
Chapter 12
Microwave Absorption Behaviour

The high-frequency absorption behaviour of amorphous ferromagnetic materials,
among others, is of considerable interest for microwave absorber applications [1].
Since amorphous glass-coated microwires have small dimensions (1–30 µm in
diameter), high electrical conductivity (*6×105 S/m), high magnetic permeability
(*104), and high mechanical strength (*103 MPa), they can be incorporated into
polymer-based composites for creating high-performance microwave absorption
[2–4] or EMI shielding [5] composite materials. Compared with dielectric absor-
bents, magnetic absorbents provide additional magnetic losses and achieve a better
impedance match. Compared to other types of magnetic absorbent, e.g. the widely
used ferrites, the soft magnetic materials are not as limited by Snoek’s law thanks to
their large saturation magnetisation and permeability. But their issue lies in the large
conductivity, which could make them useless for high-frequency applications
owing to the strong eddy current loss, which is formulated as [6]:

Pe ¼ CB2f 2d2

q
; ð12:1Þ

where C is the proportional constant, B is the flux density, f is the frequency, d is the
sample thickness and ρ is the resistivity. In a composite material, the concentration
p has to be considered, and Eq. (12.1) can then be revised to [7] the following:

Pe ¼ p
CB2f 2d2

q
: ð12:2Þ

For the low-resistivity material to be used in high frequency, the immediate
approach to curb the eddy current loss as indicated by Eq. (12.2) is to limit the
thickness of the absorbent (wire diameter in the case of microwire-based absorber)
or its concentration in the composite absorber. This is de facto one of the basic
rationales for our adopting thin ferromagnetic microwires of limited concentration
for microwave absorption at gigahertz, and more relevant details will be discussed
later. Another distinct advantage is that microwire composites possess remarkable
tunable properties, as presented in the last chapter, rendering likely a broader
absorption band compared to their non-tunable counter parts [8].
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In view of the appealing application potential of microwire absorbents, the
former Soviet Union had expended enormous efforts investigating the microwave
absorption properties of amorphous microwires, but few results are available to the
public for confidentiality reasons. Not until 2009 did the Micromag company of
Spain successfully commercialise amorphous microwires as absorbents in warships.

A number of groups worldwide have been actively engaged in the development
of microwire-based absorbers and shielders, and their seminal works will be sur-
veyed below. It is also worth mentioning that, although microwire composites also
exhibit excellent shielding properties in both a regular [5] and a random manner [9],
the EMI shielding is absorption-dominated [5, 10]. We will therefore focus on the
discussion of the microwave absorption of microwire composites, which is deter-
mined by their electromagnetic constitutive parameters, namely permittivity and
permeability, through the intrinsic properties of microwires and their mesostructure.
The rest of this chapter is organised as follows. A brief introduction to microwave
absorption theory will first be given. Two types of microwire absorber will be
treated separately, according to the absorption mechanism, i.e. dielectric loss
dominated and magnetic loss dominated absorbers. Finally, the design strategies of
some specific absorbers containing microwire-based fillers are described.

12.1 Microwave Absorption Theory

While the phenomenon of microwave absorption (MA) has been known for many
decades and the cause of the absorption is well formulated, the design of absorbers
has occupied the minds of many materials scientists and engineers for centuries.
Recently, the problem has garnered even more attention and become more
important than ever. In addition to academic reasons, its practical impact on society
has been recognised. The growing public concern about possible human health
effects in relation to weak RF fields, i.e. health hazards from environmental fields
[11], motivates the related research.

In this section, fundamental knowledge of microwave absorption will be pre-
sented as well as an overview of mixture law theory. These two together provide a
theoretical route to an optimised design of absorbers. Microwave energy, when
incident on a lossy dispersive material, creates heating within the material through
the interactions of the electromagnetic field with the materials’ molecular and
electronic structure. Homogeneous and heterogeneous media analysed with in an
effective medium approach are described by two material parameters: the complex
(relative) permittivity e ¼ e0 � je00 and the magnetic permeability (relative)
l ¼ l0 � jl00. The terms e0 and l0 are associated with energy storage, and terms e00

and l00 are associated with dielectric loss or energy dissipation within a material,
resulting from conduction, resonance, and relaxation mechanisms. The loss tangent
of the dielectric material is tan d ¼ e00=e0, where δ is the dielectric loss angle of the
material. Energy loss in a material illuminated by electromagnetic waves comes
about through damping forces acting on polarised atoms and molecules and through
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the finite conductivity of a material. It is common knowledge in electromagnetism
that the Poynting theorem governs our understanding of the conservation of power
in linear, dispersive media [12]. This states that the total power (for a harmonic
electromagnetic field of angular frequency ω entering a volume V through the
surface S) goes partially into increasing the field energy stored inside V and is
partially lost into heat, i.e.

@u
@t

þr � S ¼ �j � E � 2xIm e Ej j2
D E

þ l Hj j2
D E� �

; ð12:3Þ

where

u ¼ Re e0
d xeð Þ
dx

Ej j2
D E

þ l0
d xlð Þ
dx

Hj j2
D E� �

; ð12:4Þ

where 〈…〉 denotes the time average over the period of the carrier frequency, and
S = E × H is the Poynting vector. The quantities e0 and l0 are the permittivity and
the magnetic permeability of vacuum, respectively. The quantities E and H are the
electric and magnetic field intensities, respectively. The quantity j accounts for both
conductive and dielectric losses. We observe that the conductive and dielectric
losses are indistinguishable with respect to the heat generated. Applying external
electromagnetic fields to a composite material implies that the electromagnetic
waves come across a variety of microscopic boundary conditions due to the
inclusions making the heterostructure. The resulting local field variations can have a
very strong effect on energy absorption at such boundaries, since absorption
depends quadratically on the electric field intensity.

Figure 12.1 shows a multilayer microwave absorber which consists of n layers of
different materials backed by a perfect electric conductor (PEC). For simplicity, we
consider that the electromagnetic wave is normally incident. Here, di; li and ei
denote the thickness, the complex intrinsic impedance, and the propagation constant
of the ith layer, respectively. The conductivity for each individual layer of the

Fig. 12.1 Schematic of a multilayer microwave absorber with a normally incident wave. di, li,
and ei denote the thickness, relative permeability, and permittivity of the ith layer, respectively
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absorber is assumed to be zero. According to the transmission-line theory [13–15],
the wave impedance (Zi) of the ith layer is given by

Zi ¼ gi
Zi�1 þ gi tan hðcidiÞ
gi þ Zi�1 tan hðcidiÞ

; ð12:5Þ

where gi ¼ g0
ffiffiffiffiffiffiffiffiffiffi
li=ei

p
, ci ¼ j2pf

ffiffiffiffiffi
le

p
=c, g0 are the characteristic impedance of the

free space; li and ei are the relative complex permeability and permittivity of the ith
layer, respectively. Considering that the metal plate is a PEC, g0 ¼ 0, the impe-
dance of first layer reads as follows:

Z1 ¼ g1 tan hðc1d1Þ: ð12:6Þ

The reflection loss (RL) of the normal incident electromagnetic wave at the
absorber surface is given by

RL ¼ 20 log Cj j ¼ 20 log
Zn � g0
Zn þ g0

����
����; ð12:7Þ

where Γ is the reflection coefficient. Through Eqs. (12.5)–(12.7), we can see that the
combination of the magnetic permeability and the permittivity (of both the
absorbing and the substrate layers) satisfying the impedance matching condition is
the key to producing a high-performance microwave absorber. Specifically, for a
single layer of absorber backed by a PEC, which is a common situation in many
studies discussed above, the reflection loss is given as follows:

RL ¼ 20 log

ffiffil
e

p
tan h j 2pfdc

ffiffiffiffiffi
le

p� 	� 1ffiffil
e

p
tan h j 2pfdc

ffiffiffiffiffi
le

p� 	þ 1

�����
�����: ð12:8Þ

The attenuation constant α (real part of the propagation factor γ), in nepers/m, is
defined by [13]:

a ¼ ReðcÞ

¼ Re
jx

ffiffiffiffiffi
le

p
c


 �

¼ xffiffiffi
2

p
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l00e00 � l0e0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l02 þ l002ð Þ e02 þ e002ð Þ

pq
:

ð12:9Þ

where c is the light speed in free space. Here we can see that the attenuation
constant is dependent on complex magnetic permeability, permittivity, and fre-
quency. If we consider diamagnetic carbonaceous materials, MA is due to dielectric
losses. Before we proceed to consider the case of pure dielectrics with l ¼ 1� j0,
we first consider for the purpose of comparison the case of ferrites with strong
magnetic losses, their absorption being mainly due to the ferromagnetic resonance.
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To satisfy the minimum reflection loss, according to Eq. (12.8) the perfect matching
condition is given as follows:

ffiffiffi
l
e

r
tan h j

2pfd
c

ffiffiffiffiffi
le

p
 �
¼ 1: ð12:10Þ

Usually, 2pfdc
ffiffiffiffiffi
le

p � 1, as the thickness d is much smaller than wavelength and ε
is also small. It follows from Eq. (12.10) that

j
2pfd
c

ðl0 � jl00Þ ¼ 1; ð12:11Þ

which can be reduced to

l0 ¼ 0 and l00 ¼ c
2pfd

: ð12:12Þ

We find that the matching frequency fm is given as:

fm ¼ c
2pfdl00

: ð12:13Þ

The matching frequency should generally be the same as the natural resonance
frequency, which can be given by [16–18]

f ¼ r
2p

Ha; ð12:14Þ

where c=2p ¼ 2:8 MHz/Oe is the gyromagnetic ratio. The anisotropy field Ha is
given by

Ha ¼ 2 K1j j
l0Ms

; ð12:15Þ

where K1 is the anisotropy constant and Ms is the saturation magnetisation. A larger
saturation magnetisation or smaller anisotropy field will redshift the resonance
frequency, which also means an improved absorption bandwidth, since there is a
trade-off between the resonance frequency and the absorption bandwidth [19]. We
now turn to the case of a dielectric absorbent. Assuming that l ¼ 1� j0, Eq. (12.8)
can be written as follows:

RL ¼ 20 log

ffiffi
1
e

q
tan h j 2pfdc

ffiffi
e

p� 	� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
e tan h j 2pfdc

ffiffi
e

p� 	þ 1
q
�������

�������: ð12:16Þ
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As
ffiffi
1
e

q
tan h j 2pfdc

ffiffi
e

p� 	
\1, the best possible matching, i.e.

ffiffi
1
e

q
tan h j 2pfdc

ffiffi
e

p� 	
,

achieves maximum. As 2pfd
c

ffiffiffiffiffi
le

p � 1, the best possible matching condition is given
as follows:

ffiffiffi
1
e

r
¼ j

2pfd
c

ffiffi
e

p
; ð12:17Þ

This can be reduced to

e0 ¼ 0; e00 ¼ c
2pfd

: ð12:18Þ

This is quite similar to Eq. (12.12). At the best matching condition, we can
calculate the maximum reflection loss as follows:

½RL�max ¼ 20 log
1
e � 1
1
e þ 1

�����
�����: ð12:19Þ

After some transformation, we obtain the following:

½RL�max ¼ 20 log 1� 4
2þ e00ðtan dþ 1

tan dÞ

 !
: ð12:20Þ

Note that tan dþ 1
tan d is monotonically decreasing, 8tan δ < 1. Thus, the maxi-

mum reflection loss should be evaluated by considering both ε′′ and the loss tan-
gent. The usual case is that larger ε′′ gives rise to larger loss tangents, so an
optimised ε′′ and associated loss tangent can be expected to achieve the maximum
absorption condition, (too small or too large ε′′ will not favour absorption), as
shown in Fig. 12.2. This is further confirmed by the attenuation constant

Fig. 12.2 Dielectric loss
dependence of the maximum
reflection loss for different
values of ε′′
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2
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c
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After some transformation, we obtain

a ¼ xffiffiffi
2
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c
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At the matching frequency, the attenuation constant reads as follows:

a ¼ xffiffiffi
2

p
d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
e00

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1

tan2 d

r
� 1
tan d

 !vuut : ð12:23Þ

12.2 Dielectric Loss Dominated Absorption

In the case of dilute composites, the microwire composites exhibit high complex
permittivity but a close-to-unity permeability, with negligible magnetic loss at
gigahertz frequency [2, 20, 21]. It follows that the absorption feature is mainly
determined by the relaxation polarisation.

The concentration of the wire amount plays an important role in this case. It has
been shown that an increasing amount of wires will improve the absorption [5].
However, it is reported that, rather than a simple linear dependence of absorption on
the filler content, there is a threshold value at which the percolation network is
formed if the glass coatings at the end of wires are spalled, which is often the case
[2] (see Fig. 12.3a). This is common in the percolating composite systems (see, e.g.
[22–24]). In detail, when the wire content is smaller than the percolation threshold,
the loss tangent increases but without a significant increase of dielectric loss as the
wire content is increased, whereas further increase of the wire concentration gives a
sharp increase of dielectric loss due to the wave reflection rather than absorption.
This effect overshadows the contribution of increasing loss tangent to the micro-
wave absorption and results in the decrease of microwave absorption. Note that the
tunnelling effect is responsible for the conductivity of the composite before the
percolating threshold, which is highly desirable for microwave absorption. It should
be mentioned that, at this point, microwires are not as good as ferrite due to its
much higher conductivity, which would otherwise free our concerns on the con-
centration limitation to preserve the dipole nature [25]. To address the conflict
between the increasing wire concentration and the percolating network, superior
glass quality is the key. Therefore, it is now clear to us that, in addition to the
quality of the metallic core, good glass quality is necessary for further improving
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the microwave absorption. Indeed, it is shown that the percolation threshold
decreases due to the decrease of the length of the naked metallic core via annealing,
but the level of maximum absorption is retained. It can then be expected that with a
further increase of the annealed wire concentration, the absorption can be increased.

Among the dilute absorbers, the one proposed by Liu et al. [26] is unique as it
was made transparent by dispersing short-cut microwires of lengths from 5 to
12 mm into a transparent siliconeelastomer. Such a transparent microwire com-
posite shows more than 10 dB of shielding efficiency with just 0.5 wt% microwires
and a thickness of less than 750 μm. The study reveals that a wire length of around
10 mm (with a tolerance of less than 0.4 mm) is the optimum parameter for
shielding purposes. The shielding profiles are determined by the wire resonance,
depending on the wire length and cluster effect [27].

Qin et al. [7, 28] conducted a detailed study on the influence of the wire
diameter, interwire spacing, and the embedded depth on the absorption performance
in a set of E-glass fibre-reinforced polymer (GFRP)/microwire composites. They
used an equivalent circuit model as shown in Fig. 12.4 to illustrate the influence of
these geometrical parameters. Figure 12.5a shows that in the continuous-wire
composite with fixed interwire spacing b, reducing b will effectively increase
absorption, which can be explained by an equivalent circuit. When an array of
microwires is excited by a microwave with electric field e polarised along the
microwire, the displacement current flows along both the microwires and the air
gaps between neighbouring wires. Hence, the system can be regarded as a parallel
combination of lumped impedances; the impedances of the wire and air gap are
formulated as follows:

(a)

(a) (b)
(d)

(b)

(c)

Fig. 12.3 a Morphology and metal core contact of the short-cut microwires: (a) as-cast;
(b) annealed at 450 °C; (c) annealed at 530 °C; (d) metal core contact (as-cast). b Calculated
reflection losses of planar composites filled with as-cast and annealed microwires (with filling ratio
of 15 % and thickness of 1.5 mm). Reprinted with the permission from [2], copyright 2010
Elsevier
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Zwire ¼ i=xpa2ewire; ð12:24aÞ

Zair ¼ i
xð2rb� pa2Þeair ; ð12:24bÞ

where εwire and εair are the permittivities of the studied microwire and air gaps; ω is
the angle frequency; a denotes the radius of the wire. The equivalent impedance
Zeq−wire of the wire/gap system can then be given by

Fig. 12.4 Schematic of equivalent circuit for array of wires excited by an incident microwave
with the electrical field component along the wire axes a and b denote the wire radius and interwire
spacing, respectively

Fig. 12.5 a Absorption
spectra for continuous
microwire/GFRP composites
with different wire spacing
b. b Absorption spectra for
continuous microwire/GFRP
composites with wires of
different radius a. Reprinted
with the permission from
[28], copyright 2013 Springer
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Zeq�wire ¼ ZwireZair
Zwire þ Zair

: ð12:25Þ

With reference to the above equations, Zeq−wire is improved with decreasing b,
and consequently reduces transmission and increases absorption. Some comments
are in order here. (i) By varying the equivalent impedance of the circuit, the
absorption (or transmission) spectra can be modulated; this is very useful for
developing effective filters. (ii) By selecting different b and r, one can formulate and
control the change of the absorption maximum and the shift of absorption, which
can be exploited for metamaterial applications. This effect is exemplified in
Fig. 12.5a: as b is reduced, the absorption maximum redshifts and the absorption
bandwidth are broadened. This is consistent with the theoretical calculations in
[29], which reports that a metal-backed quarter-wavelength radio-absorber con-
taining an array of ultrathin microwires of 4 μm radius exhibits improved
absorption and redshift of the absorption peak as the wire spacing is reduced from
10 mm to 1 mm. It should be noted that maximising the function of one parameter
that constitutes the mesostructure of composites for modulating the microwave
properties also relies on the optimisation of other pertinent parameters [30].

This may explain why the shift presented for the current case is not significant.
Indeed, the best absorption performance should meet impedance matching condi-
tions that can only be achieved with appropriate wire impedance, diameter, and
spacing [29]. It is expected that further reduction of the airgap (wire spacing) will
raise absorption; but when the wires spacing is reduced to be small enough to
induce indirect dipolar interactions or even direct exchange interactions, the
absorption mechanism will change from the domination of dielectric loss to that of
magnetic loss [31] and the composite may become very lossy, while the maximum
absorption will shift to a much higher frequency. It should be noted that the
influence of interwire spacing on the microwave properties varies for different
compositions of microwires. For composites containing continuous Co-based
microwires, the dielectric response is sensitive to the external magnetic field via the
strong magnetoimpedance effect [32]; but there is a lack of strong microwire
interactions between the neighbouring wires and it is generally not possible to
observe multiple resonances in the absorption spectra, even with very small spac-
ing. In contrast, for the composites containing continuous Fe-based wires, the field
effect is weak as the MI properties of Fe-based wires are inferior [33]; but with
decreasing interwire spacing, the closing domain structure can be formed and the
strong exchange resonance effect may be expected to benefit the absorption per-
formance [34]. In either case, the wire spacing plays an important role in manip-
ulating the electromagnetic behaviours.

In addition to the wire spacing, another equally important parameter is the wire
diameter. As shown in Fig. 12.5b, although composites containing the same loading
of thin wires have smaller wire spacing, larger absorption is observed in composites
with a larger diameter than in those with smaller diameters. This can be understood
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by a theoretical model for the effective permittivity εeff of wire arrays consisting of
thin wires with diameters less than 40 μm [35]:

eeff ¼ e0 � 1
xtb

� xLþXW

R2
W

þ j
1
RW


 �
; ð12:26Þ

where RW, L, and XW represent the dc resistance, inductance, and reactance of the
wire, respectively. In this instance, the effective permittivity is determined by the
wire resistance. Thicker wire has smaller resistance and hence larger permittivity;
its composite therefore shows better absorption. In addition, although the ratio of
the radius square to the wire spacing remains the same for the two composites with
the same loading of wires, the composite with thicker wire experiences a stronger
skin effect and reduces the value of matching spacing, thereby achieving better
impedance matching than with thinner wires in this case [29]. It should be noted
that as the wire gets thicker than 40 μm, the inverse relation between εeff and RW

switches to proportional; this was demonstrated in the preceding chapter. This is
reasonable as, although the good conductivity of absorbents is essential for
absorption, too high conductivity will make the material excessively reflective. On
this basis, the above argument is valid that larger permittivity results in larger
absorption, as the permittivity here is circumstanced by polarisation only, excluding
conduction. In another perspective, embedding a too thick wire into the polymer
matrix will lead to a significant diameter mismatch compared with typical rein-
forcing fibres of 8–12 μm [36], thereby degrading the mechanical properties of the
resulting composites. As such, limitation of the wire diameter can retain the
advantages of the lightweight structure intrinsic to polymer composites and is thus
preferable for the overall composite performance. This consideration should be
adopted as a strategy to design multifunctional composites enabled by these
Fe-based microwires.

Further study has been conducted upon the effect of embedded depth (the dis-
tance of the ferromagnetic microwire layer to the microwave incident surface) on
the resultant absorption performance by the same group. They examined whether
wires put in the front or back have different responses; indeed, the back-wire sample
shows better absorption due to the contribution of the front GFR player and the
back wire layer. The even-poorer absorption than the pure GFRP with the wires in
the front layer as observed is attributed to the reflection induced by the wires. This
clearly suggests that the wires should not be embedded in the front layer so as to
prevent a significant impedance mismatch in the surface layer that reflects the wave
away. They also tested the configuration with wires embedded in the medium layer,
as shown in Fig. 12.6a. The results show that they did not present as good
absorption. The second layer of GFRP serves as a substrate layer to slightly increase
the impedance mismatch [37], so the absorption is slightly decreased and also the
matching frequency is shifted as compared to the single layer, but it is similar to
the first configuration, which further substantiates the function of the GFRP as the
substrate layer. The fourth configuration shows greatly decreased absorption, which
is due to the reflection of the GFRP; this is further confirmed by the case of
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3.8 mm embedded depth. The composites containing two layers of microwires of
the same configuration are also examined. With reference to Fig. 12.6b, the addition
of a second layer of wires retains the same sequence of configuration ranked in
terms of absorption, except for the first configuration, i.e. wires at the top with
respect to the incident wave, whereby the absorption is the least of all due to very
strong reflection. Similar results have been reported for the case of the absorber
containing 1-mm microwire absorbents [38], whereby the best absorption has been
achieved when the wires are positioned close to the metallic substrate.

Fig. 12.6 a Influence of embedded depth hi of the ith microwire layer on the absorption spectra
for continuous microwire/GFRP composites with 0° wire orientation. The values of h1 and
n (number of laminates) are indicated in the figure legend; the maximum absorption for each
composite configuration is summarised in the table below. b Same as a but with the addition of
another layer (h2) of microwires. Reprinted with the permission from [28], copyright 2013
Springer
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The importance of the above result lies in the simultaneous achievement of the
optimal absorption and the impact resistance performance offered by the same
configuration of such microwire/GFRP composites. GFRPs are widely used in wind
turbines, which are essential structural components for wind energy harvesting. As
wind turbines can cause interference to normal radar communications due to the
unwanted Doppler returns [39], the introduction of wires into GFRP will mitigate
the issue and address this conflict of interest between the desire to encourage wide
use of renewable and green energy and the desire to maintain the effective operation
of the important human safety-associated radars used for air traffic control, weather
monitoring, and marine navigation aids.

12.3 Magnetic Loss Dominated Absorbing

In the case of microwire composites with heavy loading, the ferromagnetic reso-
nance may shift to gigahertz frequency due to the enhanced effective anisotropy
field via the long-range dipolar interactions between wires [3, 40]. In this case, the
ferromagnetic resonance for the planar microwire composites is given by [40]

fr ¼ r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pMsðHk þHnÞ

p
; ð12:27aÞ

Hn / iMsða=lÞ2; ð12:27bÞ

where Hn is the field created by neighbouring wires of total number i, or it can be
simply understood as an additional anisotropy field induced by wire interactions
[41]. Thus, any factors that can influence the anisotropy field should be considered
tuning parameters. Directly from Eqs. 12.27a and 12.27b, it is obtained that a larger
aspect ratio (l/2a) will reduce the resonance frequency and increase the absorption
according to Snoek’s law; and that the increasing number of wires will enhance the
permeability and neighbouring field and hence the resonance frequency. For
Co-based wires, the decrease of metal-to-total diameter ratio p will elevate the
internal stress and consequently the anisotropy field [42, 43], thus the absorption
should be shifted to a higher frequency. This has been analytically explained very
well by Baranov et al. [44]. The dependence of resonance frequency can be
expressed as follows:

f � f0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� p2

1þ 1:5p2


 �s
ðGHzÞ; ð12:28Þ

where

f0 ¼ 1:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k� 106

p
GHzð Þ: ð12:29Þ
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Also, note that the reduction of the wire core diameter can reduce the thickness
of the outer shell of the domain so that the electromagnetic wave can penetrate into
the inner core with an axial anisotropy and easily induce natural ferromagnetic
resonance. As the reduced wire diameter can also guarantee a lightweight structure,
it is therefore desirable to use very fine wires of less than 20 μm diameter to make
absorbers.

Three kinds of microwires of typical positive, negative, and vanishing magne-
tostriction constant with correspondingly different composition [45] are chosen here
to shed light on the usefulness of this theory. By using Eq. (12.28), the
metal-to-total diameter (p) dependence of the resonance frequency is calculated for
these three wires. The result confirms the role of the wire’s cross-sectional geometry
on the natural ferromagnetic resonance frequency and also reveals that the Fe-based
wires are more suitable for absorption purposes at relatively higher gigahertz fre-
quencies. This is consistent with three ported magnetoabsorption properties of wires
with positive, negative, and vanishing magnetostriction constant [46]. For micro-
wave absorption purposes, the best configuration, with respect to the wire axis, is
when the static magnetic field and the microwave electrical field are parallel; the
microwave magnetic field is perpendicular, as in such configuration, and circum-
ferential FMR will be induced with marked intensity by the microwave electrical
field [47]. In contrast, the ferromagnetic resonance induced by the magnetic com-
ponent of the microwave is much weaker in microwires and can only be well
observed in the submicron wires and nanowires [48]. Such a remarkable depen-
dence of FMR on the wire orientation with respect to the microwave and external
magnetic field has been well studied in [46]. As shown in Fig. 12.7, we can deduce
that, under a constant magnetic field, tilted wires with respect to the axis will give
much smaller absorption intensity, and that when the angle increases to a certain
value (approaching 90°), the FMR will disappear unless a much higher magnetic
field is applied. Also, one can see that the Fe-based wires are the best option for

Fig. 12.7 Dependence of
resonance field (Hres) of
absorption spectra on the
microwire orientation (α) with
respect to the static magnetic
field as shown in the inset at
9.5 GHz. Reprinted with the
permission from [46],
copyright 2002 Elsevier

214 12 Microwave Absorption Behaviour



magnetic microwires, since they have the largest tolerance to the tilted angle range
up to 80° without significant increase of the resonance magnetic field. Clearly this
suggests that, for a quasi-isotropic magnetic absorber with wires homogeneously
dispersed, Fe-based microwires are more efficient than other types of wires since the
effective amount of Fe-based wires, regardless of the orientation of the EM wave,
will be larger than other kinds of wires.

Another feature of great interest is that the resonance frequency can be shifted to
higher frequency if a large enough neighbouring field is yielded with a good
number of wires added into the absorbing medium or tailored wire geometry
(Fig. 12.8). A proven method is to make a multilayer-structured microwire film that
will enhance the anisotropy field [49] and give an improved initial permeability, as
high as 6000 at 1 MHz. With the reduction of the wire length, the demagnetising
field increases, and the anisotropy field is reduced accordingly [3, 5, 41, 50],
resulting in the reduction of absorption via the collaborative effect with the influ-
ence on the neighbouring field Hn. In general, the optimal dimensions for excellent
absorption performance require a metallic core of diameter 1–3 μm and length
1–3 mm, comparable to the half wavelength [51] for microwires.

Several important aspects of the implementation of microwires on absorbers
should be highlighted here. First, as the anisotropy constant of microwires can be
conveniently modulated by the magnetostriction constant, which is subject to the
wire composition and stress conditions (either internal stress from different
geometry or external stress applied), the tuning of natural FMR resonance and
associated absorption features such as the absorption maximum and bandwidth is
therefore readily accessible. Second, the dispersion of microwires (i.e. mesostruc-
ture control) is critical to meet the requirement for suitable dimensions [51] and
arrangements for maximum absorption. As discussed above, the dispersion can
have an impact on the orientation of wires and hence the electromagnetic absorption
behaviour. This partially explains why the theoretical calculation from complex
permittivity and permeability that is obtained typically in a wax-based toroidal

Fig. 12.8 Theoretical curve (continuous line) of FMR frequency as a function of x according to
Eq. 12.28 for three wires with positive, negative, and vanishing magnetostriction, respectively
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sample usually does not match the reflection loss experimentally measured with
planar samples of much larger size (e.g. [2]). Tunable absorption can be realised in
the absence of magnetic field and prefers an ultrathin metallic core, making the
wires attractive for miniaturisation of microwave devices based on these fine ele-
ments. The last important aspect meriting our attention is the use of wires without
glass coatings. Although they are inferior in terms of as-cast wire quality due to the
fabrication limitation as compared to glass-coated wires, it is the metallic core
rather than the glass coating that interacts effectively with the microwave. As such,
applying the metallic core only into the absorbing matrix will improve the packing
density of the wires [49] and hence the absorbing rate and efficiency. However, an
obvious drawback requiring caution is that they can form a percolation network at
certain concentrations and will thus induce large reflection. Such a percolating
effect explains why weak permittivity is observed for 80 wt% melt-extracted FeSiB
wires in a toroidal sample as reported in [52]. The absorption thus calculated is of
little practical interest, with over 10 dB loss only occurred at 1–2.7 GHz for
thicknesses over 4 mm. This performance is much inferior to what Marin et al. [4]
have presented with wires of similar static magnetic behaviour, i.e. more than 15 dB
at 8.5 GHz with a wire fraction of c.a. 3.1wt%.

12.4 Other Absorbers Based on Microwires

In this section, we will discuss some strategies for designing specific absorbers with
microwires or microwire-based absorbents based on the limited data reported in the
literature. One approach is to use hybrid microwires with dielectric absorbents or to
design a (gradient) multilayer structure to improve the impedance mismatch and
hence improve the absorption. The other is to fabricate multilayer microwires by
coating with additional layer(s) of magnetic and/or non-magnetic phases so as to
yield additional absorption peaks.

Qin et al. [53] propose hybridising microwires with carbon nanotubes
(CNT) with good electrical conductivity to make a multiscale hybrid composite
absorber. As shown in a group of spectra of lossy parameters (Fig. 12.9), the loss
tangent increases significantly with increasing wire concentration, suggesting the
possibility of improved absorption; while the intrinsic impedance calculated from
g ¼ ffiffiffiffiffiffiffi

l=�
p

shows an opposite trend, which is due to the increased conduction loss,
although the polarisation loss is also improved. Indeed, the reflection is increased.
One can also see that the absorption has been enhanced with the co-work of the
wires and CNTs.

Torrejon et al. [54] developed a biphase magnetic microwire consisting of a soft
amorphous nucleus and harder outer crystalline shell. The presence of additional
hard phase as compared to the conventional single-phase microwire induces a
second absorption peak at a lower frequency than that excited in the soft nucleus.
Although the second peak is weaker, it helps generate an additional absorption peak
and hence enlarge the absorption band. However, a serious issue with this kind of
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multilayer wire is the tremendous reduction of the magnetoabsorption level com-
pared with conventional glass-coated wires, which is suggested to be attributable to
the reduced volume fraction of the inner axial domain in the amorphous nucleus
caused by the electroplating-induced stresses. A proper post-annealing is apparently
necessary to resolve this problem.

In closing, with all the advantages discussed above at VHF frequency, the
microwires can be effectively designed in terms of composition, static magnetic
properties, geometry (core diameter, metal-to-total diameter ratio, length, and aspect
ratio), concentration, topological arrangement (unidirectional and omni-directional)
with the guide of transmission-line theory and when fabricated by a facile
mould-casting technique, yielding exceptional absorption or shielding performance.
The absorption is readily tunable to meet frequency selective applications.
Undoubtedly, the microwire composites can find a market niche as
high-performance absorbers for anechoic chambers, modern concealment, biological
protection shelters, and so forth.
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