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ABSTRACT

The increase in electromagnetic wave pollution at high frequency (gigahertz
band) has led to an increasing demand for more effective microwave absorption
materials (MAMs). This study aims to investigate magneto-crystalline aniso-
tropy materials as MAMs. Magnetic and microwave absorption properties of
Y>Coy7_Fe, (x =0, 5, 9, 13, 17) are reported in this study. As the Fe content
increases, the magneto-crystalline anisotropy of Y,Coy;_.Fe, changes from
planar anisotropy to axis, then to cone, and eventually to plane. Meanwhile, the
variation trend of the magnetization (M;) value increases first and then
decreases, reaching a maximum at x = 9. The Y,Co,;_,Fe,/paraffin composites
(x =0, 13, 17) with the planar anisotropy show stronger reflection loss (RL) than
that composite (x = 5) with the uniaxial anisotropy. The strongest RL value is
achieved for the conical anisotropy composites (x = 9). This composite, with
conical anisotropy and highest M, exhibits the highest gigahertz frequency
permeability, which is advantageous for improving the impedance matching
and attenuation abilities of microwave absorption. The Y,CogFeq/paraffin
composite exhibits a reflection loss value of — 46.9 dB and effective absorption
bandwidth (EAB, RL < — 10 dB) of 4.74 GHz with a thickness of 2.0 mm at 10.2
GHz, suggesting its applicability as an efficient microwave absorbent in the
gigahertz frequency.
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1 Introduction

The development of communication technologies has
led to a rapid increase in effective, multifunctional,
and intelligent devices, such as mobile phones, smart
wearable devices, and autonomous cars. To reduce
the size and to improve the performance of such
devices, the operating frequencies of various elec-
tronic devices have become increasingly higher.
There is a significant trend in the increasing appli-
cation of gigahertz (GHz) frequency devices. As a
result, electromagnetic wave pollution under high-
frequency (GHz band) conditions has become a
serious problem, because it not only interferes with
the normal operation of electronic devices but also is
potentially detrimental to human health [1-4].
Therefore, to mitigate this pollution and its haz-
ardous effects, use of effective MAMSs is desired.
Traditional soft-magnetic materials such as metallic
magnetic materials [5, 6] and ferrites [7, 8] have been
extensively researched as candidate MAMs because
they exhibit both magnetic loss and electric loss
properties [9, 10]. However, the permeability of spi-
nel ferrites and metallic materials decreases rapidly
with increasing frequency, as expressed by the Snoek
limit [11]:

fr(ﬂi_l):;_nVMs (1)

where f;, 1, 7, and M, are the resonance frequency,
initial permeability, gyromagnetic ratio, and satura-
tion magnetisation, respectively. The right side of
Eq. 1 is constant because saturation magnetisation
(M) and gyromagnetic ratio (y) are fixed for a given
magnetic material. This suggests that initial perme-
ability (x;) and natural resonance frequency (f;) are
competing factors, suggesting that a high perme-
ability value cannot be obtained at high frequencies.
In order to obtain high GHz range absorption per-
formance, the soft-magnetic materials should exhibit
high permeability and high resonance frequency
[12-14]. This illustrates how a given material is lim-
ited in terms of effective electromagnetic absorption.

For magnetic materials with planar anisotropy, the
Snoek limit can be modified as [15]:

fely — 1) :%”/Ms\/g:z (2)

where Hy and H,, are the out-of-plane anisotropy
field and in-plane anisotropy field, respectively. For a
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planar anisotropy material, Hy is much larger than H,,
[16]. This suggests that the value on the right side of
Eq. 2 could be much higher than that of Eq. 1. This
means that the Snoek limit can be augmented using
the planar anisotropy modification, whereby high
permeability and high resonance frequency can be
obtained simultaneously. On the basis of this theory,
many efforts have been devoted to finding a planar
anisotropy material with high soft-magnetic proper-
ties at higher frequencies [17]. Hexagonal ferrites,
such as Co,Z-type ferrites, have intrinsic magneto-
crystalline anisotropy and can be used in high-fre-
quency applications [18, 19]. However, ferrites with
low M, cannot satisfy the requirement for further
optimisation of their high-frequency properties.

Compared to Co,Z-type ferrites, rare-earth inter-
metallic compounds have attracted widespread
attention because of their higher saturation magneti-
sation and resonance frequency. A series of planar
anisotropy RyFe 7N3_;5 [15, 20], RyFe14B [21, 22], and
R;Coy7 [23, 24] (R = rare-earth element) compounds
with high permeability and resonance frequency
were prepared and their high microwave absorbing
properties have also been reported. However, a small
amount of a-Fe is an undesirable by-product in the
process of nitriding for R,Fe;;N;_s. Complex prepa-
ration is also not suitable for mass production
application. Meanwhile, the R;Fe;4B and R,Co;;
compounds exhibit M, with relatively low values. In
rare-earth intermetallic compounds, the 3d transition
metal element substitution can adjust their Mg and
magneto-crystalline anisotropy, which has been
widely investigated [25, 26]. Therefore, it is interest-
ing to investigate magneto-crystalline anisotropy
materials with high saturation magnetisation as
MAMs.

In this work, we report the magnetic and micro-
wave absorption properties of Y,Coq;_Fe, (x =0, 5,
9, 13, 17). The properties of Y,Co;7_,Fe, compounds
can be modified using the 3d transition metal Fe
element substitution for Co, which affects the satu-
ration magnetisation, magneto-crystalline anisotropy,
and microwave absorption properties. The influence
of different magneto-crystalline anisotropy on the
microwave absorption properties of the composites is
discussed. It is found that the Fe substitution for Co
improves successively the microwave absorption
performance, as the magneto-crystalline anisotropy
changes from axis to plane and then to cone. The
Y,CogFey/paraffin ~ composite, ~ with  conical
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anisotropy and higher M, exhibits the most excellent
microwave absorption performance.

2 Materials and methods
2.1 Preparation

Y,Coy7_Fe, (x =0, 5, 9, 13, 17) alloys were synthe-
sised using high-purity elements by induction melt-
ing in an argon atmosphere. An additional 5 wt.% Y
was added to compensate for the expected losses
from melt evaporation of Y. The alloys were
mechanically ground into a powdered form and sif-
ted through a 200-mesh sieve. To attain a uniform
microstructure of the powders, it was milled using a
high-energy planetary ball mill (XQM-4, Changsha
Tencan Powder Technology Co., Ltd.) for 2 h at a
rotation rate of 300 rpm under inert conditions with
absolute ethanol (99.7%, Sinopharm Group Chemical
Reagent Co., Ltd.) as the milling medium. The ball-to-
powder weight ratio was 40:1. The milled powders
were dried in a vacuum drying chamber at 60 °C for
12 h. To investigate the microwave absorption prop-
erties of the compounds, the powders were mixed
with paraffin in a 3:2 mass ratio and dispersed in
n-hexane in an ultrasonic bath. Then, the composites
were dried in a fume hood for 12 h. The Y,Coq7_,.
Fe,/paraffin (x =0, 5, 9, 13, 17) composites were
compressed into toroidal cores (outer diameter = 7.00
mm, inner diameter = 3.04 mm) using a hydraulic
press at a pressure of 2 MPa. To analyse the magneto-
crystalline anisotropy of the Y,Coi7_.Fe,/paraffin
composites, the composites were oriented under a
rotated magnetic field of 1.7 T.

2.2 Characterisation

The morphological analysis of the Y,Co;;_.Fe, (x = 0,
5,9, 13, 17) powders was carried out by scanning
electron microscopy (SEM; ZEISS EVOI18). Particle
size distribution was evaluated using a laser particle
size analyser (LPSA, HELOS-OASIS). The magnetic
properties of the powders were measured by a
vibrating sample magnetometer (VSM, Lake-
shore7410) at room temperature. The crystal struc-
tures and magnetic oriented Y>Co;7_,Fe, composites
were characterised through X-ray diffraction analysis
using X-ray diffraction (XRD, Bruker D§ ADVANCE)
with a Cu-Ko radiation source. The complex
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permittivity and permeability of the composites were
measured using coaxial method [27, 28] by vector
network analyser (VNA, Agilent N5225A) in the
range from 1 to 18 GHz.

3 Results and discussion
3.1 Crystalline phase and microstructure

Figure 1la indicates that the Y,Coy;_.Fe, (x =0, 5, 9,
13, 17) composites exhibit the rhombohedral Th,Zn;-
type structure [20]. The diffraction peaks of the
composites shift to the lower angles with the increase
of Fe content since the Fe atom is larger than the Co
atom. Figure 1b shows the XRD patterns of the
magnetically aligned Y,Co,7_,Fe, composites. The
(006) crystal plane increases dramatically whereas
other peaks decrease or even disappear, indicating
that the easy magnetisation direction (EMD) is in the
(006) plane for the x = 0, 13, and 17 composites. Thus,
these composites have planar anisotropy. For the
x = 5 composite, the strong diffraction peaks are (300)
and (220), indicating that its EMD is parallel to the
c-axis and the composite has uniaxial anisotropy.
Furthermore, the oriented x =9 composite has a
strong peak corresponding to (220) and (006) reflec-
tions, suggesting that the composite has conical ani-
sotropy with its EMD lying between the c-axis and
the (006) plane. The transition between uniaxial and
planar anisotropy may result in a conical anisotropy,
which is consistent with the results reported in pre-
vious studies [29, 30]. Figure 1c shows the magneto-
crystalline anisotropy of Y,Co;7_.Fe, with increasing
Fe content. The EMD changes from plane to axis, then
to cone, and eventually to plane. In the rhombohedral
ThyZn,7-type structure, the anisotropy is caused by
the interaction between crystal electric field and ion
orbit magnetic moment [30]: with a small amount of
Fe substituted for Co in the dumbbell 6c sites, the
negative contribution (basal plane) will be reduced,
leading to a change in the magneto-crystalline ani-
sotropy from plane to axis. When the Fe content
increases such that Fe occupies the 18f site, the pos-
itive contribution (c-axis) will be reduced and the
magneto-crystalline anisotropy turns to the plane.

Figure 2a—j shows the SEM images of the raw and

milled Y,Cojy_,Fe, (x=0, 5, 9, 13, 17) powders.
Figure 2k-o presents the particle size distributions of
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Fig. 2 SEM images of a—e raw and f—j milled Y,Co;7_,Fe, (x =0, 5, 9, 13, 17) powders and k—o particle size distributions of the milled

Y,Co;7_,Fe, powders (x =0, 5, 9, 13, 17)

powders after ball milling. From Fig. 2, after high-
energy planetary ball milling, the morphology
transforms from large particles with an average
diameter of 40 pm gradually to small particles with
an approximate length of 3-7 pm and thickness of
0.2-1 pum. Because of the large compression and shear
forces acting on the particles during ball milling,
these particles undergo plastic deformation and
welding effect together. The plastic deformation
results in the formation of small flaky particles, whilst
the welding effect causes a small part of the particles
to fuse to each other and form multi-layered flakes.
Generally, the skin depth (penetration depth) for
metals is approximately 1.3-3.2 pm at 2.45 GHz [31].
After the high-energy ball milling, the thickness of
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most of the particles is less than the skin depth, which
is beneficial to reduce the eddy current and improve
microwave absorption performance.

3.2 Static magnetic properties

Figure 3a shows the hysteresis loops for the com-
pounds of Y,Coy7_,Fe, (x =0, 5, 9, 13, 17) under an
applied magnetic field of & 10 kOe at room temper-
ature. The inset in this figure is an enlarged view of
the hysteresis loops. The values of saturation mag-
netisation (M) and coercivity (H.) are summarised in
Fig. 3b. As the Fe content increases, the M, value is
initially 121.22 emu/g for x = 0, increases to 133.72
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Fig. 3 a Hysteresis loops of Y,Co;7_.Fe, (x =
hysteresis loops

emu/g for x = 5, and reaches a maximum of 156.89
emu/g at x =9. With a further increase in the Fe
content, My decreases successively to 152.34 emu/g
for x = 13 and 85.53 emu/g for x = 17. Thus, the M,
values of the Y,Coy;_.Fe, composites increase first
and then decrease with increasing Fe content. These
results can be explained in terms of the band model
[26]: with the substitution of Fe for Co, the down spin
band starts to empty first, enhancing the net magnetic
moment; when the M value reaches maximum, the d
band is entirely occupied by the up spin band such
that finally, the up spin band begins to decrease,
reducing the net magnetic moment. Furthermore, as
Fe substitution increases, the H. values increase sig-
nificantly, reach a maximum at x=5, and then
decrease, which is mainly attributed to the change in
magnetic anisotropy [32, 33].

3.3 Microwave absorbing properties

It is well known that the interaction between mate-
rials and electromagnetic waves is characterised by
complex permeability (u, = ¢/~ ju”) and complex
permittivity (¢, = ¢~ j¢") [34]. The real parts of the
complex permeability (4') and permittivity (¢') rep-
resent the storage abilities of the magnetic and elec-
trical energies, whilst the imaginary parts (1", &")
represent the dissipation abilities [35]. Figure 4a and
b presents the frequency dependence of the complex
permeability of Y,Coyy_,Fe,/paraffin composites.
The permeability and natural resonance frequency
are significantly different for composites with differ-
ent Fe contents. As shown in Fig. 4a, the values of the
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real part of permeability (1) for the x = 0, 5,9, 13, and
17 composites are 1.61, 1.40, 1.95, 1.76, and 1.55 at 1
GHz, respectively. As the frequency increases, the
values of all composites decrease gradually in the
1-18 GHz frequency range. Generally, magnetic loss
is mainly attributed to hysteresis, domain wall reso-
nance, natural resonance, and eddy currents [15]. The
magnetic loss caused by hysteresis is negligible in a
weak applied field, and the domain wall resonance
usually occurs in the MHz range. The contribution of
eddy currents could be also deemed negligible due to
the small particle size and the insulator matrix of the
composites. Therefore, the natural resonance is the
main factor influencing the magnetic loss in this
study. As shown in Fig. 4b, the x =0, 9, 13, and 17
composites have a broad peak (natural resonance
peak) in the imaginary part of the complex perme-
ability at approximately 10 GHz. The resonance peak
is attributed to the magneto-crystalline anisotropy.
However, the x =5 composite has a gradually
decreasing p” value and its natural resonance peak
may be in the MHz range. Compared to the uniaxial
anisotropy material, the planar anisotropy material
can augment the Snoek limit, which means its high
permeability and high resonance frequency can be
obtained simultaneously. As a result, the x = 0, 9, 13,
and 17 composites with the planar (conical) aniso-
tropy have a higher natural resonance frequency than
the x = 5 composite with uniaxial anisotropy. It can
be also observed that both the real and imaginary
parts of permeability of the composites with planar
(conical) anisotropy are higher than that the com-
posite with uniaxial anisotropy composites. In planar
anisotropy composites, the composites with high Mg

@ Springer
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Fig. 4 a, b Complex permeability, ¢ magnetic loss tangent, d, e complex permittivity, and f dielectric loss tangent spectra of

Y,Co,7_,Fe,/paraffin composites (x = 0, 5, 9, 13, 17)

tend to have high permeability. The permeability of
x =9 composite with conical anisotropy reaches a
maximum value.

For magnetic microwave absorbents, high perme-
ability and appropriate permittivity values are per-
formance indicators for strong microwave
absorption. Figure 4d and e displays the frequency
dependence of the real part of the complex permit-
tivity (¢') and the imaginary part (¢”) of the compos-
ites, respectively. The complex permittivity of
Y,Coy7_,Fe,/paraffin composites is practically inde-
pendent of the frequency and only fluctuates slightly
between 10 and 18 GHz. The ¢’ values of the com-
posites at 1 GHz for x =0, 5, 9, 13, and 17 are 7.87,
10.48, 11.56, 10.43, and 8.24, respectively. The ¢” val-
ues of the composites at 1 GHz for x = 0, 5, 9, 13, and
17 are 0.27, 1.09, 1.29, 0.67, and 1.65, respectively. The
permittivity values of composites increase first and
then decrease with the increase of Fe content. The
calculated magnetic (tand,, = ¢/y’) and dielectric
loss tangents (tand, = &”/¢’) of all the composites are
shown in Fig. 4c and f, which determine the ability to
attenuate the electromagnetic waves. The magnetic
loss tangent and dielectric loss tangent exhibit trends
significantly similar to those of x” and &, respec-
tively. A low magnetic loss tangent is found for the
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x = 5 composite, whilst low dielectric loss tangents
are found for the x = 0 and x = 17 composites, which
cause a reduction in their absorption effectiveness. In
addition, compared to the other composites, the x = 9
composite has the highest dielectric loss tangent and
magnetic loss tangent, which suggests that this
composite would absorb electromagnetic waves most
effectively.

Based on the transmission line theory, the electro-
magnetic reflection loss (RL) can be calculated using
parameters for the complex permeability and per-
mittivity as shown in the following Egs. [36, 371

RL = 201g|(Zin — Zo)/(Zin + Zo)| 3)
Zin = Zo\/ it/ & tanh(j(2nfd /) /1) (4)

where Z;, and Z; represent the impedances of the
absorbent and free space, respectively; d is the
thickness of the absorbent; f is the frequency of the
electromagnetic wave; and c¢ is the propagation
velocity of light. Generally, when the RL value of the
absorbent is less than — 10 dB, 90% of the incident
electromagnetic waves can be consumed by the
absorbent, at which point it becomes useful for
practical applications [38]. To investigate the micro-
wave absorption properties of the Y,Coq;_.Fe,/-
paraffin composites, the RL values of composites
with thicknesses from 1 mm to 3 mm are calculated
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as shown in Fig. 5. For x = 0, with d values of 1.4, 1.8,
2.2, and 2.6 mm, the minimum RLs are obtained —
13.1, - 13.8, — 11.8, and - 10.3 dB at 18, 14, 11.1, and
9.4 GHz, respectively. The minimum RLs of the
x = 13 composite with d values of 1.4, 1.8, 2.2, and 2.6
mm reach — 23.2, — 15.6, — 14, and - 12.8 dB at 16.3,
12, 9.7, and 8.1 GHz, respectively. Similarly, for the
x = 17 composite, the minimum RLs are - 11.1, -
11.8, - 12.7, and - 11.8 dB at 17.9, 15, 11.7, and 9.2
GHz when the d value is 1.4, 1.8, 2.2, 2.6mm,
respectively. However, the minimum RL of — 10 dB
could not be reached for the x = 5 composite, which
implies that its electromagnetic wave absorption is
inadequate. Furthermore, the x=9 composite exhibits
significantly stronger microwave absorption capacity,
with minimum RL values below — 20 dB at 1.4, 1.8,
2.2, and 2.6mm. The minimum RL values of the Y,_
CogFeq/paraffin composite are —21.4, — 28.2, — 37.8,
and - 27.7dB at 16.2,11.8,9.2,and 7.6 GHz at 1.4, 1.8,
2.2, and 2.6mm in sequence.

To further elucidate the microwave absorption
characteristics of the investigated Y,Cop7_.Fe./-
paraffin composites, the detailed RL and absorption
bandwidth are displayed in Fig. 6. And the influence
that the magneto-crystalline anisotropy has on the
microwave absorption properties are discussed. For
the x =5 composite with uniaxial anisotropy, the

—— |
[
-10
m-lﬁ]‘
)
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minimum RL values do not reach — 10 dB and the
effective absorption bandwidth (EAB) is zero. For the
x =0, 13, and 17 composites with planar anisotropy,
RL values (< — 10 dB) are obtained at various thick-
nesses, with the largest EAB found at approximately
4.05 GHz at 1.7 mm (x = 0), 5.31 GHz at 1.5 mm
(x =13), and 2.6 GHz at 2.1 mm (x = 17). The mini-
mum RL values of the x=9 composite with conical
anisotropy reach below — 10 dB with a relatively wide
thickness of 1.2 mm-3 mm. Furthermore, its EAB
reaches 6.8 GHz at 1.6 mm. In most practical cases, it
is widely accepted that an RL value of less than — 20
dB is evidence of a high absorption effectiveness and
indicates that 99% of the incident electromagnetic
waves can be absorbed [39, 40]. The x = 9 composite
reaches RLs below — 20 dB at 1.3-3 mm and the lar-
gest absorption bandwidth (< — 20 dB) reaches 1.54
GHz at 1.8 mm. The x =9 composite with conical
anisotropy has the highest absorption effectiveness of
all the composites investigated. As can be seen in
Figs. 5 and 6, the Y,CogFeqo/paraffin composite exhi-
bits the highest microwave absorption with a mini-
mum RL value of 46.9 dB and an absorption
bandwidth of 4.74 GHz with a thickness of 2 mm at a
frequency of 10.2 GHz. Except for x =5, the Y,
Coy;_.Fe,/paraffin composites demonstrate signifi-
cant microwave absorption effectiveness, which is
attributed to the anisotropy: composites (x = 0, 9, 13,

Fig. 5 a—e 3D RL plots of the Y,Co;,_,Fe,/paraffin composites (x = 0, 5, 9, 13, 17) with various thicknesses versus frequency

@ Springer



27856 J Mater Sci: Mater Electron (2021) 32:27849-27859
ol (@ gl ® " 2.0} © —
10 N —t—— x = —t X =9
= N g, gl 6 /\ —x=13 1.5 Jrmbmh ——x=13
& 20] /,.-/-v’ 5 - ——x=17 | \_\ ———x=17
h e Q4 \ S0 B ™
é ]| S——— ﬁ . e —~—— ] E \\
40t —-——:—9 \// - / / ’*\/ et s /
—— =13 4
S0 ——x17 0 2 0.0
1.0 15 2.0 25 30 1.0 L5 2.0 25 30 1.0 15 2.0 25 3.0

Thickness/mm

Fig. 6 a The minimum RL, b effective absorption bandwidth (EAB, RL < —

different thicknesses

17) with planar (conical) anisotropy exhibit higher
permeability and resonance peak frequency than the
(x = 5) composite with uniaxial anisotropy. The high
gigahertz frequency permeability could be benefit to
optimise the impedance matching and stronger
attenuation, enhancing the microwave absorption
effectiveness.

It has been reported that high-performance MAMs
should satisfy two conditions: optimised impedance
matching between free space and MAMs and a
strong intrinsic attenuation characteristic of the cor-
responding electromagnetic waves [41]. The first
condition ensures the maximum possible penetration
of electromagnetic waves into the interior of the
MAMs and the second condition represents the
ability with which the incident electromagnetic
waves are absorbed. Thus, the attenuation constant
(o) [42, 43] and the relative input impedance (Z) [44]
of the Y,Coyy_,Fe,/paraffin composites are calcu-
lated for further discussion, using the following
equations:

.(2nfd
2= 2w/ 2] = Vil /(2 ) i) (0)
_ V2nf
o
« \/(/1”8” _ 'ulgl) + \/('u//g// _ ,u’s’)2+(,u”8’ _ M/S//)Z

(6)

As mentioned above, the input impedance (Z;,) is a
key parameter in determining the properties of
MAMSs and should be matched with the free space
impedance (Z;). According to the rules of impedance
matching, the closer the value of relative input
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Thickness/mm

Thickness/mm

10 dB), and ¢ absorption bandwidth (RL < — 20 dB) with

impedance (Z;,/Zo) is to 1, the better is the impe-
dance matching [39].

Figure 7a shows the relative input impedance (Z;,,/
Zy) of the Y,Co,7_,Fe,/paraffin composites. It can be
seen that the impedance matching of the composites
optimises as the magneto-crystalline anisotropy
changes from axis to plane and then to cone. To
effectively absorb electromagnetic waves, the relative
input impedance value should be close to 1 [39]. The
x =9 composite with conical anisotropy exhibits
comparatively better impedance matching, whilst the
other composites exhibit relative input impedance
values larger than 1 in the frequency range of 2-18
GHz. The x = 5 composite with uniaxial anisotropy
exhibits the poorest impedance matching. As can be
seen in Fig. 7b, the values of o increase notably with
increasing frequency, indicating the enhanced
microwave attenuation ability at higher frequencies
for the composites. It can also be seen that the values
of o increase as the magneto-crystalline anisotropy of
the composites changes from axis to plane and then
to cone, revealing the gradual increase in microwave
attenuation capacity. Based on the microwave
absorption properties of all investigated composites,
the Y,CogFey/ paraffin composite exhibits the optimal
impedance matching and strongest microwave
attenuation capacity, which is consistent with the RL
values shown in Figs. 5 and 6.

As can be seen in Fig. 5, the minimum RL values of
the composites shift to the low-frequency location
with the increase of the absorbent thickness. To better
understand the mechanism, the quarter-wavelength
cancellation model is applied to account for the
microwave absorption of the absorbent, which can be
described as follows [45, 46]:
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where t, ¢, and f,, are the matching thickness, light
velocity, and absorption peak frequency, respec-
tively. Electromagnetic waves in the absorbent is
partially absorbed, and the rest of the electromagnetic
waves is reflected to the free space by the absorbent—
metal interface and causes interference with the
electromagnetic waves reflected by the air-absorbent
interface. When the thickness satisties Eq.7, the
phase difference between the two electromagnetic
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waves is 180°, resulting in destructive interference at
the air-absorbent interface [41]. Figure 8 displays the
relationship between the minimum RL, matching
thickness (t,), and relative input impedance of the
Y,CogFeq/paraffin composite at a given frequency.
The red five-point stars on the 1/44 curves are the
matching thickness, and the corresponding frequen-
cies are obtained from the absorption peaks of the RL
curves. It can be clearly observed that the thicknesses
values in relation to the peaks of the RL curves
coincide with the t,,,, which suggests that the location
of the minimum RL values can be explained by the
quarter-wavelength cancellation model. Furthermore,
the peaks of the minimum RL is elucidated by the
quarter-wavelength cancellation model and the
optimal impedance matching.

A comparison of comprehensive microwave
absorption properties of some representative com-
posites is summarised in the GHz range in Table 1.
The comprehensive properties mainly include filling
ratio, optimal RL, EAB, and their corresponding
thickness. Compared with other composites, the Y,.
CogFeq/paraffin composite exhibits excellent micro-
wave absorption property in the GHz range,
confirming that it has better comprehensive applica-
tion performance at high frequency.

4 Conclusion

In summary, our study clearly demonstrates the
design of an excellent electromagnetic wave absor-
bent by adjusting the magneto-crystalline anisotropy.

@ Springer
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Table 1 Comparison of microwave absorption properties of some representative composites

Composites Filling ratio Optimal RL (dB) Thickness EAB References
(mm) (GHz)(RL < — 10 dB)
Ce; sMM 5Co, 7/wax 80wt.% — 40.17 1.8 3.2 (7.44-10.64) [24]
Ni/SiC/epoxy 80wt.% — 31.04 3.5 3.44 (6.68-10.12) [47]
MoS,/epoxy 60wt.% — 384 24 4.1 (9.6-13.7) [48]
SrFe;1Zng sN sO;o/epoxy 80wt.% —29.62 2.5 3.7 (8.28-11.98) [49]
FeNi/paraffin 80wt.% - 379 4.0 0.51 (2.19-2.70) [50]
SnO,/Fe;04/MWCNTSs/ paraffin 70wt.% — 42 1.9 2.8 (9.6-12.4) [51]
Y,CogFeo/paraffin 60wt.% — 469 2 4.74 (8.38-13.12) This work

The magneto-crystalline anisotropy of the Y,Coq7_,.
Fe, composites change from plane to axis, then to
cone, and eventually to plane with increasing Fe
substitution. The optimum permeability and reso-
nance frequency, as well as improved microwave
absorption properties are achieved in conical aniso-
tropy composites. The Y,CogFes composite with
conical anisotropy and high saturation magnetisation
exhibits the best electromagnetic wave absorption
capacity of all the composites investigated and is
therefore a potential MAM for high-frequency
microwave absorption applications.
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