Chapter 13
Microwire-Based Metacomposites

13.1 Brief Introduction to Metamaterial

13.1.1 Fundamentals of Metamaterials

Metamaterials are one of the most appealing forefront subjects in materials and
physics nowadays (see, e.g. [1-6]) in view of the prospect that their successful
application may renovate a number of industrial domains such as aeronautics, opto-
electronics, and transportation. It has been theoretically and experimentally demon-
strated recently that a single microwire or microwire array is capable of metamaterial
behaviour; the recent experimental work in our group demonstrates that the polymer
composites containing a single array or a crossing array of Fe-based microwires have
metamaterial characteristics; we therefore in this chapter focus on this very exciting
aspect of microwire composites. Before proceeding, it will be worthwhile to review
essential concepts and background information on metamaterials.

A metamaterial is by definition an artificially engineered material that gains its
properties from its structure rather than its constituents. The resultant properties,
such as negative refractive index and negative stiffness, are not encountered in
naturally occurring materials [7]. First of all, a metamaterial must be non-existent in
nature, which accounts for the origin of its name, as meta means “beyond” or “of a
higher kind” in Greek [8]. It is an extension to the conventional materials in terms
of material behaviours. Second, the unique properties of metamaterials are not
derived from their constituent materials but from their structure, which distin-
guishes them from conventional composite materials. Typically, yet not essentially,
a metamaterial possesses an ordered structure, realised by a periodic arrangement of
the functional units, as schematically depicted in Fig. 13.1. Another implicit rule is
that the physical dimensions of unit (scale) and neighbouring distance (periodicity)
must be smaller than the incident wavelength so that homogeneity, without which a
material cannot be recognised as a “material”, can be ensured [7]. The collective
responses (effective responses) of all units to the external field (stimuli) give the
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Fig. 13.1 Generic sketch of a volumetric metamaterial synthesised by embedding various
inclusions in a host medium

macroscopic properties of a metamaterial. By manipulating the scale and periodicity
of these units, one can tailor the properties of a metamaterial. The effective medium
theory finds great use herein to study the behaviour of metamaterials, as reviewed in
[9], which in turn can be instrumental to metamaterial design and engineering for
specific applications. In this sense, metamaterials can also be categorised into smart
materials and multifunctional composites.

In this book, the metamaterials are restricted to the electromagnetic metamaterials
that are our main interest. An analogy can be drawn between metamaterial engi-
neered by functional units as basic building blocks and the conventional materials
composed of atoms. Likewise, Maxwell’s equations can be transformed from
microscopic to macroscopic form, making it possible to describe the electromagnetic
response of a metamaterial via both an effective permittivity (e(w)) and permeability
(u(w)). At the subwavelength scale, these two parameters can be manipulated
independently and arbitrarily as we desire. Thus, the flow of an electromagnetic
wave can be controlled much like a fluid. It follows that some intriguing properties
can be achieved for some appropriate materials. For instance, magnetic responses
can be realised in metamaterials consisting of mere non-magnetic constituents [10].
At certain frequencies, a negative refractive index material (NIM) can be obtained
with both &(w) and u(w) being negative (n = —,/ue), as depicted in Fig. 13.2. The
exploitation of NIMs opens up new prospects of manipulating light and produces
revolutionary impacts on present-day optical technologies.

13.1.2 Classification of and Approaches to Metamaterials

Since &(w) and u(w) can be controlled independently, it is possible to obtain unusual
media with either only negative &(w) (ENG) or only negative u(w) (MNG), and both
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Fig. 13.2 Negative refraction. a An empty glass. b A glass filled with an ordinary medium with
positive refractive index, such as water; the straw inside the glass is refracted. ¢ The water is
replaced by a negatively refracting medium. Reprinted with the permission from [11], copyright

2006 OSA

of them negative (DNG), as against conventional media with both parameters
positive. Such a classification according to the sign of &(w) and u(w) is shown in
Fig. 13.3, and each class is detailed below.

e ENG Many plasmas exhibit this characteristic below plasma frequencies
according to the Drude model. Veselago [12] initially proposed gaseous and solid
plasmas. Decades later, it was found that noble metallic wires (e.g. silver, gold)
behave in this manner in the infrared (IR) and visible frequency domains [2]. This
was theoretically proposed first by Rotman and Pendry et al. [13, 14]; Smith et al.
[5] and Shelby et al. [4] realised the idea using thin wires as the scattering

Fig. 13.3 Classification of
materials in the eu plane in
terms of their signs. Reprinted
with the permission from [3],
copyright John Wiley & Sons
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Fig. 13.4 Arrays of SRR structure (a) and nanorods (b). Reprinted with the permission from [2],
copyright 2005 OSA

elements. Composites containing conductive sticks have also been intensively
investigated to realise negative permittivity by Lagarkov et al. [15, 16] and
Panina et al. [17].

e MNG Typical materials of this kind are gyrotropic materials. The composite
media with thin wires enabling a resonance feature are also capable of giving
negative values of effective permeability near the resonance frequency.

e DNG This is also known as a Veselago medium named after its discoverer [12],
left-hand material, and NIM. It was realised by Smith and Shelby et al. [5] via
split-ring resonators (SRRs), as shown in Fig. 13.4a. It consists of two planar
concentric conductive rings, each with a gap. Shalaev et al. [2] also successfully
fabricated the NIMs using arrays of gold nanorods or thin wires, as illustrated in
Fig. 13.4a.

13.1.3 Applications of Metamaterials

The reason why metamaterials have become a focus of intense study is primarily
that they afford a range of novel applications. Perfect lenses proposed by Pendry [1]
are one of the most exciting applications. A lossless slab (Fig. 13.5) with a
refractive index n = —1 projects an image of the object placed into the near field
with subwavelength precision. This has profound impacts on biomedical imaging
and subwavelength photolithography [18].

Metamaterials are a basis for building a practical cloaking device. The possibility
of a working invisibility cloak was demonstrated in [20]. The cloak deflects
microwave beams so that they flow around a “hidden” object inside with little
distortion, making it appear almost as if nothing were there at all. Such a device
typically involves surrounding the object to be cloaked with a shell which affects
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the passage of light near it. Liu et al. [21] also experimentally demonstrate that a
metamaterial cloak is able to revise the reflected waves to make them appear as if
reflected from a mirror, thus cloaking the subject behind. Using FE simulations, Cai
et al. [22] designed an optical cloaking device which deploys an array of metallic
wires projecting from a central spoke that would render an object within the cloak
invisible to red light.

Most recently, with an exponential growth of research interest in metamaterials,
more potentials are being explored for industrial applications. Sato [23] reviewed
the applications of metamaterials in automobiles, as summarised in Fig. 13.6. Melik
et al. [24] proposed a metamaterial-based stress sensor with exceptional resolution.
Metamaterials are also applied to improve the performance of antennas, as reported,
e.g., by Alici and co-workers [25]. The microwave-absorbing capacity of a con-
ventional shielding material can be enhanced by the metamaterial coating, as
recently reported by Zou et al. [26]; the metamaterials themselves can also be
designed to be perfect absorbers [27], as first demonstrated by Landy et al. [28],
who simulated a 99 % absorptivity for a multilayer structure consisting of two
metallic layers and a dielectric. Overall, there are still many unknown applications
yet to be tapped into for metamaterials. In the present work, arrays of magnetic
microwires are employed to obtain negative effective permittivity. Plus, the anti-
ferromagnetic resonance features of ferromagnetic microwires suggest that a
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Fig. 13.6 Applications of metamaterials in automobiles [23], reproduced courtesy of the
Electromagnetics Academy

negative permeability is also obtainable. In this sense, the microwire composite
could demonstrate the metamaterial functionalities, for which corresponding
applications are anticipated.

13.2 Metacomposite Characteristics

Thin conducting wire structures are common building blocks for preparing meta-
materials with negative permittivity of a range of unusual properties. This has
generated a considerable interest in wire media, and a vast amount of literature is
devoted to the subject (see, e.g., [29-36]). The negative electrical response also
suggests that the wire medium is characterised by a low-frequency stop band from
zero frequency to the cut-off frequency, which is often referred to as plasma fre-
quency [37, 38]. For the wire radius on the micron scale, and the lattice constant on
millimetre scale, the plasma frequency is in the gigahertz range. In the frequency
band above the plasma frequency, the effective permittivity of the wire media enters
the negative value region and presents a strong dispersion therein. This may be used
to engineer a specific electrical response. However, a single array of non-magnetic
wires cannot provide negative magnetic permeability. In order to obtain simulta-
neously the negative permittivity and permeability, non-magnetic wires are often
combined with another array of SRRs [5].

Such design suffers from the drawback of having relatively large dimensions and
is not suitable for making into a complex shape when required, e.g., to be made into
a coating on a curved surface. Another disadvantage is that such a design is ani-
sotropic and the negative refraction is limited to only a couple of polarisations of
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the incident plane electromagnetic wave [39-42], impeding interesting applications
such as the perfect lens [1], where an isotropic metamaterial is needed. Most
recently, alternative approaches have been proposed capitalising on the magnetic
properties of magnetic materials such as ferrites [43, 44], yet during the manu-
facturing procedure, additional steps are necessary for the combination of
non-conducting wires and magnetic materials. This is clearly cumbersome and
unappealing for large-scale engineering purposes.

Here comes a question: What is the ideal design for a piece of engineering
metamaterial? First of all, the definition of metamaterials is now becoming diverse
in that they have covered a range of interdisciplinary subjects and research topics,
such as transformation optics [1, 45, 46], electromagnetics [2], and structural
mechanics [47]. Yet one key feature remains and is regarded as the centre guideline
for conventional metamaterial designs: metamaterials derive their special properties
from particular structural effects rather than intrinsic material properties of their
constituents [4, 5, 20, 48]. For instance, metamaterials constructed by an array of
rods and SRR rings are the most typical prototype. Nevertheless, these existing
“metastructures” are not attractive for multifunctional purposes because they lack
flexible responses towards external stimuli such as magnetic fields and mechanical
stresses. Hence, complicated structures are necessary, albeit unfavourable, to pro-
mise the wanted metamaterial properties. Further, it entails a sophisticated fabri-
cation process to guarantee precise dimension control at micro/nanoscales
comparable to the concerned wavelength which is a sine qua non for metamaterial
design [6, 49]. The downsides confine metastructures for mass production.
A remedy is urgently needed.

Enlightened by the beauty of composite materials, we propose a concept of
metacomposites where multifunctionalties can be attained from properties of each
component. Although the concept has been used by some researchers [50-54], the
meaning here is rather different. The metacomposites should meet three essential
criteria: (i) a metacomposite is realised by incorporating functional fillers into
matrix materials, therefore being a true piece of material with metamaterial features.
(ii) Their ultimate properties are dependent on the fillers’ material properties apart
from structure-associated factors. (iii) They are manufactured via an engineering
route.

Ferromagnetic microwires have been recently considered promising for micro-
wave absorption [55, 56] and magnetic sensor applications [57] owing to their
distinguished giant magnetoimpedance effect, giant stress impedance effect, and
soft magnetic properties [S8—60]. Specifically, strong responses from the micro-
wires to the interactive microwave suggest that they can be built into suitable
components for applications such as sensing and non-destructive structural health
monitoring [61]. In this context, to pursue the most simplified design, a single
ferromagnetic wire or array is proposed to provide simultaneous negative permit-
tivity and permeability, in that negative permeability can be obtained at frequencies
between the natural ferromagnetic resonance and antiferromagnetic resonance
[62—66], while negative permittivity can be obtained below the normalised plasma
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frequency f =5 / Vén [17, 67]. Thus, as long as the ferromagnetic resonance
frequency is not higher than the plasma frequency in the continuous-wire case, or
the antiantenna resonance in the short-wire case, simultaneous negative permittivity
and permeability can be obtained. With a square net configuration, the microwire
composite will present isotropic performance. Theoretically, a calculation is given
here to illustrate the possibility of obtaining negative permeability and permittivity.
For a parallel configuration comprised by conductive wires, the permeability can be
expressed as [68]

1 (w0+wm)2 - wZ o a, o 2
—= 1 {— 2 d } 1 13.1
Hetr 2 wo(wo + o) — a7 + a)s( nb) + ( )

where wg = YHy. with y the gyromagnetic constant and Hy. the external field.
Wy, = 21(2ma/b)2y M with M the saturation magnetisation of wires of radius a and
interwire spacing b and a bulk conductivity . For typical values of CoFe—Cr-B-Si
wire, o = 10'° ¢!, M =500 Gs, when a = 10 um, b = 1 mm, Hy. = 10 Oe, the
ferromagnetic resonance is 704 MHz according to f. = ugrv/HacMs/2n [69]. The
normalised plasma frequency is 38.9 GHz, when the matrix permeability is 2. In
this case, both negative permittivity and permeability are obtained at 1.9-21.7 GHz
[68]. It should be noted that by regulating a, b (within the limit) and magnetic bias,
the negative index range can be tuned. This could be of great use from the appli-
cation point of view.

The capability of microwires to realise metamaterial features is demonstrated
amazingly in a single wire. Labrador et al. [66] tested a single wire of nominal
composition Fe;75S11,.5B1¢ in a waveguide by paralleling it with the electric field
vector on slices of Rohacell foam under a dc magnetic field. Both negative per-
meability due to the natural FMR and negative permittivity as an effect of inter-
actions with the waveguide are realised in the X-band. Note that, unlike the case of
short-circuited microwires with a waveguide, the electrically isolated microwire
behaves as if capacitive-loaded, responsible for negative values of the effective
permittivity. As the natural FMR occurs at zero magnetic field, a magnetic field is
then not an essential element in this metamaterial system, which greatly simplifies
its structure. On the other hand, application of a magnetic field could also add the
tunable functionality. Such a self-contained and versatile fine element is hence
established as a promising metamaterial building block to configure a series of
metamaterials, which are discussed below.

Different approaches were developed to realise the metamaterials based on
ferromagnetic microwires. Adenot-Engelvin et al. [70, 71] fabricated a wire com-
posite as schematically shown in Fig. 13.7a using CoFeSiB wire with a small
negative magnetostriction coefficient of total diameter 9 um and core diameter
4 pm. The volume fraction of the wires is within the range of 6-11 %. The
microwave permeability for this composite is shown in Fig. 13.7b, fitted by a model
based on the solenoid approach with a unique set of values for resistance (R),
inductance (L), and capacitance (C).
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Fig. 13.7 a Schematic view of a sample with eleven metamaterial blocks. b Measured
permeability and model with R = 0.1 OQ, L = 0.09 nH, and C = 9.5 pF for the eight-loop wire
composite. Reprinted with the permission from [70], copyright 2006 Elsevier
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Fig. 13.8 a Schematic view of the configuration of wire arrays and measurement set-up.
b Measured transmission characteristics on an array of two layers of three wires each, as a function
of the applied magnetic field Hy.. Reprinted with the permission from [62], copyright 2009 AIP

The permeability is also found, in this configuration, to be dependent on the
loops, in terms of the resonance frequency by analogy with the magnetic field effect
[55, 62] or stress [72]. These field effects can be readily explained by the LLG
model for computing the magnetic dynamic susceptibility.

In another configuration (see Fig. 13.8a) [62] constituted by wire arrays of
CoSiB with a diameter of 2-3 pm, the transmission spectra were obtained as shown
in Fig. 13.8b, exhibiting the rise of transmission with the dc field due to a
double-negative condition obtained. Although there is no matrix involved, such
wire arrays demonstrate the potential to make metamaterials from these wires. Liu
et al. [73] proposed a metamaterial configuration by combining the long conductive
fibres along the electric field and microwires along the magnetic field, as shown in
Fig. 13.9a. As expected, the negative refraction index is seen at a certain frequency
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Fig. 13.9 a Schematic view of the configuration of composites containing microwires and
conductive fibres. b Negative refractive index of the microwire composite obtained by HFSS™
[73]

range, as shown in the numerical results (Fig. 13.9b), although the significant
resonance loss remains a problem for its application.

A very important sine qua non for realising the metamaterial feature at micro-
wave frequency is that the diameter of the microwire is comparable to the skin
depth, as too large a diameter will cause huge reflection [14, 61, 74]. This argument
generally holds true for any functions based on microwave/material interactions
other than EMI shielding dominated by reflection. For a typical ferromagnetic
microwire, o= 10'® s7'(10° S/m) and y = 20, the calculated skin depth & at 10 GHz
is about 1 um [75]. Since the permeability decreases with the frequency, & changes
little. This is larger than even very thin microwires with a typical radius of few
microns. Although it is still possible to penetrate into most of the inner core in the
Fe-based wire [76] or the outer shell in the Co-based wire [77], the submicron wires
[78-83] or nanowires [84-95] would be preferred in this case. On the other hand,
reducing the wire diameter will reduce the volume fraction of wires and hence the
permittivity and permeability. One may have to accept that such an unavoidable
loss is typical for metal metamaterials [96]. Another restriction is set on the “dilute”
condition, i.e. b >>a, which is necessary to have a relatively smaller carrier density
and large effective carrier mass, such that the plasma frequency can be regulated in
the 1-10 GHz range of application interest. The band-stop or band-pass filter, for
example, can be designed based on the criticality of plasma frequency on trans-
mission [14, 68]. Also, it is argued that a large number of wires are deleterious since
they will absorb most of the electromagnetic wave [64, 72]. This issue must be
addressed before the microwire composites can find metamaterial applications such
as cloaking. On the other hand, it is desirable for microwave absorption application
and field-tunable devices arising from decent dielectric permittivity variation with
the presence of external magnetic bias (Fig. 13.10). As such, these two function-
alities cannot be pursued simultaneously, but this would greatly extend the freedom
of tailoring the electromagnetic properties of the microwire composites.
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It should be addressed that above microwire-enabled metamaterial features are
still obtained from a pure structure. Although their fascinating properties are
derived from their magnetic properties, they are not a composite material in a strict
sense. On the other hand, so far all the reports on the ferromagnetic microwire
metamaterials are yet limited to the Co-based wires. As is known, Fe-based wires
have significantly different domain structure from Co-based wires arising from the
positive magnetostriction, and as a consequence, its static and dynamic electro-
magnetic responses are also distinct from those of Co-based wires [55, 76]. Besides,
the natural ferromagnetic resonance (NFMR) of Fe-based wires enables negative
permeability dispersion above the FMR frequency, which creates additional degrees
of freedom in designing double-negative metamaterial band. In addition, as com-
pared to Co-based wires, Fe-based wires are cost-effective and therefore more
desirable for practical applications [58], especially in sensors and transformers.
Hence, it is believed that by employing Fe-based microwires alone in a periodical
fashion and by incorporating into a high-performance base material, these meta-
material properties can be maintained and new dimensions of functionalities can be
realised. Most importantly, this design makes our metacomposites a true piece of
material and it is of engineering interest.

Recently, Luo and Qin et al. [97] successfully realised prepreg-based meta-
composites containing parallel Fe-based microwire arrays. Experimentally,
glass-coated FeSiBC wires were embedded into aerospace graded 950 prepregs
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Fig. 13.11 Schematic
illustration of the process for
manufacturing composites
containing Fe-based
microwires in parallel manner
with wire spacing of

b. Reprinted with the
permission from [99],
copyright 2014 AIP

with spacing of 3, 7, and 10 mm, respectively (Fig. 13.11), followed by a hand
laying-up and a standard autoclave curing procedure. All the resultant composite
samples have an in-plane size of 500 x 500 mm® and a thickness of 1 mm.
Microwave characterisation was carried in a free-space set-up in 0.9—17 GHz with
the presence of a dc magnetic field up to 3 k Oe wherein S-parameters were
extracted [61, 98]. Dielectric permittivity was later on calculated from S-parameters
via a built-in programme Reflection/Transmission Epsilon Fast Model.
Remarkably, some transmission windows are identified in the 1-7 GHz from the
composites containing 3-mm-spaced microwire array (Fig. 13.12a), together with
reflection dips and absorption peaks (now shown here). From the permittivity
spectra of the same wire composites, one observes that permittivity has negative
values below a featured frequency of 16 GHz (Fig. 13.12b), i.e. f,,. From electro-
magnetic theory, one notes that transmission windows are a typical result of
abnormal dispersion and this could be induced by either double-positive or
double-negative indices (permittivity and permeability). The observation of nega-
tive permittivity denies the former situation, and herein, we can conclude that a
negative ¢ and a negative u are simultaneously obtained as a metacomposite feature.
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Fig. 13.12 Frequency dependencies of a transmission (S,;) coefficients and b dielectric
permittivity of parallel microwire composites with the presence of fields up to 3 k Oe of different
wire spacing, b = 3, 7, and 10 mm, respectively. Reprinted with the permission from [97],
copyright 2013 AIP

The negative ¢ is observed below the f, derived from the parallel alignment of wires
[14], while a profile of negative u is originated from the FMR of wires [58].
Notably, this transmission window can be excited without external magnetic fields,
which is also defined as natural DNG feature. This remedies the metastructure
consisting of Co-based wire arrays where DNG indices can only be observed in the
presence of burden magnets [64]. The designed wire metacomposites renovate the
area of realising DNG characteristics where only a simply parallel architecture is
needed and can be oriented for microwave cloaking and sensing applications.
Moreover, the transmission windows can only be obtained when the wire—wire
spacing is below a spacing of 7 mm. This links to the wire—wire magnetic inter-
action and the modulation of f,,. From Fig. 13.12b, one observes that when the wire
spacing is larger than 3 mm, the plasma frequency is significantly lower than the

theoretical prediction. In a wire media, f,, can be described as f’f = W[M],

which is determined by the wire radius @ and spacing b. We obtain f,, of 4.8, 6.6,
and 16.6 GHz for composites with wire spacing of 10, 7, and 3 mm, respectively.
However, from the inset of Fig. 13.12b, we notice that there is a large discrepancy
between these calculated values and the experimental ones when the wire spacing is
larger than 3 mm, i.e. 1.4 GHz for » = 10 mm and 1.6 GHz for b = 7 mm,
respectively. This is arising from the fact that in the above equation, a is the
effective diameter that contributes to the overall dielectric response and for
microwires, the major response comes from the outer shell of the whole domain
structure [14]. Nonetheless, for Fe-based wires, the outer shell volume only
occupies a trivial portion [58, 100] such that the final f, is greatly compromised.
Decreasing the wire—wire spacing to a critical value of 3 mm, dynamic wire—wire
interactions provide essential offsets to the effective diameter, hence plasma fre-
quency considering the modification of wires’ domain structure and magnetic
tensor due to the long-range dipolar resonance [76, 101, 102]. It should be stressed
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that here the interactions are referred to the dynamic magnetic interactions resulted
from the coupling with electrical component of incident waves rather than the
magnetostatic coupling, since 3-mm spacing is still too wide to induce meaningful
magnetoelastic energy [103, 104].

However, due to the loss generated by the wires, the transmission level is not
greatly favourable in this parallel metacomposites. The root cause is the relatively
high wire concentration in the case of 3-mm spacing. To overcome the drawback,
the same group comes up with an orthogonal array design that is capable of real-
ising the transmission window at much larger wire spacing and providing a much
higher transmission level. The orthogonal metacomposites are illustrated in
Fig. 13.13. Fabrication and characterisation are detailed elsewhere.

Notably, transmission windows are realised in 1-6 GHz in the metacomposite
containing 10-mm-spaced orthogonal microwire array (Fig. 13.14). Furthermore,
such configuration attains a higher microwave transmission level yet with a much
lower wire content compared with parallel metacomposites filled with wires of
3-mm spacing. This is attractive for miniaturised cloaking devices. Interestingly,
one notes that the critical spacing for orthogonal configuration (10 mm) is larger
than parallel metacomposites (7 mm); that is, metamaterial features are readily
available in orthogonal metacomposites as the spacing is over 10 mm. The 90
degree wires can be regarded as an insertion of an array of discontinuous wires
between neighbour continuous 0 degree wires due to small excitation from the axial
component of electrical field [105]. The “imaginary” short-cut wires enhance the

Fig. 13.13 Schematic view
of manufacturing process of
orthogonal wire array
metacomposite with fixed
wire spacing 10 mm
perpendicular to glass fibres
and different horizontal wire
spacing of 3 and 10 mm,
respectively. Reprinted with
the permission from [99],
copyright 2014 AIP
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Fig. 13.14 Frequency plots of transmission spectra of polymer composites with parallel and
orthogonal wire arrays and blank composite (with no wires) with electrical component along glass
fibres in the absence of external fields. Reprinted with the permission from [99], copyright 2014
AIP

wire—wire interaction via the generation of circumferential fields such that the
critical spacing is reduced.

Another feature of 3-mm-spaced orthogonal metacomposites is that their
transmission is slightly higher than that of the parallel metacomposites with the
spacing. This is also attributed to the influence of 90° wire array. In the orthogonal
configuration, the small axial component of 90° wires along the electrical field of
incident waves enhances both the dielectric permittivity and the magnetic perme-
ability to a similar extent, taking into account the creation of circumferential fields
[105]. Furthermore, an extra portion of permeability increase can also be secured
via the weak interaction between 90 degree wires and magnetic component in
microwaves [55]. Together, the impedance match is improved as per Z = (u/e)"'?,
which determines the higher transmission level of orthogonal metacomposites. In
this sense, one sees the possibility of a quantitative control of transmission level in
the realm of orthogonal metacomposites via the investigation of relation between
the transmission increase and amount of 90° wires. This is instrumental to devel-
oping cloaking devices out of the microwire composites to reach a required
transmittance level from microwave perspective.

So, what is the remaining challenge? If scrutinising the S-parameter spectra of
parallel and orthogonal metacomposites, one is able to find that tuning those
observed transmission windows is still a tricky issue. Previous studies on
meta-metastructures based on Co-based microwires have revealed unique advan-
tages including tunable properties towards fields and stresses [98, 106, 107], thanks
to their excellent soft magnetic properties and giant magnetoimpedance
(GMI) effect. Absorbing the essence, one naturally comes up with an idea to explore
that by incorporating Co-based microwires, how they will interplay with the existing
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Fe-based arrays in the composites. Besides, the hybrid metacomposites containing
Fe- and Co-based wires would be an interesting topic to investigate how the inter-
actions between Co—Co, Fe—Co, and Fe—Fe wires would influence the transmission
windows. Most recently, Luo et al. [108] select two combinations of Fe-based and
Co-based microwires, i.e. parallel Co-based and parallel Fe-based wire array
(Fig. 13.15a) and short-cut Co-based and continuous orthogonal Fe-based wire array
(Fig. 13.15b). We will not harangue the experimental details, yet it should be
emphasised that Fe- and Co-based microwires must be embedded into separate
prepregs to minimise large reflection losses caused by physical wire contacts
otherwise.

From the transmission spectrum of hybrid metacomposite with high wire con-
centration (10- and 3-mm spacing for Fe- and Co-based wires, respectively)
(Fig. 13.16a), one striking feature is that a transmission window emerges with the
presence of magnetic field of 300 Oe in the frequency band of 1-3.5 GHz. This
suggests that an abnormal transmission dispersion is constructed in the continuous
hybridised Fe-/Co-based wire composite system, which is distinct from the previ-
ously reported natural transmission windows independent of magnetic field but
rather controlled by a critical spacing in the single Fe-based wires containing
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Fig. 13.16 Frequency plots of the transmission coefficients, S»,, of composite samples containing
a hybrid wire arrays with 3-mm-spaced Co-based wires, b pure Fe-based wires, and ¢ pure
Co-based wires

composites [97]. With the evidence of negative permittivity dispersion in the same
frequency band and negative phase velocity (not shown here for brevity), it is
validated that a magnetic bias-induced double-negative features are obtained.
Further, with the external fields increasing, the transmission window peak experi-
ences a redshift-blueshift evolution (Fig. 13.16a). It is implied that such effect is
because that the long dipolar resonance dominates at low magnetic fields of 600 Oe,
which is induced by the interaction between wire couples [97, 99], and the FMR of
Fe-based wires prevails at higher fields than 600 Oe. This magnetic bias-tunable
metacomposite behaviour satisfies such working requirements of the microwave
invisibility cloaking that can be activated or deactivated by conveniently exerting
an additional magnetic field.

However, it should be addressed that at frequencies above 6 GHz, such
field-tunable metacomposite behaviour is suppressed due to high reflection loss
from the closely packed Co-based wires. Thus, it is natural to realise that, by
increasing Co-based wire spacing to 10 mm, a high-frequency transmission window
could be attained in the continuous hybrid composite system arising from the
possible magnetic resonance between Fe—Co wire couples. A low-frequency
transmission window is revealed in the frequency band of 1.5-5.5 GHz without the
presence of external fields (Fig. 13.17a), indicating a natural DNG characteristic.
This feature resembles the metamaterial feature realised in the parallel metacom-
posites containing Fe-based wires [97, 99], and readers are reminded of FMR of
Fe-based wires and their parallel arrangement in the present case, which are the
reasons of the simultaneous achievement of negative permittivity and permeability.
Another feature of note is that a transmission enhancement is also achieved at a
higher frequency band of 9-17 GHz for such widely spaced wires containing
metacomposites, indicating a DNG band (Fig. 13.17b). This is due to the interactive
magnetic resonance between Co—Fe wire couples (Co- and Fe-based wires are
intentionally mismatched by 1 mm), which is in favour of a negative permeability
dispersion in the concerned frequency range. Compared with the metacomposites
containing 3-mm-spaced Co-based wires, the hybridisation of a “dilute” microwire
array into the composites enables a new way of broadening the metamaterial
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Fig. 13.17 Transmission coefficients of composites containing 10-mm-spaced Fe-based wire
array, the 10-mm-spaced Co-based wire array, and their hybridised wire arrays in the frequency
band of a 0.9-7 GHz and b 7-17 GHz

operating frequency band and gives us a paradigm of dual-band metamaterial in the
context of composite materials. In a brief conclusion, the spacing of Co-based wires
has profound effects on the metamaterial behaviour of wire composites: (i) the
magnetic field-tunable properties could only be preserved by significantly
decreasing the spacing of Co-based wire array to 3 mm; (ii) increasing Co-based
wire spacing can mitigate high reflection loss at high frequencies and induce
additional magnetic interaction between Fe—Co wire couples, thus developing a
high-frequency transmission enhancement.

Luo and Qin et al. also propose and fabricate an architecture of the combination
of orthogonal and short-cut wire arrays [108]. The S-parameters of metacomposites
containing, respectively, short-cut Co-based wires, orthogonal Fe-based wires, and
their hybridised wire array are shown in Fig. 13.18. Observation of a typical
band-stop feature accompanied by a sharp transmission dip and an absorption peak
at 6 GHz is identified in the composite containing short-cut Co-based wires. It can
be explained by the dipolar behaviour of the short wires. It is established that short
wires act as dielectric dipoles when interacting with the electrical component of
waves. The dipole resonance can be written as fy = ﬁ (below the percolation

threshold), where ¢,, and [ denote the permittivity of matrix materials and wire
length, respectively [109]. Taking ¢,, as 3 [110, 111] and / as 15 mm into above
equation, we obtain f3. = 5.8 GHz, which coincides well with the identified reso-
nance peak in Fig. 13.18b. In other sense, the artificial microwave opaqueness in
the short Co-based wire composite is induced by the wire configuration therein
since no wires’ material properties need to be considered. By including such
short-cut array into the Fe-based wire—enabled metacomposites, one notes that the
observed band-stop feature is maintained along with some enhancement of trans-
mission in the 1-6 GHz frequency (Fig. 13.18a) regime compared with composites
containing only orthogonal Fe-based wires. Hence, the introduced short-cut
Co-based wires can apply a synergistic influence to enhancing the DNG feature of
metacomposites; this is due to the low absorption loss of Co-based wires at DNG
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operating frequencies as also verified in Fig. 13.18b. From this perspective, the
observed structure-associated opaqueness arising from the short-cut wires corre-
lated with the transmission enhancement at DNG operating frequencies provide a
way out to achieve transmission tunability in the context of engineering meta-
composites through manipulation of Co-based wire spacing and its arrangement.
To date, three kinds of hybrid metacomposites are introduced, i.e. dense con-
tinuous, dilute continuous, and short-cut metacomposites. It is worth reiterating
that, compared with the metacomposite containing single Fe-based wire arrays,
hybrid metacomposites demonstrate metamaterial characteristics that are more
tunable by external magnetic field. As discussed above, several effects, i.e. FMR in
Fe-based wire, Fe—Fe wire, Co—Co wire, and Fe—Co wire interactions, are involved
and the predominating mechanism varies at different frequency. A combination of
coarse and fine control of metacomposite behaviour is therefore readily available
via the selection of different microwires and manipulation of any spacing and
arrangement that are involved in this composite system. In view of these merits, the
present composite may indicate a significant application of radio frequency iden-
tification (RFID), in which structure polymer composites are heavily used.
The RFID is a contactless data-capturing technique using RF waves to
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automatically identify objects. The ever-increasing applications of RFID for com-
mercial inventory control in warehouses, supermarkets, hospitals as well as military
friend-and-foe identification have resulted in considerable research interest on
low-cost, long-range sensor design. Conventional RF tags are usually achieved
either by the printed spacing-filling curves [112] or by the capacitively tuned
dipoles [113]. However, these tags consist of complicated-shaped structure, thus
requiring large manufacturing costs. Furthermore, the undesirable parasitic cou-
pling effect of these structures when interacting with EM waves makes the precise
analysis of their EM performance rather difficult. Our present study herein proposes
a kind of versatile composite containing microwire arrays of a simple structure. By
incorporating these wire composites into the objects to be detected, each object will
have a unique ID coded in these composites. Moreover, the recent unfortunate
“MH370” event calls for application of such multifunctional composites to identify
civil airplanes by their distinguished microwave response, considering their DNG
features in the radar frequencies. Such application appears to be more practical than
cloaking invisibility at this stage, and importantly, for differentiating civil aircrafts
from military planes or even identifying every airborne vehicle.

Lastly, the prepreg-based composites possess much better mechanical properties
compared to those conventional metamaterials in addition to the metamaterial
particularities [114]. Indeed, regardless of the matrix, the wire arrays alone [62] or
simply bonding the wire arrays on the paper [74, 115] is able to yield negative
permittivity (see Fig. 13.10). But the essential requirement for composites in
engineering application is their structural function. In this sense, the proper choice
of matrix, fabrication, and the resultant structural performance need to be addressed
carefully to obtain a truly applicable multifunctional composite.
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