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Abstract

The present paper deals with the study of microwave absorption properties of cobalt- and indium-doped M-type bar-
ium-strontium (Ba, 5Sr, sCo,In Fe,,_, O,9) hexagonal ferrites. The standard ceramic method is used to synthesize
Ba 551, sCo,In Fe,_, O, hexagonal ferrite of varying compositions (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) sintered at 1100°C for
pellet formation. The electromagnetic parameters are measured using a vector network analyser in the microwave frequency
range (X band, 8—12 GHz). Effects of composition thickness and input impedance with respect to matching frequency are
studied. The presence of several reflection loss (RL) peaks at different frequencies is ruled by the impedance mechanisms and/
or quarter wavelength mechanism. It is interesting to note that ferrite with x = 0.4 exhibits both mechanisms, and possesses
a maximum RL peak of — 32.15 dB at a thickness of 1.6 mm. The other compositions, x = 0.6, 0.8, 1.0, have an absorption
bandwidth of — 4.2 GHz spanning over the range 8.2 GHz to 12.4 GHz with — 10 dB wideband absorption. Further, ferrite
with x = 0.4 shows an absorption band within 11.22-11.98 GHz with an absorption bandwidth of 0.76 GHz. This narrow
band has an absorption strength of — 20 dB when the thickness # = 1.7 mm. In conclusion, absorption bandwidth, and hence
microwave absorption, can be tuned by changing the thickness and composition of doped barium-strontium hexagonal fer-
rites, which can be used for various applications such as shielding, attenuation and fabrication of electromagnetic induction-
based flexible absorbing sheets.
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Introduction

Nowadays, microwave absorbing materials are widely used
in numerous applications, such as electromagnetic inter-
ference (EMI), electromagnetic compatibility (EMC) in
commercial electronics and radar cross-section reduction
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54 A. Dhyani distinct property of absorption of EM waves by the mate-
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on the number of constraints, such as frequency response,
impedance matching of absorbing material with free space,
dielectric losses, magnetic losses and flexibility of the mate-
rial over different series of frequencies. Arora et al.” studied
the influence of La-Na doping on cobalt-titanium substi-
tuted barium hexaferrite for X-band microwave absorption.
Ghasemi et al.? used doping of Mn, Co, and Zr in strontium
ferrite and observed good reflection losses that are attained
at a thickness of 1.6 mm by changing the substituted value
of elements in strontium ferrite. Bierlich et al.* reported
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single-phase M-type hexagonal ferrite BaCo,Ti Fe;,_, O,.
Their results show that coercivity and saturation magneti-
zation decrease at room temperature with a decrease in
substitution. Furthermore, they also reported an increase
in permeability with Co/Ti substitution. Recently, Hussain
et al.” studied Zn,_,Co,Gd,Fe, O, spinel ferrites to show
a decrease in the lattice constant with an increase of Co and
Gd content. In their study, they also observed an increase
in remanence, coercivity and saturation magnetization. The
complex permeability also increased with Co and Gd con-
centration although complex permittivity decreased. Jafarian
et al.® reported a microwave absorber based on an amalga-
mation of hollow microspheres of iron carbonyl and poly-
aniline with mutli-walled carbon nanotubes (MWCNTS).
Interestingly, they detected a major reflection loss of — 25.5
dB at 11 GHz with a bandwidth of 3.6 GHz and matching
thickness of 2.0 mm. Pubbyet et al.” synthesized an M-type
strontium hexaferrite to study the Co-Zr doping effect on
the dielectric constant and loss tangent in a frequency range
of 20 Hz to 120 MHz. Salman et al.® determined the opti-
mum mole ratio for Fe/Ba in Ba-hexaferrite synthesized via
mechanical activation. The absorption was reported in the
X-band by using doping of Zr**, Sn**, Ti**. High satura-
tion magnetization (49.80 emu/g) and a minimum reflec-
tion loss of — 29 dB at 12.2 GHz bandwidth are observed.
Poorbafrani et al.’ synthesized Co, ¢Zn, 4Fe,0, paraffin
nanocomposites to find a resolution to the problem of the
outdated spinal ferrite used as a microwave absorber. Their
results show an improvement in saturation magnetization
and coercivity with an increased reflection loss (23.6 dB)
at 7.0 GHz. However, similar studies on various materials
have shown different responses on microwave absorption.
For example, thickness is inversely correlated to magnetic
permeability, as reported in the references.!®"'? The barium
hexaferrites (M-type or BaM hexaferrite), discovered more
than six decades ago, have a wide range of technological
and industrial applications.'>~!> Here, only a few suggested
references are mentioned to highlight the progress in micro-
wave absorption properties in doped hexaferrites.'%" In this
work, we have reported microwave absorption of Co-In sub-
stituted Ba-Sr M-type ferrites with chemical composition
Ba, sSr, sCo, In,Fe,,_, 0,9 as a function of thickness and
frequency. We have also discussed qualitatively the funda-
mental mechanisms behind the absorption.

Experimental Procedure

M-type hexagonal ferrites of composition
Ba 5Sry sCo InFe,_, 09 (x = 0.0, 0.2, 0.4, 0.6, 0.8,
1.0) are synthesized using the two-route standard ceramic
method.?! For sample preparation, high purity reagents such
as barium carbonate (BaCOs), strontium carbonate (SrCO;),

cobalt carbonate (CoCOj3), indium oxide (In,05) and ferric
oxide (Fe,0;) (from Sigma-Aldrich, 99.98% pure) are used.
After the reactants have been weighed out in the requisite
amounts, they are mixed collectively. The compounds are
mixed in stoichiometric ratios to synthesize the ferrite series.
An agate pestle and mortar (Model No SE-163) is used to
crush the compound for 8 h using distilled water. After dry-
ing, pre-sintering is done at 1000°C for 10 h with slow heat-
ing and cooling rates of a proportional-integral-derivativ
(PID) controller-based automatic electric furnace (Model No
SE-130), set at +/— 5°C/min. The mixtures are then again
ground to extremely fine powder under the identical situ-
ation. The sieving of sintered powders is carried out with
sieves of B.S.S. mesh size 240. After that, polyvinyl alcohol
is used as binder and aids homogenization in the filtered
powder. The mixture is transformed into pellets using a
hydraulic press under uniaxial pressure of 75 KN/m?. Vari-
ous pellets of size (10.16 mm X 22.86 mm) of varying thick-
ness from 1.0 mm to 3.0 mm are sintered at 1100°C for
final sintering for 15 h to analyse the modified microwave
absorption properties of above samples sintered at 1150°C
in our earlier work.”> An electric furnace and the vector net-
work analyzer (Agilent model N5225A) are used to measure
microwave parameters associated with complex permittivity/
permeability at the 8.2—12.4 GHz frequency range.

Results and Discussion
Electric and Magnetic Properties

To understand the absorption mechanism in
Ba, 551, sCo In,Fe,,_, 0,4, we have calculated electromag-
netic parameters with varying frequencies. The parameters &’
and u'represent the real part of the permittivity and perme-
ability, respectively, signifying the storage of energy,®>*2*
while €” and u" represent the imaginary parts of permit-
tivity and permeability, respectively, signifying the inner
dissipation ability for an incident electromagnetic wave.
Figure 1 shows variation of ¢’ with doping concentration (x)
and remains approximately constant after 10 GHz. How-
ever, frequency-dependent " shows an increasing trend with
increasing frequency initially and shows a decreasing trend
relatively in a non-linear manner from 9.5 GHz to12.5 GHz.

The variation of permeability parameters (u' and p")
with frequency is also shown in Fig. 1. The p' curve dis-
plays a large dispersion for x = 0.6, 0.8 and 1.0 for the
studied frequency regime. However, undoped samples
show non-linear variation. It is clearly evident from the
figure that the doping causes a large decrease in u' with
respect to the undoped sample (x = 0.0). Further, the figure
shows no significant change in p' with frequency for the
samples with x = 0.2 and 0.4. The parameter ;" decreases
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Fig. 1 Variation of electromagnetic parameters (¢', €”, u' and p") with frequency in doped M-type hexagonal ferrite Ba, sSr, sCo In Fe;,_,, O

(© [2018] IEEE. Reprinted with permission, from Ref.23).

with an increase in frequency. It increases with doping
from x = 0.2 to 0.6 and decreases thereafter with further
doping.

Quarter Wavelength Mechanism

The quarter wavelength mechanism proves that when the
thickness of ferrite material is equal to odd integer multiples
of the wavelength (nA/4, where n =1, 3, 5....) of the micro-
wave signal, the material will absorb or attenuate the signal
when passing through the material.>>*® Mathematically, this
can be written as:

n.c
m
4,7/ lm,e | W

where ¢ = velocity of light, #,, = matching thickness, f,, =
matching thickness, y, = complex permeability and €,
complex permittivity.

Rendering to transmission line theory, the reflection loss
(RL) is related to the normalized input impedance (Z;,),
which can be expressed as
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The impedance matching condition is given by Z; = Z,
to present perfect absorbing properties, where Z;, = input
impedance of the metal back absorber and Z5 = 377 Q
is the characteristic impedance. These are correlated as
below:

211
Zy = ZO\/%tanh [](Tﬁ> (urer)] 3)

The microwave absorption properties are investigated
for various In substituted ferrites (indium ion strength,
x=0.0,0.2,0.4, 0.6, 0.8 and 1.0) by plotting the reflection
loss against frequency for simulated thickness. In Fig. 2, RL
peaks are shown for x = 0.0 indium strength. It is observed
that the maximum RL peak at thickness 1.9 mm, 2.0 mm,
2.1 mm is 9.54 GHz. The RL peak for 2.2 mm and 2.3 mm
is 9.62 GHz. At thickness 2.4 mm, 2.5 mm, 2.6 mm, the RL
peak is 9.71 GHz. In Fig. 2 it is also observed that RL peaks
vary from — 10 dB to — 23.61 dB (for x = 0.0 composition)
with more peaks in the lower frequency regime.
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Fig.2 Reflection loss (RL) versus frequency for simulated (thim) and
calculated thickness (¢,,°") in composition x = 0.0.
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Fig. 3 Reflection loss (RL) versus frequency for simulated (z,*™) and
calculated thickness (#,,°") in composition x = 0.2.

For the composition x = 0.2, RL peaks are observed at
frequencies 8.4 GHz, 9.2 GHz, 9.3 GHz,10.04 GHz, 10.72
GHz and 11.14 GHz at a varying thickness of 2.2 mm, 2.0
mm, 2.1 mm, 1.9 mm, 1.8 mm, 1.7 mm, respectively, as
shown in Fig. 3. These RL peaks are also observed as per
quarter wavelength mechanism except at 2.1-mm thickness.
For this particular case, the observed RL peak of — 21.35
dB appears at 9.37 GHz. For the composition of x = 0.4, the
maximum RL is — 32.15 dB with a thickness of 1.6 mm. As
frequency increases, thickness decreases which is presum-
ably due to the quarter wavelength mechanism. Three RL
peaks greater than — 20 dB are observed at 12.4 GHz, 11.64
GHz and 10.97 GHz against the simulated thickness of ¢
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Fig.4 Reflection loss (RL) versus frequency for simulated (¢, ™) and
calculated thickness (tmc"‘l) in composition x = 0.6.
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Fig.5 Reflection loss (RL) versus frequency for simulated (thim) and
calculated thickness (¢,,°") in composition x = 0.6.

= 1.6 mm, 1.7 mm, 1.8 mm as shown in Fig. 4. There are
no specified peaks for compositions x = 0.6, 0.8 and 1.0 as
shown in Figs. 5, 6, 7.

The calculated thickness (tmcal) and simulated thickness
(thim) are evaluated to verify the quarter wavelength mecha-
nism as per the equations given above. ¢, is also plot-
ted against the frequency for individual composition. For
the composition of x = 0.0, Fig. 2 shows RL behaviour and
variations of ¢ for different frequencies. To observe the
close relationship between both thicknesses, i.e. simulated
thickness and calculated thickness, we dropped the different
colored lines from the RL peaks, which occurs in Fig. 2 to
the response curve of calculated thickness and frequencies.
Lower points of dropped lines are the simulated thicknesses
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Fig. 7 Reflection loss (RL) versus frequency for simulated (tms““) and
calculated thickness (tmc"‘l) in composition x = 1.0.

which are very close to the calculated thickness values. For
x = 0.0, an RL value of —23.61 dB occurs at frequency 9.62
GHz and a simulated thickness of 2.2 mm approximately
matched their calculated thickness (2.156 mm) values and
confirms the quarter wavelength mechanism. Calculated
thickness was plotted against frequency for the quarter wave-
length, i.e. for n = 1 as per Eq. 1.

Almost similar behavior was also observed for composi-
tion x = 0.2. In this case, RL of — 22.33 dB is observed
at frequency 8.4 GHz and the simulated thickness of 2.2
mm exactly matches the calculated thickness value. At a
frequency of 9.37 GHz, the RL of —21.35dB atf =2.1 mm
also shows a very close relationship between the simulated

@ Springer

Figure 8 shows the various curves for RL and |Z;, | with vari-
ous values of frequency for materials with different Co and
In compositions (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) along
with varying thickness values. As per Eq. 2, Reflection
loss should be maximum or move towards infinity as Z;,
approaches Z (377 Q), i.e. characteristic impedance. For a
better view, a line parallel to the x-axis is drawn at 377 Q;
if Z;, touches this line or is close to it, at this frequency RL
should be maximum. This is referred to as impedance match-
ing phenomenon. To analyse this relationship, we have plot-
ted RL and Z,, with different values of frequency as shown
in the figures.

Firstly, the graphs are plotted for composition x = 0.0
(Fig. 8) for different thickness values of # = 2.2 mm and 2.3
mm as these compositions have RL greater than — 20 dB
which is very useful for the purpose of different microwave
applications. Now we analyse the impedance matching crite-
rion from the plotted graphs. It is observed that at lower RL
values, Z, is quite far away from Z (377 Q), hence imped-
ance matching is absent for the composition of x = 0.0. Simi-
lar behaviour is noticed for composition x = 0.2 at various
thickness values of ¢ = 2.0 and 2.1 mm as shown in Fig. 9.
Quite good RL is observed for x = 0.4 composition for 1.6
mm thickness (Fig. 10). For this, when Z; is very close to
377 Q, i.e. Z,, RL peak is present and it is qulte close to Z,
(395 Q).

For the compositions of x = 0.6, 0.8, 1.0 with thickness ¢
=2.0, 1.9 and 2.0, RL peaks (Figs. 11, 12, 13) are observed
with Z; away from Z_ (377 Q) depicting that impedance
matching is not satisfied with these concentrations.

This anomaly is associated with |Z | | as per Eq. 2, Z
is a complex valued number, i.e. (a + jb), where a is real
and b is imaginary. So Z;, can be written as Z.,; + j Ziy,.
As discussed above, RL will be infinite as per Eq. 1 if
|Z,| = Z, = 377 Q, which means Z_,, should be equal to
377 Q and Z;,,, should be zero. 21729 On the other hand, if
Z,e, moves away from 377 Q and Z;,, acquires positive or
negative values other than zero, RL should acquire a finite
value. Table I describes the analytical values for different
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Fig. 12 Dependence of RL on Z;, and frequency for composition x = 0.8 at thickness 1.9 mm.

cases as discussed above. It clarifies the values of RL peaks
(>— 10dB and > — 20dB) at their respective matching fre-
quencies for different compositions, x = 0.0, 0.2, 0.4, 0.6,
0.8 and 1.0, at different thickness values. Further, frequency
bands and bandwidths in the respective cases are also tabu-
lated for easy guidance.

To confirm and examine the occurrence of reflection loss
peaks in the absence of impedance matching, the figures of

@ Springer

Z,eq and Z;,, are also plotted against matching frequency.
This indicates Z,,, and Z;,,, values conform to the extreme
reflection loss peaks for diverse compositions of x = 0.0, 0.2,
0.4, 0.6, 0.8 and 1.0 at variable thickness values. The high-
est RLis —32.15dB in x = 0.4 with Z, as 395 Q and Z;,,,
as 4.25 Q at thickness ¢t = 1.6 mm. For other compositions,
x=0.0,0.6,0.8 and 1.0, Z,,, diverges from 377 Q and Z;,

from zero with more margin. Therefore, Z,,; and Z;,,, values
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Fig. 13 Dependence of RL on Z,, and frequency for composition x = 1.0 at thickness 2.0 mm.

Table | Matching thickness, matching frequency, frequency band and bandwidth for RL > — 10 dB and — 20 dB in Ba, ;Sr, sCo In Fe, , 0

(x=0.0,0.2,0.4, 0.6, 0.8 and 1.0) hexagonal ferrites

X Max. RL (dB) Matching Matching Frequency band — 10 dB Absorption Frequency band — 20 dB Absorp-
thickness frequency (GHz) for RL > — 10 bandwidth (GHz) (GHz) for RL > — 20 tion bandwidth
(mm) (GHz) dB dB (GHz)
0.0 -23.61 2.2 9.62 8.62-9.04 0.42 9.54-9.62 0.08
9.37-9.96 0.59
—20.94 2.3 9.62 8.62-9.04 0.42 9.62-9.71 0.09
9.37-9.96 0.59
-17.82 2.1 9.54 8.70-8.95 0.25 - -
9.37-9.88 0.51 - -

02 —19.23 2.0 9.29 8.2-10.46 2.26 - -
—21.35 2.1 9.37 8.2-10.13 1.93 8.95-9.37 0.42
—22.33 2.2 8.4 8.2-9.71 1.51 8.2-8.7 0.5

04 -32.15 1.6 124 10.38-12.4 2.02 11.89-12.4 0.51
-27.67 1.7 11.64 9.71-12.4 2.69 11.22-11.98 0.76
—20.86 1.8 10.97 8.6-12.31 3.71 10.88-11.05 0.17

0.6 —13.31 1.8 9.37 8.2-124 4.2 - -
—14.35 1.9 8.2 8.2-124 4.2 - -
—14.90 2.0 8.2 8.2-11.89 3.69 - -

0.8 —12.37 1.9 9.04 8.2-124 4.2 - -
—13.10 2.0 8.28 8.2-11.56 3.36 - -
—13.56 2.1 8.2 8.2-10.72 2.52 - -

1.0 —-16.04 1.8 10.38 8.2-124 4.2 - -

- 16.87 1.9 9.54 8.2-12.3 4.1 - -
-17.09 2.0 9.04 8.2-11.30 3.1 - -
inx=0.0, 0.6, 0.8, 1.0 are suggestive of less involvement of Conclusions

the impedance mechanism.

As discussed, the quarter wavelength criterion also occurs
in x = 0.0, 0.2 and 0.4 for extreme RL peaks at the similar
thickness and matching frequencies. Therefore, both the
quarter wavelength mechanism and an impedance mecha-
nism are satisfied with the composition x = 0.4. The sub-
stitution of indium ions widens absorption followed by RL
of — 32.15 dB in x = 0.4 and shifts the RL peaks to low
frequencies.

We conclude that microwave absorption can be enhanced
by Co-In doping in M-plane ferrites that depends on sin-
tering temperature. Optimum concentration (x = 0.4) satis-
fies both mechanisms, quarter wavelength and impedance
matching, giving maximum RL peaks with an absorp-
tion of ~ — 32.15 dB. It is observed that the composi-
tions x = 0.2 and 0.4 have more contribution to quarter

@ Springer
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wavelength. Absorption is suppressed for other composi-
tions, such as x = 0.6, 0.8 and 1.0, showing an absorption
of ~ — 10 dB. Wideband absorption is achieved at 4.2 GHz
with absorption bandwidths of 8.2 GHz to 12.4 GHz at 1.8
mm and 1.9 mm. Also, there exists narrowband absorption
(0.76 GHz) with bandwidths from 11.22 GHz to 11.98
GHz with absorption strength of ~ — 20 dB for x = 0.4 and
t = 1.7 mm. Our studies show tunable microwave absorp-
tion characteristics in indium-doped M-plane hexagonal
ferrites by simply varying thickness of the material layer
and wide range of dopant concentration.

Conflict of interest The authors declare that they have no conflict of
interest.
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