vibrat-
ing sample magnetometry. It was found that the particle size increases appreciably, and the crystallinity
improves with Ti-Ru substitution. Méssbauer spectroscopy revealed that the substitution of Fe3* ions
occurs at the 4f, and 4f; +2a sites for low substitution, and substitution at the 2b site occurs for x > 0.2.
The saturation magnetization increases up to x =0.2, and then starts to decrease for higher x values, while
the coercivity decreases monotonically, recording a reduction of 55% at x=0.4. These results were inter-
preted in terms of the site preferential occupation of the Ti2* and Ru** ions. The thermomagnetic curves
for all samples showed Hopkinson peaks indicating the presence of small superparamagnetic particles in
the samples. The sample with x=0.0 was found to consist of purely superparamagnetic particles, while
the substituted samples were found to contain only 22-30% of the powders’ mass as superparamagnetic
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1. Introduction

Barium hexaferrite BaFei;019 (BaM) has been a subject of
increasing interest since its discovery several decades ago. The
magnetic properties of hexaferrites, such as their high satura-
tion magnetization, corrosion resistivity, large magnetocrystalline
anisotropy and high coercive field [1-5], and their low cost of pro-
duction have generated considerable attention to these materials.
In order to satisfy the utilization requirements of this compound
in recording media, permanent magnets, microwave devices and
magneto-optics, etc. [6-8], many studies have focused on tailor-
ing hexaferrites with modified magnetic properties by substituting
Fe3* ions with divalent, trivalent and tetravalent cations or cations
combinations [9-18]. For this purpose, several methods have been
used to prepare hexaferrite particles including sol-gel method
[19,20], mechano-combusition method [21], microwave-induced
hydrothermal reaction [22], ammonium nitrate melt technique
[23], reverse micelle technique [24], citrate-nitrate gel combus-
tion method [25], co-precipitation method [26] and ball milling
method [27,28]. Ball milling method is a technique that has been
recently adopted for the preparation of barium ferrite powders, due
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to its simplicity in operation and handy experimental equipment
[29]. Also this method is useful for the production of powders con-
sisting of fine particles smaller than the single-domain size. The
preparation method and the type of cation doping were found to
have significant influence on the magnetic properties of barium
hexaferrite.

The intrinsic magnetic properties of BaM are strongly dependent
on its hexagonal structure. The structural stacking of BaFe{;019
layers is of the type RSR*S*, where R* and S* are obtained from the
blocks R and S, by rotation of 180° around the hexagonal c-axis. The
ferric ions are distributed among five crystallographic sites. There
are three octahedral sites (12k, 4f, and 2a), one tetrahedral site (4f;)
and one trigonal bipyramid site (2b) [30-32]. The spin-up Fe3* ions
are distributed with one ion at the 2a, one at the 2b, and six at the
12k sites, while the spin-down Fe3* ions are distributed with two at
the 4f; and two at the 4f; sites. Accordingly, the magnetic moment
per formula can be expressed as follows:

m = 2a+2b+ 12k + 4f; +4f, (1)

The anisotropy field H, for uniaxial barium hexaferrite particles
can be expressed as:

2K
=
where K is the magnetocrystalline anisotropy constant, and M is
the saturation magnetization. Based on the single ion model, Xu et

al. [33] calculated the magnetocrystalline anisotropy constant for
an Fe3* ion at each of the five sites, and found that Fe ions provide

Hq (2)
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Table 1
Values of the anisotropy constant K; associated with a single Fe3* ion at the different
sites in barium hexaferrite (Ref. [33]).

Site 4f, 4f, 2a 12k 2b
K; (cm~1/ion) 0.18 0.51 0.23

-0.18 1.40

the largest positive contribution to the anisotropy field at the 2b
site, a relative weak positive contribution at the 4f;, 4f,, and 2a
sites, and a negative contribution at the 12k site as illustrated in
Table 1. Hence the substitution of Fe3* ions at different lattice sites
leads to different contributions to the magnetic anisotropy field.

The present work is concerned with the effect of Ti-Ru sub-
stitution for Fe on the magnetic properties of barium hexaferrites
synthesized by ball milling method. Vibrating sample magnetome-
try, X-ray diffraction (XRD), Mdssbauer spectroscopy and electron
microscopy have been employed to characterize the fabricated
powders and investigate their magnetic behavior.

2. Experimental procedures

BaFeq,_2xTixRuyO19 powders with x=0.0, 0.1, 0.2, 0.3 and 0.4 were prepared by
ball milling method. High purity metallic oxides (Fe,03, TiO and RuO;) and barium
carbonate (BaCO3) were used as starting materials. The ratio of iron to barium was
set at Fe/Ba=11, which is according to our experience, the optimum ratio that gives
single phase diffraction pattern. Mechanical alloying was performed in a planetary
ball-mill (Fritsch Pulverisette 7) using a ball to powder ratio of 8:1. Milling was
carried out for 16 h with an angular frequency of 250 rpm. After mechanical milling,
the mixture was pressed into disks, 1 cm in diameter under a force of 50 kN. These
disks were annealed in air atmosphere at 1100°C for 2 h.

XRD analysis was carried out using Philips X'Pert PRO X-ray diffractometer
(PW3040/60) with Cu K, radiation. The magnetic measurements were carried out
using a vibrating sample magnetometer (VSM MicroMag 3900, Princeton Mea-
surements Corporation), with a maximum applied field of 10 kOe. The isothermal
remanent magnetization (IRM) curve was obtained by the following procedure: the
sample was initially demagnetized. A small positive field was applied then removed,
and the remanence magnetization was recorded. The procedure was repeated with
increasing the positive field until the saturation remanence was reached.

3. Results and discussion

XRD patterns of BaFeq,_»,TixRuxO19 samples, along with the
standard pattern for hexagonal barium ferrite (BaFe ;019) with
space group P63 /mmc (JCPDS file no: 043-0002) [34] are shown in
Fig. 1. It can be seen that the XRD patterns for all samples match
the standard pattern for hexagonal barium ferrite (BaFe;,019), with
less than 0.2% change in lattice parameters, and with similar rela-
tive intensity profiles for all observed peaks. No secondary phases
were detected, within the detection limit of the technique for all
doping values inspected in this work. The small increase of ¢ (0.17%)
might be a result of ionic size effect, since the radius of Fe3* ion
(0.645 A) is smaller than that for Ti2* (1.0A) and for Ru#* (0.67 A).

The average crystallite size was determined from the positions
of the (217) and (2 2 0) reflections using the well-known Scherrer
formula [35],

k.
b= B cos 6’

where D is the crystallite size, k the Scherrer constant, A the wave-
length of radiation (1.54056 A), 8 the peak width at half maximum
measured in radians, and 0 the peak position. The average crystal-
lite size for the pure sample is found to be 42 nm, while that for
the doped samples is found to be in the range from 69 (for x=0.1)
to 77 nm (for x=0.4), which indicates that the crystallinity of the
samples improves with the substitution.

TEM imaging (Fig. 2) shows that the average grain size of all
substituted hexaferrites is similar, and they possess a broad par-
ticle size distribution. The average particle size increases from
(42 +£13)nm for the pure sample up to (180 +45)nm with sub-
stitution. These particle sizes are smaller than the critical value of

(3)
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Fig. 1. Standard JCPDS pattern for M-type hexagonal barium ferrite (file no: 043-
0002) and XRD patterns of BaFe1,_»¢TixRuy019 with different doping concentrations.

460 nmreported by Rezlescu et al.[36] for a single magnetic domain
particle, which indicates that all samples consist of single magnetic
domain particles.

Mossbauer spectra at room temperature for representative sam-
ples are shown in Fig. 3. The spectra were fitted with four magnetic
sextets corresponding to the five crystallographic sites of the Fe
ions, since the components corresponding to the 2a and 4f; sites
could not be resolved due to their similar hyperfine parameters
[37]. Due to the small substitution levels, the areas of the sub-
spectra could not reveal accurate information on the preferential
site occupation of the Ru** and Ti%* ions (variations in the areas
are ~1-2% which is within experimental uncertainty). Thus the
hyperfine interactions are used to deduce such information. The
hyperfine field and quadrupole splitting vs. x are shown in Fig. 4.
Fig. 4a shows that the hyperfine fields corresponding to the 4f, and
2a +4f; sites decrease almost linearly with x, while that correspond-
ing to the 2b site is almost constant up to x=0.1, and then decreases
slightly with increasing x. On the other hand, the hyperfine field cor-
responding to the 12k site remains almost constant. Fig. 4b shows
that the quadrupole splittings corresponding to the 4f, and 2a +4f;
sites vary up to x=0.2, and then remain constant for higher substi-
tutions. On the other hand the quadrupole splitting for the 2b site
changes appreciably for x> 0.1. Further, the hyperfine parameters
corresponding to the 12k site are almost unaffected by the substi-
tution. The variations of the hyperfine interactions indicate that as
x increases up to 0.2, the substitution for Fe occurs mostly at the 4f,
and 2a +4f; sites, and for x > 0.2, the 2b site starts to be substituted.
However, the 12k site is not affected by the substitution over the
whole range of x. Since ions with larger radii tend to occupy octahe-
dral sites, and those with smaller radii tend to occupy tetrahedral
and bipyramidal sites, we conclude that Ti%* occupy the 4f, and
2a sites, while Ru** occupy the 4f; and 2b sites, which is consistent
with previous studies on Ni-Ru and Zn-Ru substituted hexaferrites
[37].

Hysteresis loops for the samples were measured as a function
of applied magnetic field and the results are shown in Table 2. The
magnetization for the pure sample is characteristic of a hard mag-
netic material with coercive field strength of 4 kOe. This value of
the coercivity agrees well with previous reports on samples pre-
pared by sol-gel method [30] and mechanical alloying method
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Fig. 2. TEM images of BaFe;,_»cTixRuxO1g, (@) x=0.0 and (b) x=0.4.
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Fig. 3. Room temperature Mdssbauer spectra for BaFe;;_5,TiyRuyO19 samples.

Table 2

Coercivity, saturation magnetization, and Curie temperature of BaFe;3_2xTixRuyO19.
X Hc (kOe) M; (emu/g) Tc (°C)
0.0 4.0 59.7 505
0.1 33 65.3 482
0.2 24 68.3 482
0.3 2.1 66.7 481
04 1.8 64.3 481

[28,38]. The effect of Ti-Ru content on the saturation magnetiza-
tion and coercivity of BaFe ,_»,TixRuxO1g for all samples examined
is shown in Fig. 5. The saturation magnetization initially increases
for x between 0.0 and 0.2 (increase in M;s is 11%), and then decreases
for x between 0.2 and 0.4, recording a reduction of ~8% at x=0.4.
Based on the simple model in Eq. (1), the increase in the satura-
tion magnetization is attributed to the replacement of 4f; and 4f,
spin-down Fe3* jons by paramagnetic Ru#* and TiZ* ions, respec-
tively. The observed drop in the saturation magnetization in the
concentration range x = 0.2-0.4 is associated with the replacement
of Fe3* jons by Ti2* and Ru** ions at the 2a and 2b spin-up sites,
respectively. These results are consistent with the Mossbauer data
above, and agree well with those reported by Gonzalez-Angeles et
al. [37] who have observed ~9% increase in M upon substituting
Fe by Zn-Ru (x=0.3) and ~7% increase upon substituting by Ni-Ru.

Fig. 5 also shows that with increasing Ti-Ru doping, the value of
the coercivity decreases monotonically for all samples examined,
recording a drop of 55% at x = 0.4. Such a drop in the coercivity, along
with a small decrease in saturation magnetization, was observed
by others [13,18]. Thus, a small substitution of Fe by Ti-Ru results
in a substantial reduction in the coercivity, and improvement in
the saturation magnetization, which are favorable for high density
magnetic recording applications.

The sharp decrease of the coercivity in the range x < 0.2 is asso-
ciated with the sharp decrease in anisotropy field (H,) as a result
of the combined effect of the replacement of Fe ions at the 4f; and
4f, sites, and the sharp increase in saturation magnetization as can
be deduced from Eq. (2). For x > 0.2, the negative slope of the coer-
cive field decreases in spite of the onset of partial substitution of
Fe3* ions at the 2b site which contributes highly to the magnetic
anisotropy. This is a consequence of the competing effects of the
reduction of Hy due to substitution, and the increase due to the
drop in M in this range of x.

In order to investigate the correlation between the coercivity
and the magnetic anisotropy field in our system, we determine the
effective magnetic anisotropy field for each sample examined in
this work from the switching field distribution (SFD). The switching
field distribution can be obtained by differentiating the reduced
IRM curve m;(H)=M;(H)/M(o0). Fig. 6 shows the reduced IRM curve
and the corresponding switching field distribution for the samples
with x=0.0 and 0.3. The effective magnetic anisotropy field for each
sample examined in this work is obtained from the maximum of
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Fig. 4. (a) Hyperfine field (Hy) and (b) quadrupole splitting (QS) for the different
sites in BaFeq,_2xTixRuyO19 as a function of Ti-Ru concentration (x).
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x=0.0and x=0.3.

the switching field distribution [39]:

Sl = [T

(4)

} H=Hq/2

Here Hy=2Hmax, Where Hmax is the value of the field at the
maximum of the SFD. Fig. 7 shows the variation of magnetic
anisotropy field with Ti—-Ru concentration for all samples exam-
ined. It is clear that H, decreases rather sharply with increasing
Ti-Ru concentration up to x=0.2, and then starts leveling off for
higher concentrations as discussed earlier. The ratio H¢/H, for
all sample is in the range 0.4-0.46, which is close to the ratio
of 0.48 expected from the Stoner-Wohlfarth model for single-
domain, non-interacting, randomly oriented particles [40]. The
small deviation from the model value could be associated with the
geometry of the particles in our system, and partially with small
particle-particle interactions.
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Fig. 7. Anisotropy field of BaFe;,_»,TiyRuxO1g as a function of the Ti-Ru concentra-
tion (x).
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Fig. 8. Magnetization as a function of temperature for BaFe;;_»,TixRuyO19 with
x=0.0, 0.2, and 0.4 at a constant applied field of 100 Oe.

Fig. 8 shows the magnetization as a function of temperature
M(T) around T, for the samples with x=0.0, 0.2 and 0.4 at a small
applied field of 100 Oe. From these curves one might obtain Tg,
which is defined as the temperature at the bottom of Hopkinson
peak. Curie temperature as a function of Ti-Ru concentration in
BaFe;_,xTixRuxOqg is shown in Table 2. It is found that Curie tem-
perature is constant for all substitutions, which is about 5% lower
than that for the pure sample (~505 °C). This is consistent with the
drop in T, observed in the Zn-Ru and Ni-Ru substituted systems
[37]. The sharpness of the Hopkinson peak for the pure sample indi-
cates a narrow size distribution, yet the peaks for all substituted
samples are similarly broad, indicating a broad particle size distri-
bution as confirmed by the TEM measurements. The value of M(T)
at the peak for the pure sample is 10.8 times larger than that at the
minimum, which is consistent with the calculated value for a sys-
tem of non-interacting, randomly oriented, uniaxial single-domain
particles [41]. This indicates that the particle size of (42 +13)nm
for this sample measured by TEM is in the superparamagnetic (SP)
regime. Further, the value of M(T) at the peak drops substantially
to 3.2-4 times the minimum value for all substituted samples.
This drop is associated with the significant increase in particle size
for the substituted samples, which leaves only a small fraction of
the particles in the superparamagnetic regime responsible for the
relatively weak peak. Following the theoretical calculation of the
magnetization in [41], the mass fraction f of the SP particles in the
substituted samples can then be evaluated from the relation:

Mp = Msp + (1 — )M (5)

where M), is the magnetization at the peak, Msp the magnetization
due to the SP particles, and My, the minimum magnetization due to
the remaining (blocked) particles. Assuming that the pure sample
consists of SP particles only we obtain the relation: Msp =10.8 My,.
Using Eq. (5) with our experimental peak values of 3.2-4.0 times
higher than the minimum value for the substituted samples, we
conclude that the fraction of SP particles in these samples is only
22-30%.

4. Conclusions

The substitution of Fe3* ijons by Ti?* and Ru*" ions in
BaFeq,_,TixRuxOqg resulted in an increase in particle size, a broad-
ening of the particle size distribution, and an improvement of the
sample crystallinity. The substitution was found to occur at the 4f,
and 4f; sites for x values up to 0.2, resulting in a sharp initial increase
in Ms and a consequent sharp reduction in coercivity. Substitution
atthe 2a and 2b sites was found to occur for x > 0.2 as well, resulting
in the observed maximum in M; at about x=0.2, and the conse-
quent reduction in the negative slope of the coercivity above this
concentration. Hopkinson peak was observed in the thermomag-
netic curves for all samples, and indicated that the pure sample is
purely superparamagnetic, while the substituted samples are only
22-30% superparamagnetic.
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