
Chapter 11
Microwave Tunable Properties
of Microwire Composites

With a knowledge of the static properties of magnetic wires and their composites,
we now usher this chapter into the dynamic properties of microwave composites at
the gigahertz frequency range of application interest, i.e. microwave tunable
properties. The main tunable events displayed here are all driven by external stimuli
including dc magnetic field, tensile stress, and temperature. Although the mecha-
nism varies for different types (or order of magnitude for magnetic field) of stimuli,
the underlying physics is the same; that is, the microwires are excited by the
incident EM wave and the variation of external field induces the change of skin
effect or even ferromagnetic resonance in wires, resulting in the external field
dependence of the frequency dispersion of EM parameters for the whole composite.
But if we examine each composite with its varying structure, such as the local
properties of wires (e.g. geometry and composition) and the topological arrange-
ment of wires, some peculiar phenomena are observed. In the following, we treat
categorically each type of tunable composite and give particular attention to the
cases where unique field effects are exhibited.

11.1 Basic Theory of Field and Stress Tunable Properties

The microwave tunable properties of a microwire composite, by nature, are the
response of effective permittivity to the electromagnetic wave through the surface
impedance. Therefore, to explain this phenomenon, one needs to understand the
basics of wave interactions with the materials and the effective medium approaches
to characterise heterogeneous composites.

11.1.1 Effective Permittivity

The effective permittivity should be treated differently in two types of composites
that will be discussed in this chapter: those with short wires and those with long
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wires. In composites containing short wires, the Lorentz model proves to be
effective, whereas the Drude model is applicable to composites containing long
wires. The Lorentz model is first considered to be applicable to all insulator
materials. Along the inclusion length, the current with a linear density jðxÞe�ixt is
induced by the local electrical field eloc expð�ixtÞ: Using the continuity equation
and integration by parts with boundary conditions, the electric dipole moment
D can be calculated as:

D ¼ i
x

Z1=2
1=2

jðxÞdx ) a ¼ D
Veloc

; ð11:1Þ

where l is the length of the wire and V is the inclusion volume. Within the frame
of this approach, the dielectric polarisability a of the inclusion can also be
calculated [1]:

aðxÞ ¼
X
n

An

ðx2
res;n � x2Þ � iCnx

; ð11:2Þ

where xres;n is the angular resonance frequency, An are amplitude constants, and Cn

are the damping parameters. A1 contributes most to the polarisability corresponding
to the lowest frequency. Cn is considerably influenced by the resistive magnetic
losses [2], and it presents a strong dependence on the external magnetic field or
stress in the vicinity of an antenna resonance in certain conditions. An experimental
proof of this equation has been provided in Refs. [3] and [4].

The bulk polarisation of the composites can be expressed as:

P ¼ eloch ipva ¼ e0veff ; ð11:3Þ

where eloc is the averaged local field, pv is the volume concentration of the inclu-
sions, e0 is the external electric field, and veff is the effective bulk susceptibility.
When pv � pc; it follows that elocc � e0 [5]. Thus, the effective permittivity can be
obtained by:

eeff � eþ 4ppvhai ð11:4Þ

where e is the permittivity of the matrix and hai is the averaged polarisability of an
individual inclusion. Further calculations involve the GMI effect and surface
impedance of wires, which are presented in the following section.

For continuous-wire composites, charge distribution along the wire axis is
absent, and hence, no current or dipole response exists. It can then be treated as a
medium with diluted plasma according to Pendry et al. [6]. Thus, the dispersion of
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effective permittivity for this kind of composite is characterised by the plasma
frequency expressed as:

x2 ¼ 2pc2

b2 lnðb=aÞ ; ð11:5Þ

where b is the wire period. In this context, the deduction of effective permittivity
can be approached by solving the Maxwell equations in a homogenisation proce-
dure as the wire parameters have no influence on the permittivity. For a
non-magnetic wire composite, the effective permittivity can be given by [7]:

eeff ¼ e� pv
2ecF1ðkcaÞ

ðakcÞ2F1ðkcaÞ lnðL=aÞ � 1
;

F1 ¼ J1ðxÞ=xJ0ðxÞ; pv ¼ pa2=L2
�� ;

ec ¼ 4pir=x kc ¼ 4pixr=c2;

ð11:6Þ

where pv is the wire volume concentration, ec is the dielectric permittivity of the
conductor, r is the wire conductivity, kc is the wave number, and J0,1 are Bessel
functions. At microwave frequency, there is a very strong skin effect, i.e.
akc � a=d � 1: Thus, Eq. 11.6 can be reduced to Eq. 11.5, justifying the appli-
cation of the model for continuous-wire composites. As with short-wire composites,
impedance should be calculated first.

11.1.2 Impedance Tensor

The surface impedance is a parameter to characterise the voltage response in the
wire system, as described in the GMI phenomenon. To calculate the impedance
tensor in the wire, the electromagnetic conditions about the wire should be fully
understood. Figure 11.1 shows the current ex along the wire axis direction inducing
the circular field h/; of which the tangential component hx,0 plus the external field
induce the electric field e/: In this case, the response to the electromagnetic field
from the wire via the impedance tensor with the boundary conditions can be written
as follows [8]:

Et ¼ fðHt � nÞ; ð11:7Þ

where n is the unit normal vector directed inside the wire, Et and Ht are the
tangential vectors of the total electric and magnetic fields at the wire surface,
including both scattered and external fields. Adopting the typical simplified
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approach for antenna problems, Eq. 11.7 can be written in polar coordinates
x;/ð Þ [9]:

Ex ¼ 1xxH/ � 1x/Hx;

E/ ¼ 1/xH/ � 1//Hx:
ð11:8Þ

11.1.3 Stress and Field Dependence of Impedance
and Permittivity

For short-wire composites, it follows from Eq. 11.4 that the averaged polarisability
needs to be worked out. When the interactions between the wires are reasonably
neglected, it can be derived as [10]:

ah i ¼ 1

2p lnð1=aÞðkaÞ2
2
kl
tanðkl=2Þ � 1

� �
;

k ¼ x

ffiffi
e

p
c

1þ ic1xx
xa lnð1=aÞ

� �1=2

:

ð11:9Þ

It should be noted that the equations right above are established in the frame of
the composites in question with a moderate skin effect, under which the radiation
loss is overshadowed by the magnetic and resistive losses.

It can be seen from Eqs. 11.4 and 11.9 that the permittivity depends on the
surface impedance in this case. Due to the GMI effect as previously analysed, the
dependence of permittivity through impedance on the external field is well estab-
lished according to Eq. 11.12.

Fig. 11.1 Schematic diagram
of the magnetic configuration
in a wire. Reprinted with
permission from [9],
copyright 2005 Nova Science
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In the case of long-wire composites, Eq. 11.6 was extended to approach the case
of magnetic wires. By substituting the impedance formula, Eq. 11.6 is transformed
to [11]:

eeff ¼ e� pv
w2
p

w2 1þ i c1xx
wa lnðb=aÞ

� � : ð11:10Þ

Thus, the effective permittivity for continuous-wire composites is dependent on
the wire surface impedance via the plasma frequency.

Due to the amorphous structure of the microwires, their anisotropy is dominated
by the magnetoanisotropy coupled with the internal and/or external stress and
magnetostriction, but the shape anisotropy makes no contribution. The influence of
internal stress and applied stress on GMI has been reported theoretically in [12] and
[13]. Regarding the glass-coated microwires, the following equations are held:

K ¼ K0 � 1:5kðrzz � r// þ rappliedÞ; ð11:11aÞ

and

Hk ¼ 2K=l0Ms; ð11:11bÞ

where K and Hk are the anisotropy constant and field, respectively; rzz; r//, and
rapplied are the axial, azimuthal stress, and applied stress, respectively; Ms is the
saturation magnetisation; and l0 the permeability in vacuum. Also the effective
permeability depends on the ratio of Hk to Ms, which is determined by K, expressed
as [14]:

leff ¼
Ms sin2ðhþ heÞ

Hk h sin2ðhþ heÞþ cosð2hÞ� 	 ; ð11:12Þ

where the anisotropy field Hk = 2 K/Ms and h = Hex/Hk. h is between the anisotropy
angle he and p=2: Besides, the static magnetisation angle also changes with the
anisotropy angle, as indicated in the equation for the magnetostatic energy Um

based on the equivalent uniaxial anisotropy [15]:

Um ¼ � Kj j cos2ða� hÞ �M0Hex cos h; ð11:13aÞ

eK�� �� ¼ Kþð3=2Þkra
cosð2eaÞ ; ð11:13bÞ

ea ¼ 1
2
tan�1 3 krtj j

K þð3=2Þkraj j ; ð11:13cÞ
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where a is the anisotropy angle, which takes different values according to the
relationship between the anisotropy constant K and the product of magnetostriction
constant k multiplying the axial stress ra [10].

The tunable properties can be characterised by the free-space measurement.
From what has been discussed above, the dependencies of effective permittivity
through magnetoimpedance on the field and stress are well established. A note is in
order here. Such metal–dielectric composites incorporating wire-shaped inclusions
have been treated theoretically and experimentally for decades [16]. Most recently,
researchers have found that it is possible to obtain a negative permittivity and/or
permeability at certain frequencies for this kind of composite and recognised its
importance [17]. This brings about the next important functionality of the wire
composite, i.e. metamaterial properties, which will be discussed in the following
section. Further to the understanding of the GMI/GSI behaviours of microwires and
their composites, this section targets the microwave tunable properties of the
microwire composites, i.e. tunable electromagnetic properties by magnetic field
[2, 9, 11, 18–26], stress [9–11, 15, 27], and temperature [18, 19]. The tunable
property is actually the so-called cross-variable response unique to multifunctional
composites, i.e. a given field can control two or more variables, or a variable can be
switched by two or more external fields. To achieve such tenability or adjustability
is essential for microwave applications such as tunable microwave devices [9] and
remote-interrogated sensors [28]. It will also be called for to realise reconfigurable
local network environments, beam-steering antennas, and microwave remote
sensing and control. Most of the proposed methods have been based on biased
ferroelectric, ferrite, or magnetic composite substrates and reconfigurable resonant
elements implementing active devices or a system of microactuators [29–31]. These
technologies each have their advantages and limitations, such as high power con-
sumption, low operational speed, limited frequency band, and high cost. Dilute
composites with ferromagnetic microwires were proposed in this context by Panina
et al. [9, 11]. Together with the following studies [21, 22, 24–27, 32], the possibility
of tailoring the collective dielectric response of the wire media by changing the
local magnetic properties with external stimuli without changing the structural
parameters has been demonstrated.

In what follows, after a brief introduction of the measurement techniques, the
tunable properties will be discussed in three categories: magnetic field tunable
properties, stress tunable properties, and temperature tunable properties. In each
section, both the wires and their composites will be discussed. Note that all the
composites under discussion here are non-percolating due to either the periodical
arrangement of the wires with fixed spacing or the existence of glass coating for
random-wire composites. Thus, there is no concern that the formation of a con-
ductive network will hinder their interactions with the microwave.
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11.2 Measurement Techniques

11.2.1 Free-Space Measurement System

Investigation of the microwave tunable properties of composites was carried out in
free space using the standard calibration technique named through-reflection-line
(TRL), as a well-received testing method for dielectric materials and any
non-coaxial measurements of S-parameters [33–37]. The schematic graph of the
measuring system employed for our experiments is shown in Fig. 11.2 [38]. To
neutralise the influences of the noises on the scattering, the walls of the compact
anechoic chamber are made of plywood and covered on the inside by a microwave
absorber and a network analyser with which the time-domain option is employed
[34, 39, 40]. Antennas are connected to the ports of a HP8720ES spectrum network
analyser through RG402 cables with Subminiature version A (SMA) connectors
(see Fig. 11.3) [18]. The detailed features of the antennas are as follows: (1) length:
887 mm; (2) aperture: 351 × 265 mm; (3) frequency range: 0.85–17.44 GHz;
(4) standing-wave ratio (SWR) < 1.7; (5) effective area > 150 mm2 in the range of
0.85–15 GHz.

The distance between antennas is controllable with the mobile front walls of the
chamber where the antennas are fastened to meet the requirement of preliminary
TRL calibration. The frame’s function is to guarantee the uniform heating or
magnetic field along the sample surface when the microwave response depends on

Fig. 11.2 Free-space measuring system. Two types of external action were applied to the sample:
tensile stress and dc magnetic field. Reprinted with permission from [41]
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the external stimuli including field, stress, and temperature. A current bus or a
planar coil was used for the same reason and also makes the composites easily
tunable by a weak magnetic field. It is highlighted that the parallel current wires
must be oriented perpendicularly to the vector of the electrical field in the
plane-polarised accidental electromagnetic wave in order to allow for nothing but
the interaction between the composites and electromagnetic wave. Note that the
design of the switch makes the most of the analyser, between the non-contact
microwave test in the anechoic chamber and the contact test on magnetic wires in
the measuring cell (Fig. 11.3) [18, 38].

If a very high magnetic field is required, the planar coil is preferred to the current
bus because all turns in a coil are connected in series, thus passing the total current.
The construction of the frame out of planar coil is shown in Fig. 11.4. The sample is
placed between the two coil layers. The complex permittivity can be computed from
the S-parameters collected from the measurement. S-parameters S11 and S21 can be
expressed via reflection coefficient C and transmission coefficient T as [33]:

S11 ¼ Cð1� T2Þ
1� C2T2

; ð11:14aÞ

and

S21 ¼ Tð1� T2Þ
1� C2T2

: ð11:14bÞ

C and T can then be calculated by:

C ¼ ðZsn � 1Þ
ðZsn þ 1Þ ; ð11:15aÞ

Fig. 11.3 The scheme of
measuring track showing the
option of switching between
chamber and cell. Reprinted
with permission from [41]
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and

Zsn ¼ ð1= ffiffiffiffi
e�

p ÞT ¼ e�cd ; c ¼ ð2p=k0Þðe�Þ1=2; ð11:15bÞ

where k0 is the wavelength in the free space and d is the thickness of the sample.
The complex permittivity is given by:

e� ¼ c
c0

1� C
1þC

� �
: ð11:16Þ

11.2.2 Microwave Frequency-Domain Spectroscopy

A modified microwave frequency-domain spectrometer is shown in Fig. 11.5.
Figure 11.5a shows the instrument specifically designed to study the effects of
stresses or magnetic field on the samples. A strain as large as 100 % is obtainable if
within the flexibility of the sample. The extension was measured with a hand gauge.
The samples were mounted strictly along the direction of stress applied. A solenoid

Fig. 11.4 The construction of a planar coil for laboratory investigations. The composite sample is
placed in between two coil layers. The coil becomes “invisible” for a plane-polarised wave with
the electrical vector directed transversely to the coil turns, as shown in Fig. 11.2. To provide the
uniform magnetic field inside the coil, the distance between the coil layers must be equal to the
interturn distance d, and these layers must be shifted transversely across one another over steps of
d/2. Reprinted with permission from [41]
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can be easily set up to allow a measurement in the presence of magnetic field along
the wave propagation direction.

Figure 11.5b illustrates the perspective view of the measurement cell. With
S-parametersmeasured by the network analyser, the permittivity and permeability can
be extracted by a utility program. Note that this instrument is capable of simultaneous
measurement of electric permittivity and magnetic permeability in the presence of
magnetic field and/or stress at a very wide spectra coverage up to gigahertz.

Full details of the design and specification of this spectroscopy can be found in
Ref. [43]; herein only a brief summary will be provided. In outline, the microwave
characterisation using this equipment consists of measuring the transmission and
reflection coefficients of an asymmetric microstrip transmission line containing the
tested sample in the presence of a magnetic bias or tensile stress.

The measurement of the scattering parameters (S-parameters) was achieved
using an Agilent H8753ES network analyser with short-open-load-thru (SOLT)
calibration. A utility program extracts the data and generates complex permittivity e
and magnetic permeability spectra as individual files in .txt format. As outlined in
[42], the quasi-transverse electric and magnetic mode, which is the only mode that
propagates in the structure, makes analysis of the complex transmission and
reflection coefficients created by the discontinuity between the line and the sample
relatively uncomplicated. Using the Nicolson–Ross procedure for the transforma-
tion of the load impedance by a transmission line, e is determined by the trans-
mission S21 and reflection S11 parameters. An error analysis indicates modest
uncertainties in e0; l0 (<5 %) and l00; l00 (<1 %) for the data. One further feature of
the measurement system is worth commenting on. To obtain accurate measure-
ments of e and l; it is particularly important to account for the residual air-gap
between the sample and the line walls; that is, the gap is determined by the
roughness of the surfaces of the measured samples.

Fig. 11.5 Photographs of instrumentation for microwave measurements. Reprinted with
permission from [42], copyright 2005 IOP
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11.3 Low-Field Tunable Properties

11.3.1 Field Effect on the Impedance of Single Wire

The static magnetic field is essential to generate the GMI effect. With our focus on
the gigahertz frequency range, the numerous studies on the megahertz frequency
range (see [44] and references therein) will be skipped. At high frequency, the GMI
effect is believed to be caused by the natural ferromagnetic resonance in the outer
layer of wires occurring at a relatively small ac field [45–48]. The resonance
frequency is dependent on the anisotropy field, anisotropy angle, and external field
(if it exists) [10, 15, 21, 49, 50]. At around resonance frequency, the field sensitivity
can reach a maximum [51]. The typical field effect is shown in Fig. 11.6. Note that
the real (imaginary) part of Z corresponds to the imaginary (real) part of circum-
ferential permeability [48]. Similar effects are also shown elsewhere [52–55].

11.3.2 Continuous-Wire Composites

For continuous-wire composites, the dependence of effective permittivity on the
external field is established via the field dependence of plasma frequency according
to Eq. 11.10. As the plasma frequency is dependent on the interwire spacing and
wire diameter following Eq. 11.5, these two geometrical parameters are critical in
governing the effective response of the composite to the external field. Actually,
this is quite reasonable since these two parameters constitute the basic
mesostructure and are decisive in the dielectric heterogeneous composites [56–58].
Also, the tunable properties are largely determined by the local magnetic properties

Fig. 11.6 Real component of impedance for a FeSiB glass-coated microwire as a function of
frequency for selected values of applied field. Reprinted with permission from [50], copyright
2009 Elsevier
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of the wires. Therefore, the following discussion of tunable properties of
continuous-wire composites is carried out from these three critical influencing
factors, i.e. interwire spacing (also known as cell parameter, periodicity), wire
diameter, and local magnetic property of wires.

11.3.2.1 Influence of Wire Periodicity

Figure 11.7 displays the dependence of complex effective permittivity on the fre-
quency, with magnetic field as a parameter for composites with wire
Co68.7Fe4Ni1B13Si11Mo2.3 with different periodicity. The dependence of the
effective permittivity is well displayed in both graphs below the corresponding
plasma frequency.

It can also be seen that, with increasing wire periodicity from 7 to 15 mm, the
frequency dispersion of effective permittivity on the magnetic field is remarkably
depreciated as the tunability (defined as the ratio of variation of the electromagnetic
parameter to that of the corresponding field [29]) is reduced from 0.16 m/A to
7.7 × 10−3 m/A. This means that a small wire periodicity is preferable for a field
tunable property. However, a decrease of wire periodicity will increase the plasma
frequency and hence the skin effect. If the skin effect is too strong, the field effect
will be rather weak. Therefore, the wire diameter may also need to be decreased to

Fig. 11.7 Frequency plots of the real and imaginary part of effective permittivity for composites
containing long continuous wires with the external field as a parameter. a Wire spacing b = 7 mm;
b b = 9 mm. Reprinted with permission from [59], copyright 2012 Elsevier
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compensate the decrease of skin depth. Thereby, there exists an optimum value of
wire periodicity matching the diameter for the microwave tunable properties. This is
consistent with the theoretical prediction that for b = 0.5 mm, the best tunability will
be achieved for a wire radius of 5–10 μm [60] (see Figs. 11.8 and 11.9).

Fig. 11.8 Effective permittivity, real part, as a function of external field for composites containing
continuous wires with different wire periodicity b = 7, 9, and 15 mm. Reproduced with permission
from [59], copyright 2012 Elsevier

Fig. 11.9 Field tunability of transmission parameter S21 as a function of external field for
composites containing continuous wires with different wire periodicity b = 3, 7, and 9 mm at
(a) 4 GHz and (b) plasma frequencies for each wire periodicity. The ordinate profiles are divided
by the factor 0.001. Inset graphs are the corresponding field dependence of S21. Reprinted with
permission from [22], copyright 2010 AIP
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Figure 11.10 shows the frequency dependence of the reflection parameter (S11)
taken at different magnetic fields for the composites with b = 3, 7, and 9 mm. It can
be seen that the shape of the curves varies remarkably as the wire periodicity
increases from 3 to 9 mm. For the b = 3-mm sample, the spectra can be divided into
two frequency zones at 7.6 GHz. Below 7.6 GHz, the reflectivity decreases as the
magnetic field is applied. This is due to the absorption effect. However, the opposite
trend is observed for f > 7.6 GHz. For the b = 7- and 9-mm samples, one more zone
is found for f > 16.3 GHz and f > 14.4 GHz. The frequency at which the signal of
S11 changes with magnetic field is considered the characteristic frequency. It is
worth noting here that as b increases from 3 to 9 mm, the characteristic frequency
decreases from 7.6 to 3.8 GHz (between zones 1 and 2). One can also see that the
characteristic frequency (between zones 2 and 3) decreases from 16.3 GHz for the
b = 7-mm sample to 14.4 GHz for the b = 9-mm sample. For the b = 3-mm sample,
the characteristic frequency cannot be determined due to the limited measurement
frequency range, but it appears to be higher than those for the b = 7- and 9-mm
composites. This finding points to an important consequence that the characteristic
frequency shifts to a lower value for composites with larger wire periodicity in the
reflection spectra.

Fig. 11.10 Experimental reflection spectra (S11) for composite sample of 640 μm thick and
50 cm × 50 cm in-plane size with continuous amorphous wires spaced at 3 mm (a), 7 mm (b), and
9 mm (c). Reprinted with permission from [59], copyright 2012 Elsevier
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Figure 11.11 shows the magnetic field dependence of the reflection parameter
(S11) taken at 900 MHz. The sensitivity of S11 to the magnetic field is positively
correlated to b. For the composites with b = 9 mm, S11 falls from −1.8 dB at
Hex = 0 to −7.5 dB at Hex = 500 A/m.

11.3.2.2 Influence of Wire Diameter

It is well known that the wire diameter has a strong impact on the GMI properties of
microwires [61–64]. Figure 11.12 shows that composites containing wires with a
larger diameter present a higher-field tunability than those with a smaller diameter,
which can be explained by the wire geometry dependence of the GMI effect and
associated skin effect. It has already been demonstrated that the GMI effect is
positively correlated to the wire diameter [65]. Accordingly, the dielectric response
of the composite containing wires of larger diameter is stronger than otherwise [2].

A comparison between the transmission spectra (cf. Fig. 11.13) reveals that the
diameter of the wire has a profound impact on the intensity of S21 but much less
effect on the tunability. The variation of diameter of several microns has a negli-
gible influence on the plasma frequency of 5 GHz, and the frequencies at which S21
reaches the minimum are about 3 GHz for both of them. It follows that the plasma
frequency probably decides the patterns of transmission spectra. The phase shift of

Fig. 11.11 Reflection parameter as a function of external field for composites containing
continuous wires with different wire periodicity b = 3, 7, and 9 mm at the initial frequency of
0.9 GHz
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S11 in the presence of an external field (cf. Fig. 11.14) suggests a promising sensing
application of the composite. For the composite with 8-μm-thick wire, the phase
going through ±p is completely suppressed when it is under a small field of 25 A/m.

Fig. 11.12 Frequency dependence of real part of effective permittivity with external field as a
parameter for composites containing wires of different radius a. Reproduced with permission from
[59], copyright 2012 Elsevier

Fig. 11.13 Frequency dependence of S-parameters with external field as a parameter for
composites containing wires of different radius: (a, c) a = 8 μm; (b, d) a = 6.8 μm. Reproduced
with permission from [59], copyright 2012 Elsevier
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For the composite with 6.8-μm-thick wire, the concerned phase shifts to a lower
value, from 3.7 in the absence of a field to 3.0 in the presence of a field of 70 A/m.
These considerable changes suggest that the ferromagnetic microwires enable their
composite with a self-monitoring capacity: any stress change that occurs to the wire
through the composite can be detected via the microwave tunable spectra.

11.3.2.3 Influence of Wire Composition

Following from the very strong dependence of the GMI property on the compo-
sition of microwires [44, 63, 64, 66], the change of local magnetic properties with
the composition is expected to vary the field effect. Figure 11.15 shows a com-
parison between the composites containing wires of the same geometry but different
composition. The two wire composites present rather good dispersion properties but
differing field effects. The scattering spectra for the two composites with a peri-
odicity of 7 mm are presented in Fig. 11.16. In the spectra of S11, the two com-
posites possess almost the same characteristic frequencies but differing field
tunability. All these observed effects are attributed to the difference in soft magnetic
properties. Specifically, Co68.7Fe4Ni1B13Si11Mo2.3, with a better soft magnetic
property than the other composition, has a larger dynamic magnetic permeability l
at the concerned frequency range, giving rise to a larger relaxation parameter c
according to c / ffiffiffi

l
p

cos2 h [60] where h is the static magnetisation angle. As it has
been proved that field tunable effects are positively dependent on the relaxation
parameter, the excellent magnetic softness would be preferable to realise strong
field tunable effects. In considering that the soft magnetic features of microwires are
sensitive to the composition [67, 68], one should try to achieve a precise control of
composition in the fabrication process and appropriate tailoring in the
post-fabrication treatments before proceeding to the manufacture of microwire
composites for field tunable functionality.

Fig. 11.14 Frequency dependence of phase of S11 with external field as a parameter for
composites containing wires of different radius. Reproduced with permission from [59], copyright
2012 Elsevier
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Fig. 11.15 Frequency plots of the effective permittivity, real part, for composites containing long
continuous wires (Co68.7Fe4Ni1B13Si11Mo2.3 and Co67.05Fe3.85Ni1.44B11.53Si14.47Mo1.66) with the
external field Hex as a parameter. Wire radius a = 10 μm; wire periodicity b = 7 mm (upper plot)
and b = 9 mm (lower plot). Reprinted with permission from [69], copyright 2013 Elsevier
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11.3.3 Short-Wire Composites

In a short-wire composite, short wire pieces may be uniformly dispersed in a
random manner [24–26] or in a periodical manner [21, 22, 27, 32, 70–72]. In this
section, the magnetic bias (field) effects of short-wire composites are presented and
discussed within the theoretical framework detailed in Sect. 11.1.

Figure 11.17 shows the dispersion of effective permittivity for a short-wire
composite with the parameters (l, a, nc) detailed in the graph. The value of e0 is rather
small due to the low concentration of the microwires (Fig. 11.17a). Nevertheless, a
dependence of e0 on the applied magnetic field is demonstrated. The transformation
of resonance to relaxation can be inferred from the frequency evolution of these
curves. The anisotropy field can be used as a critical value to distinguish the fre-
quency dependence of e0 at the studied frequency range (1–5 GHz). The same trend
is also observed in the frequency plots of e00 (Fig. 11.17b). This is explained as
follows. When Hex <Hk, the impedance is increased with Hex. Therefore, the internal
loss increases and the relaxation dispersion occurs. The relaxation behaviour is fully
achieved when Hex = Hk, whereby the impedance reaches a maximum. Further
increase of Hex results in a reverse trend. Note that the dielectric response to the

Fig. 11.16 Frequency dependencies of magnitude of S-parameters for composite containing
amorphous wires Co67.05Fe3.85Ni1.44B11.53Si14.47Mo1.66 spaced at 7 mm. (a) S11, (b) S21, and
(c) S22. Reprinted with permission from [69], copyright 2013 Elsevier
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Fig. 11.17 Effective permittivity spectra of a short-wire composite with varying magnetic field
relative to anisotropy field (500 A/m). The material parameters are given in the graph: l is the wire
length, a is the wire radius, nc is the ratio of wire number to the area containing them. Reprinted
with permission from [69], copyright 2013 Elsevier

Fig. 11.18 a Transmission and b reflection spectra of a short-wire composite with the magnetic
field as a parameter; c part of (b) at 1–5 GHz; d the phase of reflection coefficient. The phase
reversal shift is indicated in the graph with coordinate values given. The material parameters are
given in the graph by the same symbols as in Fig. 11.17. Reprinted with permission from [69],
copyright 2013 Elsevier
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magnetic field is not seen until the field reaches 250 A/m; this is likely due to the
relative insensitivity of magnetoimpedance for this range of magnetic field.

As with the complex permittivity spectra, the transmission is increased as the
field increases, with a concomitant resonance/relaxation change, as seen in
Fig. 11.18a. Strikingly, the transmission spectra present a large transmission of ca.
90 %, which corresponds to a very large return loss (see Fig. 11.18b). With the
same spectra zoomed at 1–5 GHz (Fig. 11.18c), the resonance/relaxation

Fig. 11.19 Experimental dispersion of a real and b imaginary part of effective permittivity;
c measured transmission and d reflection spectra of the short-wire composite with the magnetic
field as a parameter; e presents the phase of reflection coefficient. The material parameters are
given in the graph by the same symbols as in Fig. 11.17. Reprinted with permission from [69],
copyright 2013 Elsevier
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transformation is clearly observed with increasing magnetic field. The resonance/
relaxation frequency shifts to a higher value with increasing magnetic field. The
phase shift Φ is also shown in the reflection spectra, as depicted in Fig. 11.18d.

By decreasing the wire periodicity from 20 to 5 mm, the area concentration of
wires is greatly increased from 0.06 to 0.24 cm−2. As a result, the values of the
measured S-parameters are largely increased while their field dependences remain
unchanged (Fig. 11.19a–d). Inasmuch as the wire geometry (length, diameter and
aspect ratio) remains unchanged, there will not be significant changes in the dis-
persion behaviour as far as the composite mesostructure is concerned. It should be
noted that, although the phase shift remains unchanged when the field increases
from 500 to 1000 A/m, a reduction from 500 to 100 A/m is found to cause a phase
reversal between −p and p in the reflection spectra (Fig. 11.19e).

11.4 High Field Tunable Properties

The high field effect that we aim to study here refers to the magnetic field of the
order of 100–1000 Oe, which is in contrast to the low magnetic field of no more
than 50 Oe. In this section, we will treat the effective permittivity of different kinds
of microwire composites by a modified frequency-domain spectroscopy and reveal
intriguing physics behind some unique phenomena such as the crossover field and
double peak exhibited in the permittivity spectra.

11.4.1 High Field Dependence of Permittivity

Two kinds of samples containing Co-based melt-extracted microwires are used for
microwave characterisation, i.e. continuous-wire samples and random-wire sam-
ples. For the random-wire sample, 50 mg of 5-mm-long wires were randomly
dispersed in a silicone rubber by mechanical mixing. The mixture was subsequently
mould-casted to obtain samples with dimensions 70 × 10 × 1.8 mm3 and cured at
ambient temperature for 24 h (Fig. 11.20a). The resultant sample has a microwire
content of 3 wt%. For continuous-wire samples, 70-mm-long microwires were
aligned in a periodical manner (Fig. 11.20b) with fixed wire spacing of 0.77 mm
into silicon rubber matrix sheets which were bonded together using silicone resin.

Representative spectra of the real, e0; and imaginary, e00; parts of the complex
permittivity at five different magnetic bias values for sample A are shown in
Fig. 11.21. At zero magnetic field, the permittivity shows a relaxation behaviour.
When a magnetic field of 100 Oe is applied, e0 is found to increase and the
relaxation remains visible. With further increase of the magnetic field up to 500 Oe,
an absorption peak is seen near 4.1 GHz (Fig. 11.21b). This maximum shifts to
higher frequencies of, respectively, 4.6 and 4.7 GHz as the magnetic field is
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increased to 1 and 1.5 kOe, with increased height and width. The peak is associated
with anomalous dispersion of Fig. 11.21a, leading to negative values of e0 for
frequencies higher than 4.7 GHz for magnetic fields over 1 kOe.

Fig. 11.20 a Schematic illustration of random-wire sample. b Same as in (a) for continuous-wire
sample. The electric field vector of the electromagnetic wave is parallel to the wire axis. The
applied magnetic field Hdc is directed along the wire axis. Reprinted with permission from [23],
copyright 2012 AIP

Fig. 11.21 a Frequency
dependence of the real part of
the effective permittivity for
random-wire sample at
varying magnetic fields.
b Same as in (a) for the
imaginary part of the effective
permittivity; the inset shows
the field dependence of
magnetoimpedance resonance
extracted from (b).
c Frequency dependence of
the surface impedance ratio at
varying magnetic fields.
Reprinted with permission
from [23], copyright 2012
AIP
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Figure 11.22 presents the magnetic bias dependence of the real and imaginary
parts of the effective complex permittivity for the random-wire sample at 2.5 and
4.5 GHz. At 2.5 GHz (off resonance), the variations in and e00 are small. This
contrasts with the rather pronounced changes of e0 and e00 observed at 4.5 GHz
(resonance). It can also be seen that, at 4.5 GHz, the application of a magnetic field
excitation gives rise to an e00 larger than e0; which is not seen at 2.5 GHz.

In order to examine the influence of the magnetic bias on the permittivity of the
continuous-wire sample, we turn now to analysing the microwave absorptive
behaviour probed by our electromagnetic measurements (Fig. 11.23). Two well-
separated absorption lines are found in the ranges 1–2 and 4–5 GHz, respectively.
Note that the bias dependence of permittivity can be clearly observed for each

Fig. 11.22 Magnetic field
dependence of the real and
imaginary parts of the
effective complex permittivity
for random-wire sample at 2.5
and 4.5 GHz. Reprinted with
permission from [23],
copyright 2012 AIP

Fig. 11.23 Frequency dependence of the real and imaginary parts of the effective complex
permittivity for continuous-wire sample at zero magnetic field and 1.5 kOe. Reprinted with
permission from [23], copyright 2012 AIP
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resonance region. As the magnetic field is increased, the absorption line at 4–5 GHz
grows in magnitude and becomes narrower. The linewidths of the dielectric and
magnetoimpedance resonances present opposite variations as the field is increased.

Two aspects of the above results should be noted. The first is that microwires
respond to the electromagnetic wave like electric dipoles for sample A. The dipole
resonance can be expressed as fres ¼ c=2l

ffiffiffiffiffi
em

p
[11], where c is the electromagnetic

wave velocity in vacuum, l is the wire length, and em is the permittivity of the host
matrix. When l is chosen at 5 mm, the resonance frequency is close to 15 GHz,
which is out of the measurement range of the present work. This explains the
absence of the absorption line in the spectrum without, or with low applied mag-
netic field. With the application of high magnetic field, our results demonstrate that
the current induces resonance of circumferential permeability; that is, the magne-
toimpedance resonance results in a significant change of the effective permittivity of
the wire-filled composites [24, 25, 73]. Since the applied magnetic field strongly
influences the current distribution in the microwires through the skin effect, this
gives rise to a significant change of the dielectric response in the GHz range of
frequencies. As the magnetoimpedance resonance frequency is below the dielectric
resonance frequency, absorption within the skin effect predominates over dipolar
absorption and has the effect of increasing the absorption linewidth [24]. The
blueshift of resonance frequency with the field Hdc (cf. the inset of Fig. 11.21b) is
consistent with the field effect on the surface impedance profiles calculated from
S-parameters, as shown in Fig. 11.21c. The interest in the microwave behaviour of
these composite samples lies also partly in its anomalous dispersion [74]. Since
application of a magnetic bias can lead to large eddy current losses, we suggest that
wire-filled composites can be exploited for designing microwave absorbers having
a large absorption bandwidth. In addition, the anomalous dispersion is often
associated with a negative value of e0: Thus, a variety of unusual properties can be
engineered to meet the requirements of a high-performance frequency selective
surface. It should be noted that while the magnetic bias has a strong influence on the
permittivity, it has a negligible effect on the magnetic permeability (not shown
here). Since the wire concentration is low, the magnetic permeability is close to
unity in the GHz range of frequencies. For sample B, the wires which are per-
pendicular to the microwave magnetic field do not contribute, whereas those which
are parallel have no response to the field in the GHz range of frequencies. Hence,
we predict that the sensitivity of permittivity to frequency and magnetic field will
result in useful applications of this kind of microwire composite samples.

The second point deals specifically with the continuous-wire sample. Compared
with the random-wire sample, it is notable that it has a much lower dipole resonance
frequency at 1.1 GHz according to fres ¼ c=2l

ffiffiffiffiffi
em

p
; which is in good agreement with

the lower-frequency peak shown in Fig. 11.22. The difference observed with the
experimental value of the resonance frequency can be attributed to interfacial
defects in the composite, e.g. imperfect bonding.

To summarise, we have evaluated in this section the microwave response of
composite samples containing glass-covered amorphous microwires embedded in a
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rubber matrix with different wire lengths and topological arrangements. The
obtained results show that there is a strong dependence of the permittivity spectra
on the external magnetic bias. For wire composites containing randomly dispersed
wires of 5 mm length, the real part of the permittivity increases as the magnetic bias
is increased until it attains a maximum which corresponds to the maximum
absorption induced by the magnetoimpedance resonance. The absorption resonance
frequency and linewidth can be conveniently tuned by the magnetic bias.
Composites containing periodically arranged longer wires (70 mm) are charac-
terised by a double-resonance permittivity spectrum. The higher-frequency reso-
nance is associated with magnetoimpedance resonance. It has a narrower linewidth
than that of the lower-frequency (dipole) resonance as the magnetic field is
increased. The assessment of the high field effect points to interesting physics in our
understanding of the electromagnetic properties of composite materials with tunable
microwave properties at very high magnetic fields.

11.4.2 Crossover Phenomenon

In the present and next section, we will discuss some unusual phenomena observed
in the microwave spectra of the microwire composites in the presence of high
magnetic fields. Understanding the physics behind these peculiar observations
provides insights into the structure–property relationship of the microwire com-
posites. Thus, we can optimise the design of the composite architecture and, in
another perspective, exploit the usefulness of microwave characterisation tech-
niques as a research tool to probe the materials’ micron or even nanostructure.

The crossover phenomenon we deal with in this section refers to the existence of
a critical field dividing a reverse field effect on the electromagnetic parameters
below and above. The phenomenon was observed in a set of epoxy-based micro-
wire composites containing 25-mm Co-based glass-coated microwires randomly
dispersed as shown in Fig. 11.24 and submitted to an external magnetic field from 0
to 1 kOe.

Figure 11.25 compares the zero-field transmission, reflection, and permittivity
spectra for three microwire weight fractions. The observed difference in the fre-
quency dependence of these quantities is not surprising. Two features can be
noticed. Firstly, a large increase of e0 and e00 is observed with increasing contents of
microwires; the most prominent feature in Fig. 11.25c is the peak in the e00 spectra,
which is related to a dipolar resonance phenomenon. While the peak positions do

Fig. 11.24 Image of the composite sample containing 0.026 vol% microwires. Reprinted with
permission from [75], copyright 2012 AIP
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not significantly shift with wire concentration, the peak size and width increase
strongly with wire content. The dipolar resonance frequency is calculated to be
3.2 GHz, which is close to the peak positions observed in Fig. 11.25c. The dif-
ferences in peak height and width between the three wire weight fractions are
probably related to the microwire content. Secondly, a minimum of transmission is
observed close to the resonance position.

In Fig. 11.26, the field dependence of the electromagnetic parameters for the
sample containing 0.013 vol% of microwires is plotted as a function of frequency at
low magnetic field (up to 300 Oe). First, we note the contrasting behaviour of the
transmission and reflection coefficients as the magnetic field is increased, as seen in
Fig. 11.26a and c, respectively. Further, the reflection maximum or transmission
minimum corresponding to the resonance frequency is redshifted with increase of
the magnetic field. For a quantitative analysis, we fitted the H-dependent resonance
position with a linear function and plotted it in Fig. 11.26c. We exhibit in Fig. 11.27
the corresponding spectra at higher fields (between 300 Oe and 1 kOe). In all cases,
we observe opposing field-dependent behaviour of the electromagnetic parameters.
That is, the reflection spectra increase in magnitude, whereas the corresponding

Fig. 11.25 The transmission
spectra (a), frequency
dispersion of the real, e0;
(b) and imaginary parts, e00;
c of the effective complex
permittivity for
microwire/epoxy composites
with varying concentration.
Reprinted with permission
from [75], copyright 2012
AIP
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transmission spectra decrease. We note that this contrasting behaviour has not been
predicted previously. For other composite samples containing different microwire
concentrations, the field crossover at 300 Oe was also evident (Fig. 11.28).
Interestingly, we observe that the magnitude of the transmission and reflection
spectra at 300 Oe of the composite samples is quite similar for the different
microwire concentrations investigated. Together, these observations support the
conclusion that the linear variation of the resonance position shift against the
magnetic field is an intrinsic property of the microwires in the samples.

One can think of this crossover at 300 Oe as arising from a competition between
the two resonant phenomena characterising this system. As was seen earlier, the
first resonance is the dipole resonance (3.2 GHz). The second resonance phe-
nomenon is associated with the ferromagnetic resonance (2.3 GHz), which is in
close proximity to the dipole one. Specifically, when the ferromagnetic resonance
occurs to the microwire at sufficiently high magnetic fields, the skin depth reaches a
minimum and hence gives rise to a maximum dielectric loss. As is now well
established, the Co-based amorphous wires possess remarkable GMI properties. In
the GHz range of frequencies, the GMI effect 1 dominates the features of dipolar

Fig. 11.26 The transmission
spectra (a), reflection spectra
(b), and field dependence of
resonance frequency (c) under
a dc field of 0–300 Oe. The
sample contains 0.013 vol%
microwires. The solid line in
(c) is a linear fit to the data.
Reprinted with permission
from [75], copyright 2012
AIP
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absorption at low magnetic field bias. As the magnetic field is increased, the
impedance increases. Hence, the permittivity together with the reflection and
absorption is decreased. Consequently, the transmission is increased, as seen in
Figs. 11.26b, 11.28a and c. This is also consistent with what was observed in
free-space characterisation of short-cut microwire composites [72]. Now, if the
magnitude of the magnetic field is larger than 300 Oe, we hypothesise that the
electromagnetic characteristics are dominated by the FMR. As the magnetic field is
increased, losses are enhanced. This is reminiscent of the eddy current in the
microwires at FMR. Although the penetration depth at 2.4 GHz falls between 1 and
2 μm, microwaves can still penetrate the outer layer of the wire and result in eddy
current loss [76]. Several reasons may contribute to the actual value of the crossover
field at 300 Oe. For instance, we notice that the GMI effect requires relatively small
magnetic field magnitudes, while the FMR is driven by a stronger field. This is
consistent with the experimental results and the insensitivity of the crossover field
against microwire content.

We now briefly turn to the magnetic field tunability of the effective permittivity
of the samples. In Fig. 11.29, the quantities shown are the ratios ½e0ðHÞ � e0ðH ¼
0Þ	=e0ðH ¼ 0Þ and ½e00ðHÞ � e00ðH ¼ 0Þ	=e00ðH ¼ 0Þ; where different curves denote

Fig. 11.27 Same as in
Fig. 11.26 for the dc magnetic
field in the range
300–1000 Oe. Reprinted
with permission from [75],
copyright 2012 AIP
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the different frequencies. Figure 11.28 shows a detailed comparison of these
quantities for the three microwire contents. Overall, one can clearly see a peak
feature at 300 Oe and the magnitude of this peak observed in these data can be as
high as 150 % for 2.4 GHz, i.e. close to the FMR. Surprisingly, however, both
Fig. 11.29c–d show that the larger effect is observed for the sample containing
0.2 wt% of microwires. We present a simple explanation for this behaviour. One
expects that a large amount of microwire will improve the field-induced polarisation
properties of the sample. Hence, the reflection and transmission coefficients and the
value of the effective permittivity increase when the wire concentration increases
from 0.013 to 0.026 vol%. Both magnetic and dielectric losses are enhanced, and
consequently the overall absorption is also increased in agreement with previous
measurements [77, 78]. However, the reflection losses also increase with microwire
content. If these losses are too high, they will prevent efficient tuning of
the microwire composites. This observation supports that low-loaded composites
are required for efficient tunability. One might expect the maximum at 0.026 vol%

Fig. 11.28 a The transmission spectra for the sample containing 0.026 vol% microwires and
different dc magnetic field excitations in the range 0–1 kOe. b The resonance frequency plotted as
a function of the applied magnetic field. The solid lines are linear fits to the data. Notice the change
in the slope of these lines at ≈300 Oe. c Same as in (a) for the sample containing 0.064 vol%
microwires. d Same as in (b) for the sample containing 0.064 vol% microwires. Reprinted with
permission from [75], copyright 2012 AIP
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to vary according to the microwires aspect ratio and intrinsic properties, and also
fabrication protocol.

As a summary of this section, the crossover phenomenon has been identified via
the investigation of the electromagnetic parameters of glass-covered amorphous
microwires/epoxy composites with various concentrations of microwires over a
broad magnetic field range up to 1 kOe. The results presented here show that the
effective permittivity presents a strong tunability with respect to a dc magnetic field
excitation. An inherent crossover field due to the microwires is further observed at
300 Oe. This observation can be understood intuitively by considering that the GMI
effect dominates the features of dipolar absorption at low magnetic field bias
(<300 Oe), while the opposite behaviour is expected at larger dc magnetic field
excitations. We also point out that this crossover field is insensitive to changes in
the microwire content. The largest magnetic field tunability of the effective per-
mittivity of the samples is found at the microwire content of 0.026 vol%. These
conclusions add strong impetus for designing glass-covered amorphous microwires/
epoxy composites as adaptive materials for reconfigurable electronic devices and
sensing applications, for which manipulation of the dielectric properties via a
magnetic field excitation can be accomplished. It is also worth mentioning that the
latest results obtained from our laboratory show that this crossover effect can also
be found in the Fe-based microwire composites.

Fig. 11.29 a The magnetic field dependence of ½e0ðHÞ � e0ðH ¼ 0Þ	=e0ðH ¼ 0Þ at different
frequencies for the sample containing 0.013 vol% microwires. b Same as in (a) for ½e00ðHÞ �
e00ðH ¼ 0Þ	=e00ðH ¼ 0Þ: c Same as in (a) for the sample containing 0.026 vol% microwires.
d Same as in (b) for the sample containing 0.026 vol% microwires. e Same as in (a) for the sample
containing 0.064 vol% microwires. f Same as in (b) for the sample containing 0.064 vol%
microwires. Reprinted with permission from [75], copyright 2012AIP
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11.4.3 Double-Peak Phenomenon

The double-peak phenomenon has been found in the composites containing
melt-extracted microwires. We present this unique case to demonstrate the versa-
tility of the microwave behaviour of the microwire composites. Also, since
microwire composites are primarily advantageous in their electromagnetic func-
tionalities at microwave frequency, which are partially attributed to the soft mag-
netic properties of wires, characterisation of these with the aid of high field will give
us a better understanding of the structure and the properties of wires. This suggests
that the microwire composites can serve as a valuable medium to study the
microwires.

The primary results of this section are shown in Figs. 11.30 and 11.31, which
plot the effective complex permittivity spectra for the continuous-wire composite
sample with, respectively, 6 and 8 wires and for field magnitudes from 0 to 1 kOe.
Prominent in the data are the two pronounced and broad absorption peaks at 2.6 and
4.2 GHz. The peak at 2.6 GHz is much broader than the one at 4.2 GHz.
Interestingly, there are some substantial differences between the behaviour of the
two peaks when a magnetic field is applied. The magnitude of the e00 peak at
2.6 GHz increases by a factor of 2 and its full-width half-maximum (FWHM) is
significantly reduced when the magnetic field is increased from 0 to 1 kOe. The line
shape and intensity of the peak at 4.2 GHz exhibit little change as a function of
magnetic field; however, increasing magnetic field produces a visible redshift.

The comparison of Figs. 11.30 and 11.31 is instructive. We find that the value of
e00 for the peak at 2.6 GHz for the sample with 8 wires is significantly smaller than
the corresponding peak for the sample with 6 wires, while the opposite trend is
shown at the second peak of 4.2 GHz. The relative importance of the field effect

Fig. 11.30 The e0 and e00 spectra for the sample containing 6 wires and for magnetic field
magnitudes from 0 to 1 kOe. Reprinted with permission from [79], copyright 2013 AIP
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from 150 Oe onwards in varying the permittivity is much larger at the first reso-
nance for the n = 6 sample than the n = 8 one, while little change appears at the
second resonance. The two-peak feature of the dielectric losses evidenced in
Figs. 11.30 and 11.31 warrants further discussion. As noted in the previous sec-
tions, the ferromagnetic resonance (FMR) mode is intrinsic to the ferromagnetic
microwires. When no external static magnetic field is applied, the FMR depends on
the saturation magnetisation Ms and anisotropy field Hk of the microwires,
expressed as fFMR ¼ c ¼ ðMs þHk=2pÞ; where γ is the gyromagnetic ratio [80]. For
amorphous microwires with a small anisotropy field ðHk � 2pMsÞ; one can write
fFMR � c2pMs: Taking Ms = 850 G, fFMR = 2.4 GHz, which is in close corre-
spondence to the value of 2.6 GHz observed experimentally. This small discrepancy
can be attributed to the complex internal stress distribution appearing in the
microwires during the rapid cooling rate, leading to a non-uniform distribution of
local magnetoelastic anisotropy. When a magnetic field is applied, the relative
importance of stress is weakened and the FMR mode is blueshifted as the field is
increased, according to Kittel’s law. The electromagnetic response of homogenised
grids of parallel amorphous ferromagnetic microwires has been studied recently by
Liberal et al. [81] by using the local field method and the transmission-line analogy.
Following these authors, the reduction of the skin depth as the magnetic field is
increased could provide an explanation for the increase of permittivity at the first
peak observed in Figs. 11.30 and 11.31.

The resonance peak at 4.2 GHz can be distinguished from the FMR mode by
examining the dependence of the dielectric losses versus the magnetic field. To put
this into perspective, we assume that the microwires have a core-shell
(CS) structure, i.e. a core amorphous phase surrounded by a nanocrystalline
shell, and we consider that the nanocrystalline phase is responsible for the reso-
nance peak at 4.2 GHz. HRTEM is a unique analytical tool for such study because it

Fig. 11.31 Same as in Fig. 11.30 for the sample containing 8 wires. Reprinted with permission
from [79], copyright 2013 AIP
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can provide high-resolution microstructural and well as electron diffraction data. As
shown in Fig. 11.32a, the nanocrystalline phase, amorphous phase split by a
transition region, is clearly identified along the radial direction from the surface to
the inner core. The polycrystalline rings representing the nanocrystalline phase and
the halo ring representing the amorphous phase are also readily present in the
selective area electronic diffraction (SAED) images (Fig. 11.32b). Further obser-
vations of the magnified nanocrystalline region and amorphous region were dis-
played in Fig. 11.32c and d, respectively. The nanocrystallites average 2 nm. The
formation of nanocrystallites is attributed to the melt extraction process [82]. As
schematically shown in Fig. 11.33, in the first stage, heat transferred rapidly and
unidirectionally from the thin layer to the copper wheel, and the resulting

Fig. 11.32 HRTEM images and SAED of the studied microwire, and the corresponding local
magnifications. a HRTEM images of biphasic structure of microwires, including nanocrystalline
region I, amorphous region II and transition region III; The unidirectional arrow indicates the
radial direction of the microwire. b SAEDs of biphasic structure, marked by blue rectangles (as
shown in 1 and 2, respectively) in (a); the upper I is polycrystalline rings (consisting of CoFe,
CoSi, and Co2B) SAED of rectangle 1 and the lower II is halo ring SAED of rectangle 2. c Local
magnifications (rectangles 3 and 4) and their corresponding IFFT patterns and the estimative
interplanar distances (D3 and D4) of nanocrystalline structure; d Local magnification of
amorphous structure of rectangle 2 in (a). Reprinted with permission from [79], copyright 2013
AIP
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inhomogeneities from the non-uniform chemistry and stress distribution can thus
act as nucleation sites for nanocrystallites in the subsequent solidification process.
In the second stage, the heat energy dissipation changes from heat exchange to
much-slower thermal radiation, which facilitates the precipitation of nanocrystal-
lites on the top layer of the free surface. A similar phase separation in melt-extracted
FeCuSiB microwires has been reported by Nagase and Umakoshi [83]. We would
like to stress that the thin glass-coated wires fabricated by the Taylor–Ulitovskiy
method do not show a two-peak structure of the absorption losses. This is due to the
absence of such crystalline phase because glass-coated wires are generally too thin
to give the slow cooling rate which is of paramount importance for nanocrystallite
formation. Note that this could explain why the thin wires fabricated by the Taylor–
Ulitovskiy method have much better magnetic softness and associated GMI prop-
erties than melt extraction microwires [84].

The existence of nanocrystallites is also evidenced in the microwave charac-
terisation. The first peak is broader than the second one, in that the
above-mentioned strong non-uniform distribution of magnetoelastic anisotropy
contributes multiple resonance frequencies which merge into a broad one. In this
sense, the minor fraction of nanocrystalline phase shows a much narrower reso-
nance. In addition, the Co nanocrystalline phase is much magnetically harder than
the amorphous phase, which results in the negligible field effect (<150 Oe) in the
low magnetic field, and even the high magnetic field (>150 Oe) is only adequate to
improve the resistance but not sufficient to tune the resonance frequency. With
increasing wire concentration, the magnetic shielding effect predominates over the

Fig. 11.33 Proposed schematic model illustrating the formation of nanocrystalline phase in the
melt extraction process. The numbers in the graphs have the following denotations: (1) indicates
the copper wheel; (2) indicates the connection area between the copper wheel and melt drop; (3)
and (4) label the amorphous and nanocrystalline phase, respectively. The red up arrows and
circular array of arrows indicate the heat conduction and radiation, respectively. The black down
arrow refers to the uniaxial solidification. Reprinted with permission from [79], copyright 2013
AIP
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increasing polarisation with more wires [85], which results in the reduction of the
first peak and the diminished field effect accordingly. While the nanocrystalline
phase does not respond very well to the external field, the increasing concentration
predominates over the shielding effect and results in an increase of permittivity.

In the following, we are going to check whether our experimental data are
consistent with a two-phase CS modelling. First, we consider that the intrinsic
permittivity of the microwires can be written as ei ¼ beamor

m þð1� bÞenanom ; where b
is a relative weight of the amorphous phase with respect to the nanocrystalline
phase. Here, enanom and eamor

m , respectively, represent the shell and core contributions
to the intrinsic permittivity of the microwires. The Drude–Lorentz model is applied
here to model the effective permittivity; that is, e00m can be written in the form

e00m ¼ Ak f =fkð Þ½ 1� f =f0;k

 �2� �2

þ f =fr;k

 �2	; where the Aks are resonance peak

amplitudes, f denotes the frequency of the wave, fr,k is the resonance frequency of
the kth peak, and f0,k is related to the width of the kth resonance line. A simple
model of the effective permittivity of our samples in the long-wavelength limit is to
use an arithmetic mean of the intrinsic permittivity of the phases weighted by their
respective volume fractions. Inspection of Fig. 11.34 shows a good agreement
between the fit and data. Residual discrepancy observed may be due to imperfect
bonding between the rubber and the microwires and uncertainty in our ei value.

Finally, we examine the influence of frequency in the three zones of Fig. 11.32
within the context of the CS structure of the microwires. In Fig. 11.35, we plot the
Cole-Cole representation of the permittivity data for the sample containing 6 wires.
The observed behaviour is complicated and could be described by three zones. On
the one hand, it is apparent from Fig. 11.34 that several relaxation mechanisms
contribute to the permittivity spectra shown in Figs. 11.30 and 11.31. On the other
hand, ferromagnetic/rubber composites enable the optimisation of the field-induced
tunability of the effective permittivity, as we can simultaneously vary ε″ and ε′ in a
controlled manner. One intuitive explanation for the three zones would be to
consider that they are associated with, respectively, the amorphous and crystalline
phases, and the amorphous to crystalline phase interface. We find that the change in
the effective permittivity due to the magnetic perturbation is a sensitive indicator of
dielectric relaxation and resonance mechanisms. As to the purely amorphous
region, GMI is predominant at low magnetic bias, while FMR is important at high
bias, as discussed in the preceding section. Another relaxation process can be
related to the amorphous to crystalline phase interface. While at low magnetic field
excitation the amorphous phase contributes significantly to the dielectric response,
an increasing magnetic bias tends to increase the importance of the crystalline phase
of this microwave response. The relaxation associated with the crystalline phase
requires the involvement of a high magnetic field.

In summary, in this section, we have evaluated the features associated with the
two-peak behaviour of the permittivity spectra for ferromagnetic microwire/rubber
composites in the 0.3–6 GHz range of frequencies. We have investigated how these
spectra vary with magnetic field and the number of microwires inside the sample.
We argue that this spectral feature may be attributed to the amorphous
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core-crystalline nanoshell structure of the microwires. Electromagnetic simulations
show that the Drude–Lorentz model of dispersion can describe satisfactorily the
effective permittivity in the range of frequencies explored. Based on the analyses of
HRTEM images and the microwave spectra, the microwave characterisation using
frequency-domain spectroscopy can be exploited for express detection of the minor
fraction of nanocrystallites formed in the surface of materials.

Before closing the whole section dealing with the high field effect, we would like
to comment that although a strong field may not be desirable in practice, since most
applications desire to be free from cumbersome magnets, they are useful to reveal
some special functionalities and associated physics that would otherwise be
obscured in natural conditions. From a practical point of view, they can be exploited
as facile but effective research tools to study the materials structure. Above all, the
physics underlying the high field effect may also extend the possibilities of

Fig. 11.34 Simulated e00

spectra for the structure
containing 6 wires and two
values of the magnetic field
amplitudes (0 and 1 kOe). The
solid line is a fit to the data for
an amorphous core-crystalline
shell model with 0.15 vol%.
Reprinted with permission
from [79], copyright 2013
AIP
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optimising the microwire composite structure and broaden its functionalities and
applications.

11.5 Stress Tunable Properties

Due to the stress effect on the impedance of amorphous wires, the stress will have a
significant impact on the prorogation of microwaves when they pass through the
microwire(s). This is characterised by the variation of electromagnetic parameters
(reflection, transmission, permittivity, and permeability) with stress. This is the
basic working principle for microwave NDT methods [86–92]. Compared to other
NDT methods, employing ultrasound [93, 94], infrared thermography [94–96],
radiography [97, 98], radioactive computed tomography, and ground-penetrating
radar (GPR) [99, 100], microwave proves to be advantageous due to the fact that
microwaves can penetrate deep inside the composite, scatter little compared to
acoustic waves, offer excellent contrast between matrix and reinforcing fibres, have
good resolution, are not hazardous, are cost-effective compared to radioactive
methods, and are robust to environmental conditions unlike infrared methods
[86–92]. Both near-field [101, 102] and far-field free-space [86] characterisations of
composite structure have proved to be useful in detecting the debonds and
delaminations of composite structure, demonstrating the usefulness of microwave
NDT technology in structural health monitoring applications. However, without
embedding sensors, it is hard to detect the local damage. Most recently, the
potential of using carbon fibres themselves as antennae and sensors to precisely
detect the damage in CFRP has also been demonstrated [103]. However, the
interactions of CFRP and microwaves are limited by the high conduction loss of CF
due to the high volume fraction. The use of microwires as sensor elements is

Fig. 11.35 The Cole–Cole representation of the data in Fig. 11.30 for the sample containing 6
wires. Three zones are identified as the magnetic field magnitude is varied from 0 to 1 kOe. The
evolution of each zone as the magnetic field is increased is indicated by the arrows. Reprinted with
permission from [79], copyright 2013 AIP
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advantageous for their strong interactions with microwaves and high sensitivity to
external fields. In what follows, we will discuss the stress effect on the wire
impedance and the stress tunable effects of microwire composites at gigahertz
frequencies.

11.5.1 Stress Sensing Based on Microwires

The stress influence of GMI or stress-impedance effect has been mostly discussed in
the megahertz frequencies due to the application interest [104–110]. Interested
readers are kindly referred to [44, 66, 67] and the references therein. The focus here
is on the stress effect of GMI behaviour in the gigahertz frequency.

At gigahertz frequencies, the skin effect is very strong with a small skin depth
(e.g. around 1.2 μm at 1–10 GHz) [11]. The permeability is contributed by the outer
layer of the microwire. For Co-based microwire with the circumferential domain
structure in the outer layer, the permeability is determined by the natural ferro-
magnetic resonance [47]. According to the Landau–Lifshitz–Gilbert
(LLG) equation, the permeability is strongly dependent on the anisotropy field of
the wires. Considering the significant stress impact on the anisotropy field of wires
[12, 62, 111–113] and anisotropy angle [10, 15, 49], the permeability (or impe-
dance) spectra can be regulated by the variation of internal stress due to that of
geometry [113–116] or glass removal [117], and external stress [21] as shown in
Fig. 11.36a. The resonance frequency can be regulated by the parameter of the
microwires and the number of wires. Therefore, this effect could be utilised, beyond
stress sensing, for detecting and locating damage in the microwire-based com-
posites [103], which is of much interest in engineering applications. In Fig. 11.36b
and c, the sensing resolution is obtained from the shift of resonance with
stress/strain with values of 1.06 MHz/MPa and 134.5 kHz/microstrain, respectively.
These results lead to an important revelation that the microwires can be used as
stress sensors in a wide frequency range, provided the permeability can be obtained.
Compared with the newly proposed SRR-based sensor with a sensitivity of
5.148 kHz/microstrain [118], the microwires are much more cost-effective and
possess a higher Q factor and sensitivity. The susceptibility of permeability to stress
can be tailored either by tuning the composition, geometry, and microstructure of
the microwires [113], or through developing composites containing magnetic fillers
[119] and non-magnetic fillers [120].

It is worth mentioning that the stress sensitivity of impedance for single wires
can be modulated by the dc bias field. When the external magnetic field is equal to
the value of the anisotropy field, the stress sensitivity reaches a maximum. This is
demonstrated in Fig. 11.37 [121], where the maximum sensitivity is shown at
15 Oe. The reason for this is well explained by the dependence of permeability on
the anisotropy angle, formulated as [49]:
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l ¼ 1þ 4p cos2ðhÞ: ð11:17Þ

The application of magnetic field along the wire axis increases the circumfer-
ential magnetic permeability by rotating the magnetisation vector towards the wire
axis. On the other hand, when a stress is applied along the microwires with a
negative magnetostriction, the magnetisation vector rotates away from the axis
direction. As a result, the circumferential magnetic permeability is decreased [10]. It
is expected, therefore, that the application of longitudinal stress will compensate the
effect of the magnetic field. The influence of stress is more obvious with a high
magnetic field. Indeed, with reference to Fig. 11.37, the maximum applied stress of

Fig. 11.36 a Calculated absorption spectra under varying rapp according to LLG formula l ¼
1þ l0cMs½l0cðHdc þHkÞ�jxa	

�x2 þx2
FMR�jxal0c½2ðHdc þHkÞþMs 	 ; and Hk ¼ 3 ksj j

Ms
ðrzz � r// þ rappÞ with the material parameters

obtained from magnetisation test: Ms ¼ 106 �A=m; c ¼ 2:21� 105 mA�1s�1; a ¼ 0:02; Hs ¼
880�A=m and l0 ¼ 1: b Applied stress dependence of resonance frequency shift. The slope of
fitted line represents the stress-sensing resolution. c Resonance frequency dependence of
microstrain. The slope of fitted line represents the strain-sensing resolution. Reprinted with
permission from [21], copyright 2010 Elsevier
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1263 MPa encourages the absorption back to the original value by offsetting the
effects of the magnetic field. The magnetic field along the wire axis is desirable for
the absorption of microwires and can also be utilised to increase the stress sensi-
tivity of absorption. Similar results were also reported in [10, 15]. Upon analysing
the data in Fig. 11.37, it can be obtained that the sensitivity of absorption to stress
increases by ca. 39 times when the field increases from 0.75 to 15 Oe. This has
profound implication in designing wire-based stress sensors.

11.5.2 Stress Tunable Properties of Composites

11.5.2.1 Stress Tunable Properties of Composites in Free Space

Figure 11.38 [27] shows the complex permittivity spectra for as-prepared intact
rubber-based composite prepared by the method described in Sect. 9.2.3 and after
being damaged with the occurrence of wire breakage. There are pronounced
changes for both the real part ε′ and the imaginary part ε″ of effective permittivity.
In particular, a drastic change of ε′ is seen with a reversal of sign from negative to
positive when the wire breakage happened to the composite in question.

For the composites containing Fe4.84Co56.51B14.16Si11.41Cr13.08, there is no
response at all for the composite subjected to a load range from 0 to 4 kg (not
shown here). However, a stress tunable behaviour parallel to the field tunable
behaviour is observed in the transmission spectra (Fig. 11.39). Interestingly, the
composite shows a similar response to stress and magnetic field, although the
evolution of transmission with magnetic field is steadier than that with stress. To
gain a deeper insight into such stress tunable characteristics, Fig. 11.40 is plotted to

Fig. 11.37 a Axial field dependence of absorption in the presence of varying stress at 9 GHz for a
Co67Fe3.9Ni1.4B11.5Si14.5Mo1.7 wire of total diameter 30.6 μm and glass coat 5.2 μm. b Tensile
stress dependence of absorption (impedance) at varying magnetic fields for the same wire.
Reprinted with permission from [121], copyright 2011 Elsevier
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Fig. 11.38 Complex permittivity spectra of as-received composite and after damage by tensile
stress. Reprinted with permission from [27], copyright 2011 AIP

Fig. 11.39 Effect of stress (left) and magnetic filed (right) on transmission spectra of microwire
composite containing Fe4Co68.7Ni1B13Si11Mo2.3 microwires. Reprinted with permission from
[27], copyright 2011 AIP

184 11 Microwave Tunable Properties of Microwire Composites



show the calculated stress (resp. magnetic field) tunability versus stress
(resp. magnetic field) at 1, 4.8, and 8 GHz, which are lower, equal, and higher in
relative to the plasma frequency (fp), respectively. The overall evolution of tun-
ability remains the same trend at all three frequencies. In comparison with the single
peak feature displayed in the magnetic field dependence of tenability (Fig. 11.40b),
both a maximum and a minimum appeared in the stress dependence of tunability.

The primary principle pertinent to the stress tunable phenomenon is as follows.
For composite containing ferromagnetic wires exhibiting a giant magne-
toimpedance effect at microwave frequencies, the effective permittivity may depend
on a dc magnetic field via the corresponding dependence of the surface impedance.
The surface impedance can also be changed by applying a stress which modifies the
magnetic anisotropy and domain structure in the wires. Thus, the effective

Fig. 11.40 a Stress and
b field dependence of
tunability at 1, 4.8, and
8 GHz, plasma frequency
fp = 4.8 GHz, the ordinate
profiles are normalised by
10−4 and 10−5, respectively.
Reprinted with permission
from [27], copyright 2011
AIP
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permittivity may also depend on the external stress or strain. It follows that the
stress-impedance (SI) property of microwires is critical to the susceptibility of the
whole composite to the stress. SI depends strongly on the magnetoelastic charac-
teristics of the microwire, which are conditioned by a number of factors: compo-
sition, domain structure, geometry, etc. This accounts for the observed insensitivity
and sensitivity of the microwire composites in terms of their permittivity to the
external stress when dealing with different wires. Although all these amorphous
wires can be expected to show a drastic change when breakage occurs in the
composite, the choicest wires have to be evaluated when it comes to a more delicate
stress-sensing application.

The single peak presented in the stress tunability of S21 (n f
s21 (H)) is associated

with the anisotropy field. By contrast, a more complex relationship of n f
s21 (σ) merits

more discussion. It is well established that the Co-based microwires with a negative
magnetostriction have a bamboo-like domain structure, consisting of an inner core
and an outer shell [44]. The surface impedance depends on the circumferential
anisotropy at the outer shell. When a stress is applied along the axis of a microwire
with negative magnetostriction, a magnetoelastic field is induced in the circum-
ferential direction and this drives the spins rotating towards that direction. As a
result, the circumferential magnetic permeability is decreased, and hence, the sur-
face impedance is also reduced. It is expected, therefore, that the application of a
longitudinal stress will compensate the effect of the magnetic field. This explains
the maximum that occurred at around 13 kPa (Fig. 11.40a). Afterwards, with
increasing stress, the well-defined circumferential anisotropy may remain unchan-
ged and hence the surface impedance shows very little variation to the incremental
stress, giving rise to a minimum of tenability at 40 kPa. Larger stress than 40 kPa
may depreciate the circumferential anisotropy and increase the surface magne-
toimpedance, which accounts for the recovery of the increased tunability with
stress. It should be noted that tens of kPa imposed on the composite yields hundreds
of MPa on each wire, according to a simple calculation as follows. As the present
case meets the isostrain condition, the following equation holds:

e ¼ rc
Ec

¼ ew ¼ rw
Ew

; ð11:18Þ

where εc and εw denote the strain for composite and microwires, respectively; σc and
σw the stress exerted on the composite and microwires, respectively; Ec and Ew the
Young’s modulus of the composite and microwires, respectively. Using the law of
mixture, the stress each microwire experiences is given by

rw ¼ rc
Em
Ew

� �
fm þ fw

; ð11:19Þ

where fm and fw are the volume fraction of the matrix and microwires, respectively.
Due to the significant difference between the Young’s modulus of rubber matrix
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(2 MPa) and of microwires (100 GPa), 10 kPa on the composite can result in
500 MPa on the microwires. This is within the reasonable stress range as commonly
discussed in literature, in terms of the stress effect on GMI properties of microwires
(see, e.g. [13, 62]).

11.5.2.2 Stress Influence of Electromagnetic Properties Measured
by Spectroscopy

For composite containing ferromagnetic wires exhibiting a giant magne-
toimpedance effect at microwave frequencies, the effective permittivity may depend
on a dc magnetic field via the corresponding dependence of the surface impedance.
The surface impedance can be changed by applying a stress which modifies the
magnetic anisotropy and domain structure in wires. Thus, the effective permittivity
may also depend on the external stress or strain. Following the stress tunable theory
proposed by Panina et al. [9], Qin et al. [32, 122] approached the strain effect on the
electromagnetic responses from the technological aspects of the multifunctional
composites: Co56.51Fe4.84B14.16Si11.41Cr13.08 glass-covered magnetic microwires
having a total diameter of 29.4 mm and silicone rubber were used for the prepa-
ration of composite materials. Continuous microwires with the same length of
70 mm were embedded in a parallel manner into the silicone rubber matrices, which
were bonded by silicone resin (see Sect. 9.2.3 for further details). The number (n) of
the microwires in composites varied with n = 6, 12, and 17 corresponding to the
wire spacing d = 2, 1, and 0.8 mm. For comparison, copper wires with a diameter of
60 mm were also used as fillers. The resultant composites are of uniform dimension
of 70 mm × 13 mm × 1.8 mm.

The electromagnetic measurement was carried out with a wave vector of the
electromagnetic field perpendicular to the wires using a modified microwave
frequency-domain spectroscopy within the frequency range between 300 MHz and
5 GHz. Details of the instruments were discussed in Sect. 11.2.2. All measurements
were done at ambient temperature.

Figure 11.41 shows the permittivity spectra for composites containing different
amounts of microwires and 12 copper wires. For the unstressed sample, the real
component of permittivity ε′ increases with the wire amount. For the same amount
of wires, composite containing copper wires displays a larger ε′ than that with
ferromagnetic microwires. The same trend remains when the strain reaches 2.4 % as
the tensile stress is applied along the longitudinal direction of the composite.
Noticeably, there appears a broad relaxation peak at about 4 GHz for the n = 12
sample when λ = 2.4 % and, with the same strain, a sharper peak occurs at around
the same frequency for the n = 17 sample. A similar evolution of permittivity
spectra with strain is also shown in the imaginary component (ε″). But such a
phenomenon is not observed for the n = 6 sample and the sample with copper wires.
It is also interesting to note that ε″ of the sample with copper wires is smaller than
those with magnetic microwires.
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Figure 11.42 summarises the strain dependence of ε′. The sample without wires
shows the expected response of ε′ to stress. After adding fillers into the composite,
its ε′ starts to show relatively stronger stress sensitivity, which increases with the

Fig. 11.41 Effective complex permittivity spectra for unstressed composites (λ = 0) and stressed
composites with 2.4 % strain containing varying amounts of microwires. Reprinted with
permission from [69], copyright 2013 Elsevier

Fig. 11.42 Strain
dependence of ε′ for
composites with n as a
variable. Reprinted with
permission from [69],
copyright 2013 Elsevier
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amount of wire. The sample with copper wires presents a similar stress sensitivity
of ε′ to that containing the same amount of magnetic microwires. Figure 11.43
summarises the ε″ spectra for all samples, with strain ranging from zero to 2.8–
3.2 %. Note that the strain values discussed herein are nominal. Overall, there is a
significant influence of the microwire amount on ε″. The strain effects also vary
with the wire amount. For the n = 6 sample, ε″ is almost independent of the strain.
For the n = 12 sample, there is a remarkable dependence of ε″ on strain, featured as
the evolution of a symmetric resonance peak at 4.5 GHz. As n increases to 17, the
peak position and the evolution trend with the strain remain unchanged, but the
shape becomes asymmetric. In contrast, the sample with the copper wires exhibits a
complex evolution of the resonance peak with the strain, such that the resonance
peak occurring at the unstressed state increases with a small strain of 2 % but
disappears at larger strains. To exclude the influence of geometrical factors of the
composites 0 and the microwires, Fig. 11.44 was plotted to show the frequency
dependence of tan δ (ratio of ε″ to ε′), and the evolution of peak features with strain
remains the same trend as in Fig. 11.43.

The strain dependence of effective permittivity is quantitatively analysed by the
Gaussian molecular network model (GMNM) [42]. Figure 11.45 shows the λ
dependence of Δ with varying amounts of wires, where Δ = ðe0 kð Þ � e0ðk ¼ 0Þ=
e0ðk ¼ 0Þ: This relationship is well fitted by a functional form k(1 + λ − 1/(1 + λ)2),
where k is a constant, the value of which varies with the wire amount as shown in
Fig. 11.45.

The effective permittivity (ε) is dependent on the wire concentration (pv) and the
averaged polarisability (〈a〉): ε = εm + 4πpv 〈a〉, where εm denotes the permittivity of

Fig. 11.43 Spectra of ε″ for
composites containing
ferromagnetic microwires
n = 6, 12, 17, and 12 copper
wires with strain λ as a
parameter. Reprinted with
permission from [69],
copyright 2013 Elsevier
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matrix [9]. Thus, increasing the wire amount improves the effective polarisation and
hence the permittivity. The polarisability is primarily dependent on electric exci-
tation. For the present composite configuration with microwires perpendicular to
the electric field vector, although the sample is aligned with the tensile axis of the
deformation apparatus, an axial component of electrical field still exists due to the
inevitable misalignment of the wires within the sample and/or the possible inho-
mogeneity of the electrical field in the cell, which may affect the electric excitation
of the wires. This accounts for the observed dielectric response of the composite

Fig. 11.44 Frequency dependence of loss tangent with strain as a parameter. Reprinted with
permission from [32], copyright 2010 AIP

Fig. 11.45 Variations of Δ with strain for composites with differing amount of wires as shown in
the open symbols at 4 GHz. The best fitted lines to the function of k(1 + λ − 1/(1 + λ)2) and values
of k corresponding to different n are also shown. Reprinted with permission from [32], copyright
2010 AIP
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samples due to the polarisation and the induced circumferential magnetisation of the
wires. For the magnetic microwires, the strain modifies the magnetisation process
and hence the circumferential permeability, resulting in the changes of ε′. However,
since the experimental data were obtained using the same protocol and measure-
ment cell, the changes of permittivity can be solely attributed to strain.

It is also shown that more microwires induce a sharper peak at ca. 4 GHz,
indicating an increased stress sensitivity. However, this argument does not hold true
for the composites with n = 6 and copper wires which can be understood as follows:
for n = 6, the wires concentration is not high enough to satisfy the response of a
noticeable peak to the external stress; for copper wires, they have no response to the
induced circumferential magnetic field, and therefore, the composite does not show
any stress-induced peaks. Overall, the effective permittivity of wire composites
increases with the strain, which is further discussed later based on the GMNM
approach. It is worth pointing out that, owing to the higher concentration of copper
wires as a result of larger diameter than that of ferromagnetic microwires, the
composite sample with copper wires shows a larger permittivity than that with the
same amount of ferromagnetic microwires.

From the application point of view, it is important to find ways to improve the
stress sensitivity. Obviously, this can be approached by increasing the amount of
microwires in the composite. However, it should be noted that this does not nec-
essarily mean that more is better. In this work, the sensitivity of permittivity to
stress showed little change between the n = 12 and n = 17 samples. Somewhat
surprisingly, it is found that the samples containing magnetic microwires and
containing non-magnetic microwires appear to yield a similar stress sensitivity of
ε″. This observation suggests an independence of the stress sensitivity in wire
composites to the conductivity and magnetic permeability of the wires for a suffi-
ciently high concentration of wires, although the reason for this result is not
obvious.

The most striking feature shown in Fig. 11.43 is the evolution of the peak with
the stress for the n = 12 and n = 17 samples. It is proposed that the gradual spectral
change from relaxation to resonance at 4.5 GHz can also be attributed to the
influence of stress on wire magnetisation, as discussed above, which modifies the
eddy current loss and contributes to the steady evolution of the ε″ resonance due to
the circumferential ferromagnetic resonance.

The loss tangent (tan δ) retains the same changing trend with the strain as ε″ (λ),
indicating that such a strain effect is independent of any geometrical factors [123]. It
should be noted that such a transformation of relaxation to resonance is absent for
the n = 6 sample and composite with copper wires in the spectra of complex
permittivity. This suggests the exclusivity of ferromagnetic microwires and the
requirement of the wire concentration to realise a steady evolution of the peak
feature defined by the stress [24].

Now we discuss the strain–permittivity relationship. Basically, the GMNM
approach is related to the elasticity network of the composite material. Excellent
agreement between the experimental results and the GMNM model is observed for
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all samples (Fig. 11.45), which suggests the applicability of the model at the
measured strain range. By introducing more microwires (n ≤ 12) into the rubber
matrix, a higher stress sensitivity (characterised by the k value in this case) and a
closer experimental–model match is obtained. But when n increases to 17, k is
decreased and a relatively larger mismatch is observed. This can be attributed to the
enhanced complexity of the composite mesostructure, arising from the larger
amount of embedded microwires [42]. Nevertheless, due to the periodical topology
of the microwires within the composite, GMNM gives fairly good predictions for
all samples.

The significance of wire patterns is manifested in Fig. 11.46a, in which a non-
linear dependence of ε″ on the strain is shown. In this case, the wire starts to snap
when the strain exceeds 2.8 %. Due to the uneven interfacial properties, each single
wire may experience a different stress, which results in partial but not total fracture
of all wires. We then receive a similar resonance response for two patterns
(Fig. 11.46b). This indicates that the increase of dielectric loss with the stress is
compensated with the opposite effect resulting from the reduction of strained wires.
There are two possible mechanisms involved in this phenomenon. First is the stress
effect: the stress changes the current distribution in the wires and induces higher
dielectric loss, and release of stress results in the opposite effect. Second is the
shape effect: the wires are fractured to relatively shorter pieces and the anisotropy
field of the wire becomes non-uniform and results in the reduction and broadening
of the resonance linewidth. This leads us to a striking revelation in a larger context,
that the functional fillers enabled heterogeneous composites, the macroscopic
behaviour is dependent on the collective response of the fillers on the one hand, and
each single filler on the other hand. This then poses the challenge of how to
manipulate some, if not each, of the fillers. In so doing, we will have greater control
of the properties of the composite presented to meet specific applications.

Fig. 11.46 Spectra of complex permittivity for microwire composites with strain λ
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11.6 Temperature Tunable Properties

By analogy with stress, the temperature tunable properties are derived from the
temperature dependence of GMI properties. Because the magnetic permeability is
sensitive to temperature, the GMI changes rapidly as a function of temperature,
especially in the vicinity of the Curie temperature Tc. In general, for Co-based
microwires, the GMI effect first increases with increase of the measuring temper-
ature due to the internal stress relief, reaches a maximum value near the Curie
temperature of the material, and then finally decreases at higher temperatures
[124, 125]. The dramatic change of GMI at temperatures above the Curie point was
attributed to the collapse of the magnetic coupling in the material [126], which has
been exploited for the development of temperature sensors [127]. In terms of
composites, the magnetic phase transition at Tc will lead to a large transformation of
the dispersion of effective permittivity, as well as the reflection and transmission
coefficients [18]. Figure 11.47 shows the theoretical permittivity spectra and
transmission/reflection spectra for T < Tc and T > Tc. By analogy with the influence

Fig. 11.47 a Calculated dispersion spectra of resonance complex effective permittivity in the
vicinity of antenna resonance under the influence of temperature: the inset shows the schematic
configuration of the composite. b Typical transmission and reflection spectra under the influence of
temperature. c Typical reflection phase spectra under the influence of temperature. [18]
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of the stress or magnetic field, there is an anomalous dispersion of ε′(f) and
relaxation/resonance transformation when T exceeds Tc. All these features
demonstrate strong temperature effects, which can be exploited for temperature
sensing. A very promising application is to embed these microwires into the pre-
form of polymer laminates. The microwires can then serve as self-regulating
heating elements in the microwave curing process, which is believed to be much
more efficient than conventional curing methods [128]. Meanwhile, with proper
choice of composition and tailoring, the wires can be made highly sensitive [129] to
the temperature to be applied for process monitoring, which remains a challenging
issue in composite manufacture [130]. In addition, the wires remain as
stress-sensing elements in the cured composites for various kinds of structural
application. With increasing use of advanced fibre-reinforced composites in
industry [131], the addition of microwires may well renovate the composite
industry to some extent.

Through most of this text, we have emphasised the basic physical principles
underlying the tunable behaviour of the microwire composites. By examining
individual cases of a generic or specific nature, we hoped to suggest the practical
importance and versatility of the microwire composites for tunable devices at the
microwave frequency range of considerable technical interest. We believe these
examples are only the tip of an iceberg of possibilities that are yet to be discovered.
In this sense, the chapter may also serve to stimulate the imaginations of researchers
in diverse fields who will, in the end, turn the application potential afforded by this
kind of microwave tunable composites into realities.
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