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Abstract The Co2? and W4? ions substituted M-type

hexagonal ferrites, with chemical compositional formula

Ba0.5Sr0.5CoxWxFe12-2xO19 (x = 0.0, 0.2, 0.8 and 1.0),

were synthesized by a standard ceramic method. The phase

evolution of the compositions was characterized by using

an X-ray diffraction. The microwave absorption of com-

positions has been investigated as a function of frequency,

substitution and thickness from 8.2 to 12.4 GHz by an

absorber testing device method. The microwave absorption

has been evaluated using the standard model of quarter

wavelength mechanism and an impedance matching

mechanism. The microwave absorption is enhanced in

x = 0.0 and 0.2, with former owes 97.0 % absorbed power

at 11.22 GHz and 2.4 mm respectively. Compositions

x = 0.0, 0.2 and 0.8 exhibit -10 dB absorption bandwidth

of 500 MHz while x = 1.0 owes 330 and 340 MHz.

1 Introduction

The proliferation in information technology sector, asso-

ciated with circuits of electronic devices operating at micro

and millimeter wave regime, has given rise to the wireless

or electromagnetic pollution. This undesired severity ren-

ders electromagnetic interference (EMI) leading to the

malfunctioning of devices comprising of electrical and

electronic circuits. The electronic devices, particularly

oscillators or processors operating at GHz, generate har-

monics or stray electromagnetic radiation causing bit error

in the data received by wireless receivers. Furthermore,

when the width of copper tracks of printed circuit boards is

near to the quarter wavelength of the passing high fre-

quency GHz signal, these tracks starts working as an

antenna and radiate spurious electromagnetic signal refer-

red as EMI. The microwave absorbers or radar absorbing

materials (RAM) are used to suppress or attenuate this EMI

or stray electromagnetic reflection from military aircraft,

tank, radar etc.

Ferrites are employed in anteena, gyromagnetic devices,

RAM, channel filters, tuning slug, radio frequency coil,

wideband transformers etc. [1–4]. Their performance in

electromagnetic interference (EMI) suppression is better

compared to the conventional dielectric counterparts owing

to the good magnetic properties. M-type hexagonal ferrites

are ferrimagnetic in nature and incorporated particularly as

microwave absorber, and exhibit dielectric and magnetic

losses, domain wall resonance and ferromagnetic reso-

nance (FMR) associated with spin relaxation [4, 5]. They

show high resistivity at microwave frequencies which is

pertinent for reducing the unwanted eddy currents.

The number of investigators has reported the microwave

absorption in materials: Guanglei Wu et al. reported vari-

ous investigations on hollow Fe2O3 microboxes, hematite
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dendrites/polyaniline nanocomposite, urchin-like ZnO

hollow spheres, c-Fe2O3@C nanorod-carbon sphere com-

posite, Ni2O3 nanoparticles, a-Fe2O3, c-Fe2O3 and Fe3O4

nanospheres, Co–Co3O4 hybrid hollow sphere etc. [6–16].

Ji et al. [17] investigated M-type BaFe12-x(Mn0.5Ti0.5)xO19

hexagonal ferrite with substitution of Mn–Ti ions prepared

by a ceramic method and found that the substitution lead to

the increase in reflection loss to -31 dB. Baniasadi et al.

[18] studied M-type Zn–Ti doped M-type Strontium

hexagonal ferrite and obtained reflection loss of -36.58 at

the maximum doping level. Cheng et al. [19] reported

microwave absorption study in Co–Zr doped M-type

BaCoxZrxFe12-2xO19 hexagonal ferrite and concluded that

resonance frequency and resonance frequency can be

controlled with Co–Zr ions. Li et al. [20] synthesized Cu–

Ti doped M-type Ba(CuTi)xFe12-2xO19 hexagonal ferrite

and the composition x = 0.75 displayed reflection loss of

-37 dB at 16.7 GHz with matching thickness of 1.6 mm.

Ali-Sharbati et al. [21] investigated Ho substituted M-type

PbCo0.5Sn0.5HoxFe11-xO19 hexagonal ferrites and substi-

tution increased reflection loss to -33 dB at 16.5 GHz and

1.8 mm thickness.

Alam et al. [22] discussed the increase in absorption

with thickness of composition and substitution of Mg2?,

Mn2?, Co2? and Ti4? ions in M-type Barium ferrite and

observed reflection loss (RL) of -16.4 dB at 11.5 GHz and

2.5 mm. Bercoff et al. [23] reported absorption increment

with doping of Yt ions in Ni–Zn spinel ferrite. Sadiq et al.

[24] concluded with reflection loss of -24.84 dB at

10.1 GHz in Sm3? and Mn2? ion co-doped X-type

hexagonal ferrite. Tho et al. [25] put forth the role of

quarter wavelength mechanism and impedance matching

mechanism in absorption followed by -36.7 dB RL at

3 mm thickness in La1.5Sr1.5NiO4 ferrite. Yu et al. [26]

discussed absorption in Mn2? ions doped BaMnxCo1-x

TiFe10O19 hexagonal ferrite at Ku-band and maximum

observed RL was -30.5 dB in x = 0.6 at 2 mm thickness.

In present investigation, we report microwave absorp-

tion property of M-type Ba0.5Sr0.5CoxWxFe12-2xO19

(x = 0.0, 0.2, 0.8 and 1.0) hexagonal ferrites prepared by a

standard ceramic technique and evaluate the absorption

with underlying mechanism associated with the quarter

wavelength mechanism and an impedance matching

mechanism, which to the authors’ best knowledge is not

reported yet.

2 Experimental

M-type hexagonal ferrite with compositions Ba0.5Sr0.5
CoxWxFe12-2xO19 (x = 0.0, 0.2, 0.8 and 1.0) were prepare

by a standard ceramic method [27]. The stoichiometric

amount of different chemical reagents of compositions was

grounded in an agate pestle and mortar in the distilled

water for 8 h. The ground mixed powders were pre-sin-

tered at 1000 �C for 10 h in an electric furnace and

obtained powders were grounded again under the same

conditions. The sieving of powders was carried out with

sieves of mesh size 220 B.S.S. and powders were converted

into pellets with a hydraulic press at a uniaxial pressure of

75 KN/m2 and the final sintering of pellets was carried out

at 1250 �C for 20 h. X-ray powder diffraction patterns

were scanned using Philips X’pert diffractometer equipped

with a graphite crystal monochromator and copper tar-

get = 1.54056 Å. The working conditions for the X-ray

tube were 40 kV and 25 mA. The each X-ray scan was

performed between 10� and 70�.
The microwave characteristics of Ba0.5Sr0.5CoxWx

Fe12-2xO19 ferriteswere studied as a function of substitu-

tion, frequency and thickness at X-band by Absorber

Testing Device (ATD) method [28, 29]: Fig. 1 shows block

diagram of the adopted method.

The microwave frequency synthesizer, HP Model

83751A, generates frequencies at X-band (8–12 GHz) in

the rectangular slotted waveguide with inner dimensions

length = 22.86 mm, breadth = 10.16 mm. The isolator

allows the unattenuated microwave propagation in one

direction and vice versa. The directional coupler carries

with one primary input and two secondary output ports.

The composition, with metal plate, was fitted at the sec-

ondary output port and the reflected signal from composi-

tion was measured by power meter connected to other

secondary output port. The microwave power meter Tek-

tronix-Model 3320, was used to measure the different

microwave signals and S11 parameter was calculated from

reflected power at port 1.

The reflection loss (RL) can be expressed using fol-

lowing relation:

RL dBð Þ ¼ 20 log10 S11j jð Þ ð1Þ

The reflection loss of -10 dB represents 90 % micro-

wave absorbed power and the large reflection loss corre-

sponds to more microwave absorption and vice versa.

The reflected power (%) was calculated as:

Reflected Power %ð Þ ¼ Pr=Prwð Þ � 100 ð2Þ

where Pr was the reflected power from the composition

backed by metal plate and Prw was the reflected power from

the metal plate without composition.

The absorbed power was calculated using the following

relation:

Absorbed Power %ð Þ ¼ 100� Reflected Power %ð Þ ð3Þ

The selected thickness of the composition corresponding

to the optimised microwave absorption are: x = 0.0

(2.4 mm), x = 0.2 (2.8 mm), x = 0.8 (2.9 mm), x = 1.0
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(2.5 mm). The term matching frequency (fmat) and com-

position stands for the maximum power absorption at a

particular frequency and composition.

3 Results and discussion

3.1 XRD analysis

The structural properties and phase purity of sintered

compositions were investigated using X-ray diffraction

technique. Figure 2a, b represents X-ray diffraction pat-

terns of Ba0.5Sr0.5CoxWxFe12-2xO19 (x = 0.0, 0.2, 0.8 and

1.0) hexagonal ferrite compositions prepared using a

standard ceramic method. All the observed peaks in XRD

were identified with their Miller indices using MDI JADE

and POWDER CELL software. The XRD patterns were

indexed to hexagonal magnetoplumbite (M-type) crystal

structure having space group P63/mmc (JCPDS file no.

51-1879).

The XRD analysis of x = 0.0 and 0.2 compositions

confirms the formation of single M-type phase (hexagonal);

while XRD analysis of x = 0.8 and 1.0 compositions

revealed the formation of mixed crystalline phases of W

(hexagonal, JCPDS file no. 19-0098), hematite-Fe2O3

(hexagonal, JCPDS file no 33-0664) and maghemite- c-
Fe2O3 (spinel, JCPDS file no. 39-1346). It seems that above

for x[ 0.2 composition, in the presence of Co2? and W4?,

M-phase begins to decompose to Co2W and W- phase

formed. Since the sintered temperature of prepared com-

positions is low to form W-phase but tungsten oxides could

help by acting as a flux. Neckenburger et al. [30, 31] found

coexistence of different phases at the same temperature.

The lattice parameters (a = b and c) of compositions

were calculated using following equation:

1

d2hkl
¼ 4

3

h2

a2
þ hk

a2
þ k2

a2

� �
þ l2

c2
ð4Þ

For hexagonal structure a ¼ b 6¼ c and a = b = 90�
and c = 120�, dhkl as d-spacing of the lines in XRD pattern

and h, k, l as Miller indices.

The variation of lattice parameters ‘a’ and ‘c’ as a

function of Co–Al content (x) of all compositions is shown

in Fig. 3. It is clear from the figure that lattice constant ‘a’

undergoes less variation compared to ‘c’ with the substi-

tution of Co2? and W4? ions, which is a typical charac-

teristic of hexagonal ferrites. The change in lattice

parameters with the substitution may be due to the differ-

ence in ionic radii of Co (0.72 Å), W4? (0.66 Å) and Fe

(0.64 Å) [32, 33].

3.2 Reflection loss, microwave absorbed power

Figure 4 shows the variation of reflection loss (RL) as a

function of frequency and substitution of Co2? and W4?

ions in Ba0.5Sr0.5CoxWxFe12-2xO19 ferrites. The reflection

loss increases at lower substitution of Co2? and W4? ions

and all compositions exhibit RL more than -10 dB at low,

middle and high frequency regime; compositions display

highest RL ([-13 dB) at 11.22 GHz. The substitution of

Co2? and W4? ions infers (1) change in amplitude of RL

peaks (2) nearly no shift of RL peaks along the entire

frequency region accompanied by the same peaks of

maximal and minimal values almost at the same frequen-

cies; large RL of -15.3 dB in x = 0.0 among all the

compositions. The RL values are close in all compositions

at most of the investigated frequencies.

Figure 5 exhibits the variation of absorbed power (Pab)

as a function of frequency and substitution of Co2? and

W4? ions. Both lower and higher substituion observe large

FREQUENCY
SYNTHESIZER 

ISOLATOR 
SLOTTED 
WAVEGUIDE

POWER
METER

COMPOSITIONDIRECTIONAL 
COUPLER

Fig. 1 Block diagram of ATD (absorber testing device) method
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Pab along the investigated frequency region and more dis-

persion is seen from 10.38 to 11.05 GHz. The absorbed

power is more than 90 % in all compositions along the

different frequency regions. Composition x = 0.0 and 1.0

display highest and lowest Pab of 97.7 and 9.2 % at 11.22

and 10.41 GHz respectively.

Table 1 shows maximum reflection loss (RL), maximum

absorbed (Pamax), with corresponding matching frequency

(fmat), with the substituion of Co2? and W4? ions in

Ba0.5Sr0.5CoxWxFe12-2xO19 ferrites. Composition x = 0.0

and x = 0.2 have comparatively more Pamax than x = 0.8

and 1.0. It increases with the substitution of Co2? and W4?

ions. All compositions have Pamax at the same fmat of

11.22 GHz followed by highest Pamax of 97.0 % in

x = 0.0.
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Fig. 2 a, b X-ray diffraction patterns of Ba0.5Sr0.5CoxWxFe(12-2x)

O19 (x = 0.0, 0.2, 0.8 and 1.0) hexaferrite samples prepared using

double sintering ceramic method and sintered at 1250 �C for 20 h
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(V) with Co-W content of polycrystalline Ba0.5Sr0.5CoxWxFe12-2xO19
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Fig. 4 Plots of reflection loss versus frequency and substitution in

Ba0.5Sr0.5CoxWxFe12-2xO19 ferrites (x = 0.0, 0.2, 0.8 and 1.0)

Fig. 5 Plots of absorbed power versus frequency and substitution in

Ba0.5Sr0.5CoxWxFe12-2xO19 ferrites (x = 0.0, 0.2, 0.8 and 1.0)
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3.3 Quarter wavelength mechanism

According to this mechanism [34, 35] when the thickness

of ferrite absorber is equal to 1/4th wavelength of micro-

wave signal, it will get attenuated or absorbed after passing

through ferrite material.

When the microwave signal propagates through the

ferrite composition backed by metal plate, a part of it will

be partially reflected by the front surface of ferrite and the

remaining signal will be transmitted through the ferrite.

This transmitted signal gets reflected after reaching at the

metal plate and arrives again at the front face of the ferrite.

When the reflected signal from the front surface of ferrite

composition is equal in magnitude and 180� out of phase

with the reflected signal from the metal plate, both signals

will cancel each other and total reflection will be zero.

Therefore, this condition can be mathematically expressed

as:

tm ¼ nk0
4:

ffiffiffiffiffi
le

p n ¼ 1; 3; 5. . .. . .: ð5Þ

where tm, ko, e, and l denote matching thickness, wave-

length, complex permittivity, complex permeability and

velocity of light respectively; Nicholson–Ross method [36]

is used to derive e and l from S-parameters.

Table 1 depicts various parameters associated with the

quarter wavelength mechanism applied to the compositions

x = 0.0, 0.2, 0.8 and 1.0. The quarter wavelength mecha-

nism is followed by x = 0.0, 0.2, 0.8 and 1.0 for the

maximum absorption or RL peak in Figs. 3 and 4 at

11.22 GHz: the measured thickness of synthesized com-

positions is near to the theoretical thickness calculated

using Eq. (5) of this mechanism (t = ko/4). Furthermore,

Table 1 shows that RL or absorbed power is more in

x = 0.0 and 0.2 as their measured thickness is more near to

the theoretical thickness. However, RL is not much small

in x = 0.8 and 1.0 in spite of the fact that their theoretical

thickness is less close to measured thickness (Table 1) in

comparison to x = 0.0 and 1.0. This anomaly is attributed

to the input impedance mechanism discussed in the next

section.

Table 1 shows -10 dB bandwidth displayed by the

compositions; -10 dB bandwidth means the band of fre-

quencies for which RL is[-10 dB. Compositions x = 0.0,

0.2 and 0.8 exhibit 500 MHz absorption bandwidth (ABW)

at the same frequency band from 9.54 to 10.04 GHz. Com-

position x = 1.0 has ABW of 330 MHz and 340 MHz from

9.71 to 10.04 GHz and 11.22–11.56 GHz respectively.

3.4 Impedance matching mechanism

The input impedance (Zin) of a single layer absorber can be

calculated theoretically on the basis of transmission line

theory and can be expressed as [37]:

Zin ¼ Zo l=eð Þ1=2tanh j 2pft=cð Þ leð Þ1=2
h i

ð6Þ

where Zo = 377 X is the characteristic impedance of free

space and t, f, e, l, c denote thickness, frequency, complex

permittivity, complex permeability and velocity of light

respectively.

When Zin is equal to Zo, input impedance of composi-

tion will be equal to characteristic impedance contributing

infinite absorption of the signal by the composition.

The Eq. 6 explains that Zin is of complex form (a ? j b)

where a is the real part and b is the imaginary part: (1)

Theoretically all signal will be absorbed if

Zj j ¼ Zo ¼ 377X, i.e. Zreal = 377 X and Zimg = 0 (2) a

component of signal RL will be absorbed when Zreal =

377 X and/or Zimg = 0; when Zin is equal or near to Zo

(377 X), it attributes to large microwave absorption due to

impedance matching. Furthermore, absorption decreases

when Zreal moves farther from 377 X and/or Zimg increases

(positive or negative values).

Table 2 summarizes Zin, Zreal and Zimg values corre-

sponding to the large microwave absorption or RL peaks

observed in compositions. It is evident from Table 2 that

composition x = 0.8 and 1.0 have relatively both Zreal and

Zimg more close to 377 X and zero respectively than that of

Table 1 Maximum reflection loss, maximum absorbed power, matching frequency, calculated or matching thickness, measured or experimental

thickness, frequency band and bandwidth for RL[- 10 dB in Ba0.5Sr0.5CoxWxFe12-2xO19 ferrites (x = 0.0, 0.2, 0.8 and 1.0)

x Reflection

loss (dB)

Pamax

(%)

Matching

frequency (fmat)

(GHz)

Calculated thickness

tm = k/4 (mm)

Measured thickness (texp)

(mm) (experimental)

Frequency band

RL[- 10 dB (GHz)

Bandwidth

(MHz)

x = 0.0 -15.3 97.0 11.22 2.3 2.4 9.54–10.04 500

x = 0.2 -15.2 96.9 11.22 2.7 2.8 9.54–10.04 500

x = 0.8 -13.3 95.4 11.22 2.6 2.9 9.54–10.04 500

x = 1.0 -13.6 95.6 11.22 2.2 2.5 9.71–10.04 330

11.22–11.56 340
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x = 0.0 and 0.2. Therefore, the anomaly observed in the

quarter wavelength mechanism of x = 0.8 and 1.0 is

associated with a more contribution of the input impedance

mechanism than x = 0.0 and 0.2. Similarly for other fre-

quencies, the compositions have either Zreal away from

377 X or Zimg away from zero, thereby RL is less than

11.22 GHz: for example x = 0.0 owes highest

Zreal = 56.9 X which is more towards Zo = 377 X than at

other frequencies, however, Zimg = 33.2 X is more far

away from Zimg = 0. Tho et al. [25] reported similar

variation in La1.5Sr0.5NiO4 ferrites.

3.5 Screenshot of microwave signal

The screenshots are taken to show the frequency, phase and

amplitude of the signal while passing through different

compositions. Figure 6 depicts the observation of input

signal applied to the compositions and signal transmitted

from the compositions. The cathode ray oscilloscope

(CRO) is used to display these signals: different frequen-

cies applied to composition x = 0.0, 0.2, 0.8 and 1.0 are

8.36, 9.88, 8.70 and 11.22 GHz respectively. These

screenshots elucidate for only attenuation of the signal by

all compositions and frequency as well as phase of signal

remain unchanged. Similar variation was also seen for

other signal applied at other frequencies.

4 Conclusions

The Co2? and W4? ions substituted Ba0.5Sr0.5CoxWx

Fe12-2xO19 hexagonal ferrites have been succesfully syn-

thesized. Composition x = 0.0 exhibits the good micro-

wave absorber or EMI reduction characteristics with 97 %

absorbed power at matching frequency and thickness of

11.22 GHz and 2.4 mm respectively. Compositions

x = 0.0, 0.2 and 0.8 exhibit 500 MHz absorption band-

width (ABW) while x = 1.0 has ABW of 330 and

340 MHz. For maximum observed microwave absorption,

x = 0.8 and 1.0 (W-type ferrite) have contribution of

quarter wavelength as well as impedance matching mech-

anism, whereas x = 0.0 and 0.2 (M-type ferrite) have more

contribution for quarter wavelength mechanism. The

quarter wavelength and impedance matching mechanism

can be implemented to predict thickness and frequency for

the maximum microwave absorption. The synthesized

compositions depict the potential for microwave absorber

applications after making their composites with rubber,

Table 2 Impdeance matching

mechanism with f, Zin, Zreal and

Zimg values corresponding to

RL peaks in

Ba0.5Sr0.5CoxWxFe12-2xO19

ferrites (x = 0.0, 0.2, 0.8 and

1.0)

f (GHz) RL peak (dB) Zin (X) Zreal (X) Zimg (X) RL peak (dB) Zin (X) Zreal (X) Zimg (X)

x = 0.0 x = 0.2

8.2 -11.6 56.1 49.1 27.2 -13.0 47.9 38.8 28.0

8.368 -11.7 56.4 49.2 27.5 -11.7 48.2 39.1 28.1

8.536 -10.1 56.7 49.3 27.9 -9.6 48.5 39.3 28.3

8.704 -10.0 57.0 49.5 28.3 -9.5 48.8 39.6 28.4

9.544 -10.1 58.9 50.7 29.9 -10.8 50.6 41.2 29.4

9.712 -11.4 59.3 51.1 30.2 -10.3 51.0 41.6 29.6

9.88 -10.7 59.7 51.4 30.4 -10.8 51.5 42.0 29.8

10.048 -11.8 60.2 51.7 30.7 -12.1 51.9 42.4 30.0

11.224 -15.3 63.2 54.4 32.2 -15.2 55.5 45.6 31.5

11.392 -11.4 63.7 54.8 32.4 -10.4 56.0 46.2 31.8

12.232 -10.1 65.9 56.9 33.2 -9.4 59.3 49.2 33.1

x = 0.8 x = 1.0

8.2 -12.1 45.5 37.5 25.7 -11.9 33.5 29.5 15.8

8.368 -12.4 45.6 37.7 25.7 -11.4 33.4 29.1 16.3

8.536 -8.5 45.8 37.9 25.7 -8.1 33.5 29.0 16.8

8.704 -9.1 45.9 38.0 25.8 -10.3 33.6 29.0 17.0

9.544 -10.0 46.8 39.0 25.8 -9.0 37.3 31.0 20.7

9.712 -10.0 47.0 39.3 25.8 -10.8 39.5 32.8 21.9

9.88 -10.9 47.2 39.5 25.9 -11.0 42.5 36.6 21.6

10.048 -11.5 47.4 39.7 25.9 -11.2 42.0 38.6 16.6

11.224 -13.3 49.1 41.7 25.9 -13.6 36.8 31.8 18.4

11.392 -9.8 49.4 42.0 26.0 -10.1 37.4 32.5 18.5

12.232 -8.5 50.9 43.8 26.0 -9.1 37.4 32.2 19.0
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polyaniline, wax etc., which is a topic of separate

investigation.
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