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Complex permittivity, permeability and microwave absorbing
properties of Co-Ti substituted strontium hexaferrite
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M-type strontium ferrite with compositions SrFe(j;_5,)CoxTixO19 (x = 0.0, 0.3, 0.5, 0.7, 1.0), were prepared by two
route ceramic method. The effects of Co-Ti substitution on their microstructure, electromagnetic properties, and microwave
absorptive behavior were analyzed. The complex permittivity (¢'-je”’) and complex permeability (u'-ju”) have been measured
from 8.2 to 12.4 GHz using a network analyzer. Scanning electron microscope was used to analyze the grain size distribution
and porosity of the ferrite. X-ray diffraction confirmed the M-type structure of the doped strontium ferrite. Vibrating sample
magnetometer was used to study hysteresis loop of the ferrite. This study suggests that the control of grain size, decrease
in coercivity and enhanced values of dielectric constant and loss are effective means to improve microwave absorption. The
dielectric constant and loss were enhanced in comparison to the permeability constant and loss over the entire frequency range.
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1. Introduction

The rapid development of gigahertz (GHz)
frequency telecommunications and electronically
controlled systems has resulted in a growing trend
in research of materials that can be used as electro-
magnetic absorbers. Electromagnetic interference
(EMI) can cause electronic device malfunctions,
generate glitches and reduce the performance of
the system. Strontium and barium hexagonal fer-
rites are the most important ceramic materials that
have been used extensively as microwave absorbers
to reduce EMI and an electromagnetic compati-
bility (EMC) problem. In this field, many efforts
have been reported on M-type hexagonal ferrites
for their use as electromagnetic materials [1-5].

Electric and magnetic energy storage capabil-
ities of a material are represented by real parts
of complex permittivity (¢') and permeability (u').
The imaginary parts (¢”, u”) represent the loss
of electric and magnetic energy. Two fundamen-
tal conditions must be satisfied for a good reflect-
ing absorber material: the first is that the incident
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wave could enter the absorber to the greatest extent,
and the second is that the electromagnetic wave en-
tering into the materials could be entirely attenu-
ated [0, 7].

Here, we have reported the detailed analysis
of electromagnetic properties and microwave ab-
sorption of the hexaferrites, SrFe(j5_5,)CoxTixO19
(where x = 0.0, 0.3, 0.5, 0.7, 1.0), and tried to
illustrate the effect of the Co-Ti substitution for
Fe’* on these properties. The synthesized hexafer-
rites were characterized by X-ray powder diffrac-
tion (XRD), scanning electron microscope (SEM),
vibrating sample magnetometer (VSM) and vector
network analyzer (VNA).

2. Experimental

M-type hexagonal ferrites with compositions
StFe(15_24)CoxTixO19 (x = 0.0, 0.3, 0.5, 0.7, 1.0),
were synthesized by the conventional ceramic pro-
cessing method. The detailed procedure of the syn-
thesis has been published in our previous paper [8].
The pellets were sintered in air at a temperature
of 1300 °C for 12 hours in an electric furnace.
Then the pellets were shaped to fit exactly into a
10.16 x 22.86 mm? rectangular X-band waveguide
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(WR-90). The complex scattering parameters that
correspond to the reflection (Sy; or Sy;) and trans-
mission (Sp; or Sp») were measured using a vec-
tor network analyzer (Agilent N5225A PNA se-
ries). Full two-port calibration was initially done
on the test setup in order to remove errors due
to source/load match, isolation etc. The complex
permittivity (¢/-j¢”’) and permeability (u'-ju”) were
then determined from the measured scattering pa-
rameters using Agilent software module 85071 in
the frequency range of 8.2 to 12.4 GHz at room
temperature. From these electromagnetic parame-
ters, the reflection loss (RL) was calculated and
microwave absorbing properties were determined.
Magnetic measurements were performed by using
a vibrating sample magnetometer (Microsense) and
magnetization measurements were carried out in
an external field up to 17 kOe at room tempera-
ture. The phase structure was characterized using
X-ray diffraction (D8 Bruker) with CuK« radiation
(A = 1.54 A) and microstructure was studied with
SEM instrument (Zeiss-Supra 55).

3. Results and discussion

The frequency dependence of &', ¢”, W and
y”, for Co-Ti doped strontium ferrite at x = 0.0,
0.3, 0.5, 0.7, 1.0 are shown in Fig. 1. It is clearly
visible in Fig. la that dielectric constant (¢') of
all the samples have increased with substitution
as compared to x = 0.0 except the sample with
the composition x = 0.7. The variation of di-
electric constant with frequency reveals the dis-
persion of Maxwell-Wagner-type [9—12]. Accord-
ing to Koop’s theory which is in agreement with
Maxwell-Wagner’s model, the dielectric materials
with non-homogenous structure can be imagined to
contain well-conducting grains separated by poor
conducting grain boundaries. The grain boundaries
of lower conductivity were found to be effective at
lower frequencies, while ferrite grain boundaries of
high conductivity are effective at higher frequen-
cies [13]. With an increase in substitution of Co—Ti
ions in strontium ferrite more Fe>* ions transform
to Fe?* ions. The Fe?* ions result in the polariza-
tion on the sample surface, causing the increase of
dielectric constant (¢') [14].

From Fig. 1b, it is seen that ¢” also exhibits
a higher value with substitution as compared to
x = 0.0 the sample for all the samples except
x = 0.7 which exhibits a decrease in ¢” at the fre-
quencies lower than 9.8 GHz. The decrease in val-
ues of ¢/ and €” at x = 0.7 sample is attributed to the
decrease of eddy-current loss which is connected
with high resistivity of the ferrite. It is known that
lattice distortion occurs with an excess of substitu-
tion content, which results in an increase of elec-
tron scattering and resistivity of ferrite [15].

Low p' and y” are observed in all the samples
in comparison to ¢’ and ¢”, along entire frequency
range. It is clearly visible in Fig. 1d that imaginary
parts of permeability (u”) have decreased with sub-
stitution for all the samples as compared to x = 0.0.
In Fig. 1c and Fig. 1d, a resonance peak is ob-
served for x = 0.7 sample in the real and imag-
inary part of permeability with maximum values
of 1.758 at 11.81 GHz and 0.4368 at 11.89 GHz,
respectively. The hysteresis loops of the as syn-
thesized strontium ferrites are shown in Fig. 2. In
M-type hexagonal ferrite, Fe3* ions occupy seven
octahedral sites 12k and 2a, trigonal sites 2b with
spins in one direction, two octahedral sites 4fI
and two tetrahedral sites 4fII with spins in oppo-
site direction [16]. Magnetization increases with
substitution of Co-Ti ions at x = 0.3, 0.5, 0.7,
1.0 in comparison with x = 0.0 (45.36 emu/gm)
sample. Magnetization increases by 30.7 % from
x = 0.0 to x = 0.5 sample. This can be ascribed
to replacement of Fe** ions in spin down state by
Co-Ti. Reduction of magnetization by 35.4 % oc-
curs from x = 0.5 to x = 0.7 (Fig. 3). This can
be ascribed to the magnetic moments of both ions
which are not able to cancel out with spin down
moments of Fe’" ions (5 ug) owing to the weak
magnetic nature of Co?* jons (3 ug) and Ti** ions
(O pp) [17].

Overall coercivity (Hc) decreases with an in-
crease in substitution in strontium ferrite from
x = 0.1 to x = 1.0. Fast reduction by 65 % of Hc oc-
curs from the sample x = 0.0 (3037 Oe) tox = 0.5
(1054 Oe) and by 72.4 % from x = 0.0to x = 1.0
(837 Oe). Coercivity also decreased by 85 % in
Ba-Sr—Co—Zr ferrite [18]. In general, the result
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Fig. 1. (a) ¢/, (b) ¢”, (c) W, and (d) p” variations with frequency in Sr(CoTi)xFe(15 25 O19.
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Fig. 2. Magnetization versus applied field for Sr
(CoTi)xFe(12 —2x)O19.
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Fig. 3. Coercivity (Hc) and magnetization (M) for the
data taken from M-H curves in Fig. 2.
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shows that substitution leads to a decrease in
Hc through the reduction of magnetocrystalline
anisotropy in strontium ferrite. It is observed that
the x = 0.0 sample possesses the largest coer-
cive force and the largest hysteresis loop area. On
the other hand, Co-Ti substitution led to a rapid
decrease in Hc. The hard pure ferrite becomes
the softer the more Fe3* ions are substituted by
Co-Ti ions. The result is attributed to the reduction
in the crystal anisotropy field, due to the change in
the easy-axis of magnetization from c-axis to basal
plane [19]. The moderately low Hc indicates that
the sample is a soft magnetic material and the do-
main wall motion is the dominant magnetization
mechanism. It should be noted that the reduction
in coercive force is authenticated by the fact that it
is inversely related to grain size [20].

Fig. 4a shows the variation of reflection loss vs.
frequency observed in Co-Ti doped strontium fer-
rite at x = 0.7 with a decrease in thickness from
5.0 to 2.2 mm. The bandwidth of pure hexaferrite
is too small to be used as a microwave absorber
material [21]. Here, —10 dB absorbing bandwidth
means that the 90 % of reflection loss is achieved
and —20 dB means that the frequency bandwidth
can achieve 99 % of reflection loss. The mini-
mum absorber thickness and the frequency in the
matching situation were defined as matching thick-
ness and matching frequency, respectively [22]. It
is clearly visible in Fig. 4a that with a decrease in
thickness from 5.5 mm to 2.2 mm, reflection loss
peaks are shifted to higher frequency range. This
can be explained on the basis of magnetic and di-
electric parameters (Fig. 1b and 1d) for the com-
position x = 0.7, where the peaks are shifted to
higher frequency side with a decrease in thickness.
This is also in agreement with the published paper,
where the peak of absorption was shifted towards
higher frequency when the sample thickness was
reduced [23].

Fig. 4b shows the variation of reflection loss
vs. frequency observed in Co-Ti doped strontium
ferrite at x = 0.0, 0.3, 0.5, 0.7, 1.0 at fixed thick-
ness of 2.6 mm and also at x = 0.3, 0.5, 0.7 at
5.0 mm. The samples with x = 0.0, 0.3, 0.5, 0.7
at the fixed thickness of 2.6 mm shows minimum
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Fig. 4. Reflection loss Versus
for (a) Sr(CoTi)g7Fe;0.6019
Sr(COTi)xFC(]zfzx)Olg.

frequency
and (b)

reflection loss lower than —10 dB and does not
qualify as a microwave absorber in X-band. Ac-
cording to equation 1 and SEM micrographs, the
samples prepared with Co-Ti substitution in this
experiment are multi-domain in nature. In case of
multi domain particles, there are two peaks in their
reflection loss curve versus frequency. The first
peak is due to the domain wall motion at lower
frequency and the second peak is due to the spin
resonance at higher frequency, respectively [24].
As shown in Fig. 4b, minimum RL of —13 dB
(90 % absorption) at 8.53 GHz for the sample with
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Fig. 5. SEM micrographs of ferrite samples: (a) StFe(209, (b) Sr(CoTi)g3Fe 14019, (c) Sr(CoTi)gsFe1019, (d)

Sr(COTi)0.7F610.6019, (e) Sr(CoTi)l,OFewOlg .

x = 0.7 with matching thickness of 5.0 mm and an-
other peak with minimum RL equal to —18.77 dB
at 9.71 GHz with absorption bandwidth of 0.8
GHz (—10 dB) are observed. The minimum RL
of —15.73 dB at matching frequency of 9.2 GHz
with absorption bandwidth 1.02 GHz for match-
ing thickness 5 mm for x = 0.5 sample and an-
other peak with minimum RL equal to —12.4 dB at
10.55 GHz have been achieved. The highest min-
imum RL, i.e. —21.3 dB at matching frequency
12.36 GHz for the thickness of 2.6 mm has been
achieved for x = 1.0 sample. It is known that M-
type hexagonal ferrites have high resonance fre-
quency that can be shifted to lower frequency by
substitution of Mn—Co—Zr [25]. Finally, it should
be noticed that the main absorption mechanism in
our samples is due to the dielectric properties.

SEM images (Fig. 5) show hexagonal platelet-
like grains of different sizes for the sample x = 0.3.

Fig. 6. Indexed X-ray diffraction patterns of strontium
ferrites.

The agglomeration of grains takes place with fur-
ther increase in substitution of Co-Ti ions. In
addition, grain boundaries are affected. Average
grain size lies in the range of 2 to 3 pm for
all the samples. These micrographs also indi-
cate a negligible intergranular porosity which is



24 SUKHLEEN BINDRA NARANG et al.

the basic requirement for superior quality of ferrite
materials. The decrease in calculated porosity
matches with observed porosity as revealed in
SEM. Domain walls exist when the grain size in the
sintered ferrite and the particle size of the magnetic
powder becomes larger than critical grain size:

Dc = 18uy0,,/Ms® (1)
where 0y, is domain wall energy and Ms is satura-
tion magnetization for the given sample [26].

The prepared in this experiment higher substitu-
tion ferrites are multi-domain and there is magnetic
loss due to the displacement of domain walls.

X-ray diffraction patterns for samples x = 0.3,
0.5, 0.7 and 1.0 are shown in Fig. 6. The change
in relative intensities may be related to the oc-
cupation of crystallographic sites by Co-Ti sub-
stitutional ions. In the doped ferrite samples, the
dopants of Co-Ti seem to be rearranged in the
hexagonal structure to fulfill the formation of a sin-
gle hexagonal phase as the main phase (JCPDS
Card No. 84-1531). However, some unknown sec-
ondary phases appear in X-ray diffraction pattern
for the sample x = 1.0 (Fig. 6).

4. Conclusions

1. This investigation on Co-Ti substituted
strontium ferrites confirms that microwave atten-
uation is possible by increasing dielectric losses
through choosing an appropriate sintering tempera-
ture and substitution, while in previous reports
magnetic properties were enhanced to achieve mi-
crowave attenuation.

2. Microwave absorbers for applications over
8.5 GHz, with satisfactory reflection loss, could
be obtained by controlling the levels of substituted
Co-Ti elements in strontium ferrite.

3. Compositions with x = 0.5 and x = (.7 are
the suitable candidates as microwave absorbers to
achieve 90 % microwave attenuation. The absorp-
tion in tunable.
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