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ABSTRACT

The typical ceramic method was used to synthesize the composition of M-type
hexagonal ferrite BagsSrgsCoyLa,Fejs2019 by substituting Co** and La’*-
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3 January 2021 doping ions (0.0 < x < 1.0 with steps of x = 0.2). The phase-related information
of composition was examined by X-ray diffraction (XRD). The microwave
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and frequency from (8.2-12.4) GHz by using standard testing instrument.
Mechanisms of impedance matching along with quarter wavelength matching
have been used for calculation of microwave absorption of composed material.
Enhanced microwave absorption of 97% was obtained with x = 0.2 at frequency
of 10.75 GHz and thickness 1.9 mm. Also, absorption bandwidth of 0.07 GHz
(= 10dB < RL < — 20 dB) and 0.2 GHz (RL > — 20 dB) was observed.
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width of printed circuit board (PCB) copper paths is
approximately equal to a quarter wavelength (1/4) of

1 Introduction

Today, due to the enormous growth of wireless
technology, concerned high-speed devices working at
microwave frequency region have created electro-
magnetic pollution which further caused electro-
magnetic interference (EMI). It renders the faulty
operation of electronic devices. The high-speed
devices working at GHz frequency range generate
harmonics which increases bit error rate (BER) in the
received content by the receiver side. Moreover, if the
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the applied high-frequency signal, then these paths
act like an antenna which generates false radiation
mentioned as EMI. There are some microwave
absorbing materials that can be used to control/at-
tenuate EMI radiation from RADAR, military, satel-
lite, and other high-frequency wireless devices [1-4].

Due to the best magnetic properties, ferrites can
provide better results in microwave absorption as
compared to standard dielectric substrates. M-type
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hexagonal ferrites are ferromagnetic materials whose
electrical and magnetic properties can be varied with
doping of external materials which offer required
resistance to EMI interference at the high-frequency
range. They drop the undesirable eddy currents with
their extreme resistivity in the microwave frequency
range [5-8]. Many researchers have informed the
microwave absorption features in various materials.
Mortazavinik and yousefi [9] suggested synthesizing
of strontium hexaferrite with doping of Co**, Zr*",
and Zr** and obtained — 20 dB reflection loss with
90% EMI absorption. Singh et al. [10] examined
properties of barium hexaferrite and analyzed the
static and dynamic properties of the same. Singh et al.
[11] prepared M-type barium strontium hexaferrite
with substitution of Co®* and Sn** ions and found an
increase in magnetic loss, thus suitable for micro-
wave absorption. Further, Bhatia et al. [12] proposed
that microwave absorption got improved by adding
indium in Ba-Sr M-type hexagonal ferrite. The
dielectric properties were found superior to magnetic
properties in X-band. Also, Hou et al. [13] anticipated
spinel ferrite with one layer and two-layer of nickel
and zinc combination and then represented the
maximum reflection loss with double layer hexafer-
rite. Zhang et al. [14] presented Co1.,S microspheres,
which obtained reflection loss — 46.1 dB. Tran et al.
[15] discussed that M-type hexagonal ferrite BaFe;s.
O19 with doping of strontium changed the magnetic
properties of the structure. Li et al. [16] proposed
carbon-dependent nanocomposite and reported
reflection loss of — 55.8dB and got maximum
microwave absorption. Septiani [17] suggested
M-type strontium hexagonal ferrite with doping of
Co and Ti and observed a decrease in coercivity and
reflection loss of — 31 dB. Yan et al. [18] suggested
nanocomposite with polyaniline-filled structure got
different values of permittivity and permeability to
achieve maximum EMI reduction. Trudel et al. [19]
synthesized barium hexagonal ferrite with substitu-
tion of Al and Cr ions and then observed a high value
of coercivity. Peymanfar et al. [20] suggested the
preparation of CuCr,O, sample using a sol-gel
technique and obtained reflection loss of — 65.57 dB
and absorption bandwidth of 7.73 GHz. Jiao et al. [21]
synthesized Fe;O, and graphene oxide showed a
reflection loss of — 47.2 dB. Kaur et al. [22] examined
M-type hexagonal ferrite BagsSrgsCo,In.Feis 2O
and obtained reflection loss of — 39.99 dB. Trukha-
nov et al. [23] examined Ba(Fe;_,Sc,)12019 and found
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deep relation of Sc®* ions with diamagnetic ions. The
author investigated microwave properties in (20-60)
GHz frequency region and concluded that it can be
used as microwave absorber for high-frequency
applications. Afshar et al. [24] prepared SrFe;,019
and observed — 14.5 dB reflection loss. Dhruv et al.
[25] suggested Sr3Co,_,Ga,Fe»,O4 with substitution
of Gallium showed permittivity value (8-14) and
permeability value (1-1.4) in X-band. Kaur et al. [26]
proposed M-type strontium hexaferrite with substi-
tuting lanthanum and observed properties in K-band
found best RL of — 30 dB and absorption bandwidths
of 2 GHz for composition x = 0.25. Later, absorption
bandwidths were increased in Ka band to (3.43, 2.62,
3.93, and 2.3) GHz. Then, Jafarian et al. [27] used
structures of core—shell with metal particle of Cu
along with Ppy hexaferrite and observed with
— 22 dB value of return loss at a frequency of
10.8 GHz and pallet thickness of 2 mm. Also, Garg
et al. [28] synthesized strontium hexaferrite with
titanjum silicon carbide and obtained RL of
— 39.67 dB at frequency of 9.46 GHz with sample
thickness of 2 mm. Also, the bandwidth of 2.77 GHz
was investigated.

In the present research, hexagonal ferrite (M-type)
with composition BagsSrpsCo,LaFeir 2,019 is pre-
pared using a standard ceramic technique at tem-
perature of 1100 °C with composition (0.0 < x < 1.0
with steps of x = 0.2) and microwave absorption is
investigated using mechanisms of quarter wave-
length and impedance matching. In the recent
research article [29], we already examined the same
series at 1150 °C and the results get published in a
reputed journal.

2 Experimental work

In this experiment, the standard ceramic technique
was used to synthesize BagsSrgsCo,La,Feir_2,019,
hexagonal ferrite (M-type) with composition
(0.0 < x < 1.0 with steps of x = 0.2). For this, the raw
material was taken, weighted using a weighing
machine, and mixed in agate and pestle mortar with
distilled water for 8 h as per chemical equation; then,
grinding was done by using an attached grinder to
get a homogeneous mixture. This mixture was placed
in alumina crucibles, which were kept in the electric
furnace, with starting temperature set at 0 °C. Then
that mixture was pre-sintered for 10 h at 1000 °C.
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Thus, calcined powder was obtained and was cru-
shed again manually and grounded in agate and
pestle mortar for 8 h with distilled water. Polyvinyl
alcohol was used to bind granules and sieving was
done using the sieve of size 220 B.S.S to separate
different sizes of granules. Rectangular-shaped pallet
was prepared from different sizes of granules with a
hydraulic press by applying the pressure of 75 KN
per square meter. The concluding sintering was
performed for 15 h at 1100 °C.

3 Results with discussion
3.1 X-ray diffraction (XRD) analysis

XRD analysis was used to find structural information
of crystalline structure and phase purity of synthe-
sized material. X-ray diffraction (XRD) analysis was
executed (with Philips X'pert diffractometer) to
examine the phase purity of prepared powder. XRD
graphs of hexagonal ferrite (M-type) BagsSrgsCoy.-
La,Fejp_5,019 with (0.0 <x <1.0 with steps of
x = 0.2) are represented in Fig. 1. Hexagonal (M-type)
crystalline structure parameters are well matched
with JCPDS file no. 51-1879, a = 5.8862 (A), ¢ = 23.137
(A), V = 694.24 (A and space group of P6s/mmc in
XRD patterns. Some traces of hematite (u-Fe,Os)
phase have also been seen as a minor phase in the
substituted (x > 0.2) compositions (JCPDS file no.
88-2359, 0 = b= 5112 A, c = 13.82 A).

Lattice parameters [a = b and c] were formulated
by equation given below:

2 2
%:§<h_+%+k_2>+l_ (1)

2 272 2
diyg a:  a? a c

where (@ =0 # ¢) along with (o =pf=90°) with
(y = 120°) for hexagonal structural structure, dpy as
lines of d-spacing in XRD graph with &, k, and [ as
Miller indices.

The variation of lattice constant ‘@’ is small in
comparison with ‘c’ by addition of doping materials
Co*" and La’" that is the standard feature of
hexagonal ferrite. The differences in radii of ionic
dopants Fe®" (0.64 A), La®t ions (1.15 A) and Co**
(0.72 A) caused variation in the lattice parameters
with doping.

The mixing of doping ions Co*? and La™® in the
lattice structure of hexagonal ferrite (M-type) is
indicated by increase in parameters of lattice and unit
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Fig. 1a ad b XRD analysis of  ferrite
Bay 5SrysCo,LaFe;r 5,019 with compositions (0.0 < x < 1.0
with steps of x = 0.2)

cell volume, which is persistent throughout the lit-
erature. The lattice parameter ratio ‘c/a’ ratio
(3.929-3.936) existed in the required range also dis-
played structure of hexagonal ferrite (M-type).
Structure type can be represented by c/a ratio: If the
c/a < 3.98, the structure formation is considered as
M-type. The bulk density values exist in (3.62—4.37)
g/cm’ and the range of X-ray density is (5.20-5.31)
g/cm’. Also, X-ray density is found higher that
suggested the presence of pores developed due to
higher atomic mass of the doped compositions (Co-
58.93amu, Fe-55.84amu, La-138.90amu) in
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comparison with un-doped composition because
there is a direct relationship between atomic weight
and X-ray density. There is an inverse relationship
between X-ray density and unit cell volume; thus, if
density of X-ray increases, unit cell volume decreases
and vice versa (as in Table 1).

3.2 Hysteresis properties (frequency-
dependent)

Figure 2 represents hysteresis loops with composi-
tions (0.0 < x < 1.0 with steps of x = 0.2) for Ba-Sr
hexagonal ferrite. Hysteresis loops were recorded at
room temperature with a vibrating sample magne-
tometer (i.e., SQUID, quantum design) under 10kOe
applied field. Low coercivity is the main requirement
for designing a microwave absorber. The law of sat-
uration is used to examine the anisotropy field (H,) as
well as saturation magnetization (Ms). The substitu-
tion results in nonlinear reduction in Hc. The value of
H. is related to the extrinsic and intrinsic effect. The
extrinsic factor (H,) is in direct relation with porosity
whereas it is inversely proportional to grain size. The
intrinsic factor depends on the anisotropy field (H,).
With the doping of Co*" and La®", there is nonsys-
tematic variation of H, and H.. The value of H,
increases with low porosity as shown in Table 1. The
lowest H, is 6.15 kOe for x = 0.8 and the highest
value is 10.45 kOe for x = 0.4.T he small porosity in
x = 0.4 increases the H, value. The site occupancy of
4f2 and 2b sites by Co*" and La’" dopants also
influences the value of H,. There is nonlinear increase
in saturation magnetization Mg with maximum value
of 76.1 emu/g for x = 1.0. Saturation magnetization
decreases when ions occupy spin-up site and
increases for spin-down sites. It is observed that
saturation magnetization decreases with doping

: ] Mater Sci: Mater Electron (2021) 32:3255-3263

concentration till x = 0.6 and then for x = 0.8 and 1.0,
it is quite increasing. The weak diamagnetic nature of
La®" can be accountable for the decrease in M, and
Co”" ions have also lesser magnetic moment (3 pB)
than Fe** ions (5 uB). The doping provides a non-
linear change of H,, porosity, and grain size with all
compositions. Thus, comparison among intrinsic/
extrinsic points forced to nonlinear change of H. with
doping.

The ferromagnetic resonance is used with micro-
wave absorption and can be formulated using the
expression given as in Eq. 2:

fi= (ﬁ)H (2)

fr is frequency of ferromagnetic tone, y is gyromag-
netic proportionality, and H, is called as anisotropy
force. Also, Table 1 represents anisotropy force of
distinct material compositions and resonant fre-
quency f, exists exterior of the examined frequency
range. The microwave absorption is guided by
magnetic loss of the input impedance, which is rela-
ted by hysteresis parameters by the expression u” =

M
2H,u

sotropy field, and o« is extinction coefficient. The
change in My/H, (Table 1) is according to the change
of magnetic loss. Therefore, hysteresis parameters
also contribute to microwave frequency absorption.

Table 1 provides a fast drop in H, with x = 0.8 and
x = 1.0. Unsaturated state is shown by a big slope
with composition x = 0.0 at great value of field,
which shows movement from unsaturated condition
to saturated condition. The decrease in anisotropy
field found from saturation law commits with this
variation.

where M; is saturation magnetization, H, is ani-

Table 1 Lattice and hysteresis parameters of M-type Bay 5Srq sCo,La,Fe 5,019 hexaferrites

X a c cla Cell volume Density Porosity H. H, M MyH, M, M/M,
XRD  Bulk
A A A% (glem®)  (g/em?®) (%) (Oe) (kOe) (emu/g) (emu g~'/KOe) (emu/g)
0.0 5.87 23.087 3.933 689.38 5.23 3.98 2393 325 9.67 58.1 6.00 9.2 0.164
0.2 5.876 23.091 3.929 690.91 5.34 3.88 3002 33 776 68.6 8.84 3.2 0.053
0.4 5878 23.115 3.932 692.10 5.46 4.19 19.76 900 10.45 62.1 5.94 19 0.394
0.6 5.882 23.127 3.931 693.40 5.57 437 2487 48 834 524 6.28 6.0 0.096
0.8 5.885 23.135 3.931 694.35 5.68 3.62 2787 37 615 705 11.62 5.2 0.097
1.0 5.888 23.141 3.930 695.24 5.80 428 3375 36 7156 76.1 10.06 7.1 0.126
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Fig. 2 Hysteresis curves of ferrite Bag 5Srg sCo,La,Fei,_»,019 with compositions (0.0 < x < 1.0 with steps of x = 0.2)

As per Brown Equation, specific saturation of
Bag 5Srg 5Co,La,Fe;r_»,0q9 can be calculated.

M—Ms(l—Hb2> (3)

where M is the experimental specific magnetization,
M; represents the specific saturation magnetization,
b is a constant which having correlation with H,, i.e.,

magneto crystalline anisotropy. The specific

magnetization is plotted against the 1/H> (Fig. 3).
Then trendline over the curve obtained gives the
intercept as M, and slope (—Mb) gives the value of
constant b.

Fourier transform infrared spectrum (FTIR) was
analyzed wusing Perkin-Elmer spectrophotometer
having model no. 1430. FTIR spectra with (0.0 < x
<1 with steps of x=0.2) compositions and

wavenumber region within (300 to 600) cm™' are
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represented in Fig. 4. Then, examined microwave
absorption band characteristics, v; near 475 cm~!and
520 cm ™! and v, near 360 cm™?, are concerned with
M-type hexagonal ferrite’s tetrahedral and octahedral
sites: stretching vibrations of metal oxide Fe**-O*~
are concerned to these bands. The variation in gap
between tetrahedral and octahedral organization
causes the positional variation of these bands.

3.3 Reflection loss and microwave power
absorption

The variations of reflection loss w.r.t frequency from
8.2 to 12.4 GHz at different values of thicknesses are
explored in Fig. 5. Reflection loss enhances with
small doping of Co** & La®>" and RL is more than
— 10 dB for most of the region in X-band. Composi-
tion x =0.0, 0.2, 0.4, and 0.6 shows max RL of
— 23.61 dB, — 43.73 dB, — 12.58 dB, and — 16.01 dB,
respectively, at different frequencies. Besides that,
these are showing the same behavior for wide range
of bandwidths. So, the composed material can be
used as good microwave absorber for a number of
wideband and narrowband applications. The thick-
ness also plays a vital role while deciding the par-
ticular application. Because all compositions showing
their best responses for different thickness values. It
means that we can control the absorbing properties
by controlling the frequency, composition, and
thickness as well.

76 1
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42 4
40

M (emu/g)
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Fig. 3 Plot of M verses 1/H? for Bag sSry sCo,LaFe > 2,019
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Fig. 4 Fourier transform infrared spectrum (FTIR spectra) with
(0.0 < x < 1 with steps of x = 0.2)
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Fig. 5 Variations of RL peaks w.rt frequency of
Ba0_5Sro_5C0xLaxFel2,2,(019 (x = 00, 02, 04, 06)

3.4 Quarter wavelength (1/4) method

With this method, as ferrite thickness is equivalent to
(4/4) of microwave frequency signal, it will be
absorbed/attenuated when passing within ferrite
material. As the microwave frequency signal travels
within ferrite sample and backed through metal
plate, some portion of the microwave frequency sig-
nal can be reflected with the anterior surface area of
ferrite material along with residual of frequency
signal which travels through ferrite sample. This
traveled signal will be reflected when going to the
metal plate, then comes over at the ferrite’s front face.
As frequency signal reflected from the anterior face of
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ferrite and reflected frequency signal from metal
plate both are of equal magnitude and having phase
difference of 180°, then these signals will be canceled
by each other and show zero reflection. This state can
be represented mathematically as follows:

n.c

4f my/feer

tm can be denoted as matching thickness, f,, is
matching frequency, i, is complex permeability, and
& is complex permittivity, and c is velocity of light.
Complex permeability and complex permittivity can
be derived from S-parameters by using Nicholson—
Ross technique.

Table 2 displays different parameters, which were
related to quarter wavelength (L/4) mechanism for
x=0.0,0.2, 0.4, and 0.6. The mechanism of quarter
wavelength is used with above-said compositions of
x to find the highest absorption and peak value of RL
(— 43.73) at 10.75 GHz for x = 0.2, which is repre-
sented in Fig. 6. For all the compositions, measured
thickness and theoretical thickness are almost equal.

Table 3 depicts bandwidth associated with all
compositions. Two ranges are classified, in which
firstly we find the bandwidth for all compositions at
different available thickness in the range of RL
varying from — 10 to — 20 dB and then for the sim-
ilar cases with RL > — 20 dB (if available). If we see
the case of composition x = 0.2 with thickness of
1.9 mm, we are acquiring maximum RL as — 43.73 at
frequency 10.75 GHz and it gives B.W as 0.07 GHz
and 0.19 GHz with RL in the range of — 10 dB to
— 20 dB and B.W as 0.2 GHz with RL > — 20 dB and
hence can be utilized in narrowband applications.
Besides that, for composition x = 0.6, it is giving
wideband response with B.W 2.7 GHz and maximum
RL as — 16.01 dB at frequency 9.65 GHz with thick-
ness of 1.6 mm. It can also be observed from Table 3
that we can vary the band as per requirement with
varying composition and varying thickness values
too.

fm

wheren =1,3,5 4)

Table 2 Z.., Zimg values of
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Fig. 6 Impedance matching mechanism with frequency, Z., and
Zime values corresponding to the peaks in RL parameter in
BaO'SSr0'5COXLaXFel2,2,(019 (X = 00, 02, 04, 06)

3.5 Mechanism of impedance matching

According to transmission line theory, input impe-
dance, i.e., Z;, of a mono-layer absorber will be found
conceptually and can be written as follows:

Zin =2 \/'Z:rrtanh [] <2%ft> M] (5)

where Z, is free space characteristic impedance and
is equal to 377Q and y, ¢, f, t, and c parameters are
known as complex permeability, complex permittiv-
ity, frequency, thickness, and velocity of light in free
space. If Z;, = Zy, compositional input impedance is
the same as characteristic impedance providing in
finite signal absorption by the applied composition.

High microwave absorption is correlated to the
high value of reflection loss (RL). It can be calculated
by given formula:

(Zin + ZO)

RL(reflectionloss) = 20log ﬁ
in — 40

(6)

Zin is input impedance represented in complex form
that is Z;, = (@ + jb) as given in Eq. 5, where a rep-
resents the real part and b represents imaginary part.

RL peak at various thicknesses Composition ~ Frequency (GHz)  thickness  Calculated  RL (dB)  Zieai ()  Zimag ()
in
x =00 9.62 22 2.15 — 2361 42912 7.89
5:°§fi§‘;~§§s°"LaxFe‘2‘2"O“’ x=02 10.75 1.9 1.54 — 4373 38190  0.56
X x=04 8.74 1.82 19 — 2558 415 16.31
x=06 9.65 1.6 1.56 — 1601 27420  7.08
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Table 3 Matching thickness, matching frequency, frequency band, and absorption bandwidth for RL > — 10 dB and — 20 dB in M-type

Ba 5Sry sCo,LaFe;;_»,0;9 hexaferrites

X Max. RL Matching Matching Frequency band — 10 dB Frequency band —20dB
(dB) thickness frequency RL > — 10 dB Absorption RL > — 20 dB absorption
(mm) (GHz) (GHz) bandwidth (GHz)  (GHz) bandwidth (GHz)
x=00 —1352 2.0 9.54 9.46-9.79 0.33
- 1782 2.1 9.54 8.70-8.95 and 0.25 and 0.51
9.37-9.88
—236 22 9.62 8.62-9.04 0.42 9.54-9.62 0.08
—-209 23 9.62 8.62-9.04 0.42 9.62-9.71 0.09
— 1642 24 9.71 8.7-9.04 and 0.34 and 0.42
9.46-9.88
—13.11 25 9.71 9.54-9.79 0.25
x=02 —1524 1.0 10.75 10.64-10.95 0.31
—17.05 1.1 10.75 10.64-10.99 0.35
— 1923 12 10.79 10.62-11.02 0.4
—21.07 13 10.79 10.62-10.70 and 0.08 and 0.2 10.73-10.82 0.09
10.84-11.04
—4373 19 10.75 10.59-10.66 and 0.07 and 0.19 10.68-10.88 0.2
10.90-11.09
—40.74 2.0 10.75 10.59-10.66 and 0.07 and 0.19 10.68-10.88 0.2
10.90-11.09
—36.65 2.1 10.75 10.59-10.64 and 0.05 and 0.19 10.66-10.88 0.22
10.90-11.09
x=04 —2558 19 8.74 8.23-8.54 and 0.31 and 1.08 8.56-8.92 0.36
8.94-10.02
—21.11 20 8.67 8.2-8.51 and 0.31 and 1.06 8.58-8.79 0.21
8.81-9.87
x=06 —1515 15 9.63 8.81-11.43 2.62
—16.01 1.6 9.65 8.2-10.90 2.7
— 1461 1.7 9.63 8.2-10.14 1.94
— 1512 1.8 8.23 8.2-9.96 1.76

(1) Conceptually, the whole frequency signal is
absorbed if 1Z;,| = Z, and both are equal to 377 Q.
Thus, imaginary part of Z;, is zero. (2) Some
absorption of RL will be observed if Z,., # 377Q and
Zimg # 0. If Z;, is approximately equal to Z, then
due to impedance matching, maximum microwave
absorption can be observed and also if there is big
difference between Z;, and Z, or Zi,g increases
positively or negatively, then there will be a decrease
in microwave absorption.

Table 2 compiles values of Zca, Zimg, and Zi,
related to maximum microwave absorption or peak
values of RL found with compositions. It is clear that
both Z;ca and Zin,g are near to 377Q and 0 for com-
position x = 0.2 in comparison to x = 0.0, 0.4, and 0.6.
Thus, deviation found in the mechanism of quarter
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wavelength with x = 0.0, 0.4, and 0.6. is related with
higher augmentation of Z;, mechanism compared to
x = 0.2. Correspondingly, compositions have Z,.
which is farther from Z, or Zj,, is farther from zero
for more frequencies, so RL is lower. For x = 0.2, the
maximum value of Z ¢, is 381.90 Q which is closer to
Zo =377 Q and Ziyg is 0.56 Q, which is near to zero,
so RL is maximum in x = 0.2.

4 Conclusions

In this paper, hexagonal ferrite BagsSrysCosLay.
Feq12_210O19 has been prepared with the addition of
Co**-La’*-doping materials where 0.0 <x < 1.0
with steps of x = 0.2).Best microwave absorption
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with 97% absorption or EMI attenuation is achieved
with x = 0.2, thickness of 1.9 mm, and matching fre-
quency of 10.75 GHz. For the composition x = 0.2, it
has maximum RL as — 43.73 and it offers B.W
(0.07 GHz) as narrow bandwidth — 10 dB < RL
< —20dB and B.W (0.2 GHz) with RL > — 20 dB.
On the similar case , the composition offers wideband
response for composition x = 0.6. In this case, we
acquired BW of 27 GHz with — 10dB <RL
< — 20 dB and having maximum RL as — 16.01 dB at
frequency 9.65 GHz.The compositions x = 0.2 (with
M-type formation of ferrite) have greater participa-
tion for the mechanism of impedance mechanism.
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