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The effect of Mn-Co-Ti dopants on the magnetic
properties, Complex permittivity, permeability, and
microwave absorbing characteristics of barium

hexaferrite
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In this research, doped barium M-type hexaferrites with the composition of BaFe12x(MNC0)osxTio5x019 (x=1.5, 2, 2.5) were
synthesized by the conventional ceramic method. The crystalline structure, particles size, magnetic properties, complex
permittivity, complex permeability and microwave absorption properties were investigated by X-ray diffraction, Scanning
Electron Microscope, Vibrating Sample Magnetometer and Vector Network Analyzer. The results showed that samples with
the Magnetoplumbite structures and widely distributed particle sizes were formed. The coercive force and resonance
absorption frequency of samples were reduced by raising the amount of Mn-Co-Ti dopants. The optimal reflection loss plots
of composite samples in different frequency bands were calculated with a computer code to find the optimal thickness for
each material based on the maximum reflection loss bandwidth for -10dB. It was also found that all samples showed good
performance at C, X and Ku frequencies bands in terms of microwave absorption.
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1. Introduction

Electromagnetic wave pollution is produced by many
new wireless systems such as smart homes, remote
telemedicine, wireless sensors and military and civil radars
[1]. Therefore, development of microwave absorbing
materials has become necessary to overcome
electromagnetic wave pollution. An absorbing material
should be able to realize favourable loss in the necessary
frequency range. This loss is originated in electric or
electromagnetic phenomena. Thus, to achieve maximum
loss in a vast frequency range, selecting the material and
controlling its dielectric and magnetic properties are of
high importance. So far, various materials have been
studied to evaluate their capability of absorbing EM waves
[2]. Among these materials, there are ferrites which are
mostly applied due to their absorbing power. Ferrites,
depending on its crystal structure and chemical
composition, can be used in a special frequency range. For
instance, spinel ferrites including MnZn and NiZn ferrites
are mostly utilized in MHz ranges. Of course, due to
Snoek limit, their absorbing power can be reduced.
Another type of ferrites, called hexaferrites, is capable of
higher absorbing power in GHz frequencies. Hexaferrites,
depending on their chemical compositions, are divided
into M, W, Y, U, X and Z-types [3]. Among hexaferrites,
M-type with the formula MFe;,O49 is the most applicable
because of its high stability, efficient high frequency
response, and switching properties. These materials are
utilized in permanent magnets, magnetic recording media,
and microwave absorbing materials [4]. The microwave

absorbing mechanism in these compounds comes from the
magnetic loss caused by the resonance phenomenon which
originates from domain wall motions and spin relaxations
(rotations). Anisotropic field in M-type ferrites, such as
barium ferrite, is close to 1.36 MA/m, which corresponds
to a natural resonance frequency of 47.6 GHz [5]. A recent
extensive work has already been done to modify the
magnetic  parameters of M-type hexaferrites by
substituting Fe3+ with other cations or cation
combinations such as Co, Ni, Al, Co-Ti, Ru-Ti, Mg-Ti,
Mn-Cd-Zr, Zn-Nb, Cr-Ga, Ni-Ti, etc. [1,6-13]. Proper
selection of the dopant elements can determine the
resonance frequency and the amount of absorption. It
should be emphasized that in the previous works on the
Mn-Co-Ti substituted barium hexaferrite [14-17], the
microwave absorbing properties of only individual
frequency bands have been studied.

This paper attempted to investigate in detail the
structural and magnetic  characteristics, complex
permittivity and permeability and microwave absorbing
properties of BaFe;,4(MnCo0)os¢TipsxO19 as a function of
the substituted amount of dopants in a range (x=1.5, 2,
2.5).

2. Experimental

2.1 The preparation of ferrite powders and
composites samples

The M-type BaFelz_x(MnC0)0.5XTi0.5X019 (X=1.5, 2,
2.5) hexaferrites were synthesized by solid state reaction.
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The raw materials used for obtaining the stoichiometric
mixtures, with 99.9% purity, were barium carbonate
(BaCQ3), iron oxide (Fe,03), manganese carbonate
(MnCQ:s,), cobalt oxide (Co304) and titanium oxide (TiO,).
To synthesize pure and doped stoichiometric hexaferrites,
the starting materials were mixed in a ball mill for 2 h and
sintered in air at 1230 °C for 1 h. The heating rates of
samples were from the room temperature to 600 °C with 6
°C /min and they were kept at 3 °C /min to the final
sintering temperature. Finally, the sintered hexaferrites
were milled again in a fast mill for 6 h.

The composite specimens were prepared by
homogeneously mixing the hexaferrite powders with 28
and 72 volume percent hexaferrite and paraffin wax,
respectively. The mixtures were moulded to a toroidal
shape with the outer diameter of 7.00 mm, the inner
diameter of 3.04 mm, and the thickness of 1.5 mm.

2.2 Physical measurements

X-ray Diffraction (XRD) patterns were recorded on a
X'Pert Pro MPD, PANalytical, X-ray diffractometer with
Cu-Ka radiation (A = 1.5406 A) in the range of 20 to 70
degrees. Data were recorded with the steps of 0.026°.
Electron micrographs were taken using a LEO435VP
scanning electron microscope (SEM). The room
temperature magnetization measurements up to a
maximum field of 10 kOe were carried out using VSM M.
D. K. Co. Iran. The scattering parameters in 0.3- 18 GHz
were measured using a ZVK vector network analyzer
through the method of the two port transmission/ reflection
[18].
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Fig. 1. X-ray diffraction patterns for M-type
BaFe;5«(MnCo0)g sy Tig 5019 (X=1.5, 2, 2.5) hexaferrite
powders.

The relative complex permittivity and the relative
complex permeability were calculated from S-parameters,
according to ASTM D7449 standard. The reflection loss
(RL) of a microwave absorbing layer with metal back is
calculated based on the values of relative complex

permeability and permittivity values in terms of frequency
and thickness of layer by the following formulas [19]:

Zin—Z
R. L. = —2010g10 Zin+ZZ (1)
Zin _ ’& ,2nfd
Z = e tanh ( —C \/‘Ll.rET) (2)

where Z;, is the impedance of the composite, Z, is the
intrinsic impedance of free space, d is the thickness of the
absorber layer, c is the velocity of light in free space, f is
the frequency of incident wave, W, is the relative
permeability and g is the relative permittivity of the
composite layer [20].

3. Results and discussion

Fig. 1 shows the XRD pattern of the M-type BaFei,.
«(MNC0)o5¢TigsxO19 (X=1.5, 2, 2.5) hexaferrite samples.
The pattern reveals that a single phase material was
formed which indicated a high similarity to the standard
XRD pattern of BaFe;,019 (JCPDS 007-0276) [21]. As can
be seen, all compounds were of the single phase and there
were almost no undesired phases in the patterns. So the
ferrimagnetic phase were formed for all samples.

The morphologies and the particle size of samples
were characterized by SEM. Some typical images are
shown in Figure 2. The results showed that the distribution
of particle size in various samples was wide and varied
from about 100 nm to 1 pum. As shown in images, the
particles highly tended to form aggregates. All of the
compositions were sintered and crushed in a similar way,
but obviously, average particle size decreases when the
dopant content is increased. This may be explained on the
basis that, with an increase in amount of dopants, more
intermediate phase will be created and therefore, the
formation of magnetoplumbite single phase will be
complete at a higher temperature. It was concluded that
porosity may be increased and crystallinity decreased in
high level X. Hence, these porous powders are highly
friable which facilitates easy grinding to obtain finer
particles in high level substitution [22].

Fig. 3 shows the results of BaFe;, ,(MNnCo0)gsxTio5x019
(x=1.5, 2, 2.5) hexaferrites powders VSM measurements.
The magnetic parameters are listed in Table 1. It can be
clearly seen that the value of saturation magnetization was
increased for x=2 and then decreased with increasing the
amount of doping while the values of remanence and
coercivity were continuously reduced by increasing the
concentration of the dopants.

The magnetic properties of pure barium hexaferrite
(BaM) have been variously reported because of the
relationship with the method of synthesis, particle size,
grain size, etc. Most of this research has recorded the value
at around 72 emu/gr [5,6] at room temperature. It also has
a high anisotropy constant, K;=3.3x10° erg/cm®, which
can give pure BaM a large crystalline anisotropy of 17
kOe (1352 kA/m) along the c-axis [5]. This uniaxial
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character gives pure BaM a large theoretical maximum
coercivity of 7.425 kOe (594 kA/m). A large number of
works have been done to change the magnetic parameters
of barium hexaferrite by substituting Fe®* cations with
other paramagnetic or diamagnetic cations [23]. A high
value of H; for undoped hexaferrite could be due to the
strong uniaxial anisotropy along the c-axis of M-type
hexaferrite. The reduction of coercivity for the doped
hexaferrite could be because of the change in the easy
axis of magnetization from the c-axis to the basal plane
[24]. It is known that Fe*" ions with up-spin are distributed
on the 2a,12k and 2b sites, and ions with down-spin are
located on the 4f; and 4f, sites [3]. It was found that the
occupancy of the Mn-Co-Ti ions with down-spin on the
4f, and 4f, sites led to an increase in the net magnetization,
and the occupancy of the 2a, 12k and 2b sites gave rise to
a decrease in the net magnetization. Therefore, increasing
or decreasing saturation magnetization could be due to the
different preference in site occupation of dopants by
raising the amount of (x) when it substituted Fe**ions.

The reduction in the coercivity with increasing the
amount of dopants(x) could be associated with the
decrease in the anisotropy field as clearly shown in the
following relation [7]. The measurement results are listed
in Table 1.

HC=C (Ha'NdMs) (3)

where C is a constant which depends on the nature and
degree of the alignment of the magnetic particles, and Nq
is the demagnetization factor, which depends on the shape
of the particles.

It is worth noting that the slope of this reduction is not
monotonic. It can be seen at x=2 that the slope of the H,
reduction is steeper than that at x=2.5. This observation
may be because the replacement of iron ions at the 4f; and
4f, sites has a greater influence that at thel2k site for
magneto-crystalline anisotropy [9]. The order of
anisotropy in barium ferrite for the Fe** occupied five-type
holes should be 2b>4f,>2b>4f,>12k [25]. Therefore, the
steep drop of H; with lower substitution levels could be
ascribed to the occupation of the 4f, sites by Mn-Co-Ti
dopants.

Fig 2. The SEM images of (a) x=1.5 (b) x=2 (c) x=2.5.
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Fig. 3. M-H loops of BaFe;,,(MnCo0)g s, Tig5¢019 (X=1.5, 2, 2.5) hexaferrite powders at room temperature.

Table 1. Magnetic properties of BaFe;, ,(MnCo)o 5, Tig5¢019 (X=1.5, 2, 2.5) hexaferrites powders at room temperature.

Ms (emu/gr) M, (emu/gr)  H. (Oe) FMR u'(FMR) -10 dB RL Bandwidth(GHz)
GHz C-Band  X-Band Ku-Band
70 24 370 18 0.37 - - 0.85
73 12 137 11.4 0.37 - 1.3 3
66 7 49 5.6 0.45 2.3 1.4 -
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Fig. 4. Measured spectra of (a) the real part of relative permittivity, (b) the imaginary part of relative permittivity,
(c) the real part of relative permeability and (d) the imaginary part of permeability for composite samples.
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Fig. 4 shows complex relative permittivity and
permeability spectra of the composite samples for different
amounts of dopants. The &, values were increased by
raising the amount of dopants while &. demonstrated a
slight change and weak frequency dependence within the
frequency range. The conduction mechanism in ferrite
could be attributed to the easy electron transfer between
Fe?" and Fe®" as it had an effect on the permittivity. The
permeability was related to the magnetic moments in
material. This could be explained based on Gilbert-
Wallace equation [26].

(4mtMg)?
(4nMs)Hq—(f/2.8)2+ja(4mMg)(f /2.8)

wi=1+ 4
where y; is the intrinsic permeability, M is the saturation
magnetization, H, is the magnetocrystalline anisotropy,
and f is the frequency. Based on the above relation, the
decrease in anisotropy, besides the increase in Mg, plays a
role in the increase in permeability. The ferromagnetic
resonance (FMR) can be expressed by the following
relation:

fFMR = (%)2 [(Nz - Nx)Ms + Héq ] [(Ny - Nx)Ms + H$ ] (5)

The external field is assumed to be the zero value. Also,
Ny, Ny, and N, are the demagnetization factors. M; is the
saturation magnetization. H; and H;} are the out-of plane
and in-plane anisotropy fields, respectively [27]. H and
HJ are given by:

Ko

2
Hy =3 (6)
and
36K
Ho =g )

As noted before, the anisotropy filed is dramatically
decreased by raising the amount of dopants. Consequently,
HE and Hq’} in equation (5) are decreased and then, the
FMR might be reduced. This reduction in FMR can be
clearly seen in Figure 4 (d). The relevant data for fryr and
Wevr are listed in Table 1. It is clearly seen that a peak for
each composition at the beginning of the n” spectra can be
attributed to magnetic domain wall resonance.

The optimal RL curves have been drawn for all three
samples in Figure 5. These curves were calculated could
find the optimal thickness for each material by receiving [,
and Y, complex coefficients in different frequency bands
based on the maximum bandwidth and some RL intensity
less than -10dB. Fig. 5 (a) shows that the sample with
x=2.5 (4.5 mm thickness) presents efficient absorption
with less than -10dB and 2.3 GHz bandwidth at C band
frequency. As shown in Figure 5 (b), the samples with x=2
(3.2 mm thickness) and x=2.5 (4.1 mm thickness)
represented the microwave absorption less than -10 dB and
the bandwidth of 1.3 GHz and 1.4 GHz at X band
frequency, respectively. Also, for sample with x=2 (2.6
mm thickness), the bandwidth of reflection loss with less
than -10 dB was 3 GHz at Ku frequency. Therefore, the
results demonstrated that BaFe;,4(MNC0)gsxTiosxO19

(x=1.5, 2, 2.5) composite materials could be applied as a
microwave absorbing or shielding materials at different
frequency bands.
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Fig. 5. Optimal RL plots of samples x=1.5, 2, and 2.5 in
different frequency bands, (a) C band, (b) X band, and
(e) Ku band
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4., Conclusion

Single phase BaFe;,,(MnC0)gsxTigsx019 (X=1.5, 2,
2.5) hexaferrites were prepared via the conventional
ceramic method with the particle size of about 100 nmto 1
um. The static magnetic characteristics of the substituted
ferrites are presented. The saturation magnetization was
increased for x=2 and then decreased with increasing the
amount of doping while the values of remanence and
coercivity were continuously reduced by increasing the
concentration of the dopants. The complex permittivity
and permeability were found to be controlled by tailoring
the amount of the dopants. It can be therefore concluded
that these compositions provide the microwave absorption
in C, X and Ku-band frequencies. Reflection losses less
than —10 dB were observed for all compositions in
wideband frequency ranges.
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