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Abstract

Microwave absorbing materials (MAMSs) are essential materials for mitigating the bad effects of electromagnetic
interference and microwave pollution. SrFei1z-2xCux2Cox2TixO19 Samples showed their superior microwave absorption
performances in both reflection loss and effective absorption bandwidth (EAB) values for the normal incident angle of
the microwave. Between these parameters, EAB values expressed how large a frequency the MAM could be used for
practical applications. Most of the time, the EAB values would decrease with the increase of the incident angle, as
shown in the x = 0.05 (M5) and x = 0.10 (M10) samples for transverse electric (TE) polarization mode, as well as the
x =0 (MO0) and x = 0.15 (M15) samples for transverse magnetic (TM) polarization mode. Interestingly, the EAB values
of the MO sample increased from 10.87 GHz to a maximum value of 11.65 GHz at the incident angle of 29° for TE
polarization mode. Similarly, the EAB values of the M15 sample were slightly increased from 9.79 GHz to the
maximum value of 10.06 GHz at the incident angle of 30°. In the case of TM polarization mode, the M5 sample could
maintain the EAB values in the incident angle range of 0-14°, while the EAB values of the M10 sample increased from
15.9 to 16.0 GHz when the incident angle reached 9°. The increase or maintenance of the EAB values could be
attributed to the excellent values of complex permittivity and complex permeability as well as the matching between
them. These results also proved that SrFei2-2xCuy2Coyx2TixO19 Samples could also be used as promising MAMs with a
microwave incident angle of up to 70°.

Keywords: Hexaferrite; transition metal doping; microwave absorption; reflection loss; effective absorption bandwidth;
obligue incident angle.

Tém tit

Vit lidu hap thu vi song 1a nhiing vat lidu thiét yéu dé giam thiéu tac dong ctia nhiu dién tir va 6 nhiém vi séng. Vat
liéu SrFej,. 2)(CU)(/2C0)(/2T|)(019 da cho thay hiéu suét hap thu vi séng vuot troi cla ching & ca gia tri suy hao phan xa va
bang thong hap thy hiéu qua (EAB) d6i véi goc t6i binh thuong cua vi song. Trong hai thong 50 nay, gia tri EAB thé

hién muc dd 16n Vung tan s6 ma vat liéu hap thy vi song c6 thé dugc st dung cho cac ung dung thyec té. Thong thuong,
cac gia tri EAB s& giam khi ting goc tdi, dugc thé hién trong cdc mau x = 0,05 (M5) va x = 0,10 (M10) dbi v6i ché do
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phan cuc dién ngang (TE) va cac mau x = 0 (M0) va x = 0,15 (M15) cho ché d6 phan cuc tir tinh ngang (TM). Tuy
nhién, cac gia tri EAB cua mau MO di tang tir 10,87 GHz 1én gia tri toi da 1a 11,65 GHz & goc t6i 29° d6i véi ché do
phan cuc TE. Tuong tu, gia tri EAB cua mau M15 ting nhe tir 9,79 GHz 1én gia tri t6i da 10,06 GHz & goc tdi 30°.
Trong truong hop ché d6 phan cuc TM, miu M5 ¢6 thé duy tri cac gia tri EAB trong pham vi goc toi 1a 0-14°. Trong
khi, gia tri EAB ctia madu M10 tang tir 15,9 1én 16,0 GHz khi géc toi dat 9°. Viée tang/duy tri cac gia tri EAB c6 thé
dugc quy cho cac gia tri t6t clia do tur tham phirc va d6 dién tham phuc cing nhu su phu hop gitra chiing. Nhirng két qua
nay ciing chtg minh rang cac mau SrFe12.2«Clx2C0x2TixO19 ciing ¢6 thé duoc sir dung lam vat liéu hap thu vi song day

htra hen véi goce téi vi soéng 1€n téi 70°.

Tir khoa: Hexaferit; pha tap kim loai chuyén tiép; hap thu vi song; suy hao phan xa; bang thong héap thu hi¢u qua; goc

to1 xién.

1. Introduction

Recently, wireless communication has
become the most dominant communication
method over traditional ones. Besides its
advantages and convenience, this
communication method also generates a new
kind of pollution called electromagnetic (EM)
radiation pollution [1-3]. To mitigate the effects
of EM radiation pollution, one needs to
consider electromagnetic interference (EMI)
shielding. And  fabricating  microwave
absorbing materials (MAMSs) is one of the
effective attempts at EMI shielding. To be
considered effective MAMSs, their properties
should be as follows: intense reflection loss
(RL), wide effective absorption bandwidth
(EAB), thin, and lightweight.

Strontium M-type hexaferrite (SrFei2019)
could be considered a promising MAM due to
its superior properties of high saturation
magnetization (Ms), large coercive field (Hc),
high magnetic uniaxial anisotropy, high Curie
temperature (Tc), good chemical stability, an
eco-friendly nature, and low cost [4-7].
However, it could only be applied in the several
ten GHz frequency ranges due to its large
magnetocrystalline  anisotropy field (Ha),
resulting in a high natural ferromagnetic
resonance frequency (frmr) [8]. To reduce frvr
to the frequency range of 2-18 GHz for daily
applications, Cu, Co, and Ti elements were co-
doped to SrFe12019 with the composition of
SrFe12-2xCux2C0ox2TixO19 Where x = 0, 0.05,
0.10, and 0.15, which were reported in our

previous work [9]. These samples showed
excellent microwave absorption properties in
both RL and EAB values. In the case of RL, all
samples showed RL values of about —40 dB
with the thickness varying in the range of 0.5—
1.0 mm, meaning 99.99% of the incident
microwave was absorbed by these samples with
a very thin thickness. These samples also
reached ultra-wide EAB values of about 10
GHz. Especially, the x = 0.10 sample could
reach the EAB value of 15.9 GHz, which
mostly covered the whole measured frequency
range. It is worth noticing that these values
were obtained for an incident angle of zero.
However, the incident angle would vary from
0° to 90° in practical applications.

To investigate how the incident angle of
microwaves affects the microwave absorption
properties of SrFe12-2xCux2Cox2TixO19 Samples,
the RL curves with the different microwave
incident angles were carefully simulated for
two different polarization modes: transverse
electric (TE) and transverse magnetic (TM).

2. Experimental details

Cu, Co, and Ti co-doped SrFe12019 samples
were fabricated from high-purity (above
99.9%) Sigma-Aldrich chemicals of SrCOs,
Fe,0s3, CuO, Co304, and TiO2 using ball
milling combined with heat treatment.
Precursors were weighed with nomination
compounds of SrFe12.2xCux2C0x2 TixO19, With x
=0, 0.05, 0.10, and 0.15 (named MO0, M5, M10,
and M15), then mixed by a Retsch MM200
miller for 1 h. After that, the powders were
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pressed into button-shaped samples and
sintered at 1000°C for 10 h. The samples were
crushed using an agate mortar and pestle,
re-milled for 1 h, and finally sintered at 1000°C
for 12 h.

The microwave absorption properties of the
samples were investigated through S-parameter
(S11, S21, S12, and Sz2) measurements using a
vector network analyzer (VNA, Keysight PNA-
X N5242A). Before investigating S-parameters,
the samples were mixed with paraffin for a
volume ratio of 4:6. After that, the paraffined
powders were molded into toroidal-shaped
devices with inner and outer diameters of 3.04
and 7.00 mm using a special mold. The
complex permittivity and complex permeability
data were extracted from S-parameter data
using the Nicolson-Ross-Weir (NRW) method.
Then, the microwave absorption properties of
paraffined samples were accessed through
reflection loss (RL) values as a function of
frequency and thickness. RL values were
calculated using transmission line theory.
Finally, the thickness showed the best EAB for
each sample with the normal incident angle
used for the oblique angle investigation.

3. Results and discussion

Based on our previous report, the
thicknesses for the best EAB values for MO,
M5, M10, and M15 samples with the normal
incident were 1.25, 0.75, 1.25, and 1.50 mm,
respectively [9]. Therefore, these thicknesses
were selected for the study of microwave
absorption properties as a function of incident
angle using transmission line theory in the case
of an oblique incident. In addition, the study on
the effects of oblique incidents on microwave
absorption performance was beneficial for
practical applications. This investigation would
be conducted for two different polarization
modes, TE and TM.

The RL in the case of an oblique angle could
also be calculated using transmission line
theory with the following equation:

RL = —20log|Il, (1)

where [ is the symbol of the reflection
coefficient, which has two modes of TE and
TM. The 7" value of each mode could be
calculated from input impedance (Zin), free
space impedance (Zo), and incident angle (6) by
the following equations:

Zin = ZD"I:'DBE
f[T‘E] = “T’ (2)
n 'cosé
__ iy —Z, cosf
F(TM) - EntZ, cosd’ (3)

Based on Snell’s law, the relationship
between 6 and the angle of refraction ¢ is as
follows:

Hr&y

sin® 8
cos¢g = '\llll — . (4)

Based on transmission line theory, Zin of two
polarization modes could be expressed as:

z, IMryf

_foy) ey
Zln(TE]_ cosg (5)

[
zin(TM):ZnHI ’Ys,,CDSfP, (6)

Following that, the impedance in the case of
an oblique angle (Zin_obi) could be calculated as:

zln_u:ubl = zlnmnh(l"d) ) (7)
U =j'i—'w1¥-'_1t?,£?, cos, 8)

where v is the propagation constant and Ao
stands for wavelength in free space.

Figure 1 shows the three-dimensional (3D)
RL images for optimal thickness for each
composite in the TE polarization mode in the
frequency and angle ranges of 2-18 GHz and
0-89°, respectively. In each 3D RL image, the
black and red curves denote the effective
absorption areas (EAAs) of —10 and —20 dB,
respectively, meaning 90% and 99% of the
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incident microwave was absorbed by the
composites. In all cases, 90% of the incident
microwave was absorbed (named the effective
absorption rate) for an incident angle varying in

_—

the range of 0—60°. However, these values
could not be observed for the whole measured
frequency range.

Figure 1. 3D RL images for TE polarization mode at different frequencies and angles of incidence for optimum
thicknesses of (a) MO, (b) M5, (c) M10, and (d) M15 paraffined samples.

To have a specific observation on the
variations of RL values as a function of
frequency and angle, the contour RL maps for
all composites were plotted and shown in Fig.
2. For the MO composite, there were two EAAS
over the frequency ranges of 2-3 GHz and
7-18 GHz, as shown in Fig. 2(a). In the first
area, the effective absorption rate (EAR) could
be maintained up to more than 60°. While the
second area could maintain the EAR up to
about 70°. However, there was a low EAA
inside the second area in the range of 16.5-17.0
GHz. The M5 composite also had two EAAS,

as shown in Fig. 2(b). The first area was similar
to that of the MO composite. While the second
area was smaller than that of the MO composite.
Some areas could absorb 99% and 99.9% of the
incident microwave, which was denoted by red
and blue curves, respectively. These areas were
located in  the  high-frequency and
low-incidence angle ranges. The microwave
absorption properties for the case of TE
polarization mode reached their best in the case
of the M10 composite, where the first and
second EAAs tended to collapse, leading to the
largest EAA, as shown in Fig. 2(c). The
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number and area of red and blue areas were
also better than those of MO and M5
composites. The EAAs were narrowest in the
case of the M15 composite, where the second
EAA was much smaller than those of the MO—
10 composites, as shown in Fig. 2(d). However,
the red area with an EAR of 99% for M15
composite was the largest compared to those of
MO-10 composites. At the normal incident, the
maximum EAB values of MO—M15 composites
were 10.87, 10.27, 15.90, and 9.79 GHz,
respectively. With the increase in incident
angle, the EAB value of the MO composite
increased to its maximum value of 11.65 GHz

Angle (deg.)

Angle (deg.)

3.6--9-12.15.18
f (GHz)

at an incident angle of 29°. After that, the EAB
values decreased with the increase in incident
angle and reached zero when the incident angle
passed 70°. Note that the EAB value at 50° of
incident angle was similar to that at 0°.
Similarly, the EAB values of M15 samples
were slightly increased with the increase in
incident angle and reached a maximum of
10.06 GHz at 30° and slightly decreased after
that. The EAB values of the M5 and M10
samples gradually decreased with the increase
in incident angle and also reached zero when
the incident angle passed the value of 70°.

Angle (deg.)

Angle (deg.)

3 6 9 12 15 18

f (GHz)

Figure 2. RL contour maps for TE polarization mode at different frequencies and angles of incidence for optimum
thicknesses of (a) MO, (b) M5, (c) M10, and (d) M15 paraffined samples.

Figure 3 shows the 3D RL images for TM
polarization mode with the same optimal

thickness as well as frequency and incident
angle ranges as those in Fig. 1. In each 3D
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image, some areas are marked by black, red,
and blue curves, which correspond to areas
with microwave absorption rates of 90%, 99%,
and 99.9%, respectively. In general, MO and
M15 composites showed poor microwave
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absorption properties with narrow EAAs, as
shown in Fig. 3 (a, ¢). While M5 and M10
composites  revealed better  microwave

absorption properties with much larger EAAS,
as shown in Fig. 3(b, d).
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Figure 3. 3D RL images for TM polarization mode at different frequencies and angles of incidence for optimum
thicknesses of (a) MO, (b) M5, (c) M10, and (d) M15 paraffined samples.

To compare the microwave absorption
properties of composites with the variation of
frequency and incident angle in the case of TM
mode, RL contours for all composites were
plotted and shown in Fig. 4. Three regions
could absorb more than 90% of the incident
microwave for MO composites: two tiny EAAS
were at the two ends of the measured range,
and the main EAA was located in the frequency
range of 7-6.5 GHz, as shown in Fig. 4(a). This
main area could be maintained in the EAR up

to 70° at some specific frequency, such as 7.5
GHz. In addition, this main area also contained
some areas that could absorb more than 99% of
the incident microwave, as denoted by the red
curve in Fig. 4(a). The microwave absorption
properties were enhanced for the composites
with higher doping concentrations. The EAAS
of the M5 composite were larger than those of
the MO composite, as shown in Fig. 4(b). The
EAR could be maintained up to 80° at a
frequency of 9 GHz, and the 99% absorption
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rate areas were extended. The microwave
absorption properties were excellent for the
M10 composite, where the composite could
absorb 90% of the incident microwave in the
whole measured frequency range, as shown in
Fig. 4(c). Therefore, the maximum EAB value
of the M10 composite was 16 GHz. In addition,
the EAAs were also the largest compared to
other composites. With higher doping
concentrations, the microwave absorption
properties were poor in both EAAs and EARs,
as shown in Fig. 4(d).

As mentioned above, the maximum EAB
values of MO—M15 samples were 10.87, 10.27,

Angle (deg.)

Angle (deg.)

é
f (GHz)

15.90, and 9.79 GHz, respectively. In the case
of TM polarization mode, the EAB values of
MO and M15 composites decreased with the
increase of the incident angle, and these
composites would have no EABs when the
incident angles were about 70°. On the
contrary, the EAB values of the M10 composite
slightly increased with the increase of incident
angle and reached maximum EAB values of 16
GHz (covering the whole measured range) at an
incident angle of 9°. For the M5 composite, the
EAB values were mostly maintained as
constant when the incident angle increased
from 0° to 14° and slightly increased after that.

Angle (deg.)

12 18

Angle (deg.)

12
f (GHz)

Figure 4. RL contour maps for TM polarization mode at different frequencies and angles of incidence for optimum
thicknesses of (a) MO, (b) M5, (c) M10, and (d) M15 paraffined samples.

The good microwave absorption properties
of the M10 composite compared to those of

other composites could be a result of its
excellent values of complex permittivity and
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complex permeability, as well as the matching
between them [10]. Besides, the microwave
incident and refraction angles could also be
used to explain the excellent microwave
absorption performance [11-13]. When the
microwaves hit the composites and then
propagated into them, there would be an
occurrence of refraction. Based on Eq. (4), a
small refraction angle is a result of the high
value of the product of x and &. Therefore,
there was almost no refraction angle for the
small incident angle [14], resulting in almost
the same RL values as the normal case (the
incident angle is zero). With much larger
incident angles, the propagation pathway of the
incident microwave in the composites was
longer and even passed the value of a quarter
wavelength, resulting in the decrease of RL
values due to the impedance mismatch [13].
When the incident angle gets close to the highest
value of 90°, the RL values tend to be zero
because the incident microwave is only reflected
at the interfaces of the composites and air.

4. Conclusion

In this work, the effects of incident angle on
the microwave absorption properties of the
composites of Cu, Co, and Ti co-doped
SrFe12019 samples with paraffin were fully
investigated in TE and TM polarization modes.
The work revealed that the good microwave
absorption properties (especially in the case of
EAB values) of the composites maintained their
good values when the microwave incident
angle increased from 0 to 50° for both TE and
TM polarization modes. With a larger incident
angle, there were still values of EAB up to
~70°, but they vanished when the incident
angle tended to 90°. Interestingly, the EAB
values of composites were even enhanced with
the increased incident angle. In the undoped
(MO0) composite in the case of TE polarization
mode, the EAB reached the maximum value of

11.65 GHz at the incident angle of 29°, which
was higher than the EAB value of the normal
incident angle of 10.87 GHz. M15 composite
also showed an enhancement in EAB value
with a value of 10.06 GHz at 30°, which was
larger than the EAB value of 0°. In the case of
the TM polarization method, only the M10
composite showed an enhancement in EAB
values from 15.9 to 16 GHz. These increases in
EAB values could be attributed to their
excellent values of complex permittivity, and
complex permeability, as well as their
matching.
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