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Foreword

Research on magnetic microwires is largely extended in the recent years as a
consequence of their outstanding magnetic properties, and profiting of the particular
geometry, with a reduced micrometric diameter but continuous length of up to
kilometres. As an important member of the microwire family, amorphous magnetic
microwires coated with glassy cover are currently employed in a number of tech-
nological applications especially as sensing elements in a variety of sensor devices
for high-frequency applications. They derive from the giant magnetoimpedance and
microwave phenomena, among the most outstanding and technologically profitable
effects observed in ultrasoft amorphous microwires. Built upon solid work in this
area, the authors have elucidated these aspects in the first part of the book with
chapters dealing with the correlation between magnetic domain structure and
magnetic properties after a general introduction. Its content then focuses on the
giant magnetoimpedance effect with an overview on the influence of various pro-
cessing and measuring conditions. Subsequent chapters analyse the criteria for
innovative sensors based on magnetoimpedance and the current technological
perspectives. In the second part of the book, its core actually, chapters discuss on
the multifunctional microwires composites and, more innovatively, the so-called
metacomposites. Ferromagnetic microwires and their arrangements are introduced
together with their design and fabrication, followed by an overview of mechanical
and magnetic properties. Their high-frequency behaviour is analysed in detail,
referring particularly to tunable absorption and metamaterial properties at micro-
wave frequencies.

This book represents an innovative and rigorous effort from the authors who
have made such a significant progress in amorphous microwires and the microwave
properties of their composites, which opens up a new territory in multifunctional
composites. In particular, I want to highlight their recent work on metamaterial
characteristics of composites with engineered microwire arrangements that has led
to the concept of metacomposites from an engineering perspective. I am therefore
confident that the content of this book will attract much attention from scientists and
engineers with interests in magnetic microwires and their arrangements, in
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magnetoimpedance and metamaterial composites, and of course in their microwave
technological applications.

The team of authors, led by Prof. Hua-Xin Peng at Zhejiang University, is
internationally well acknowledged for their pioneering contributions to the field of
multifunctional composite through the developing of ferromagnetic microwire
composites. This line of research was firstly activated at Bristol University by
Dr. Manh-Huong Phan, presently a research professor at South Florida University,
and followed by Dr. Faxiang Qin, currently a research professor at Zhejiang
University, both under the guidance of Prof. Peng. All these have put them in a
unique position to bring such a topic of significant scientific and technical impor-
tance to the academia. I would like to congratulate them for the publication of this
book and wish them every success in their future research.

Manuel Vazquez
Institute of Materials Science of Madrid, CSIC



Preface

The idea of writing a book about ferromagnetic microwires and their multifunc-
tional composites initiated after the Ph.D. work of Dr. Manh-Huong Phan on novel
magnetic materials in 2006 and that of Dr. Faxiang Qin on composites containing
ferromagnetic microwires in 2010. With three more years’ continued exploration
along this line of work, we felt ready to commit ourselves to such a task and the
book proposal to Springer was accepted in 2013. It took us two furthermore years,
with a lot of ups and downs, to put a full stop on the writing.

The subject of magnetic microwires and their composites is essentially of
interdisciplinary nature, and it touches on multiple fields ranging from materials
science and engineering, electrical, and mechanical engineering to physics and
chemistry science. We structured the book in two major parts: microwires and their
composites, and spared no effort in elaborating the fundamental structure—property
relationship through detailed discussions of all types of factors influencing their
magnetic and microwave properties. We then described the application potentials
from an engineering perspective.

Owning to their exceptional giant magnetoimpedance (GMI) property, ferro-
magnetic microwires find themselves of great usefulness in high-performance
sensor applications where the ultrahigh sensitivity is a distinct advantage over
conventional sensors. Driven by such advantages, researchers have spent decades to
investigate the fundamental GMI mechanisms and related phenomena in order to
advance the design, fabrication, and modulation techniques. The advent of ferro-
magnetic microwire composites is a direct result of the pursuit of multifunctionality
of a composite. Starting from combining electromagnetic characteristics to poten-
tially monitoring the structural health of aerospace composite components, we have
presented in the second half of the book, relevant field-tunable microwave beha-
viour of the composites together with associated fundamental and technical anal-
yses. Subsequently, the readers will find a spectrum of intriguing microwave
performance of microwire-based composites in microwave absorption and EMI
shielding. Last but not least, we highlighted the most recent work on the so-called
metacomposites, an emerging topic that we have intensively studied during the

vii
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course of writing the book, which is aimed at bridging conventional metamaterials
with engineering composites.

The main purpose of the book is to provide a comprehensive knowledge about
functional soft ferromagnetic microwires and their composites. The philosophy
behind the selection of functional element and the architectural design of composite
is expected to be useful for those endeavoured to develop special functional filler
for particular composite with various targeted applications, such as medical diag-
nosis of different types of virus and microwave absorbers operating on different
frequency bands. It is pitched at the level of postgraduate students and researchers
who are working or having an interest in this exciting research field.

It has been a long, challenging but also fulfilling journey to write such a book, as
it involves a wide range of subjects in which our knowledge and expertise are not
fully reached. Despite of our enormous efforts in connecting the dots and making
sense of each sentence, the book cannot be free from unclear parts. Constructive
comments from the interested readers are most welcome to enable us to further
improve the book in future editions.

We are indebted to our collaborators worldwide, including Prof. Larissa Panina,
Prof. Christian Brosseau, Prof. Arcady Zhukov, Prof. Julia Gaonzalez, Prof. Hari
Srikanth, Dr. Dimitry Makhnovskiy, Dr. Mihai Ipatov, Prof. Victorino Franco,
Dr. Nikolay Pankratove, Dr. Slava Popov, Prof. Jie Tang, Prof. Lu-Chang Qin,
Prof. Walther Schwarzacher, Dr. Geoff Hilton, Mr. Yang Luo, Dr. Huan Wang,
Dr. Jingshun Liu, Prof. Jianfei Sun, and all those who have offered us their kind
help without which the completion of this book would not be possible. Finally,
we extend our great appreciation to Prof. Manual Vazquez who has kindly agreed to
write the Foreword with much generosity.

Hangzhou, Zhejiang, China Hua-Xin Peng
November 2015 Faxiang Qin
Manh-Huong Phan
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Chapter 1
Introduction

Soft ferromagnetic microwires have attracted strong research interest in the past two
decades in the physics and materials community, in that they can be conveniently
fabricated into microsized continuous wires with uniform and singular mechanical
and magnetic properties, including their outstanding giant magnetoimpedance
(GMI) properties. Massive research efforts have been devoted to two directions:
(i) the microwires’ (magnetic) structure optimisation in the context of various
sensor applications in megahertz and (ii) innovative design of mesostructure con-
stituted by arrays of wires in composites for microwave (gigahertz) applications
such as structural health self-monitoring and absorption/shielding. This compre-
hensive book that bridges the knowledge of the microwires themselves and their
multifunctional polymer composite materials is aimed at maximising the value of
previous studies on either microwires or their composites and inspiring further
efforts on this line of work with target applications extended herein.

1.1 Giant Magnetoimpedance Sensors Using Magnetic
Microwires

Magnetic sensors play an essential role in modern technology. They are widely
used in nearly all engineering and industrial sectors, such as high-density magnetic
recording, navigation, military and security, target detection and tracking, antitheft
systems, non-destructive testing, magnetic marking and labelling, geomagnetic
measurements, space research, measurements of magnetic fields onboard space-
craft, and biomagnetic measurements in the human body [1-3].

A wide range of magnetic sensors, such as induction sensors, fluxgate sensors,
Hall-effect magnetic sensors, magneto-optical sensors, giant magnetoresistive
(GMR) sensors, resonance magnetometers, and superconducting quantum interfer-
ence device (SQUID) gradiometers, are now available [3]. A magnetic sensor directly
converts the magnetic field into a voltage or resistance with, at most, a dc current
supply, and the field sensitivity of a magnetic sensor plays a key role in determining
its operating regime and potential applications. For instance, SQUID gradiometers
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2 1 Introduction

with a high sensitivity of 10~'°~107* Oe have been used for measuring field gradients
or differences due to permanent dipole magnets in major applications of brain
function mapping and magnetic anomaly detection. Induction, fluxgate, and GMR
sensors with a medium sensitivity of 107°~10% Oe have been used for measuring
perturbations in the magnitudes and/or direction of the Earth’s field due to induced or
permanent dipoles in major applications of magnetic compasses, munitions fuzzing,
and mineral prospecting. Hall-effect sensors with a low sensitivity of 1-10° Oe have
been used for applications of non-contact switching, magnetic memory read-out, and
current measurements. In addition to the sensitivity requirement, other factors
affecting the practical uses of magnetic sensors include the processing cost and power
consumption. As compared to existing magnetic sensors, the GMR sensor shows the
lowest cost and power consumption. However, the field sensitivity of the GMR
sensor is rather low (~ 1 %/Qe).

Recently, the development of high-performance magnetic sensors has benefited
from the discovery of a new magnetic phenomenon, giant magnetoimpedance
(GMI) (i.e. a large change in the ac impedance of a soft ferromagnetic conductor
subject to an applied dc magnetic field), in metal-based amorphous alloys [4, 5]. It
has been demonstrated that magnetic sensors based on the GMI effect offer several
advantages over conventional magnetic sensors. The decisive factor is the ultrahigh
sensitivity of GMI sensors. When compared with a GMR sensor that has a sensitivity
of ~ 1 %/Oe, the field sensitivity of a typical GMI sensor can reach a value as high as
500 %/Oe [3]. Different classes of novel GMI field sensors using Co-rich amorphous
wires have been developed and are being widely used in smartphones and auto-
mobile devices [6, 7]. The GMI sensors with a 1078 Oe resolution, the so-called
Super GMI field sensors, have proved their usefulness for biomagnetic measure-
ments without any magnetic shielding at room temperature [8—10]. The biomagnetic
field in living cell tissues has been successfully detected using these sensors.

Historically, GMI has attracted particular interest in the scientific community
only since Panina and Mohri in Japan and Beach and Berkowitz in the USA
announced their independent discoveries of the so-called GMI effect in Co-based
amorphous wires in 1994 [4]. In actual ferromagnetic materials, the maximum value
of the GMI effect experimentally obtained to date is much smaller than the theo-
retically predicted value [3]. Research in this field has thus been focused mainly on
special thermal treatments and/or on the development of new materials for
improved GMI responses [11, 12]. In order to design and produce novel GMI
sensors, a thorough understanding of the GMI phenomena and the properties of
GMI materials with an emphasis on how a magnetic sensor utilising the GMI effect
can be best designed for technological applications is essential.

GMI materials range from microwires, ribbons, films, and so forth. Microwires,
among other materials, have been the focus of the GMI materials research and offer
plenty of dimensions to carry out fundamental and technical studies, especially in
terms of sensor commercialisation as in Aichi Company and their multifunctional
applications as functional fillers. In this context, we organise the first half of the
book to present a systematic and comprehensive analysis of the fundamental
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aspects of GMI and its potential applications. Chapter 2 introduces the major
fabrication techniques in terms of the pros and cons of each method. Chapter 3
discusses the properties and domain structures of microwires, and a correlation
between the domain structures and magnetic properties is established therein. The
basic concept, theory, and related GMI phenomena are examined in Chap. 4. The
effects of measuring and processing parameters on GMI are examined in Chaps. 5
and 6. The wire selection criteria for the design of novel GMI sensors are discussed
in Chap. 7. Chapter 8, the last chapter prior to the composite part, describes at
length GMI sensors and their current and perspective applications.

1.2 Multifunctional Microwire-Based Composites

Composite materials are attractive because they can combine the superior properties
and functionalities of each of their constituents. Much research currently focuses on
developing multifunctional composites, which combine good mechanical (struc-
tural) attributes along with the functional properties such as thermal, electrical, or
magnetic characteristics. A particularly interesting example of such a composite is
ferromagnetic microwires embedded in a polymer matrix. These composites can
exploit phenomena occurring in the wires such as the giant magnetoimpedance
effect and can also offer emergent properties that arise from the mesoscale
arrangement of the microwires (so-called metacomposites). Possible applications
include remote monitoring of structural integrity, electromagnetic shielding, and
cloaking at microwave wavelengths.

Materials today can be conveniently divided into two categories: structural
materials and functional materials. Structural materials, for which the most
important qualities are their mechanical properties, have undergone development
for centuries, due to the lasting need for all kinds of structures, such as buildings,
bridges, and vehicles. The pursuit of new materials or new techniques for tailoring
materials to obtain better mechanical properties remains one of the major goals of
materials research. More recently, the unprecedented development of functional
materials (e.g. semiconductors) and devices exploiting them has to some extent
stolen the thunder of structural materials. Inert stone could meet the basic needs of
ancient humans as it could be built into a robust shelter, but it cannot remotely meet
the needs of modern mankind because it cannot take the place of transistors to build
a mobile phone or a computer.

It might seem we have nothing to worry about since we have both stone and
transistors. But very often, we need both good mechanical and functional proper-
ties. Composite materials can fulfil this need for materials that combine multiple
desirable properties. A composite, simply put, is composed of two or more kinds of
materials or phases, which are referred to as constituents. A composite is attractive
in that it can exhibit properties (structural and functional) of each of its constituents.
The development of composites is thus driven by the desire for combinations of
superior properties and functionalities that a monolithic material cannot offer.
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The aeronautical industry, for example, is making greater use of lightweight
carbon fibre composites to replace metals, but it must also address the issue of
invisible damage occurring inside the composite, for which only viable structural
health monitoring can ensure the safety of passengers. Other issues include light-
ning strike protection, de-icing, and electromagnetic shielding, for which the
composite parts must have good electrical or thermal conductivity.

The current trend in research and development is therefore to bring in additional
functionalities (e.g. thermal, electrical, or magnetic functions) to a structural com-
posite, giving rise to what are known as multifunctional composites. The ideal
approach is to develop multifunctional composites with indiscriminate properties (i.e.
with a good all-round combination of properties rather than a single exceptional
quality) that can meet all these structural and functional demands in a most eco-
nomical way. Of particular interest are multifunctional metacomposites, which can
offer “new emerging” properties that may not exist in a single constituent.
Metacomposites are similar to metamaterials. A traditional metamaterial is con-
structed with a precise regular arrangement of mesoscale structures, such as con-
ducting rods and rings, which can result in extraordinary electromagnetic properties at
wavelengths longer than this scale. Metacomposites, by contrast, can have a some-
what disordered structure, so they are more amenable to industrial-scale fabrication
techniques instead of necessarily requiring delicate nano- or microfabrication.

A particularly interesting approach to realising multifunctional metacomposites
is by incorporating soft ferromagnetic microwires into a polymer matrix. The
polymer matrix largely supplies the structural properties we seek, and the micro-
wires provide the functional (electromagnetic) properties. The science and philos-
ophy behind this specific line of work apply more generally to the development of
functional composites using a single kind of fine-sized functional filler, as well as
the broader application-driven efforts to develop advanced multifunctional meta-
composites, which is exciting and inspiring for the future.

One of the most prominent works on ferromagnetic microwire composites was
contributed by Larissa Panina of the University of Plymouth, UK. As the
co-discoverer of the giant magnetoimpedance (GMI) effect in microwires [4], she
was the first to propose developing GMI microwire-based tunable composite media
[13]. The basic idea for exploiting the GMI effect in a composite is to arrange
cobalt—iron (CoFe)-based microwires in a certain geometry in order to tune the wire
media’s response to an incident electromagnetic wave. Depending on the set-up,
this response can be modulated by a stimulus such as magnetic field, mechanical
stress, or temperature. The dependence of the GMI effect on the external magnetic
field helps define the material’s electromagnetic response, thus making the com-
posite potentially useful for reconfigurable microwave devices. After establishing
the theoretical framework, Panina’s group later proposed a new class of
microwire-based metamaterials that could display negative permittivity.

From Panina’s work, it follows that the microwires are the magic key to some
specific electromagnetic functionalities. Regarding the researches in GMI micro-
wires and their sensor applications, the world’s leading experts include Manuel
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Vézquez at the Institute of Materials Science of Madrid ICMM) and Arkady
Zhukov at the University of the Basque Country (UPV/EHU), both in Spain, and
Horia Chiriac of the National Institute of Research and Development for Technical
Physics, Romania. These metallic microwires are often coated with a glass layer,
and the GMI effect in them is dependent on a number of factors such as geometry,
the metal-to-total-diameter ratio, measuring parameters (e.g. temperature and fre-
quency), and tailoring techniques such as field annealing or stress annealing (i.e.
annealing of the wires in the presence of an external magnetic field or under
mechanical stress) [14, 15]. The knowledge gained in Zhukov, Vazquez, and
Chiriac’s pioneering works on tailoring the magnetic structure of microwires and
optimising their GMI performance is essential in the design and fabrication of novel
microwire-based composites, as well as understanding their outstanding combined
properties and performance.

The group in the Institute for Composites Science Innovation (InCSI) at
Zhejiang University, China, is performing exploratory work on microwire-based
composite materials. But the inspiring works (jointly conducted by Faxiang Qin,
Hua-Xin Peng, and Manh-Huong Phan) started off at Bristol University, UK, back
in 2006, as we have demonstrated that by embedding a number of microwires in a
polymer matrix, the soft magnetic properties and GMI effect can be significantly
enhanced as compared to a single embedded wire [16]. This study really paves the
way for the development of structural microwire-based composites that are of great
engineering interest. In the past few years, the group has been working extensively
on the multiple functionalities of microwire composites [17].

One significant aspect of multifunctionality is to capitalise on the magnetic field
dependence of tunable microwave properties for structural health self-monitoring
applications. We need fine elements in the composite to serve as sensor arrays that
interrogate the material’s structural integrity. This sensor-embedding technique is
not new. Researchers have been attempting to embed all kinds of sensors (e.g. fibre
optics) into composite structures, but this approach typically degrades the com-
posite’s mechanical performance a great deal because of the diameter mismatch
between the structural reinforcing fibres and the embedded sensors. In the case of
microwire composites, the microwires’ fine diameter (e.g. 20 um) proves to have no
detrimental effect and the microwires can potentially fulfil the task of in-flight
self-monitoring [18, 19].

Microwire composites can also provide electromagnetic shielding. A number of
research groups (e.g. Pilar Marin of Complutense University of Madrid and
co-workers [20]) have reported that the wires, being both electrically and mag-
netically conductive, are excellent candidate materials for shielding or absorption.
In either low or high concentrations, the microwire composites can show useful
levels (more than 10 dB) of absorption or shielding effectiveness (SE). Notably, as
compared to other shielding fillers, the microwires enable a relatively thin com-
posite with low filler concentration to have a very large SE [21]. Furthermore,
absorption characteristics such as the absorption frequency, which we need to adjust
for different applications, can be easily formulated by changing the wire geometry
and patterns. Such microwire composites could be used for wind turbines, which
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simultaneously need good impact resistance and electromagnetic shielding to
ensure that the rotating turbines do not create interference with Doppler radar
systems. From another approach, Phan’s group at the University of South Florida
has developed a new class of microwave energy sensors using the fibre Bragg
grating (FBG) technology and a soft ferromagnetic glass-coated amorphous
microwire as a microwave absorber [22, 23]. The ferromagnetic microwire absorbs
microwave energy and heats up, thus raising the temperature of the FBG. As
compared to a similar sensor that uses gold to absorb electromagnetic radiation, this
newly developed sensor shows a greater sensitivity relative to the perturbation of
the microwave field. Since the sensor is physically small and only minimally
perturbs the field being measured, it can be deployed as a distributed sensor.

The most exciting property of ferromagnetic microwire composites, which we
have only recently tapped into, is that of metacomposite behaviour. Some initial
contributions in this field have been made by Lie Liu of the National University of
Singapore [24], Serghei Baranov of the Institute of Applied Physics in Chisinau,
Moldova [25], Konstantin Rozanov of the Institute for Theoretical and Applied
Electromagnetics in Moscow, Russia [26], and Jorge Carbonell of the Polytechnic
University of Valencia in Spain [27], and their co-workers. As mentioned earlier,
metamaterials’ unique properties originate from the precise mesostructure of their
constituents. The complicated structure of a metamaterial can manipulate electro-
magnetic waves to achieve feats such as Harry Potter-like invisible cloaking, but
metamaterials are generally not suitable for mass production. Wire metacomposites,
with a simpler structure that is susceptible to control and production at engineering
scale, can realise a transmission window (i.e. a range of wavelengths) in which the
material’s magnetic and dielectric responses are both negative. Such a metacom-
posite might be used to make a cloaked craft that would be invisible in the
microwave range.

All the above-mentioned works pertaining to multifunctional microwire com-
posites and metacomposites are discussed in the second half of the book. After a
detailed presentation of the concept, design, and fabrication of composites in
Chap. 9, we then explore the static mechanical and magnetic properties of the
composites in Chap. 10. Central to the book, Chaps. 11-13 elucidate the microwave
tunable, absorption, and metacomposite properties of the composites, respectively.
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Chapter 2
Fabrication of Ferromagnetic Wires

This chapter describes the fabrication methods of amorphous wires and microwires.
The advantages and disadvantages of each method are examined and discussed. The
existing techniques of glass removal for amorphous glass-covered wires (AGCW)
are also discussed in this chapter.

2.1 Melt Spinning

Amorphous metallic alloys can be produced by a variety of rapid solidification
processing techniques, including splat quenching, melt spinning, gas atomisation,
and condensation from the gas phase. Among the existing techniques, the melt
spinning technique has been most widely used to produce amorphous metallic
alloys at cooling rates of 10*-10° K/s [1]. Metallic amorphous wires are also
prepared by the melt spinning method, which has been used to yield amorphous
ribbons [2, 3]. The diameters of the produced wires range from 1 to 300 pum [3, 4].
The central element of this process is the pressure ejection of the melt stream
through an outlet into a cooling fluid, followed by rapid solidification of this stream
before it breaks into droplets. It has been highlighted that the following important
conditions need to be satisfied to allow the production of metallic wires directly by
the rapid solidification from the melt: (i) solidification of the metallic melt stream at
high cooling rates and within the “stability” distance from the ejection point, (ii) use
of a cooling fluid with low viscosity and surface tension, and (iii) stable and
non-turbulent flow of the cooling liquid at high velocities. In reality, because of the
difficulty of simultaneously maintaining the high supercooling capacity of the
metallic melt stream without the precipitation of crystalline phases in a temperature
range between the melting temperature and glass transition temperature, the melt
spinning method is limited to producing metallic alloy wires with a high
glass-forming ability. To overcome this problem, Ohnaka et al. [5] developed this
method into the so-called in-rotating water spinning method.

© Springer International Publishing Switzerland 2016 9
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2.2 In-rotating Water Spinning

This technique is modified from the melt spinning technique in that, instead of
allowing the melt stream to impinge on the interior of a rotating drum, the melt
stream is directly ejected into rotating water [5—7]. A cross-sectional view of an
in-rotating water spinning device for producing magnetic wires is illustrated in
Fig. 2.1.

It has been shown that during the in-rotating water spinning process, a jet of
molten metal is ejected through a quartz nozzle of 80-200 mm diameter into a
liquid cooling layer formed by a centrifugal force on the inner surface of a rotating
drum of about 400-600 mm diameter. The speeds of the rotating coolant and the
melt jet can be controlled by the rotation of the drum and the ejection gas pressure,
respectively [6]. Depending upon the alloy being cast, it is necessary to adjust the
distance between the nozzle tip and the coolant surface, the ejection angle, the depth
of the coolant layer, and the coolant temperature. The in-rotating water spinning
technique allows production of continuous wires of round cross section. In these
wires, a dendritic structure forms along the wire direction, whereas for melt-spun
ribbons, this structure tends to grow transverse to the casting direction. The cooling

Rotating drum
(a) (X-Section view)

T

Glass tube

Driving device
Argon gas inlet

r—,E::_—‘

f— AC
Molten inductor
alloy

_| ( ‘ Rotating water
layer

Amorphous wire
(X-section)

Fig. 2.1 (a) Cross-sectional view of the in-rotating water spinning device for producing magnetic
wires with a general view (b) and during the melting process (c¢) (reproduced with permission
from John Wiley & Sons [7])



2.2 In-rotating Water Spinning 11

rate is often around 10° K/s. A wide variety of ferrous and non-ferrous alloys have
been cast into amorphous or microcrystalline wires. Amorphous metallic wires with
diameters ranging from 80 to 160 pum were obtained by the in-rotating water
spinning method [5]. Wires with thicker diameters of up to ~300 um [8], or with
thinner diameters down to 30 pm [9], have also been reported. One of the main
advantages of the in-rotating water spinning method is that it can be used to
produce wires with alloy compositions that are difficult to obtain using the con-
ventional methods.

2.3 Taylor-Wire Process

In 1924, Taylor [10, 11] first introduced a technique that allows the production of
fine wires of uniform cross section. A schematic illustration of the Taylor-wire
process can be found in [10]. In this process, a metallic charge is put in a glass tube
and this material is melted by induction heating. As a result, the glass tube is
softened due to its contact with the molten metal and it can then be drawn. While
acting as a continuous mould crucible during solidification of the metal, it ensures a
regular surface and uniform diameter of the wire. The final product consists of a
metallic wire in a glass sheath and is collected on a rotating drum at speeds of
around 5 m/s. The cooling rate of this process might vary in the range of
10*-10° K/s for producing wires of 50 um down to 2 pm diameter [11, 12]. A wide
range of metallic wires has been produced by the Taylor method, including steels,
coppers, and noble metals as well as low-melting point metals [12]. One of the main
challenges of this technique is to find sheath materials that possess a sufficient
chemical inertness towards the molten metal used, as well as having a softening
temperature consistent with the melting temperature of the metal. However, one
problem arising in this technique is the contamination of the material by the glass
sheath. To avoid this problem, it is necessary to choose a glass that is compatible
with the material in terms of its chemical properties, viscosity, and melting tem-
perature. A number of recent works have evaluated the microstructure, as well as
the mechanical, electrical, and magnetic properties of several microcrystalline and
amorphous alloys [13].

2.4 Glass-Coated Melt Spinning

This is a modification of the Taylor-wire technique, which allows alloy systems with
low wire-forming capacity to be easily produced. The ability of a metallic melt stream
to break into droplets before solidification is drastically reduced by the presence of the
glass covering, which prevents direct contact between the molten metal and
the cooling liquid [14—-19]. The glass covering ensures a smooth cylindrical shape for
the melt stream. Compared with the in-rotating water spinning method, the
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Fig. 2.2 Schematic illustration of amorphous wires/microwires fabrication process by the
glass-coated melt spinning method (reproduced with permission from Elsevier [18])

glass-coated melt spinning method ensures higher cooling rates, thus producing
amorphous wires more easily, even in the presence of the glass covering [18, 19].

This technique was originally proposed by Wiesner and Schneider [14] and later
developed by Ulitovskiy [15, 16]. A schematic illustration of the glass-coated melt
spinning method is presented in Fig. 2.2 [18]. In this process, the molten metal is
captured as soon as the rapid drawing of a softened glass capillary takes place. The
capillary is drawn from the end of a glass tube containing the molten metal. Alloy
pieces are first put into the glass tube and then melted by a high-frequency furnace
using an inductive coil. There is a softened glass covering around the molten metal
drop and this allows the drawing of the capillary to take place.

To avoid any occurrence of metal oxidation, it is usual to apply a low level of
vacuum of about 50-200 Pa, or an inert gas atmosphere (e.g. argon) within the glass
tube. In order for the drawing process to be continuous, Chiriac et al. [17] proposed
that the glass tube be displaced with a uniform speed of 0.5-7 mm/min. The
as-formed wire is cooled by a water jet at approximately 1 cm under the
high-frequency induction heating. Depending upon the drawing velocity, it is likely
that the cooling rate varies from 10* to 107 K/s. Detailed analyses on external
parameters affecting the preparation routes of wires can be found in [17-19]. Using
this method, Chiriac et al. [17] produced metallic AGCW with metallic core
diameters of 3-25 pm and glass thicknesses of 2—15 um. In the case of microwires,
the metallic core diameter is typically between 0.8 and 30 um, while the thickness
of the coating is in the range of 2—15 pm [18, 19]. For example, a scanning electron
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Fig. 2.3 a Schematic illustration of an amorphous glass-covered metallic wire. b Fracture surface
of an amorphous CoggB;551;0Mn; glass-covered wire

microscopy (SEM) image of a Co-rich glass-coated amorphous microwire is dis-
played in Fig. 2.3. Final wire dimensions such as the metallic core diameter and
glass covering thickness can be accurately determined with the help of a
high-resolution optical microscope engaged with a video camera and both con-
trolled by a computer [17-19].

The glass-coated melt spinning method of wire/microwire fabrication provides
several advantages over the other methods, such as (i) repeatability of wire prop-
erties at mass production and (ii) a wide range of variation in parameters (geo-
metrical and physical), possible fabrication of continuous long wires up to 10 km
and possible control and adjustment of geometrical parameters during the prepa-
ration process. Therefore, amorphous wires/microwires (Co-based and Fe-based
alloys) have usually been produced by this method.

2.5 Electrodeposition

Electrodeposition is a method that has been used recently to produce uniform wires
consisting of non-magnetic conducting inner core (e.g. Cu, BeCu, and W), and
magnetic outer shell layers (e.g. FeNi, FeNi—Al,O;, and CoP) [20-36]. This
method is used for coating a metallic wire with a similar or dissimilar metallic
plating layer having the desired uniform thickness and a compact metallic structure
by passing the wire through electrolytic baths and through surface smoothing sta-
tions. In this process, the wire is passed through an electrolytic bath to coat the wire
with a plating layer and then pressed against the peripheral surfaces of rotating
rollers to smooth the surface of the plating layer over the entire periphery. Finally,
the wire is coated with a secondary electrolytic plating layer. The non-magnetic
conducting inner cores are often wires with diameters of around 20 um [21-24].
The magnetic layer is often thin, ranging between 2 and 7 um. In the electrode-
position process, the thin magnetic layer is formed over the inner wire using a



14 2 Fabrication of Ferromagnetic Wires

constant electrolytic current density. By keeping the current density constant, the
layer thickness can be controlled by the deposition time. The main difficulty of this
method is controlling the desired composition ratio [21-26]. This problem can be
overcome by applying a longitudinal magnetic field during the deposition process,
which is currently known as the magnetically controlled electroplating method
[27, 28]. In addition, the application of a longitudinal magnetic field during elec-
trodeposition results in an improvement of the uniform surface properties of the
wires, which is beneficial for sensor applications [28]. In general, the electrode-
position method has the following advantages: (i) a wide range of materials (metals,
alloys, and composites) that can be processed by electrodeposition is available;
(ii) both continuous and batch processing are possible; (iii) materials with different
grain sizes and shapes can be produced; (iv) materials with full density (i.e. neg-
ligible porosity) can be produced; and (v) the final product can be in the form of a
coating or bulk material.

By combining the melt spinning and electroplating techniques, Torrejon et al.
[37, 38] produced a new type of biphase magnetic microwire composed of a fer-
romagnetic nucleus, an intermediate glass layer, and a ferromagnetic outer shell
(Fig. 2.4a). The glass-covered amorphous magnetic wires and microwires can be

(a) Magnetic
outer shell

Pyrex

Au nanolayer
Magnetic nucleus

Sum
ot

Fig. 2.4 a Scheme of a multilayer microwire. b Cross-sectional SEM image of the FeSiB/glass/
Au/CoNi multilayer microwire (reproduced with permission from Elsevier [37])
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obtained by the quenching and drawing method, as described above. The diameter
of the nucleus and thickness of the glass covering typically range between 1 and
20 pm, respectively. Figure 2.4b displays a cross-sectional SEM image of a
FeSiB/glass/Au/CoNi multilayer microwire.

A large number of different magnetic configurations such as soft’/hard
CoFeSiB/CoNi and FeSiB/CoNi, soft/soft CoFeSiB/FeNi, and hard/soft FePtSi/
FeNi have been developed [37, 38]. It has been reported that the magnetic properties
of these biphasic structures are mainly determined by the magnetic interactions
between both magnetic phases, which provide the possibility of tailoring the mag-
netisation reversal of the soft phase through the tuning of the magnetic coupling
between the two phases desirable for a number of technological applications,
including multifunctional sensor devices.

2.6 Melt Extraction

Melt extraction was first applied to prepare metallic fibres as long as four decades
ago [39]. It was further developed to find wide use in the fabrication of amorphous
wires, ceramic fibres such as calcium aluminate [40] and high-resistivity alloy wires
such as MgZnCa [41]. Recently, it has been increasingly used in the fabrication of
magnetic microwires [42-46]. The basic principle of MET is to apply a high-speed
wheel with a sharp edge to contact the molten alloy surface and then to rapidly
extract and cool a molten layer to be wires, as schematically shown in Fig. 2.5.
There are three main advantages of this technique: (i) MET gives a higher
solidification rate of 10°-10° K/s than any other method, which is in favour of the
form of amorphous phase. (ii) The wires produced by this method possess

(a) (b)
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alloy rod

X450  50pm 16 51 SEM

Fig. 2.5 a Schematic of melt extraction facility. b SEM image of a melt-extracted
C063_2FC4_3B155i12_5 microwire
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extraordinary mechanical properties due to the high quality faultless surface and
circular geometry [40, 47]. (iii)) The soft magnetic properties of the materials are
significantly improved by fabricating into microwires via MET; this is believed to
be attributable to the considerable quenched-in stress [44]. The main drawback of
this method is that it has lost control of the diameter of the produced wires. The
typical diameter range for the magnetic wires is about 30-60 pm [42-44, 48]
depending on the processing parameters. Apparently, it is not suitable for preparing
ultrathin magnetic microwires.

2.7 Comparison of the Fabrication Technologies

In order to compare the dimensions of the wire samples produced by the
above-mentioned techniques, Table 2.1 summarises the fabrication technologies
and their product parameters. It is worth noting from Table 2.1 that such knowledge
of the cooling rates could help us in the first instance to evaluate the relative
efficiencies of the different quenching techniques. The first two methods (melt
spinning and in-rotating water spinning) allow the production of metallic amor-
phous wires without a glass covering and are preferred for conventional amorphous
wires (CAW), while the glass-coated melt spinning method (or Taylor-wire
method) produces thin amorphous glass-covered wires (AGCW). From an engi-
neering point of view, AGCW is more promising for technological applications
when compared with CAW. In particular, amorphous microwires are ideal for
sensing applications in microsystems [7]. The magnetic wires with glass covering
are particularly useful for electrical applications in industry. Electrodeposited wires
are also of interest here because of their uniform magnetic properties. However, it is
quite difficult to produce such long wires using the electrodeposition technique. The
synthesis of nanocrystalline wires through crystallising their amorphous precursors
has been a popular method for improving the soft magnetic properties of the
materials, while retaining the same dimensions of the sample. A variety of

Table 2.1 Fabrication technologies and their product parameters

Technique Product type Typical Typical cooling rate
dimensions (um) (K/s)

Melt spinning Circular section wire 1-300 diameter 10*-10°

In-rotating water Circular section wire 30-300 diameter 10°-10°

spinning

Taylor-wire process | Circular section wire 2-100 diameter 10°-10°

Glass-coated melt Wire/microwire with glass | 3-50 diameter 10*-107

spinning covering

Electrodeposition Wire with magnetic layer | 20-1000 diameter | —

Melt extraction Amorphous wires 30-60 diameter 105-10°
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annealing methods (e.g. current annealing, field annealing, stress annealing, and
laser annealing) have been proposed and used to produce such nanocrystalline
materials. To this end, it is worth mentioning that, in the case of glass-covered
wires, the removal of the glass covering may be of interest in developing specific
sensing devices. The technique of glass removal is described in Sect. 2.8.

2.8 Techniques of Glass-Covering Removal

Magnetic AGCW and microwires are ideal for several applications, particularly in
electrical industries, owing to the presence of the insulating glass-covered layer. In
some cases, however, removal of the glass-covered layer of AGCW may be of
significant interest in fundamental research as well as in practical uses, because this
process can cause considerable variation in the mechanical and magnetic properties
of the wire [7].

In practice, removal of the glass can be conducted either by the conventional
mechanical method or by chemical etching with a hydrofluoric acid (HFA) solution.
The former usually leads to a degradation of the material properties (e.g.
mechanical, electrical, and magnetic) and is therefore not recommended. The latter
has been shown to be a useful tool for the glass removal of AGCW, and to result in
less damage. However, when the chemical etching method is used, the following
features should be considered: firstly, the concentration of the HFA solution must
be gradually diminished in order to avoid the etching of the metal; secondly, the last
glass pieces are washed with water for the same reason. This entire process can be
monitored by permanent optic control.

2.9 Concluding Remarks

The glass-coated melt spinning and single-roller melt spinning methods have been
effective for preparing amorphous magnetic wires. Novel nanocrystalline wires can
be obtained by annealing their corresponding amorphous alloys under optimal
treatment conditions (i.e. the optimal annealing temperature and time), which have
been determined based on systematic analyses by means of X-ray diffraction
(XRD), differential scanning calorimetry (DSC), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). The chemical method, i.e.
chemical etching with a suitable HFA solution, should be employed to remove glass
coating layers of magnetic wires, in order to avoid a degradation of the material
properties.



18

2 Fabrication of Ferromagnetic Wires

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

Davies HA, Lewis BG, Donald IW (1978) In: R. Mehrabian R, Kear BH, Cohen M
(eds) Rapid solidification processing: principles and technologies. Claitor’s Pub. Div., Baton
Rouge, 78-83

. Luborsky FE, Walter JL, Liebermann HH (1979) Engineering magnetic properties of Fe-Ni-B

amorphous alloys. IEEE Trans Magn 15:909-911

. Goto T (1980) Fe-B and Fe-Si-B system alloy filaments produced by glass-coated melt

spinning. Trans Jan Inst Met 21:219-225

. Squire PT, Atkinson D, Gibbs MRJ, Atalay SJ (1994) Amorphous wires and their

applications. J Magn Magn Mater 132:10-21

. Ohnaka I, Fukusako T, Matui T (1981) Preparation of amorphous wires. Journal of Japan

Institute of Metals 45:751-762

. Matsumoto T, Ohnaka I, Inoue A, Hagiwara M (1981) Scr Metal 15:293-306
. Vazquez M (2007) Handbook of magnetism and advanced magnetic materials

(chap. Advanced magnetic microwires). In: Novel materials, vol 4. John Wiley & Sons Ltd,
NJ, pp 1-29

. Nderu JN, Shinokawa Y, Yamasaki J, Humphrey FB, Ogasawara 1 (1996) Dependence of

magnetic properties of (FesoCos)7gSi7B |5 amorphous wire on the diameter. IEEE Trans Magn
32:4878-4880

. Ogasawara I, Mohri K (1990) Tension annealing cold-drawn amorphous CoFeSiB wires.

IEEE Trans Magn 26:1795-1797

Taylor GF (1924) A method of drawing metallic filaments and a discussion of their properties
and uses. Phys Rev 23:655-660

Taylor GF (1931) Process and apparatus for making filaments, Patented 24 Feb 1931, United
States Patent Office, 1, 793, 529

Donald IW (1987) Production, properties and applications of microwire and related products.
J Mater Sci 22:2261-2279

Goto T, Nagano M, Tanaka K (1977) Tensile strength of copper and iron filaments produced
by method of glass-coated melt spinning. Transactions of the Japan Institute of Metals
18:209-213

Wiesner H, Schneider J (1974) Magnetic properties of amorphous FeP alloys containing Ga,
Ge, and As. Phys Stat Soli A 26:71-75

Ulitovsky A V (1951) In: Micro-technology in design of electric devices, vol 7, Leningrad, p 6
Ulitovsky AV, Maianski IM, Avramenco Al (1960) Method of continuous casting of glass
coated microwire. Patent No. 128427 (USSR), 15 May 1960, Bulletin. No. 10, p 14
Chiriac H (2001) Preparation and characterization of glass covered magnetic wire. Mater Sci
Eng A 304-306:166-171

Larin VS, Torcunov AV, Zhukov A, Gonzalez J, Vazquez M, Panina L (2002) Preparation and
properties of glass-coated microwires. J] Magn Magn Mater 249:39-45

Zhukov A, Gonzalez J, Vazquez M, Larin V, Torcunov A (2004) Nanocrystalline and
amorphous magnetic microwires. In: Nalwa HS (ed.) Encyclopedia of nanoscience and
nanotechnology, vol X, pp 1-22

Beach RS, Smith N, Platt CL, Jeffers F, Berkowitz AE (1996) Magneto-impedance effect in
NiFe plated wire. Appl Phys Lett 68:2753-2755

Sinnecker JP, Garcia JM, Asenjo A, Vazquez M, Garcia-Arribas A (2000) Giant
magnetoimpedance in CoP electrodeposited microtubes. J Mater Res 15:751-755

Yu RH, Landry G, Li YF, Basu S, Xiao JQ (2000) Magneto-impedance effect in soft magnetic
tubes. J Appl Phys 87:4807-4809

Sinnecker JP, Knobel M, Pirota KR, Garcia JM, Asenjo A, Vazquez M (2000) Frequency
dependence of the magnetoimpedance in amorphous CoP electrodeposited layers. J Appl Phys
87:4825-4827



References 19

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

39.

40.

41.

42.

43.

44,

45.

46.

Garcia JM, Sinnecker JP, Asenjo A, Vazquez M (2001) Enhanced magnetoimpedance in CoP
electrodeposited microtubes. J] Magn Magn Mater 226-230:704-706

Garcia JM, Asenjo A, Vazquez M, Yakunin AM, Antonov AS, Sinnecker JP (2001)
Determination of closure domain penetration in electrodeposited microtubes by combined
magnetic force microscopy and giant magneto-impedance techniques. J Appl Phys
89:3888-3891

Jantaratana P, Sirisathitkul C (2006) Effects of thickness and heat treatments on giant
magnetoimpedance of electrodeposited cobalt on silver wires. IEEE Trans Magn 42:358-362
Li XP, Zhao ZJ, Seet HL, Heng WM, Oh TB, Lee JY (2003) Effect of magnetic field on the
magnetic properties of electroplated NiFe/Cu composite wires. J Appl Phys 94:6655-6658
Li XP, Zhao ZJ, Chua C, Seet HL, Lu L (2003) Enhancement of giant magnetoimpedance
effect of electroplated NiFe/Cu composite wires by dc Joule annealing. J Appl Phys
94:7626-7630

Hu J, Qin H, Zhang L, Chen J (2004) Giant magnetoimpedance effect in Ag/NiFe plate wire.
Mater Sci Eng, B 106:202-206

Atalay FE, Kaya H, Atalay S (2006) Unusual grain growth in electrodeposited CoNiFe/Cu
wires and their magnetoimpedance properties. Mater Sci Eng, B 131:242-247

Atalay FE, Kaya H, Atalay S (2006) Giant magnetoimpedance effect in electrodeposited
CoNiFe/Cu wires with varying Ni, Fe and Co content. J All Comp 420:9-14

Atalay FE, Kaya H, Atalay S (2006) Magnetoimpedance effect in electroplated NiFeRu/Cu
wire. J Phys D Appl Phys 39:431-436

Velleuer J, Munoz AG, Yakabchuk H, Schiefer C, Hackl A, Kisker E Giant
magnetoimpedance in electroplated NiFeMo/Cu microwires. J Magn Magn Mater (in press)
Zhang Z, Wu Q, Zhong K, Yang S, Lin X, Huang Z (2006) The size and space arrangement
roles on coercivity of electrodeposited Co;_Cuy nanowires. J] Magn Magn Mater 303:e304—
e307

Wang XZ, Yuan WZ, Zhao Z, Li XD, Ruan JZ, Yang XL (2005) Giant magnetoimpedance
effect in CuBe/NiFeB and CuBe/Insulator/NiFeB electroless-deposited composite wires. [IEEE
Trans Magn 41:113-115

Wang XZ, Yuan WZ, Zhao Z, Li XD, Ruan JZ, Zhao ZJ, Yang JX, Yang XL, Sun Z (2007)
Enhancement of giant magnetoimpedance in composite wire with insulator layer. J Magn
Magn Mater 308:269-272

. Torrejon J, Badini G, Pirota K, Vazquez M (2007) Acta Mater. 55:4271
. Torrejon J, Infante G, Badini-Confalonieri G, Pirota KR, Vazquez M (2013) Electroplated

bimagnetic microwires: from processing to magnetic properties and sensor devices. JOM
65:890

Maringer RE, Mobley CE (1974) Casting of metallic filament and fiber. J Vac Sci Technol
11:1067-1071

Allahverdi M, Drew R, Rudkowska P, Rudkowski G, Strom-Olsen J (1996) Amorphous
CaOAl,0; fibers by melt extraction. Mater Sci Eng, A 207:12-21

Zberg B, Arata ER, Uggowitzer PJ, Lofler JF (2009) Tensile properties of glassy MgZnCa
wires and reliability analysis using Weibull statistics. Acta Mater 57:3223-3231

Wang H, Xing D, Wang X, Sun J (2011) Fabrication and characterization of melt-extracted
co-based amorphous wires. Metall Mater Trans A 42:1103-1108

Man-Gui H, Yu O, Di-Fei L, Long-Jiang D (2009) Annealing effects on the microwave
permittivity and permeability properties of Fe;9Sij¢Bs microwires and their microwave
absorption performances. Chin Phys B 18:1261

Zhukova V, Zhukov A, Garcia KL, Kraposhin V, Prokoshin A, Gonzalez J et al.
(2003) Magnetic properties and GMI of soft melt-extracted magnetic amorphous fibers.
Sens Act A: Phys 106:225-229

Wang H, Xing D, Peng HX, Qin FX, Cao F, Wang G et al (2012) Nanocrystallization enabled
tensile ductility of co-based amorphous microwires. Scripta Mater 66:1041-1044

Wang H, Qin FX, Xing D, Peng HX, Cao F, Wang X et al. (2012) Enhanced mechanical and
GMI properties due to deformationinduced residual stress and microstructural changes in



20

47.

48.

2 Fabrication of Ferromagnetic Wires

Co-Fe-Si-B amorphous microwires. Acta Mater. http://dx.doi.org/10.1016/j.actamat.2012.06.
047

Strom-Olsen J (1994) Fine fibres by melt extraction. Mater Sci Eng A 178:239-243
(NATO-Advanced research workshop on undercooled metallic melts: properties, solidification
and metastable phases)

Di Y, Jiang J, Du G, Tian B, Bie S, He H (2007) Magnetic and microwave properties of
glass-coated amorphous ferromagnetic microwires. Trans Nonferr Metal Soc China
17:1352-1357


http://dx.doi.org/10.1016/j.actamat.2012.06.047
http://dx.doi.org/10.1016/j.actamat.2012.06.047

Chapter 3

Domain Structure and Properties
of GMI Materials

The domain structure of a rapidly quenched material is often determined by cou-
pling between magnetostriction and internal stresses frozen in during the fabrication
process. Such knowledge of the domain structure of an actual material is extremely
important in controlling and tailoring the magnetic properties of the material. This
chapter is devoted to describing the formation of the domain structures of wires in
tandem with their magnetisation processes and their magnetic characteristics.

3.1 Domain Structure

In a rapidly quenched wire, a complex radial distribution of internal stress with
axial, radial and circular components is often generated due to different quenching
rates between the surface layer and the central region of the wire [1-5]. Here, the
sign and magnitude of the magnetostriction constant (4) determines the type of
domain structure in the wires.

For amorphous wires with positive magnetostriction (e.g. Fe-based wires), the
quenched-in stress distribution may result in a longitudinal easy axis in the cylin-
drical core and radial easy axes in the tubular shell. The inner core usually occupies
about 70-90 % of the total volume of the wire [2]. A schematic illustration of the
simplified domain configuration of this commonly used wire is presented in
Fig. 3.1. There is an inner cylindrical domain with longitudinal magnetisation and a
basic radial domain with complicated closure domains. Such a domain structure is
responsible for an axial large Barkhausen effect (LBE) in the wire, which is
desirable for several technical applications [1, 2]. The closure domain structure
has been realised by domain pattern observation and by magnetisation and
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Axial domain  Shell domain
(a) 4 4

Fig. 3.1 (a) Simplified domain configuration of a typical conventional amorphous wire
(CAW) with positive magnetostriction. Magnetic domain images taken at different fields
H=0A/m (b), H=3 A/m (¢) and H = 8 A/m (d) for an Fe;sSi;5B in-water-quenched microwire
(reproduced with permission from John Wiley & Sons [6])

susceptibility profiles [3, 5, 6]. For a low magnetostrictive wire with a normal
length (~4 mm), the core of the wire actually has a multidomain structure [7].
For amorphous wires with negative magnetostriction (e.g. Co—Si-B wires), the
quenched-in stresses may cause the surface anisotropy to be circular and the inner
anisotropy to be perpendicular to the wire axis, thereby leading to the formation of a
specific domain structure, which consists of outer shell circular domains and inner
core axial domains, as illustrated in Fig. 3.2. It is the coupling between the com-
pressive stress and the negative magnetostriction that leads to an alignment of the
magnetic moments in a circumferential direction. The minimal demagnetising
energy favours the circumferential orientation, as was observed experimentally
[2, 5, 6]. It can be seen that the inner core domain structure of negative magne-
tostrictive CAWs (Fig. 3.2) is the same as that of positive magnetostrictive CAWs
(Fig. 3.1), and this results in the negative magnetostrictive CAWs also exhibiting an
axial LBE. It should be noted, however, that there the inner core domain structures
of negative magnetostrictive CAW and amorphous glass-covered wire (AGCW) are
actually different. The easy axis of the inner core domains of CAW is axial while it
is radial for AGCW. The reason for this is that the presence of the glass-covered
layer in AGCW leads to a specific distribution of internal stresses in the inner core
of the wire. In the case of amorphous glass-covered microwires with large and
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Fig. 3.2 (a) Simplified domain configuration of a typical conventional amorphous wire
(CAW) with negative magnetostriction, with magnetic domain images of a Co-rich amorphous
microwire taken by (b) the Kerr magneto-optical and (¢) MFM techniques (reproduced with
permission from John Wiley & Sons [6])

negative magnetostriction, the shell with circular domains occupies practically the
entire volume of the wire as a consequence of the strong circular magneto-elastic
anisotropy.

The main difference in the domain structure between typical positive and neg-
ative magnetostrictive amorphous wires is that the easy magnetisation direction in
the shell is radial in the case of positive magnetostriction (Fe-based) wires, whereas
for negative magnetostriction (Co-based) wires it becomes circular. This is
understood to be the main reason for the difference in the magnetic behaviours of
the Fe-based and Co-based wires.

For amorphous wires with negative and nearly zero magnetostriction (or van-
ishing magnetostrictive wires, Co—Fe—Si—B, for example), other kinds of aniso-
tropies may overcome the stress anisotropy, and consequently, the domain structure
is not well defined. In practice, the domain structure of these wires is often con-
sidered to be similar to that of the negative magnetostrictive amorphous wires
[8, 9]. It is noted that thermal and mechanical treatments may significantly modify
the domain structures of these rapidly quenched wires. A typical example of the
domain structure modification caused by changes of internal stresses is the case of
removing the glass-covering layer from a typical AGCW, as illustrated in Figs. 3.3
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and 3.4. It can be seen that for the case of the positive magnetostrictive AGCWs,
the glass removal leads to an increase in the outer shell domains’ volume, but a
decrease in the inner core domains’ volume. As a result, the domain configuration
remains unchanged for the positive magnetostrictive AGCWs after glass removal
(see Fig. 3.3a, b). It is estimated that the maximum value of the axial tensile stress
for glass-removed wires is approximately 50 % smaller than for glass-covered ones
[2, 6]. This may result in a further improvement in the magnetic softness as well as
the GMI effect of such positive magnetostrictive AGCWs after glass removal.

For negative magnetostrictive AGCWs, the glass removal causes a change in the
easy axis of the inner core domains from radial to axial (see Fig. 3.4a, b), but does
not change the outer shell domain configuration, except for an increase in the
domain volume. The domain structure of the negative magnetostrictive AGCWs
after glass removal (see Fig. 3.4b) is similar to that of the negative magnetostrictive
CAWs (Fig. 3.2). However, the application of a tensile stress (~50 MPa) on the
glass-removed wire may cause the return of the original inner core domain structure
(see Fig. 3.4a, c).

The influences of annealing and external stresses on the domain structure and
properties of the amorphous wires have been extensively studied [2, 5, 6]. In these
studies, annealing under mechanical stress or magnetic field has been shown to
induce magnetic anisotropy with the corresponding modification of the domain
structure. A direct observation of the more well-defined circumferential anisotropy
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Fig. 3.4 Schematic illustration of the domain structure in a typical negative magnetostrictive
amorphous glass-covered wire (AGCW): (a) as-cast glass-covered wire; (b) wire after glass
removal; (c) the sample without glass is subjected to an external tensile stress. OS outer shell; IC
inner core (reproduced with permission from Elsevier [2])

has been presented by Chen et al. [10], who compared the domain structure of
Co-rich amorphous wires Joule-annealed under different currents. As shown in
Fig. 3.5, the increasing annealing current reduces the burrs for the as-cast wire and
transforms the unevenly distributed domains to regular well-defined circular
domains. Such a domain structure regulation yields an improved GMI ratio. Similar
results have also been reported in [9]. MFM has established itself in these studies as
a very effective tool to perform ex situ detailed observations of the domain struc-
tures. In addition to the static domain observation, the in situ observation of domain
wall dynamics and the domain structure transformation has been intensively studied
by Chizhik et al. [11, 12]. By virtue of MOKE, either domain nucleation regulated
by the applied current or the surface domain structure by the axial magnetic field
can be well recorded. As exemplified in Fig. 3.6, with magnetic field varying from
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Fig. 3.5 Magnetic domain structures of melt-extracted Cogg 15Fe4355112.25B13.75Nb;Cug 5 amor-
phous wires with different Joule annealing: (a) as-cast state, (b) 30 mA, (c) 80 mA, (d) 100 mA,
and (e) 200 mA; domain-merger phenomenon in rectangular box (d); domain wall pinning marked
with oval (e) (reproduced with permission from Wiley [10])

—10 to 10 Oe, one can observe domain rotation to the circular direction, domain
wall motion, and finally domain rotation to the axial direction. Its ability to capture
these dynamic features makes MOKE a very useful tool to study the domain wall
dynamics, which is of vital importance for designing magnetic memory and
switching sensor devices.
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Fig. 3.6 Images of the surface domain structure for the position 1 in the wedge: (a)—10 Oe,
(b)—2 Oe, (¢)—0.3 Oe, (d) 0.03 Oe, (e) 0.3 Oe, (f) 1.3 Oe, (g) 2 Oe, and (h) 10 Oe (reproduced
with permission from Elsevier [11])

3.2 Magnetic Properties
3.2.1 Hysteresis Loops

Hysteresis loops are one of the key magnetic properties and provide useful infor-
mation on the magnetic properties of materials. As a result of the different coupling
between the internal stress and magnetostriction, different hysteresis behaviours
have been observed in materials (e.g. wires, ribbons, and thin films) with positive,
negative, and nearly zero but negative magnetostriction.

The magnetic hysteresis behaviour of wires can be investigated by measuring
either longitudinal or circular hysteresis loops with the application of a longitudinal
magnetic field or a circular magnetic field, respectively. However, the change in the
interior circumferential magnetisation for wire-shaped samples cannot be measured
by conventional magnetometry. It can be observed, however, by filtering out and
integrating an inductive voltage signal which appears across the wire due to its
magnetisation by a low frequency current [13]. Due to a simplified experimental
set-up, the longitudinal hysteresis loop measurement has mainly been employed
[2, 5, 6, 14]. Figure 3.7 displays the typical hysteresis loops of amorphous
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Fig. 3.7 Typical hysteresis loops of Co-Mn-Si-B amorphous microwires with (a) positive,
(b) negative, and (c) negative and nearly zero magnetostriction (reproduced with permission from
Elsevier [15])

glass-covered microwires with (a) positive, (b) negative, and (c) nearly zero but
negative magnetostriction [15].

For the positive magnetostrictive AGCWs (e.g. Fe-based wires), the magne-
toelastic anisotropies result in axial easy axes, which enhance the shape anisotropy.
Consequently, the rectangular hysteresis loop—which exhibits a large axial LBE
due to the presence of the inner core axial domain structure in the wire (see
Fig. 3.3a)—is observed (Fig. 3.7a). When the glass covering is removed, this
rectangular hysteresis loop becomes smaller, reducing the LBE effect due to the
decrease of the inner core axial domain volume of the wire (see Fig. 3.3b). This has
been experimentally verified [2, 5, 6]. Such an LBE effect may be observed even in
positive magnetostrictive AGCWSs with a very short length of about 1-2 mm, due to
the reduced demagnetising factor resulting from the very small wire diameter to
length ratio. This is useful for the development of miniature sensing devices [1, 6].
It was also found that, when a Fe-based AGCW became nanocrystalline under heat
treatments, the shape of the hysteresis loop could change from rectangular to flat,
with the LBE effect disappearing. In these findings, the coercivity decreased
drastically due to the presence of the nanosized o-Fe(Si) grains [16].
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For the negative magnetostrictive AGCWs (e.g. Co—Si-B wires), the mechanical
stress gives rise to an easy axis direction perpendicular to the wire axis, therefore
leading to an alignment of the magnetic moments in the direction which is per-
pendicular (circumferential) to the wire axis. As a result, only small hysteresis is
observed when an axial magnetic field is applied (see Fig. 3.7b). It has been shown
that these wires do not show LBE, due to the absence of the inner core axial domain
structure (see Fig. 3.4a). It appears that, in the case of the negative magnetostrictive
AGCWs, the glass removal resulted in the LBE [2, 6]. This was a direct conse-
quence of the appearance of the inner core axial domain structure due to the
increased axial anisotropy (see Fig. 3.4b). Applying an external tensile stress
(~50 MPa) onto the glass-removed amorphous wire could also lead to the sup-
pression of the LBE [6], because of the reappearance of the inner core radial domain
structure, as in the case of the glass-covered amorphous wire without an applied
tensile stress (see Fig. 3.4c). However, the difference in the magnitude of the
internal stresses between AGCWs and CAWs with negative magnetostriction
(4 < 0), which is reflected by the existence of the different inner core domain
structures (radial versus axial), can help interpret the different magnetic hysteresis
behaviours of these wires.

For the nearly zero and negative magnetostrictive AGCWs (e.g. Co-Fe-Si-B
wires), there is a compensation of induced anisotropies resulting from the balance
between the magnetoelastic and magnetostatic energies. Consequently, the hys-
teresis loop exhibits a normal shape with no observed LBE effect (see Fig. 3.7¢c). It
was found that glass removal could result in the appearance of the LBE—which
was again suppressed by applying an external tensile stress (~30 MPa), as was the
case for the negative magnetostrictive AGCWs [2, 6, 16]. The tensile stress needed
to suppress the LBE for the nearly zero and negative magnetostrictive AGCW
(~30 MPa) is obviously smaller than that for the negative magnetostrictive AGCW
(~50 MPa) [2]. This is attributed to the smaller value of the magnetostriction
constant of the nearly zero and negative magnetostrictive AGCW compared to the
negative magnetostrictive AGCW.

3.2.2 Permeability

Magnetic permeability is a key parameter for evaluating the magnetic softness and
therefore potential applications of soft ferromagnetic materials. A high value of
permeability is required and is related to the specific domain structure of the
configuration. In particular, the permeability depends on the sample geometry,
stress distribution in the material as well as the internal configuration of magneti-
sation, which might be frequency-dependent. It is therefore necessary to evaluate
the magnitude of the magnetic permeability and its changes upon the application of
an external field such as a magnetic field and a mechanical stress.

It has been shown that the relative magnetic permeability of a typical vanishing
magnetostrictive amorphous wire (e.g. CoFeSiB amorphous wire) is the largest
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among the amorphous wires investigated [2, 6]. This wire, together with its peculiar
domain structure, is ideal for sensor applications based on the GMI effect.
Meanwhile, both large negative and positive magnetostrictive amorphous wires
have relatively small permeability. It has generally been found that the glass
removal of AGCWs leads to a drastic increase of the relative permeability due to
the relief of internal stress. Applying an appropriate tensile stress onto a
glass-removed amorphous wire leads to an improvement of the relative perme-
ability [2]. The application of high external stresses usually causes a drastic
reduction of the relative permeability. Proper annealing of amorphous wires (e.g.
Fe-based alloys) also results in a strong increase of the relative permeability due to
the appearance of the nanosized a-Fe(Si) grains [2, 5, 6, 14].

Applying a magnetic field perpendicular to the wire axis (or in the circular
direction) may improve the relative permeability of the wire, because of the increase
of the circular component of the permeability due to increased domain wall dis-
placement or the magnetisation rotation process in the circular direction. In contrast
to this, applying a magnetic field along the wire axis (or in the longitudinal
direction) may slightly increase the relative permeability when the magnetic field is
below the switching field (or the anisotropy field), but it strongly reduces the
relative permeability at higher fields. Therefore, the maximum value of permeability
is often obtained near the switching field or the anisotropy field [2, 6]. Utilising the
magnetic field dependence of the permeability, a number of technical applications
have been proposed [95, 6].

We now extend the static permeability to the frequency-dependent dynamic one,
which often serves as an essential index for evaluating magnetic materials in the
context of high-frequency applications. A number of studies have been directed
towards this direction. Liu and co-workers showed that the magnetic permeability
can be tuned sensitively by applying a biasing field [17]. Han and co-workers
reported that the permeability spectra of Fe—Si—B microwires follow Kittel’s law
and the LLG equation [18]. Note that the permeability varies with frequency;
generally, with increasing frequency, the wires have less time to respond to external
field, so the permeability will decrease. At gigahertz range, the permeability of the
wire media is very close to 1, as only the parallel wires respond weakly to the
magnetic field at such a high-frequency range. Details of these phenomena will be
discussed later in the chapters dealing with microwire composites [19, 20].

3.2.3 Magnetisation Processes

The magnetisation process of a magnetic material occurs in relation to its specific
domain structure. Owing to the specific domain structure of each material (wire or
ribbon), either a circular magnetisation process or an axial magnetisation process, or
both, can be considered. Understanding the underlying mechanisms of these
magnetisation processes helps us to tailor the material properties for particular
engineering applications.
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For a negative (e.g. Co—Si-B) or vanishing magnetostrictive (e.g. Co—Fe—Si—B)
amorphous wire, a magnetic field applied perpendicular to the wire axis is an easy
axis field with respect to the circumferential anisotropy. Depending upon its
magnitude, applying such a field precedes domain wall displacement and mag-
netisation rotation processes, thus changing the circular component of the mag-
netisation [21, 22]. In contrast, the application of a magnetic field along the wire
axis suppresses the circular magnetisation via the domain wall displacement,
because this magnetic field is a hard axis field with respect to the circumferential
anisotropy. The longitudinal magnetic field leads to a gradual transition from an
almost square-shaped hysteresis loop to a linear one as the remagnetisation grows
[23]. A domain model was proposed by Landau and Lifshitz [24] to interpret this
feature. In the case of magnetic wires, the change in the circular component of the
magnetisation is related to that of the impedance. Consequently, the GMI effect is
observed because the application of an external magnetic field changes the mag-
netisation component [2, 5].

Unlike the negative and nearly zero magnetostrictive amorphous wires with an
outer shell circular domain structure, the positive magnetostrictive (Fe-based)
amorphous wires usually exhibit a small GMI effect because of the presence of the
outer shell radial domain structure. Such a domain structure is not favourable for
domain wall displacements in the circular/transverse direction. It has been observed
that, when a magnetic field is applied along the wire axis, the pre-existing closure
domain structures at both ends will enlarge towards the centre of the wire [5]. At the
switching field, the domain wall from one of the two closure structures de-pins and
irreversibly moves towards the other end, giving rise to a sharp change in mag-
netisation (Fig. 3.6). This is related to the well-known wall propagation mode, in
which the wall-propagating velocity depends on external factors such as magnetic
fields or applied mechanical stresses. This is useful for some technical applications
[25-27].

3.3 Mechanical Properties

The mechanical properties of the amorphous metals are generally superior to their
crystalline counterparts. For instance, the Al-based amorphous alloys have been
found to be twice as strong as their commercial crystalline versions [28]. Some
Fe-based amorphous alloys display a fracture strength of about 3.5 GPa, which is
greater than that obtained in some special steels [29].

Recently, the mechanical properties of several CAWs and AGCWs have been
investigated [30-33]. It has been found that these wires have good mechanical
properties, and the tensile strength of the AGCWs after glass removal becomes
comparable to the CAWs [2, 31-33]. The influence of wire diameter on tensile
strength has also been studied [34]. The size effect was observed in AGCWs with
respect to the difference in the thermal expansion coefficients of the metal and the
glass; that is, the tensile strength increased with decreasing wire diameter when the
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thermal expansion coefficient of the metal was considerably different from that of
the glass covering [34].

Annealing treatment of amorphous metallic alloys may lead to considerable
change in the mechanical properties [30-34]. It has been found that Fe-based
amorphous ribbons show a ductile-brittle transition temperature and the phe-
nomenon of thermal embrittlement. The latter is marked by an increase in the
ductile-brittle transition temperature when annealing below the crystallisation
temperature [35]. The mechanism of thermal embrittlement is related to the removal
of excess free volume and/or to the separation of the homogeneous amorphous
phase in the sample upon annealing. For instance, when studying the fracture
behaviour of Fe-based amorphous glass-covered microwires upon annealing,
Zhukova et al. [33] observed a strong drop in tensile yield strength at annealing
temperatures near the onset crystallisation temperature (see Fig. 3.8). The magni-
tude of the tensile yield strength of the nanocrystalline sample annealed at 600 °C is
the largest among all the samples annealed, even though it is smaller than that of the
as-cast amorphous sample. This indicates that the presence of the nanosized o-Fe
(Si) grains and their uniform distribution in the nanocrystalline sample led to a
slight improvement of the tensile yield strength. In contrast to this, annealing
over 600 °C made the sample extremely brittle, which was attributed to the

Fig. 3.8 Micrographs of the fractured Fe-Si-B—Cu—Nb glass-coated microwire samples in
(a) as-prepared amorphous state and annealed at (b) 400 °C, (¢) 600 °C, and (d) 700 °C
(reproduced with permission from Elsevier [33])
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microstructural change in the sample, where a completely crystallised structure was
observed [33]. This is consistent with the change in morphology of a fractured
Fe-Si—-B—Cu—Nb glass-coated microwire in as-prepared and annealed states (see
Fig. 3.8). The effects of different annealing processes (furnace, current, and pulse
annealing) on the mechanical properties of the Fe-based amorphous wire were also
investigated [32].

Another effective and facile tailoring technique is cold-drawing. Wang et al. [36]
reported that with appropriate cold-drawing, both tensile strength and plasticity can
be significantly improved. They claimed that the tensile stress can induce the
generation of nanocrystallites, which can dissipate the elastic strain energy, stabilise
the shear bands, and arrest its rapid propagation, leading to enhanced global
plasticity. This method can also effectively improve the GMI effect by modifying
the domain structure with the influence of stress and microstructural evolution [37].

In practice, owing to their good mechanical properties, amorphous wires are
useful for applications such as reinforcement in composites and cutting utensils. For
example, a reasonable reinforcing effect was observed in polymer matrix com-
posites containing amorphous wires [38]. Such wires can also be used as rein-
forcement for motor tyres [39]. It is believed that Fe-based amorphous wires with a
suitable coating (e.g. AGCWs) are the most promising candidates to fulfil the
requirements of tyre reinforcement, where high tensile strength, good adhesion to
rubber, and excellent resistance to fatigue and corrosion are required.

When considering nanocrystalline wires, although excellent magnetic properties
can be achieved, embrittlement of these materials may to some extent limit their use
in applications such as sensors. To avoid this problem, the annealing time for an
amorphous sample should be as short as possible. Alternatively, it is recommended
that the annealed amorphous sample should be as near net shape as possible in
actual devices.

3.4 Electrical Properties

In general, the electrical resistivities of the amorphous alloys (wires and ribbons)
are higher than those of their crystalline counterparts with the same composition.
For example, the resistivity of the Fe-Si-B AGCW was found to be about 20 %
higher than that of the corresponding crystalline alloy [2]. This is useful for
high-frequency applications, due to the greatly reduced eddy current losses [40].
However, for developing GMI-based sensors, the reduction of resistivity of the
amorphous materials is necessary to improve the GMI effect. It is important to note
that nanocrystalline materials—which have been synthesised by annealing their
amorphous precursors—usually exhibit much lower resistivity relative to their
amorphous counterparts. Figure 3.9 shows the dependence of the resistivity of the
Fe-based ribbon and wire on the annealing temperature. It can be seen that the
resistivity decreases with the annealing temperature up to 540 °C and then tends to
increase at higher annealing temperatures. This is related to the increase of magnetic
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softness at annealing temperatures below 550 °C and to the microstructural change
upon higher temperature annealing, i.e. the appearance of the nanosized o-Fe(Si)
crystalline grains after annealing below 540 °C [5]. In this context, the emphasis is
on the measured temperature dependence of the resistivity of the amorphous
sample, the structural relaxation, and crystallisation processes occurring in these
materials, which can be monitored and controlled. Furthermore, the resistivity of
amorphous ribbons and wires strongly depends on the alloys’ composition and
external factors such as magnetic field, mechanical stress, and pressure. Therefore,
the magnitude of the alloy’s resistivity can be modified either by the addition of
chemical elements or by the application of magnetic fields, tensile stress, and
pressure. In the case of AGCWs, glass removal can lead to a considerable decrease
of the wires’ resistivity, which is useful for GMI sensor applications.

3.5 Chemical Properties

Among the chemical properties often investigated, several works have paid much
attention to the wet corrosion resistance of amorphous metallic materials [41-44].
In particular, research has been focused on Fe-based amorphous materials con-
taining metalloid addition in various acids and sodium chloride solutions. Due to
the absence of grain boundaries in amorphous metals, the corrosion resistance of
these materials is higher than that of conventional crystalline materials, including
stainless steels. It has been shown that the addition of elements such as Cr and Mo
or both into Fe-based amorphous ribbons [41-43], thin films [44], and wires [2]
leads to an improvement in corrosion resistance. Pardo et al. [43] have shown that
the addition of Cr to Fe—Cr—Si—Cu-Nb-B ribbons, in both the amorphous and
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nanocrystalline states, significantly improves the corrosion resistance of these
materials in humid environments with a high SO, concentration, while retaining
their excellent soft magnetic properties.

The superior corrosion resistance of Fe-based amorphous and nanocrystalline
materials is useful for their application in chemical environments, where they can
be used for protection of other materials [43]. For example, Fe—Cr—P—C amorphous
ribbons are used as the active element in electromagnetic filters to remove rust from
water, their high corrosion resistance ensuring a long life of the filter elements [42].
Further information on the corrosion resistance properties of typical amorphous
metals as well as their applications can be found in Refs. [41-43].
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Chapter 4

Giant Magnetoimpedance: Concept,
Theoretical Models, and Related
Phenomena

In this chapter, the fundamental aspects of giant magnetoimpedance (GMI) and
related phenomena are discussed. Prior to defining the GMI, the concepts of eddy
current and the skin effect associated with GMI are comprehensively introduced.
The existing models developed on the frequency dependence of GMI have been
systematically examined in order to check the validity of each model in relation to
the operating frequency range. It is concluded that the development of theoretical
models that can rigorously predict the GMI effect in a wide frequency range from
kHz to GHz is a challenging task.

4.1 Eddy Currents and Skin Effect

Since eddy currents and the skin effect are related to the GMI phenomenon, it is
essential to understand these concepts. Let us recall the following phenomenon:
when a rod-shaped magnetic material is wound with a conductive wire carrying a dc
current i, (Fig. 4.1), this iy, will induce a dc magnetic field H, directed along the
rod axis and uniform throughout the rod cross section [1]. H, magnetises the rod,
and the magnetic induction B increases from its original value of zero. According to
Faraday’s law, an emf e will be induced in the rod, which is proportional to
dB/dt. As i, is increased, the direction of e tends to establish a current, the so-called
eddy current i, in a circular path (Fig. 4.1). The direction of i.. is antiparallel to
that of i,, in accordance with Lenz’s law.

At the same time, i.. will induce a magnetic field H.., which opposes H,.
A simple relationship between the emf e and dB/dt is expressed as

d¢ dB
e=-10"*—"2=-10"%A— 4.1
dr d’ (1)
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Fig. 4.1 A schematic
illustration of the appearance
of eddy currents in a
rod-shaped magnetic material
(reproduced with permission
from Addision-Wesley [1])

where A = 772 is the cross-sectional area of the rod, ¢ is the flux, and 7 is the time.
Accordingly, it is inferred that e can be induced in both magnetic and non-magnetic
materials. In a magnetic material, the higher the magnetic permeability of a
material, the larger the induced e. Therefore, the eddy current effect is much
stronger in magnetic materials than in non-magnetic materials. This explains why
GMI effects can be observed in magnetic materials, but not in non-magnetic
materials. It is also noted that for a given dB/dt, the lower the electrical resistivity of
a magnetic material, the larger the eddy current obtained. No eddy current effect
appears in insulating materials such as ferromagnets. For some practical applica-
tions, it is essential to raise the resistivity of a material to minimise undesirable eddy
current effects. For example, in transformer cores, eddy current heating is a source
of power loss, and therefore, current efforts are focused on reducing the effect by
increasing the resistivity of the core material [1, 2].

It is worth noting that the eddy current field is strongest at the centre of the rod as
a direct consequence of the contributions of all the current rings and becomes
weaker towards the edge of the rod. As a result, the actual field H acting in the
material is the vector sum of H, and H.., and this field decreases below the surface
of the rod and is a minimum at the centre of the rod (Fig. 4.2a). This effect can be
alternatively illustrated in Fig. 4.2b, showing how H changes with time at various
points along the radius of the rod. When the switch is closed at time #;, H is
immediately established at its full value at the rod surface. But the field at
mid-radius takes some time to reach this value and the field at the centre takes
longer still, becoming equal to the surface field at time #,. The field profile in the rod
interior is sketched in Fig. 4.2c for various times. The time required (¢, s) for the
eddy current effect to disappear, i.e. for the magnetic induction (B) to reach a
stationary value at the centre of the rod, depends on the magnetic permeability (u),
the electrical resistivity (p), and the rod diameter. For example, a stationary state is
reached within a fraction of a second in an annealed iron rod of about 1/4 in.
diameter, but in thick pieces of high-u and low-p material, eddy current effects may
persist for several seconds.
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Fig. 42 A schematic illustration of magnetic fields in a rod-shaped magnetic material
(reproduced with permission from Addision-Wesley [1])

Skin effect: If a magnetic field applied to a magnetic rod is alternating (i, is an
ac current, as illustrated in Fig. 4.1) at a fixed frequency, H, goes through a
maximum and begins to decrease before B at the centre of the rod can attain the
same maximum value that was reached by B at the surface. The maximum value of
B will then be less at the centre than at the surface of the rod. This phenomenon is
known as a skin effect. In this case, the exponential decay of current density from
the surface into the interior is described by the skin depth,

0=1/2p/wp, (4.2)

which depends on the circular frequency of the ac current w, the electrical resistivity
p, and the magnetic permeability . In non-ferromagnetic materials, the perme-
ability is independent of the frequency and applied magnetic field, whereas in
ferromagnetic materials, 4 depends on the frequency, the amplitude of the ac
magnetic field induced by i, and other external parameters such as the applied dc
magnetic field, mechanical strain, and temperature. Owing to the dc magnetic field
dependence of the skin depth and hence the ac impedance of ferromagnetic
materials, the so-called GMI effects are observed in these materials.
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4.2 Giant Magnetoimpedance (GMI) Effect

The giant magnetoimpedance (GMI) effect is a large change in the ac complex
impedance (Z) of a ferromagnetic conductor subject to a dc applied magnetic field
[3, 4]. Since Z= R + jX (R and X are the ac resistance and reactance, respectively), it
is essential to consider the relative contributions of R and X to Z over a measured
frequency range [5, 6]. The relative changes in R, X, and Z with the applied field
(H) at a given frequency of the driving current (defined as the MR, MX, and MI
ratios, respectively) are often calculated by using the following equations:

AR _ R(H) — R(Hna)

x 100 %; 43
R R(Hmax) (4.3)
AX _ X(H) = X(Hmax) | 1000, (4.4)
X X (Hiax) '
AZ _Z(H) = Z(Hmw) 100, (4.5)
Z Z (Hmax) ’
Fig. 4.3 Magnetic field ()
dependence of the - . -
(a) magnetoresistance (AR/R), 160; f=10 MHz

(b) magnetoreactance (AX/X),
and (c) magnetoimpedance
(AZ/Z) ratios for a soft
ferromagnetic amorphous
glass-coated CoggB5Si;0Mny
microwire at 10 MHz

H (Oe)
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where H,,.x is usually the external magnetic field sufficient to saturate the impe-
dance. In practice, the value of H, is available for the given experimental
equipment. While some researchers use Hp,x = 0, this definition may not be
appropriate, because the value of Z(0) depends on the remanent magnetic state of
the material. If the Ml ratio (AZ/Z) is greater than 20 %, it is often considered a GMI
effect. A typical example of the field dependence of the MR, MX, and MI effects of
a soft ferromagnetic microwire is displayed in Fig. 4.3.

4.3 Impedance of a Magnetic Conductor

According to the definition, the complex impedance, Z, of a magnetic conductor
is given by the ratio V,/I,., where I,. is the amplitude of a sinusoidal current
I = I,. exp(—jwt) passing through the conductor and V,. is the voltage measured
between the ends of the conductor. Figure 4.4 shows a schematic illustration of the
impedance definition.

Note that this definition is valid only for a uniform magnetic conductor.
Nonetheless, for a metallic ferromagnet having the length / and the cross-sectional
area ¢, its impedance can still be, in linear approximation, expressed as follows [5-7]:

J2(S)
(z)g

LE,
Z = & = (S) = Rdc
L q<]Z>q

(4.6)

where E, and j, are the longitudinal components of an electric field and current
density, respectively, and Ry, is the dc electrical resistance. S denotes the value at the
surface, and (), is the average value over the cross-sectional area g. Alternatively,

the expression of Z can be given in terms of the surface impedance tensor &

Fig. 4.4 The definition of Hy.
impedance

Wire

ONO
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4 H,(S)
Z= Rdcﬁ (ézz - 624) ¢(S))7 (47)

where p is the resistivity, [ the length of the conductor, and H, and Hy are the axial
and circumferential components of the ac magnetic field, respectively.

The current density j(r) in Eq. (4.6) or the magnetic field H in Eq. (4.7) of the
conductor can generally be obtained within the framework of classical electrody-
namics of continuous media, by solving simultaneously the reduced Maxwell
equation

V2H_@H:BM—graddiVM, (4.8)
P 14
and the Landau-Lifshitz equation for the motion of the magnetisation vector
S |
M:nyHeff—Ai[iMxM——(M—Mo), (4.9)
s T

where y is the gyromagnetic ratio, M the saturation magnetisation, M, the static
magnetisation, H.s the effective magnetic field, and a the damping parameter [7-9].
In this context, the effective field can be calculated from the free energy density of
the system, which depends on the particular magnetic domain structure of the
sample. According to this method, the current density depends on the material
parameters and the conductor geometry, as well as the actual magnetic state of the
sample [8, 9]. It is therefore difficult to obtain the exact solution of the problem.
However, a number of theoretical models have been proposed, using the simplified
assumptions, to approach the solution of Eqs. (4.8) and (4.9) with appropriate
boundary conditions [8—14].

In order to avoid such complicated calculations, it is often assumed that the
material relationship between the induction and magnetic field is linear (B = uH and
4 is constant). Using this relationship, only the Maxwell equation must be solved
while ignoring the Landau—Lifshitz equation of motion Eq. (4.9). For example, as
the classical skin effect solution of Eq. (4.8) is obtained [3, 4], the calculated
impedance Z of a cylindrical magnetic conductor is

Z = Rdcero(kr)/2J1(kr), (410)

where J, and J; are the Bessel functions of the first kind, r is the radius of the wire,
Ry is the electrical resistance for a dc, k = (1 + j)/d,, with imaginary unit j; d,, is the
penetration depth in a magnetic medium, with the circumferential permeability (u4)
for the case of the wire [3],

= (4.11)

VA fou,’
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where ¢ is the speed of light, o is the electrical conductivity, and f = w/2x is the
frequency of the ac (I,.) flowing along the sample.

According to Egs. (4.10) and (4.11), GMI can be understood as a consequence of
the increase of the skin depth until it becomes equal to the radius of the wire
(r) through the decrease of the circumferential permeability in Eq. (4.11) under an
applied dc magnetic field. In order to maximise GMI values, it is necessary to
reduce the skin depth by choosing magnetic materials that have large x4 and small
Om and Rgc. It is clear that the large permeability reduces the skin depth, which is
later increased by the applied field as shown in Fig. 4.5. In fact, the real and
imaginary components of Z change with the dc applied field, Hy.. In first-order
approximation, the in-plane component of resistance, R, can be expressed as [7, 15]:

R = (pl)/27(r — 3)um. (4.12)

The dependence of Z on skin depth is then clear from Egs. (4.10) and (4.12).
Experimentally, the skin depth can be evaluated as a function of Hy. through the
measurement of R. The reactance X can be expressed as

where 1 and {u,) are the vacuum permeability and the average relative circum-
ferential permeability, respectively. The reactance will thus also depend on Hy,
which affects the permeability term {x,). Consequently, field-induced changes in
both R and X contribute to those in Z and therefore to GMI [16].

Fig. 4.5 Upper panel dc A A

applied magnetic field (Hgc) [ Hr
dependences of skin depth (pm)
(0m) and reversible

permeability (). Lower
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-

0 Hye (kOe)

k. d”

Hpe=0 Hy>0



46 4 Giant Magnetoimpedance: Concept, Theoretical Models, and Related Phenomena

4.4 Theoretical Models

Based on the frequency (f) of the driving ac current, the GMI can be roughly
separated into the following frequency regimes:

(1) Low-frequency regime (f < 1 MHz): changes in the voltage at the sample’s
ends are mainly due to the so-called magnetoinductive effect [17]. The skin
effect is very weak in this case. The change in the impedance of the sample
upon application of the magnetic field (H,.) results mainly from the contri-
bution of inductance (L), which is proportional to the circumferential per-
meability (i) for a cylindrical magnetic conductor [4].

(ii) Intermediate-frequency regime (1 MHz < f < 1 GHz): GMI originates mainly
from the variation of the skin depth due to strong changes of the effective
magnetic permeability caused by the applied dc magnetic field. It is noted here
that, depending on the sample geometry, the GMI profile can reach its peak in
the frequency range of 1-10 MHz, as a consequence of the contribution of the
permeability from both domain wall motion and magnetisation rotation to
GMI [18]. Reduction in GMI at higher frequencies is related to the domain
walls becoming strongly damped by eddy currents, and only magnetisation
rotation contributes to GMI.

(iii) High-frequency regime (1 GHz < f): the origin of GMI is believed to be related
to the gyromagnetic effect and the ferromagnetic relaxation. The maxima in
GMI profiles are shifted towards higher fields, where the samples are already
saturated magnetically [19]. Strong change in the skin depth is caused by the
same mechanism as in the ferromagnetic resonance (FMR) [20].

The theoretical models of GMI representing each of the above-mentioned fre-
quency ranges are examined and discussed below.

4.4.1 Quasi-Static Model

The quasi-static model has been proposed based on an assumption that the mea-
suring frequency is small enough for an equilibrium state of the system to be
reached at every moment [11, 12, 19]. Using this hypothesis, it is possible to use
Egs. (4.10) and (4.11) with the effective magnetic permeability or susceptibility
calculated from Eq. (4.9), where f= 0. It has been theoretically shown that when the
easy direction is perpendicular to the sample axis, the contribution of the
circumferential/transverse permeability to GMI is mainly due to domain wall dis-
placements if the domain walls are easy movable [19]. Otherwise, the contribution
of the circumferential/transverse permeability to GMI results mainly from mag-
netisation rotation when the easy direction is parallel to the conductor axis. In
general, the quasi-static model can describe basic features of GMI at relatively low
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frequencies, but cannot interpret the frequency dependence of GMI in the inter-
mediate and high frequency ranges. This actually lies in the original assumption of
the models.

4.4.2 Eddy Current Model

The quasi-static model is valid only where the skin effect is very weak. However, at
higher frequencies, one must take into account the contribution of the
circumferential/transverse permeability to GMI in addition to the dominant role
played by the skin effect [2, 5, 16]. In this context, Panina and Mohri [3] have
proposed the eddy current model, which calculates the circumferential permeability
for a periodic bamboo-like domain structure in cylindrical wires. It is worth men-
tioning that these authors extended, in an effective medium approximation, the
validity of Eq. (4.10) to the case of an inhomogeneous magnetisation arising from
the domain wall structure. Herein, the microscopic eddy currents created by moving
walls are averaged on the domain wall scale, thereby resulting in the frequency
dependence of complex permeability in Eq. (4.11), which describes damped
domain wall motion as characterised by a relaxation frequency, mgy. In fact, the
magnetisation processes can occur due to not only domain wall motion but also spin
rotation. Meanwhile, losses accompanying spin rotation arise, and these are
therefore described by another relaxation parameter w,,. In general, the relaxation
from rotational magnetisation is much faster than that from domain wall motion,
and consequently o > mqy. At relatively low frequencies o < gy, the decrease
of the permeability with frequency is related to damped domain wall motion due to
eddy currents. It has been shown that, at low frequencies, the external magnetic
field dependence of the impedance is associated with the internal part of the
inductance L, which is proportional to the static circumferential permeability, z4. It
has also been highlighted that the eddy current loss is much less in a wire-shaped
sample with a circular domain structure than one with a stripe domain structure
[3, 6]. This explains why the permeability retains its value at higher frequencies. In
the high-frequency case (a > 0y and wgy <@ < Wyy), both R and L depend on sy
and thereby contribute to the GMI behaviour. The skin effect is dominant in this
case, and the impedance is proportional to the square root of frequency and circular

permeability, Z o (o. ,u(/,)]/ 2. As the frequency is further increased (@ > wyo), the
resistive term becomes greater and contributes to the total impedance Z. In this
instance, the impedance is independent of the external magnetic field, because the
permeability is magnetic field independent [6]. Figure 4.6 compares the experi-
mental results with those calculated using the eddy current model for a ferromag-
netic FeCoSiB wire. It is shown in Fig. 4.6a that the eddy current model finds a
good agreement with the experiment at low frequency (f= 1 MHz), but a significant
deviation between the experimental and calculated results is seen in at higher
frequencies (f= 3 and 10 MHz). Nonetheless, the model has successfully explained
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Fig. 4.6 a Magnetic field dependence of voltage amplitude of a ferromagnetic FeCoSiB wire with
a diameter of 30 pm for different frequencies (reprinted with permission from IEEE [6]).
b Frequency dependence of the maximum MI ratio of a ferromagnetic FeCoSiB wire with
diameters of 30 and 124 pm (reprinted with permission from AIP [3])

the occurrence of a single peak in the GMI profile at low frequency and its
transformation into a double peak at high frequency, as well as a trend that the
maximum MI ratio varies with frequency in the frequency range up to 100 MHz.

In general, the eddy current model can describe the basic GMI features and most
experimental results in the frequency range of 100-100 MHz. The significant
deviation in GMI magnitude between the experiment and theory arises from the
simplifying assumption of circular domain structures that are rather more compli-
cated in actual ferromagnetic wires. Since the circular domain structure could be
greatly modified as the diameter of a wire is varied, a deviation in GMI magnitude
between the experiment and theory has been observed (Fig. 4.6b). In addition, other
important effects, such as the exchange-conductivity effect as discussed below, have
not been taken into account in the eddy current model.

4.4.3 Domain Model

The domain model provides a more rigorous treatment for the GMI problem of a
metallic soft magnetic wire with periodic circular domains than the eddy current
model. It was initially proposed by Chen and Munoz [13, 21] and has allowed one to
interpret qualitatively single- and double-peak GMI curves and several experimental
results observed in the GMI of amorphous wires. Although theoretical calculations
for Z were quite consistent with experimental data, a poor agreement between the
theoretical and experimental results of the circumferential permeability was found.
This has recently been resolved by Betancourt et al. [14] by modifying the proposed
domain models [13], in which only complex inductance formalism (L) was used to
calculate the circumferential permeability, instead of using Z equations. The corre-
lation between the inductance and permeability was established, allowing the
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evaluation of the circumferential permeability as a function of frequency and
resolving its dispersion law. However, the domain models could not explain satis-
factorily the underlying mechanism of relaxation dispersions of permeability spectra
in amorphous magnetic materials [22-26]. In this context, Kim et al. [22, 23] have
proposed a phenomenological model that allows us to separate the reversible domain
wall motion and magnetisation rotation components in permeability (or suscepti-
bility) spectra of amorphous magnetic wires. These studies have provided a basic
physical understanding of the realistic contribution of the domain wall motion and
rotational magnetisation processes to GMI for a small driving field.

In general, the eddy current and domain models have explained successfully
several basic features of GMI at frequencies below 100 MHz. However, when a
high frequency leads to a skin depth comparable with the exchange length, both
models fail [18]. This is because ferromagnetic resonance (FMR) occurs at high
frequencies f ~ 1 GHz and becomes the main effect responsible for GMI behaviour
[20]. In this context, the high-frequency models, including the electromagnetic and
exchange-conductivity models, should be considered.

4.4.4 Electromagnetic Model: Relationship Between GMI
and FMR

It is generally known that both GMI and FMR experiments involve similar static
and driving magnetic field configurations. A typical FMR experiment is performed
at a microwave frequency (~ GHz) in dc magnetic fields as high as kOe, while GMI
can be easily achieved at much lower frequencies in the MHz range and in dc fields
of a few oersteds. A fundamental question thus emerges: How are the GMI and
FMR related to each other? Experimentally, a sample is placed in a cavity in an
FMR set-up, so that the power absorption is proportional to the surface impedance
of the sample, Z; [27-29]. In a GMI experiment, the skin effect is strong enough to
confine the ac current to a sheath close to the surface of the conductor. As a result,
GMI is a surface-related phenomenon [30, 31]. Depending upon a measured fre-
quency, the electrical impedance (Z) of a magnetic conductor will approach the
value of its surface impedance (Z). A simple relation between Z and Z; has been
established for the case of a wire of uniform cross section [29]:

Z = (l/p)Zs, (4.14)

where [ is the length of the wire and p is its perimeter.

The relationship between GMI and FMR has been reported by Yelon et al.
[11, 20] for magnetically saturated samples. Accordingly, an electromagnetic model
has been proposed which has approached the solution of Egs. (4.8) and (4.9) using
the theoretical procedures of FMR, without considering the exchange interactions in
the effective field [19, 29]. The absorption of energy is understood as an increase of
impedance to the electromagnetic radiation that occurs at the resonance frequency,
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or = yul(H + M) (H + 2K [ubd,)] >, (4.15)

where y and K are the gyromagnetic ratio and the anisotropy constant, respectively.
Here, the circumferential/transverse permeability shows a typically resonant
behaviour with the maximum of the imaginary part and the change of sign of the
real part at the resonance field determined by the FMR resonance condition [30]. At
the resonance field, the effective permeability increases drastically and the skin
depth is very small. At a given frequency, an increase of Hy. leads to a shift of the
resonance frequency, thereby reducing the permeability and resulting in a
remarkable GMI effect. The theoretical skin depth reaches its minimum value
(~0.1 pm)

o
5min = ”/,u]fl_; (4 16)

and the GMI reaches its maximum value. The maximum GMI value calculated
using the results of Eq. (4.16) is independent of frequency, and its magnitude (of the
order of ~ 10?) is much larger than the experimentally obtained value [27, 29]. This
arises from the fact that GMI measurements are usually conducted at frequencies
less than 100 MHz, where the FMR condition cannot be easily satisfied [29].
Furthermore, the magnitude of GMI calculated by the electromagnetic models can
be obtained only in uniaxial magnetic materials with easy direction of the aniso-
tropy exactly perpendicular to the sample axis and the dc applied magnetic field.
However, in real materials, there always exists a deviation of the easy axis from the
perpendicular direction of the anisotropy [29]. It is for this reason that a substantial
difference between the experimentally observed and theoretically calculated GMI
values has been found [27]. It is worth mentioning that in the GHz region, the
experimentally observed GMI data are in good agreement with the theoretical
prediction, since the FMR condition can be satisfied in this frequency regime
[27, 30].

In general, the electromagnetic model can interpret qualitatively the basic fea-
tures of GMI and most of the experimental data in the high-frequency regime.
However, some aspects of GMI cannot be completely resolved using this model,
because the role of the exchange interactions in the effective field is neglected [28].

4.4.5 Exchange-Conductivity Effect and Related Model

The exchange-conductivity effect is the damping arising from the competition
between the magnetic exchange and conductivity that occurs in a magnetic wire
under a GMI experiment [28, 29]. While the magnetic exchange tends to keep the
ac magnetisation in adjacent layers aligned, the conductivity tends to reduce the
alignment as it modifies the amplitude and the phase of the magnetic field to which
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it is coupled. In actuality, the exchange-conductivity effect is caused by the inter-
play between the skin effect and exchange interaction. Due to the skin effect, the ac
component of magnetisation induced by an ac current flowing along the conductor
axis decreases in its magnitude from the surface to the centre. Consequently, the
magnetisation is inhomogeneous, and exchange energy arises accordingly. Such an
increase of the exchange energy (or exchange interaction) weakens the skin effect,
and the skin depth is consequently increased. It is the inhomogeneous ac magnetic
field that excites spin waves with wavelengths of the order of skin depth, which
enhances the energy dissipated by eddy currents. This can be understood as an
apparent increase of resistivity in ferromagnetic materials [29].

In addition to the role played by the exchange interactions in the electromagnetic
model, the exchange-conductivity model has taken into account the factor of the
exchange stiffness [28]. As a result, when the exchange term is incorporated into the
effective magnetic field H.g, Eqs. (4.8) and (4.9) must be solved simultaneously.
Using the simplified solution to Egs. (4.10) and (4.11), the exchange-conductivity
models have shown that, when the damping is neglected (a = 0), the skin depth
reaches its minimum value [19, 28]

1/4
émin:( Ap ) ) (417)

wp?M?
when  is less than the characteristic frequency

40292 AM
w = 227 (4.18)
0

where A is the exchange stiffness constant. . is evaluated to be about 100 MHz for
soft magnetic amorphous materials. At low and intermediate frequencies (v < w,),
the calculated maximum GMI scales as o', Above the characteristic frequency
(o 2 w.), the GMI is calculated using Eq. (4.17). While the exchange-conductivity
effect was generally considered to be important only at high frequencies, with the
related model valid in the corresponding high frequency range, Ménard et al. [28]
have shown that this effect is actually most important at low frequencies. It has been
argued that the exchange-conductivity effect puts a fundamental limit on the
maximum impedance of a magnetic conductor, particularly at low frequency. This
can be clearly shown in Fig. 4.7, in which the exchange-conductivity model
describes the magnetic field dependence of R/Rg4. well at a high frequency of 5 GHz
but failed to reproduce the experimental results precisely at lower frequencies
(<10 MHz). In all these cases, a significant deviation between the experiment and
theory has been found in low magnetic field ranges.

In general, the exchange-conductivity model allows the qualitative interpretation
of the frequency and magnetic field dependences of GMI in a wider range of
frequencies than the electromagnetic models. However, none of these approaches
deals satisfactorily with the problem of GMI as a whole, arising from the complex
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Fig. 4.7 a A comparison of the theoretical and experimental real (R/Rg4.) and imaginary (X/Rq.)
parts of the impedance of an ideal anisotropic magnetic wire at f =5 GHz. b A comparison of the
theoretical and experimental R/Ry. of the same wire at different frequencies f = 100 kHz, 1 and
10 MHz (reprinted with permission from AIP [28])

domain structures of actual magnetic materials [18] given the underlying approx-
imating assumptions [27, 28]. The theoretical limits of GMI have been pointed out
by Kraus [32], revealing the complex nature of the GMI phenomena.

4.4.6 Other Models

In addition to the models discussed above, other theoretical models have also been
proposed to address various issues [33-38], such as the energy conservation of the
GMI effect [39], the validity of the relationship between GMI and FMR at low
frequency range [29, 40], and the unusual GMI features observed in composite
wires which are composed of a non-magnetic conductive wire coated with a fer-
romagnetic layer [18, 36]. However, a good agreement between the experiment and
theory has been obtained either in a narrow frequency range or in high dc field
ranges, and for the specific cases of the studied ferromagnetic materials [33-38].
For the case of amorphous magnetic wires subject to current/field annealing and
applied stress, the domain structures of the wires are strongly modified, and these
models fail to reproduce the experimentally obtained results [35, 37, 38]. Most
recently, Kaya has proposed that it is possible to predict the GMI effect in
glass-coated amorphous microwires using the so-called artificial neural network
[41]. While the authors claimed that this model had a ~99 % correlation with
experimental data, it remains unclear how the experimental parameters were
incorporated into the model, and how the model could even reproduce variations in
the experimental data points in the GMI profiles. Further study is needed to
clarify this.
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4.5 Concluding Remarks

In terms of the above analyses, it is concluded that the quasi-static model is most
appropriate for explaining GMI features in the low frequency range (f < 1 MHz).
Meanwhile, the skin effect and domain models have been most commonly used to
explain the GMI features in the intermediate frequency range (1 MHz < f < 1 GHz).
In the high frequency range (1 GHz < f), the GMI features have been well
understood within the framework of the electromagnetic and exchange-conductivity
models.

The theory of GMI may be understood to a reasonable degree; however, more
research is needed to fully understand the theory. The finding of a new model that
can explain all GMI features in the whole frequency range is still challenging. It is
believed that, to assess the underlying mechanism of GMI for a variety of materials,
further theoretical models must be developed on the basis of the identified domain
structures of the materials. It should be noted that the formation of characteristic
domain structures of GMI materials is mainly related to the preparation process.
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Chapter 5
Influence of Measurement Parameters
on Giant Magnetoimpedance

In this chapter, the influences of the measurement parameters (e.g. alternating
current, dc magnetic field, frequency, and temperature) on giant magnetoimpedance
(GMI) have been systematically analysed and clarified. This ensures the selection of
optimal conditions for designing high-performance GMI-based sensors.

5.1 Alternating Current Amplitude

When a magnetic wire is subjected to a GMI experiment (Fig. 4.4), a circular
magnetisation process takes place in it due to the ac circular magnetic field created
by an alternating current (/,.). Any change in [,. will result in a change in the
circular permeability (u4) and hence the ac impedance, Z. This points to a depen-
dence of the impedance on the current; the higher the current amplitude, the larger
the expected value of the impedance. It has been theoretically predicted that for a
double-peak (DP) profile of GMI in ferromagnetic amorphous wires, the magnetic
field (Hgx) at which the value of Z reaches a maximum should decrease as the
amplitude of the ac current is increased [1]. This hypothesis has been experimen-
tally confirmed (see Fig. 5.1, for example, for a Co-based amorphous wire), where
GMI curves are found to exhibit a DP behaviour for low-amplitude currents where
only reversible wall motion takes place, but only a single peak (SP) is observed at
high amplitudes corresponding to circular coercivity [2].

Through investigating the dependence of GMI on ac in different materials (e.g.
amorphous microwires/wires, nanocrystalline ribbons), Aragoneses et al. [3] found
the variation of the GMI effect with current amplitude to be material-dependent. For
an amorphous Cogg sMng 5SijoB;s microwire, when I,. was increased the GMI
effect increased until 7, = 2.8 mA and then decreased at higher values of I,.. This is
consistent with the behaviour of an (FegCo094)72.55112.5B 15 amorphous wire, where
the maximum GMI effect was achieved for I,. = 4 mA, as I,. was varied from 2 to
7 mA [4]. With increasing I,., however, the GMI effect decreased gradually for an
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Fig. 5.1 Magnetic field dependence of the GMI ratio (AZ/Z) at different alternating current
amplitudes (/,.) for a Co-based amorphous wire with an induced circular anisotropy. An evolution
from the DP to SP feature with increasing amplitude has been observed (reproduced with
permission from Elsevier [2])

(Fep.904C00.06)72.5B15S112.5 amorphous wire, while it sharply increased for a
Fe;3.55113.5sBoNb3;Cu; nanocrystalline ribbon [3]. In these examples, the observed
effect of driving current could be explained by consideration of the tensor character
of the magnetic permeability and was ascribed to the components of that tensor
which are responsible for the transverse magnetic anisotropy [5]. The different
dependences of GMI on driving alternating current can also be caused by the
difference in the domain structures of the investigated samples. It is worth noting
that there is an inhomogeneous distribution of local critical magnetic fields at
low-amplitude currents, causing the “spike” feature in GMI profiles or the insta-
bility of the GMI signal. Increasing the amplitude has been shown to greatly
improve the stability of the GMI signal [6]. It is therefore important to select an
appropriate range of current amplitudes for the design and operation of actual GMI
sensor devices.

5.2 Magnetic Field

In a typical GMI experiment, the dc magnetic field is usually applied so as to be
collinear with the alternating current along the longitudinal direction of the wire
(Fig. 4.4). This configuration yields the longitudinal GMI effect. As discussed
previously in Chap. 4, at a given frequency, the application of a dc magnetic field
(Hqc) changes the circular permeability (14) and hence the magnetic penetration
depth (9,,), which in turn alters the impedance Z until the value of J,, reaches the
radius of the wire (). In a magnetic amorphous wire with a circular domain
structure, Hy. may compensate the circular magnetic anisotropy field (Hy) as its
magnitude becomes similar [2, 7]. For Hy. = Hj, the quasi-free magnetisation
responds quickly to the external oscillating magnetic field, giving rise to the
maximum circular permeability. When the applied dc magnetic field exceeds the
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Fig. 5.2 Magnetic field dependence of the GMI ratio and axial magnetisation curves for a
stress-annealed Co-based wire (different tensile stresses were applied during annealing). This
shows a correlation between the maximum GMI values and circular anisotropy fields (reproduced
with permission from Elsevier [2])

circular magnetic anisotropy field (Hy. > H), the circular permeability is decreased
due to the unidirectional magnetostatic anisotropy caused by Hyg.. In this case, the
skin depth increases, which corresponds to the decrease of the impedance of the
wire as the dc magnetic field is increased. Since the value of the anisotropy field is
actually very small in magnetic wires in which the magnetostriction constant is near
zero, the maximum value of GMI is observed at nearly zero field for low fre-
quencies [8]. As a result, the GMI profile shows an SP behaviour centred around
zero field. At higher frequencies, however, GMI profiles will show a DP feature.
Such SP and DP features of GMI are often determined by the relative contribution
from domain wall motion and magnetisation rotation processes to the circular
permeability [9-11]. Complex domain structures and distribution of local aniso-
tropies in actual materials can also influence the dependence of GMI on the dc
magnetic field [12].

When studying the effects of tensile stress on the dc magnetisation and GMI of a
Co-based wire, Vazquez has demonstrated the existence of a correlation between
the circular magnetic anisotropy field and the GMI peak [2]. As can be clearly seen
in Fig. 5.2, the GMI magnitude and the circular anisotropy field decrease as the
applied stress is increased. The magnetic field at which the GMI peak is observed
consistently corresponds to the circular magnetic anisotropy field determined from
the magnetisation data and this field increases with an increase in the applied stress.

5.3 Measurement Frequency

According to the theory (Chap. 4), GMI and its behaviour depend strongly on the
measurement frequency. Indeed, the frequency-dependent GMI features have been
experimentally studied in a wide range of frequencies up to GHz in different
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materials [12]. It has been shown that, with increasing frequency, the magnetisation
process via domain wall displacement relaxes at relatively low frequencies ranging
between 0.1 and 1 MHz in amorphous wires [13]. For amorphous glass-covered
microwires, the permeability spectra showed dispersion laws at higher frequencies
[14]. It is generally accepted that at low frequencies f < f,—a characteristic fre-
quency or the frequency at which the maximum GMI value is obtained (a < J,,), the
maximum value of GMI, [AZ/Z(%)]max, 1S found to be relatively low due to the
contribution of the induced magnetoinductive voltage to magnetoimpedance [15].
In this case, GMI features can be well interpreted on the basis of the quasi-static
models, as discussed in Chap. 4. As f ~ f, (a ® J,,), the skin effect is dominant, and
a higher [AZ/Z(%)]max is found. Beyond f = f,, [AZ/Z(%)]max decreases with
increasing frequency. It is believed that, in this frequency region, the domain wall
displacement is strongly damped by eddy currents, thus contributing less to the
circular permeability, i.e. a small [AZ/Z(%)]max- A typical example of this depen-
dence is shown in Fig. 4.6b. We should note here that the magnetoimpedance is
increasing as the frequency increases because the impedance is proportional to
(a),u¢)1/2 even in the case of decreasing circular permeability at high frequencies.
Despite this, f, depends strongly on the dimensions of the samples. It has been
found that, for amorphous microwires, GMI usually reaches its maximum value at
higher frequencies than those for amorphous wires [16]. The eddy current and
domain models are valid for interpreting basic GMI features in the frequency range
of 0.1-100 MHz, as discussed in Chap. 4. At higher frequencies, where ferro-
magnetic resonance can occur, such GMI features were successfully explained by
the electromagnetic and exchange-conductivity models [17]. Furthermore, with
increasing frequency, the low-frequency SP behaviour may become DP-like as a
consequence of the frequency dependence of circular permeability [2].

From a fundamental research viewpoint, it is essential to understand the fre-
quency dependences of the real and imaginary parts of impedance and their con-
tributions to the GMI effect. Figure 5.3 shows, for example, the frequency
dependences of the maximum MR, MX, and MI ratios for a glass-coated amor-
phous microwire. It is generally thought that the MX contribution to the MI ratio is
dominant at the low-frequency range, while the main contribution to the MI in the
high-frequency range can be attributed to the MR. As one can see in Fig. 5.3,
however, the frequency dependence of MI follows that of MR, suggesting the
dominant contribution of MR to the MI for the case of this microwire throughout
the investigated frequency range.

From an experimental point of view, we should note that most GMI measure-
ments are performed at measuring frequencies up to 10 MHz only, due to the fact
that, in this frequency range, standard voltage—current measurement techniques can
be easily employed to directly probe the transport properties of the sample. At higher
frequencies, both voltage and current are not always well defined quantitatively and
the classic measurement technique fails. To overcome this problem, another tech-
nique based on the S-parameter measurement of a transmission line section by
means of an automatic vectorial network analyser has been exploited to measure the
GMI effect in the microwave region in soft amorphous ferromagnetic samples [18].
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5.4 Measurement Temperature

A thorough knowledge of the measurement temperature dependence of GMI is
important and necessary from both the fundamental and practical points of view.
A number of works have investigated the influence of the measurement temperature
on GMI in magnetic amorphous wires [19-23]. It is now accepted that the GMI
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effect increases with temperature and reaches a maximum value near the Curie
temperature of the material, and then decreases at higher temperatures [19, 21, 23].
The initial increase of GMI with temperature is attributed to the rise in circular
permeability resulting from the enhanced circular motion of magnetic moments
which are frozen at low temperature. It is believed that the magnetic coupling
between magnetic moments at a low temperature is larger than that at a high tem-
perature. The maximum of GMI is achieved close to the Curie temperature because
the largest value of circular permeability is achieved at this temperature. It has been
reported that the magnitude of GMI of an amorphous Cogg 15Fe4 355115 5B 15 wire
measured at 300 K (~ T¢) was about two times larger than that measured at 100 K
[19]. At temperatures above the Curie point, the observed decrease of GMI is
ascribed to the collapse of the magnetic coupling in the material [21].

Figure 5.4 shows the results of a study of the effects of three consecutive sweeps
in temperature from 80 to 400 K for an amorphous Cogg 15Fe4 35511, 5B 15 wire with
a diameter of 130 pm, which was prepared using the in-rotating water quenching
technique [19]. It is worth noting that there is a significant reduction in the GMI
magnitude as well as a displacement of the GMI maximum in temperature. It has
been suggested that in the first sweep a slight increase of the temperature determines
a reversible relaxation of internal stresses induced during rapid solidification, which
results in a slight reduction of the circular anisotropy and hence an improvement of
the magnetic softness of the wire without alternating its specific circular magnetic
structure [19]. Once the first temperature sweep is completed, stress annealing and
atomic diffusion are believed to manifest in the wire when passing the Curie
temperature. These processes last until thermal equilibrium is re-established in the
wire at room temperature. This sets in a new temperature for the GMI maximum
and a new temperature maximum of the circular permeability, which are observed
in the subsequent temperature sweep. Magnetic hysteresis measurements were
conducted around the Curie temperature after each sweep to determine whether the
effects of temperature processes on the static magnetic properties are significant. As
one can see in Fig. 5.4b, changes in the M—H loops are not very large, unlike the
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Fig. 5.4 a Temperature dependence of the MI ratio of an amorphous Cogg 15Fe, 355112.5B15 wire
for three consecutive temperature sweeps. b Hysteresis loops after temperature processing
(reproduced with permission from Elsevier [19])
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GMI data obtained at the corresponding temperatures. However, we should note
that the data obtained from a VSM reflect the bulk magnetic property of the wire,
while the GMI profile provides near-surface magnetic information.

5.5 Concluding Remarks

Because the measurement parameters (alternating current, dc magnetic field, and
frequency) directly affect the measured value of GMI, the selection of appropriate
parameters becomes extremely important in designing practical GMI sensors.
Depending upon the different kinds of GMI materials, the amplitude of an applied
alternating current should be large or small. Similarly, the maximum dc magnetic
field applied to saturate the magnetoimpedance varies among GMI materials.
However, for practical uses, the amplitude of the applied current and the maximum
dc magnetic field should be as small as possible. Furthermore, because of the
magnitude of GMI and the way in which its sensitivity varies strongly with mea-
surement frequency, it is necessary to select the working frequency range for a
certain material. At relatively low frequencies such as these, it should be noted that
the SP behaviour of GMI is often observed and this is usually useful for practical
applications. In contrast, the DP behaviour of GMI observed in the high-frequency
range is not desirable. However, such a symmetrical feature in low-field GMI
profiles can be tailored for developing a new class of linear field sensors. Finally, it
is worth noting that a sensor based on the GMI effect has an increasing sensitivity at
room temperature because the Curie temperatures of GMI materials are well above
300 K, whereas the field sensitivity of a magnetic sensor based on the giant
magnetoresistance (GMR) effect in thin films and in perovskite-like structured
materials is drastically reduced at room temperature. Therefore, for practical use,
GMI-based sensors are more promising than the GMR sensors.
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Chapter 6

Influence of Processing Parameters
on GMI

The influences of the processing parameters, e.g. glass coating, sample geometry,
heat treatment, stresses, neutron irradiation, hydrogen charging, magnetostriction,
and after-effect, on giant magnetoimpedance are reviewed and discussed in this
chapter.

6.1 Effect of Glass Coating on GMI

The influence of a glass coating on the domain structure and magnetic properties of
amorphous wires has been discussed in [1-5]. This section will focus on describing
the influence of the glass coating on the GMI profile in amorphous and
nanocrystalline wires. The effects of removing the glass coating on the GMI profile
are also discussed.

6.1.1 Amorphous Wires

Figure 6.1 shows the magnetic field dependence of the GMI profile measured at
different frequencies, for nearly zero magnetostrictive Co-based amorphous
microwires (a) before and (b) after glass removal.

As is shown in Fig. 6.1, over the entire measured frequency range, the GMI effect
decreased considerably for the microwire after glass removal. This is likely to be a
consequence of the glass removal causing a reduction of circumferential perme-
ability in the microwire and hence a reduction of the GMI effect [6-8]. At low
frequencies (f= 0.1-1 MHz), the GMI effect is obtained in the glass-covered sample
(see Fig. 6.1a), but not in the glass-removed sample (see Fig. 6.1b). This is somewhat
different to what is reported in [2], where no GMI effect was observed in either
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Fig. 6.1 Magnetic field dependence of GMI profile measured at different frequencies for the
Co-B-Si—Mn amorphous microwire: (a) before and (b) after glass removal

glass-covered or glass-removed Co-based wires. This probably arises from the fact
that, in the frequency range (f < 1 MHz), the circumferential permeability is rela-
tively large and the skin effect is noticeable in the glass-covered microwire [1, 2, 5].

At higher frequencies (1 MHz < f), the GMI effect is obtained in the wire both
before and after glass removal, and it increases with increasing frequency up to
10 MHz. Here, the skin effect is dominant and the magnetoimpedance is propor-
tional to the square root of the circumferential permeability and frequency. More
noticeably, at the highest frequency of 10 MHz, a DP behaviour is observed in the
glass-covered microwire, while an SP behaviour remains for the glass-removed
microwire. This can be understood by accounting for the less sensitive circum-
ferential permeability of the microwire after glass removal. Concerning the different
GMI features of Co-based, conventional, and glass-covered/glass-removed wires
with the same composition, a detailed analysis can be found in [2]. It was shown
that the largest GMI effect was obtained for the conventional wire at relatively low
frequencies, but for the glass-removed wire, it was found at high frequencies due to
the high value of magnetic permeability retained. The largest GMI effect was
achieved in the glass-covered wire only in a relatively narrow and intermediate
frequency range (f = 4-6 MHz) [2]. Furthermore, it has been shown that the thicker
the glass coating, the larger the stress and the higher the level of induced cir-
cumferential anisotropy. Therefore, the magnetic field at which the GMI peak is
observed reduces with the thickness of glass coating applied [6-8]. In fact, the
coating not only changes the anisotropy distribution, but also reduces the magnitude
of the magnetic permeability. Consequently, the GMI effect is smaller for a wire
with a thicker glass coating.

In the case of positive magnetostrictive glass-covered amorphous wires/
microwires (e.g. Fe-based amorphous glass-covered alloys), a relatively small MI
effect was observed [2, 5, 9, 10]. For instance, a small MI effect (~1 %) was
obtained in the Fe-based glass-covered amorphous wire, which was attributed to the
high positive magnetostriction of the sample (A ~ 25 x 107°) that led to a domain
structure with an axially magnetised inner core and radically magnetised outer shell
through magnetomechanical coupling with internal stresses. After the glass
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covering was removed, a higher MI effect (~5 %) was achieved [10]. This was
attributed to the stress relief caused by the glass removal [2, 5]. Such different
behaviours of GMI observed in Co-based and Fe-based amorphous wires can be
understood through the difference in their domain structure determined by the sign
of magnetostriction of the sample.

6.1.2 Nanocrystalline Wires

Many previous investigations have reported on the influence of the glass coating on
the GMI profile in nanostructured wires/microwires [9-12]. Such nanostructured
wires (or nanocrystalline magnetic wires) were usually obtained by proper annealing
of their precursor as-cast amorphous wires. Both Co-based negative and Fe-based
positive magnetostrictive nanostructured wires were investigated [10, 12], with
much attention being paid to an Fe-based nanostructured wire, where a much
improved GMI effect was obtained after glass removal [9]. For example, the GMI
ratio of the FeSiBCuNb nanostructured wire reached a value of about 28 % after
glass removal [10], which is much larger than that of the glass-covered sample
(~5 %). Because the Fe-based nanostructured wires without a glass cover are
magnetically softer than the glass-covered ones, a much more sensitive GMI
response was observed in these samples [9, 10]. Furthermore, it was found that the
GMI ratio of the FeSiBCuNb nanocrystalline wire without glass covering was even
larger than that of CoFeSiB amorphous wires after glass removal (~20 %), because
of the fact that the Fe-based nanocrystalline wire without glass covering was mag-
netically softer due to its vanishing magnetostriction [10]. Another feature to be
noted is that the frequency at which the maximum GMI value was obtained was often
lower in Fe-based nanocrystalline wires without glass covering than in both Fe-based
nanocrystalline wires with glass covering and Co-based amorphous wires without
glass covering [5, 10]. This probably results from the lowest value of resistivity
observed in the Fe-based nanocrystalline wire without a glass covering [9]. These
results indicate that the Fe-based nanocrystalline wires with glass covering removed
can be competitive candidate materials for high-performance sensor applications.

6.2 Effect of Sample Geometry on GMI
6.2.1 Sample Length

The influence of the sample length on the magnetisation processes and GMI effect
has been investigated [13—17]. It was found that the spontaneous magnetic bistability
observed in a Co-based amorphous wire was lost when the sample length became
less than a critical length [14, 15]. The critical length was smaller for Co-based
amorphous wires than for Fe-based amorphous wires [14]. The loss of magnetic
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bistability can be attributed to the influence of shape anisotropy, where for short
wires the demagnetising field becomes large enough to destroy the original domain
structure of the sample. In a recent work, Vazquez et al. [15] analysed in detail the
influence of sample length on the magnetic properties (e.g. coercivity, susceptibility)
and GMI of an Fe-based nanocrystalline wire. It was found that, with decreasing
wire length, the coercivity increased, the susceptibility decreased, and the GMI effect
consequently reduced [15]. This phenomenon has been attributed to the formation of
closure domain structures near the ends of the wire due to the demagnetising field
[13-17]. It was the significant modification in the domain structure near the ends of
the sample that led to different GMI features with respect to the change of sample
length [15, 16]. It was also found that the field sensitivity of GMI was reduced in
samples where such a “border effect” was large enough [15]. However, Phan et al.
[17] recently observed that the decrease of length (/) of a Co-based microwire (e.g.
AGCW) resulted in a strong increase of the GMI ratio, as shown in Fig. 6.2.

It can be seen that at the highest measured frequency of 10 MHz, the GMI ratio
increased from 15.5 to 268 % as the microwire length decreased from 4 to 1 mm,
respectively. This can be attributed to the decrease of electrical resistance from 19.7
to 3.1 Qm with decreasing length from 4 to 1 mm, respectively. This finding is of
practical importance because it shows that the ferromagnetic microwires or com-
posites containing these microwires are ideally suited to designing miniaturised
magnetic sensing devices which are compatible with biological systems for health
monitoring purposes. This difference is likely to be a result of the “border effect”
being larger in the normal wire [15] than in the microwire [17]. These results
suggest that such geometrical effects should be considered carefully whenever GMI
results are analysed and reported.

6.2.2 Sample Thickness

Efforts have been made to investigate the influence of sample thickness on the GMI
effect in different materials, including amorphous wires [18-20], layered and
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Fig. 6.3 Frequency dependence of the maximum GMI effect [AZ/Z],,,.x for CoFeSiB wires with
different diameters. The inset shows the change of the GMI effect (AZ/Z) with the wire diameter,
measured at f=5 MHz

multilayered films [21-24], amorphous ribbons [25-27], and layered composite
wires [28-31]. A typical example of the wire diameter dependence of the GMI
effect is displayed in Fig. 6.3. It can be seen that the largest GMI value was obtained
in samples with an optimal diameter [18-20]. Due to the skin effect, the maximum
value of GMI shifted to a lower frequency for the thicker wire [18]. It is the
transformation of the longitudinal domain structure in the inner core of hard-drawn
wires to a circular domain structure that results in the increase of the GMI effect in
hard-drawn wires [19]. Both circumferential and longitudinal axial anisotropies
depend on the radial distance of the wire [18, 20], and this in turn causes the wire
diameter-dependent GMI features [28, 31].

Similar behaviours were also observed in layered and multilayered films
[21, 22, 24] and amorphous ribbons [25-27]. The GMI ratio increased with
increasing the thickness of the conducting spacer layer (Cu or Ag) [21, 22]. When
the film width was less than a critical value, which depends on the transverse
permeability and the layer thickness, the flux leakage through the conductive layer
resulted in a considerable drop in the GMI ratio [22]. With increasing film thick-
ness, a variation from an SP feature to a DP one occurred [5]. This was attributed to
the different anisotropy axes induced by the strain in the multilayers [22].

6.2.3 Sample Surface

It has been shown that, in the case of a large skin effect, the surface roughness
becomes important [1, 2, 5]. This is not only because the skin depth may become
smaller than the surface irregularities, but also due to stray fields, which appear on
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the rough surface and cause a considerable reduction in the GMI magnitude.
Indeed, the GMI effect was significantly improved in chemically thinned and
polished magnetic amorphous ribbons [25], because the polishing resulted in a
smoother ribbon surface, thereby reducing the effective anisotropy as well as
making the sample magnetically softer.

This has been experimentally verified by Le et al. [32] when studying the
GMI effect and surface morphological developments in the nanocrystalline
Fe;3.5-.Cr,Sij3 sBoNbsAu; (x = 1-5) ribbons. Herein, the surface morphology of
these samples was studied by atomic force microscopy (AFM). It was found that the
GMI ratio reached a maximum in the sample with the smallest surface roughness
(see Fig. 6.3). The GMI ratio strongly decreased in samples with large surface
roughness. Recently, Chaturvedi et al. [33] have established the correlation between
magnetic softness, sample surface, and GMI in CogoFe, sX; 5S1;0B 5 (X =Ni, Al, Cr)
amorphous ribbons in the frequency (f) range of 0.1-10 MHz. The authors have
found that at f < 5 MHz, the GMI effect and Z reach the largest values for the
Al-containing sample and the smallest values for the Ni-containing sample, while an
opposite trend is observed at /> 5 MHz. Magnetisation and atomic force microscopy
(AFM) experiments reveal that the largest values of the low-frequency GMI effect
and Z for the Al-containing sample result from the largest value of magnetic per-
meability, while the largest values of the high-frequency GMI effect and Z for the
Ni-containing sample are attributed to the smallest surface roughness of this sample.
These results point to the importance of the sample surface in determining
high-frequency GMI behaviour. Therefore, it is recommended that for rapidly
quenched magnetic ribbons and wires, the sample surfaces should be polished before
they are used for making sensors. Regarding the effect of the sample surface, elec-
trodeposited wires and films usually have higher quality surfaces than rapidly
quenched wires and ribbons, and a higher GMI response is consequently
achieved [5].

6.2.4 Sample Axes

The influence of the sample’s axis direction on the GMI effect of Co-based
amorphous ribbons and films has been studied [34, 35]. Kurlyandskaya et al. [35]
investigated the angular dependence of the GMI profile for the angles 0 < a < 90°,
where o is the angle between the long side of the ribbon and the external magnetic
field. The results indicated that the GMI behaviour remained stable for angles up to
30°, revealing that the field sensitivity of GMI-based magnetic sensors is not
critically limited by the orientation of the applied magnetic field. However, the
orientation of the applied magnetic field at larger angles (o = 30°) resulted in a
significant reduction in the field sensitivity of GMI and hence in the sensitivity of
the GMI sensor. This warrants careful examination in the design of GMI sensors
when using magnetic wires or ribbons as sensing elements.
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6.3 Effect of Annealing on GMI

The GMI effect can be improved when an amorphous ferromagnetic material is
subjected to proper heat treatments such as an annealing treatment. The effects of
different annealing procedures on the GMI effect in amorphous magnetic
wires/microwires and ribbons are discussed below.

6.3.1 Conventional Annealing

Conventional annealing is a process where samples are simply heated in an
air/vacuum furnace for a given time. It has been shown that conventional annealing
causes a considerable reduction in the GMI effect for Co-based amorphous
wires/microwires [36] and ribbons [37] due to the fluctuation of the circumferential/
transverse anisotropy in the circumferential/transverse direction of the wire/ribbon.
However, it causes a drastic improvement in the GMI effect for Fe-based amor-
phous wires [9, 10] and ribbons [38-45], resulting from the improved magnetic
softness of the samples after annealing. Conventional annealing of amorphous
ribbons can relieve the quench-in strains, reduce the transverse magnetic aniso-
tropy, and therefore reduce the GMI effect, even though the magnetic permeability
is increased. Therefore, Sommer et al. [37] claimed that a high permeability did not
necessarily lead to a large MI effect. However, this statement is not entirely true,
since the MI effect was only studied at relatively low frequencies (~ 100 kHz) [37].
The situation would be different if MI measurements were carried out at higher
frequencies (1-10 MHz), where higher permeability is needed for a larger MI effect
[5]. Indeed, Phan et al. [46, 47] recently revealed that a suitable conventional
annealing treatment (i.e. relatively low annealing temperature ~ 300 °C and short
annealing time ~25 min) of Co-based amorphous ribbons resulted in a signifi-
cantly improved GMI effect from ~50 to ~70 % in the frequency range of
1-10 MHz. Suitable annealing treatment is also believed to lead to the relief of
internal stress while retaining the orientation of the magnetic moments in the
transverse direction of the ribbon [47]. Furthermore, it was found that the magnetic
softness (e.g. magnetic permeability, saturation magnetisation) increased and the
resistivity decreased in an Fe-based amorphous wire/ribbon when subjected to
proper conventional annealing [9, 10]. It is the increase in magnetic softness and the
decrease in resistivity that results in the much improved GMI effect [9, 10, 42—45].
In this context, the magnetic softness may be used as a second criterion in selecting
an appropriate material for GMI-based sensor applications [10]. The correlation
between the microstructure and magnetic properties, including the GMI effect, in
Fe-based nanocrystalline ribbons has been clarified [38]. It has been shown that the
magnitude of GMI for the Fe-based nanocrystalline materials (both wires and
ribbons) is comparable with that for the Co-based amorphous ones [5]. This makes
them useful for practical sensor applications.
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6.3.2 Field Annealing

The presence of a dc magnetic field along the sample axis during annealing (the
so-called field annealing method) led to a further improvement in the GMI effect
when compared to conventional annealing [37, 48-50]. For Co-based amorphous
ribbons, the GMI effect was found to be significantly improved in samples sub-
jected to transverse field annealing, while it was almost suppressed upon longitu-
dinal field annealing [37]. A large hysteresis in the GMI curves with respect to
increasing and decreasing dc magnetic fields was observed in the case of transverse
field annealing. This hysteresis occurred at magnetic fields smaller than the ani-
sotropy field and is probably related to the irreversible magnetisation process due to
domain wall displacement. It is worth mentioning that the field annealing not only
led to an increase of the GMI ratio, but also improved the magnetic response of the
GMI [50]. This is beneficial for GMI-based sensor applications.

To improve the efficiency of field annealing, it can adopt differing angles and be
combined with isothermal annealing to yield a new annealing method, i.e. multi-
angle combined magnetic field annealing (MCMFA). Liu et al. [51] have shown
that such a method is capable of releasing the stress adequately and bettering the
circumferential anisotropy with a two-step annealing. Relative to their as-cast wires,
the GMI enhancement reported for the annealed wires is impressive at more than
200 %.

6.3.3 Current Annealing

6.3.3.1 Joule Heating

Joule heating is a method that allows a sample to be heated directly by the action of
a dc current flowing along the sample axis for a certain time [52]. Low current
densities have been exploited to perform annealing at temperatures well below the
crystallisation temperature and the Curie temperature of the investigated sample.
During Joule heating, the dc magnetic field generated by the dc current allows a
thermal treatment under the self-generated external circular magnetic field.
Therefore, this method is useful for inducing additional circular/transverse magnetic
anisotropy in amorphous ferromagnetic wires/microwires [52—58] and consequently
providing an improved GMI effect. For a Co-based amorphous microwire, Joule
heating without applied stress can produce a short-range order relaxation and hence
improve the soft magnetic properties [52]. Consequently, the GMI effect can be
optimised when the applied annealing current density is properly adjusted [55-58].
With increasing annealing current density, the GMI ratio first increased due to the
relief of internal stress caused by heating [52], while the decrease of the GMI ratio
after completion of the annealing process was attributed to the microstructural
change in the sample [54]. More interestingly, the GMI ratio measured at a
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frequency of 15 MHz reached a maximum value of about 600 % and the magnetic
response of 320 %/Oe under specific current annealing (i.e. 10-min annealing with
an applied dc current of 70 mA) [52]. This value of GMI is about 10 times larger
than the maximum value reported so far for glass-coated microwires and is ideal for
high-performance magnetic sensor applications. When investigating high-frequency
GMI features in Joule-heated Co-based amorphous ribbons and wires, Brunetti
et al. [58] showed that the GMI variation was more pronounced in the as-cast wire
than in the as-cast ribbon. This is likely to be due to the higher value of circular
permeability compared to that for transverse permeability [52]. The difference in the
magnitude of the GMI effect between as-cast ribbon and wire observed at low
frequencies (~ 500 MHz) tends to vanish at higher frequencies (~2600 MHz) [58].
Most recently, Liu et al. developed twin-zone Joule annealing consisting of two
stages: the first annealing stage with duration of 15 min at a current intensity of
80 mA (3.37 x 10° A/um?) followed by the second annealing stage with duration of
5 min at a current intensity of 110 mA (4.63 x 10° A/um?) [59]. The former stage
could release internal stress adequately, while the latter stage can generate a toroidal
magnetic field by dc current to induce structural relaxation with circumferential
magnetic moments in the wires. Such a compound annealing method helps generate
regularly arranged atomic microregions (RAAMs) with a suitable size and volume
fraction that benefit the soft magnetic properties of microwires (cf. Fig. 6.3), as
against the formation of medium-range order regions (MRORSs) and hard magnetic
nanophases in conventionally annealed wire that severely degrade the GMI
performance.

6.3.3.2 Alternating Current Annealing

Alternating current (ac) annealing is considered as the conventional annealing
process with the presence of an ac flowing along the sample axis during the
annealing process. It was found that the GMI ratio of an ac annealed Co-based
ribbon was much larger than that of a sample annealed without the presence of an
ac [60, 61]. The increase in the GMI effect of ac annealed ribbon samples can be
attributed to the increased transverse permeability and the increased transverse
magnetic anisotropy due to the ac-induced magnetic field, which is similar to the
Joule heating method [61]. In general, both the Joule heating and ac current
annealing techniques allow the improvement of the GMI effect in amorphous fer-
romagnetic materials. These methods are efficient in homogenising the GMI
response, irrespective of the sample shape. Figure 6.4

6.3.4 Conventional Stress Annealing

The conventional annealing method with the presence of an applied stress during
the annealing process is known as the conventional stress annealing method [63].
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Fig. 6.4 The dependence of the maximum GMI measured at 2 MHz and the surface roughness
on Cr-doped content for nanocrystalline Fe;3 5—,Cr,Sij3 sBoNbsAu; (x = 1-5) ribbons (courtesy of
A.T. Le)

The influence of applied stress during annealing on the magnetic properties and
GMI effect of several amorphous ferromagnetic materials, including ribbons
[62—65] and wires [66], have been investigated. It was shown that, in the case of
Co-based amorphous ribbons, the transverse magnetic anisotropy was induced by
stress annealing [62—64]. Samples with similar anisotropy strengths were found to
show very different GMI responses [62]. When a Co-based amorphous ribbon was
annealed under an applied tensile stress of 500 MPa, the field sensitivity of GMI
measured at a frequency of 3 MHz was found to reach up to 83 %/Oe [64]. In
contrast, for stress-annealed Fe-based amorphous ribbons [65], the GMI effect was
found to decrease gradually with increasing annealing stress. This is because the
application of a tensile stress introduces a different transverse anisotropy that, in
turn, significantly reduces the transverse magnetic permeability [60]. The different
dependences of GMI on applied stress between the stress-annealed Co-based and
Fe-based amorphous ribbons can be attributed to the difference in their domain
structures that are determined by the samples’ signal of magnetostriction [62, 63].

6.3.5 Simultaneous Stress and Magnetic Field Annealing

The simultaneous presence of an applied tensile stress and a longitudinal dc
magnetic field during the annealing process was found to have a strong influence on
magnetic anisotropy and hence field-dependent GMI features of Co-based amor-
phous ribbon samples [67]. Asymmetry in the GMI profile was also observed in this
case, and it was believed to originate from a ferromagnetic exchange coupling of
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the soft magnetic amorphous phase with a magnetically harder crystalline surface
layer. Such asymmetry may be of interest in developing auto-biased linear GMI
field sensors [1].

6.3.6 Simultaneous Stress and Current Annealing

This is a modified Joule heating technique with the addition of an applied stress
during the heat treatment [52, 60, 66—68]. For stress—Joule-heated Fe-based
amorphous wires, the GMI ratio increased with increasing annealing stress up to
275 MPa [66]. The GMI behaviour of the wire was interpreted by considering a
simple effective field model, where the anisotropy of the material is altered by
annealing and applied stress [69]. Mandal et al. [67] found that the stress—Joule
heating of positive magnetostrictive glass-coated amorphous microwires caused a
considerable reduction in the GMI ratio compared to the Joule heating method [52].
With respect to these findings, it is worth mentioning that field-dependent GMI
features at magnetic fields lower than the anisotropy field varied strongly upon the
application of stress during the annealing process. Remarkably, a reduction in
hysteresis in the GMI profile with respect to increasing and decreasing fields was
observed in such stress—Joule-heated samples, which is useful for non-hysteretic
GMI-based sensor applications.

Interestingly, a giant stress impedance (SI) effect was observed in stress—
Joule-heated Fe-based amorphous ribbons. With increasing annealing current
density up to 42 A/mm?, a maximum SI ratio of 350 % was achieved in samples
annealed by Joule heating at a current density of 33 A/mm? in the presence of a
longitudinal applied tensile stress of 100 MPa [61]. This is consistent with what was
reported for Joule-heated nearly zero magnetostrictive amorphous wires and
microwires [68, 70]. In these examples, the torsion stress dependence of the GMI
effect may be useful for stress-sensing applications [70].

6.3.7 Laser Annealing

The influence of laser annealing energy on the GMI effect in Co-based amorphous
ribbons and microwires was first investigated by Ahn et al. [71, 72]. These samples
were annealed by a pulsed Nd:YAG laser at various annealing energies between 65
and 230 mJ/pulse in air. For laser-annealed Co-based amorphous ribbons, with
increasing laser annealing energy, the GMI ratio first increased until reaching a
maximum (AZ/Z = 30 %) at 136 mJ and then decreased at higher energies [71]. It
was also found that when the laser annealing energy increased up to 100 mJ, the
anisotropy field in as-quenched samples decreased from 1.9 Oe to ~0.5 Oe because
of the increase of magnetic softness caused by the laser annealing effect. The
decrease of the GMI effect and the increase of the anisotropy field were probably
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due to the microstructural change caused by laser annealing [72]. For a Co-based
amorphous microwire after glass removal by chemical etching, the GMI effect was
found to be enhanced by illuminating the Nd:YAG laser at high frequency. This is a
consequence of internal stress relief, resulting from laser energy absorption [72].
The increase in the high-frequency GMI effect reflects the fact that the contribution
to the circumferential magnetisation from magnetic moment rotation in core
domains increased due to magnetic softening.

The application of a small field (~3 Oe) along the microwire during laser
annealing led to a considerable increase in the GMI effect in both low- and
high-frequency ranges [72]. Recently, Roozmeh et al. [73] studied the effect of laser
annealing on the GMI of Co-based amorphous ribbons with and without the
presence of a transverse magnetic field. It was shown that laser annealing without
an applied magnetic field had little influence on the GMI effect, while laser
annealing with the presence of a transverse magnetic field strongly improved the
GMI effect of as-quenched amorphous ribbons. It was also found that upon laser
annealing, the GMI effect first increased with increasing annealing time, reached a
maximum for the sample laser-annealed for 1 min, and then decreased for longer
annealing times. The combination of magnetic field and laser annealing caused a
local structural change and hence induced an excess anisotropy, as seen from the
GMI curves [73].

In general, laser annealing is regarded as a superior method for improving the
soft magnetic properties and the GMI effect of amorphous ferromagnetic materials
compared to furnace annealing (conventional annealing) because it is non-contact,
is quick to perform (a few microseconds), and can be performed in open air.

6.4 Effect of Applied Stress on GMI

The influence of applied stress on the GMI effect has been investigated in
several amorphous ferromagnetic materials including amorphous microwires/wires
[67, 68, 74]. For a positive magnetostrictive glass-coated amorphous microwire
(e.g. Cog3-,Mny ¢Sis gBj 3), the application of a tensile stress led to a considerable
reduction in the magnitude of the GMI effect at frequencies below 8 MHz, but at
higher frequencies, the magnitude of the GMI effect is equal to that without an
applied tensile stress [67]. It should be noted that the magnetic field at which the
GMI peak occurred decreased in the stressed samples. In contrast, an improvement
of the GMI effect (~ 130 %) measured at a frequency of 10 MHz was achieved
in a nearly zero and negative magnetostrictive amorphous microwire [e.g.
Cogg.sMng 5Si;0B 5] under an applied tensile stress of 66 MPa [68]. Based on the
stress dependence of the GMI effect in these amorphous microwires, a magnetoe-
lastic sensor has been developed [70]. Torsion stress-dependent GMI features were
also observed in Co-based amorphous and Fe-based nanocrystalline wires with
vanishing or transverse anisotropy [68, 72]. Such variation in the shape of the GMI
curve as well as its magnitude can be explained by considering the competition
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between the magnetoelastic anisotropy induced by the processing and the helical
anisotropy induced by the torsion [72]. A more complicated case is that both tensile
and torsional stresses are present. There is competition between these two kinds of
stresses on the critical field via the interactions with the intrinsic anisotropy. The
tensile (torsional) stress dependency of the critical field under the constant torsional
(tensile) stress that can help optimise the sensitivity can be exploited for the
stress-sensing application. Qin and co-workers reasoned that the physical origin of
the magnetic hysteresis induced by the stress can be understood from the core—shell
model built upon the influence of stress on the magnetisation process of studied
wires [75].

6.5 Effect of Neutron Irradiation on GMI

The effect of neutron irradiation on the permeability spectra and GMI of Fe-based
amorphous and nanocrystalline materials was first investigated by Phan et al.
[76-78]. The results indicated that neutron irradiation increased the permeability of
the amorphous alloy but decreased the permeability of the nanocrystalline alloy in a
high-frequency region (f =2 1 MHz), while the opposite was found in a
low-frequency region (f < 1 MHz). The magnetic relaxations in the low- and
high-frequency regions were attributed to the irreversible domain wall motion and
reversible rotational magnetisation, respectively. It was the increase in permeability
of the neutron-irradiated amorphous alloy, resulting from reversible magnetisation
rotation that caused an improvement in the GMI effect. In contrast, the decrease in
permeability of the neutron-irradiated nanocrystalline alloy caused by reversible
magnetisation rotation produced a reduction in the GMI effect relative to the
nanocrystalline alloys. These results have important implications for the application
of these materials as sensing elements in a nuclear environment, when the mag-
netoimpedance effect is used. This is because, compared with annealed amorphous
alloy, amorphous materials are less brittle and easier to handle, which provides the
necessary manufacturing flexibility, and more importantly, their magnetoimpedance
properties can be enhanced by subsequent neutron irradiation. This offers an
opportunity to explore the high magnetic sensing application of neutron-irradiated
amorphous ferromagnetic materials, including amorphous microwires/wires.

Recently, Cayssol et al. [79] also investigated the influence of low-energy He ion
irradiation on the dynamics of a single Bloch domain wall in magnetic wires based
on Pt/Co/Pt trilayers with perpendicular anisotropy. The results showed that uni-
form ion irradiation caused a significant reduction in the pinning centre’s density
and the pinning force, resulting in improved domain wall motion. This reveals that
the GMI effect can be further enhanced in amorphous magnetic wires when sub-
mitted to appropriate ion irradiation, because the enhancement of GMI is related to
improved domain wall motion. This is of practical importance for future magnetic
devices.
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6.6 Effect of Hydrogen Charging on GMI

The influence of hydrogen charging on the magnetic softness and the GMI effect
have been studied in amorphous Fe-Si-B and Co-Fe-Si-B wires [80]. The
hydrogen charging was carried out at 25 °C and in a stirred solution by applying a
constant current density of 20 mA/cm? for 1 h. It was found that hydrogen charging
caused a drastic reduction in the GMI effect from 24.4 to 7.1 % in the Fe-Si-B
amorphous wire, while no significant variation in the GMI effect was observed in
the Co—Fe-Si-B amorphous wire after hydrogenation. This indicates that such
Co-Fe-Si-B amorphous wires with vanishing magnetostriction are more promising
for sensor applications. In fact, the change of the GMI effect has been correlated
with that of the magnetic softness (i.e. the magnetisation and coercivity) [80]. In
this case, it was believed that hydrogen charging modified the domain structure and
hence the magnetic properties of the samples. After 2700-min degassing, the GMI
effect was found to be larger in the hydrogen-charged Fe—Si-B amorphous wire
than in the as-received Fe—Si—B amorphous wire. It is believed that this is due to
stress relief on the surface layer of the wire.

6.7 Effect of pH Value on GMI

The influences of pH value on the GMI of electrodeposited CoNiFe/Cu wires have
been systematically studied by Atalay et al. [81]. The results show that the com-
position, surface quality, and magnetic and magnetoimpedance properties were
strongly affected by the pH value of the electrochemical bath. Under the same
processing, with increasing pH, the wire diameter gradually increased, while the
coercivity first decreased and then increased [81]. In particular, the GMI effect first
increased with increasing pH, reached a maximum at pH = 2.4, and then decreased
for higher pH. This suggests that the selection of a solution with an appropriate pH
is important for optimising the GMI effect of electrodeposited wires.

6.8 Effect of Magnetostriction on GMI

The influence of magnetostriction on the GMI effect has been studied in several
amorphous wires [55, 82]. Barandianran and Hernando [83] have simulated the
influence of magnetostriction on the GMI effect, revealing that magnetostriction is a
key parameter in determining the magnitude of GMI. In order to assess the influence
of magnetostriction on GMI, Table 6.1 shows the relationship between the GMI
effect and magnetostriction in both amorphous and annealed (Co,—,Fe,)70S112Bg
ribbons [84]. It can be seen that the largest GMI effect is obtained in samples with
vanishing magnetostriction. The magnitude and sign of the magnetostriction constant
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Table 6.1 Saturation magnetostriction (4;) and GMI ratio [AZ/Z] ,.x(%) measured at f = 100 kHz
and i = 5 mA for (Co;-.Fe,);0Si;,B g ribbons before (as-quenched) and after annealing

Composition As-quenched As-quenched Annealed Annealed

&) A5 (x107°) [AZIZImir(%) |25 (<107°) | [AZIZ] (%)
0.04 —-0.48 3 -0.26 9

0.045 —-0.35 4 —-0.14 3

0.047 —-0.30 13 —-0.083 12

0.048 —-0.28 2.5 -0.09 8

0.049 -0.20 11 -0.013 13

0.05 —-0.16 14 0.065 7

0.053 —-0.10 18 0.14 11

0.057 0 21 0.25 7.5

of a sample can be changed either by modifying the alloy’s composition or by
annealing (see Table 6.1). However, it should be noted from Table 6.1 that the
ribbons with similar values of A; do not have the same level of GMI effect. This means
that the magnetostriction constant is not the only factor affecting the GMI magnitude.
It was also found that for the same ribbon, the change in GMI effect due to annealing
tended to follow the change in magnetostriction constant. This shows that annealing
under an applied magnetic field, and/or tensile stress, and/or torsion may induce
specific anisotropies, which can be either beneficial or detrimental to the GMI effect,
depending on the annealing temperature and time [83]. Annealing at low tempera-
tures and/or in a short time should be recommended for Co-based samples, because
this will relieve the quenched-in stresses and result in an increase of magnetic per-
meability, hence increasing the GMI effect. As for Fe-based samples, annealing at
temperatures close to the onset crystallisation temperature of the alloy has proved
useful in producing nearly zero magnetostrictive nanocrystalline materials with a
much improved GMI effect [38].

6.9 After-Effect of GMI

The so-called magnetoimpedance after-effect is known as the change in GMI effect
with time and has been observed in amorphous wires and ribbons [85-91]. The
origin of the magnetoimpedance after-effect can be related to the permeability
after-effect of the diffusive type, and it has been experimentally shown that the
occurrence of magnetoimpedance relaxation is a direct consequence of the diffusion
permeability after-effect. Therefore, the permeability after-effect is the main
mechanism behind the magnetoimpedance after-effect [85]. Furthermore, Raposo
et al. [90, 91] studied the temperature dependence of the magnetic after-effect in
Co-based amorphous wires in the range of 80—400 K and found the highest
after-effect of GMI at temperatures around 350 K. Accordingly, they proposed that
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the existence of long-range diffusion processes governed the dynamics of this
system. Nonetheless, this phenomenon is not thoroughly understood and it warrants
further investigation.

From an engineering perspective, the magnetoimpedance after-effect is unde-
sirable for GMI sensor applications and it should be reduced as much as possible.
Fortunately, a proper annealing treatment has been shown to be effective not only
for improving the GMI effect, but also for considerably reducing the GMI
after-effect. A very small GMI after-effect was obtained in samples with vanishing
magnetostriction. This once again indicates that such zero magnetostrictive samples
are the most promising candidates for GMI sensor applications.

6.10 Effect of LC Resonance Circuit on GMI

The influences of the LC resonance circuit on GMI in amorphous microwires have
been investigated [92-97]. Lee et al. [92] produced a new LC resonator using a
glass-coated magnetic microwire, in which the LC resonator was directly con-
structed on the microwire by forming two capacitive terminal electrodes at the ends
of the microwire without direct contact to its ferromagnetic core. The electrodes act
as capacitors in the LC resonance circuit. Because the change of impedance in the
LC resonator results from both the change in permeability of the microwire and the
LC resonance of the circuit, the GMI response can be greatly improved by adjusting
the frequency of the ac flowing through the sample. The GMI effect reached an
extremely large value of 450,000 % by precisely tuning the frequency at a value of
around 551.9075 MHz [92].

With increasing frequency, GMI profiles showed either a single-peak (SP) or
double-peak (DP) feature [94-96]. Remarkably, a multiple peak GMI behaviour
appeared to occur in the frequency range of 100-1000 MHz, as displayed in
Fig. 6.5. This is different from that observed for Co-based microwires [3] in the
intermediate frequency range of 1-100 MHz, in which GMI curves often show an
SP feature at low frequencies and a DP feature at higher frequencies, with only a
maximum of GMI ratio obtained over this frequency range. This also differs from
what was observed in GMI curves with respect to ferromagnetic resonance in the
frequency range of 1-10 GHz, for a typical Co-based microwire [3]. It is believed
that the circumferential permeability can be increased by applying an ac current
with a frequency sufficiently high to excite resonance of the wire sample through
LC circuit matching [92, 93]. The occurrence of resonance has been evidenced by a
sudden change in phase angle by as much as 180° at a given external dc magnetic
field. Accordingly, the GMI features can be explained in terms of the LC resonance
effect [92] and the formation of standing waves in the sample [93]. However, in a
high-frequency range where ferromagnetic resonance occurs, an additional contri-
bution to the GMI effect from this resonance must also be included.

To further assess the origin of GMI, Tuan et al. [96] have recently studied the
influences of annealing and sample geometry on the GMI effect in a glass-coated
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Fig. 6.5 The frequency dependence of the maximum GMI ratio, [GMI(%)]y.x, for a
glass-covered microwire LC resonator (courtesy of A.T. Le)

microwire LC resonator. The results indicated that annealing magnetic microwires
significantly changed the permeability and hence the GMI ratio, whereas the
magnetoimpedance response was sensitive to varying sample geometry.
Accordingly, the authors attributed the observed GMI features to the soft magnetic
characteristics, the LC resonance circuit, and the formation of standing magnetic
waves within the sample [96]. Nonetheless, the underlying mechanism of GMI in a
glass-coated microwire LC resonator still remains a subject of debate and thus
warrants further study. In general, the features of an LC resonance circuit can be
exploited to increase the sensitivity of GMI-based magnetic sensors while selecting
the working frequency. A new class of micromachined magnetic resonator for
high-frequency magnetic sensor applications has been proposed [97]. In particular,
Kim et al. [96] have recently demonstrated the superior features of LC filter-type
magnetoimpedance sensors. The LC filter circuit showed the output-changing ratio
per 1 Oe of 5 % at a high frequency of 50 MHz. This value was 2.5 times larger
than that expected in a conventional bridge circuit with constant current excitation.
This indicates that LC filter-type MI sensors can be used for a wide range of
technological applications [98—100].
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Chapter 7
Selection of GMI Wires for Sensor
Applications

7.1 Criteria for Selecting GMI Materials

To search for a GMI material for GMI sensor applications, two main requirements
should be satisfied, namely a high GMI ratio (or a large GMI effect) and a high
sensitivity to the applied field (or a high magnetic response). In view of the theo-
retical analyses and experimental results, it is concluded that a large GMI effect
should exist in magnetic materials with the following desirable properties:

low resistivity, p;

high magnetic permeability, u;

high saturation magnetisation, M;; and

small ferromagnetic relaxation parameter (or low damping parameter), a.

In this context, crystalline ferromagnetic materials have the advantage of lower
resistivity (p), but amorphous ones have better soft magnetic behaviour (e.g. higher
magnetic permeability, x4, and saturation magnetisation, M) because they lack
magnetocrystalline anisotropy. In particular, non-magnetostrictive materials can be
expected to show the best GMI performance because the magnetoelastic contri-
bution to magnetic anisotropy substantially weakens the soft magnetic behaviour.
Improvement in the magnetic softness of an actual amorphous material by appro-
priate thermal treatment and/or the application of external parameters (mechanical
stress, magnetic field, etc.) can lead to a simultaneous improvement in the GMI
effect and its field sensitivity. The damping parameter (a) is often considered in the
high frequency range where ferromagnetic resonance takes place, while it can be
neglected in the intermediate frequency range (i.e. f = 0.1-10 MHz), where most
GMI-based sensing applications have been identified (see Chap. 8). In addition, for
practical sensor applications, the mass manufacturability and cost of materials are
also important factors.
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7.2 Evaluation of GMI Wires

In ferromagnetic materials, the highest value of the GMI effect experimentally
observed is much smaller than the theoretically predicted value. Research in the
field has been focused on special thermal treatments and on the development of new
materials with properties appropriate for practical GMI sensor applications. In this
section, all existing GMI wires will be reviewed and evaluated.

7.2.1 Co-Based Wires

Both conventional and glass-covered Co-based amorphous wires exhibit a GMI
effect, owing to their high circular permeability. This is mainly due to the presence
of circumferential anisotropy and an outer shell circular domain structure that
results from coupling between negative magnetostriction and quenching compres-
sive stress [1-5]. Among the Co-based amorphous alloys investigated, an alloy
system with the nominal composition of Co—Fe-Si-B exhibits nearly zero and
negative magnetostriction of 4, = —0.4 x 107, This alloy is often obtained by
alloying Fe-Si-B that has a positive A, of 25 x 10® with Co-Si-B that has a
negative A of —3 x 10°° [5, 6]. As a result, a record value of GMI ratio (1200 % at
14.2 MHz) has been achieved in the conventional amorphous CoggFe, 35Si15.5B15
wire [7]. This value is much larger than that reported earlier (600 %) with the same
composition [2, 5]. This larger value of GMI ratio is a result of minimising contact
resistance and cancelling parasitic impedance [7]. However, a high field sensitivity
of GMI (~500 %/Oe) was reported by Vazquez [2], while no information was
found in the work by Garcia et al. [7].

In an attempt to develop magnetic wires for high-frequency sensor applications,
Nie et al. [8] reported that a Co-Mn-Si—B amorphous glass-covered wire with
nearly zero magnetostriction exhibited a GMI effect at high frequencies. For the
amorphous Cogg,Mn;Si;oBs microwire, the GMI ratio and magnetic response
reached the values of 153 and 65 %/Oe, respectively, at a frequency of 30 MHz.
Vinai et al. [9] recently revealed that these microwires also exhibited a GMI effect
at frequencies up to GHz. In the frequency range of 100 MHz—6 GHz, the GMI
ratio reached a maximum value of ~100 % at a frequency of 2 GHz. As shown
earlier in Chap. 6, for Co-based amorphous wires, the GMI effect can be further
improved by appropriate field annealing [10], Joule current annealing [11-15], or
the application of a tensile stress [16, 17].

In summary, the Co-based amorphous wires with nearly zero and negative
magnetostriction are good candidates for GMI sensor applications. It should be
noted that while the Co-based conventional and glass-covered amorphous wires are
suitable for sensor applications in the low and intermediate frequency range (up to
several MHz), the glass-covered amorphous microwires can be used for elec-
trotechnical devices operating at much higher frequencies (up to several GHz). Due
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to their relatively high resistivity, the microwires retain their large GMI value at
higher frequencies, when compared to ribbons and wires. In practice, depending
upon the specific requirements of a sensor device (e.g. the operating-frequency
range), either wires or microwires should be chosen accordingly.

7.2.2 Fe-Based Wires

Fe-based amorphous wires have relatively small or even no MI effects, owing to
their relatively small effective permeability, which is due to the presence of an outer
shell radial domain configuration that results from the coupling between the highly
positive magnetostriction and the quenching compressive stress [4, 10, 18, 19].
A primary alloy of Fe-Si-B having a positive 4, of 25 x 107® was found to show
poor magnetic softness and hence a small MI effect (~3 %), while a larger MI
effect (~36 %) was obtained in the annealed wires [10, 19, 20]. It was the pre-
cipitation of an FeSi nanocrystalline phase that significantly decreased the bulk
positive magnetostriction and hence gave rise to the MI effect of the annealed
Fe-Si-B wires [20]. The crystallisation of Fe—Si—B-based amorphous alloys con-
taining Nb and Cu causes the formation of a nanoscale bcc structure, and the bec
alloys exhibit excellent ultrasoft magnetic properties (i.e. high effective perme-
ability and small coercivity) [6, 10]. In these alloys, the roles that Cu and Nb play
are to maximise the density of crystal nuclei and to retard grain growth, respec-
tively, leading to an ultrafine grain structure. Among these alloys, the nanocrys-
talline alloys with a nominal composition of Fe;3 5Si;35BoNbsCu; were found to
show the best magnetic softness. These materials are therefore expected to show
large MI effects. Indeed, Knobel et al. [10] reported that conventional
Fe;;.5S113.5sBoNb3;Cu; nanocrystalline wires (e.g. the amorphous wire samples
annealed at 550-600 °C) exhibited a GMI effect. The largest value of GMI ratio
was about 200 % at a frequency of 500 kHz for the wire sample annealed at 600 °C
for 1 h. In another study, Li et al. [21] partially substituted Fe by Cr in
Fe;3.5S113.5BoNb3;Cu; nanocrystalline wires with the expectation of further reducing
the magnetostriction of the primary alloy. They found that, although the GMI ratio
and magnetic response were slightly smaller in Cr-doped samples, the addition of
Cr improved the GMI response and significantly reduced the undesirable hysteretic
effect in GMI curves with increasing and decreasing applied magnetic fields [21]. In
addition, the presence of Cr significantly improved the corrosion resistance prop-
erties, which is desirable for sensing applications in a corrosive environment.
The GMI effect was also observed in Fe-based nanocrystalline glass-coated wires
and microwires [4, 18]. Interestingly, the FegoB;SizC3Mn, nanocrystalline
glass-covered microwires were found to show the GMI effect in the GHz frequency
range [9]. At a frequency of 4 GHz, the GMI ratio reached a value as high as 70 %
for the sample annealed at 350 °C. For this typical microwire, conventional furnace
annealing proved more effective in improving the GMI effect compared with cur-
rent annealing. Furthermore, it should be recalled that for both Fe-based amorphous
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and nanocrystalline glass-covered wires, the removal of the glass layer can sig-
nificantly improve the GMI effect and magnetic response. However, the GMI ratios
of Fe-based nanocrystalline wires are often smaller than those of Co-based amor-
phous wires [5].

7.2.3 Electrodeposited Wires

Besides rapidly quenched wires, electrodeposited wires, which comprise a highly
conductive non-magnetic metal core (e.g. Cu, CuBe, and Ag) and a thin layer of
soft magnetic metal (e.g. NiFe, NiFeRu, NiFeMo, CoP, and CoNiFe), have been
found to show excellent GMI behaviours [22—42]. For electrodeposited wires, the
magnetic layer has either a circular or a radial domain configuration, depending
strongly upon the alloy composition and the sample processing conditions [40].
Wires having a circular domain structure are often expected to show a larger MI
effect [38, 42].

In a pioneering work, Usov et al. [38] predicted that the GMI effect could be
further improved in a composite amorphous wire when the electrical conductivity
of the inner core is much higher than that of the shell region. Since this work,
experimental efforts have been devoted to investigating the GMI effect in elec-
trodeposited wires, such as CoP/Cu [22-26, 39], NiFe/Cu [28-30, 41], CoNiFe/Cu
[31, 32, 40], NiFeRu/Cu [33], and NiFeMo/Cu [34]. Sinnecker et al. [22] reported
that an electrodeposited CoP/Cu wire exhibited radial magnetic anisotropy (i.e. the
radial domain structure) and the size of the closure domains increased with the
magnetic layer thickness (CoP). It is interesting to note that, although magnetic
wires with a radial magnetic anisotropy are not expected to show any GMI effect, a
significant increase in GMI ratio with the magnetic layer thickness of the CoP/Cu
composite wire was attained [22]. This indicated that the observed GMI effect was
associated with the current distribution along the sample radius, with two
well-defined regions having different transport and magnetic properties [23-26].
Recently, Phan et al. [39] optimised the processing conditions in order to achieve
the largest GMI effect in a typical CoP/Cu electrodeposited wire. The largest GMI
ratio was achieved with a deposition time of 6 min and an electrolytic current
density of 639 mA/cm?®. At the measured frequency of 10.7 MHz, the GMI ratio
and magnetic response reached the highest values of 534 and 21 %/Oe, respec-
tively. It was proposed that the changes of deposition time and electrolytic current
density caused variations in the domain structure of the CoP magnetic layer and
hence the GMI behaviour [39]. More interestingly, Kurlyandskaya et al. [40] found
that the GMI ratio reached a value as high as 1200 % at a frequency of 4 MHz for
FeNiCo/CuBe electroplated wire. This is the highest value reported until now,
among existing electrodeposited wires. However, no information on the magnetic
response of GMI was given [40]. In a comprehensive study investigating the
influences of processing parameters (e.g. electrodeposition current density, duty
cycle, electrolyte solution, pH value, applied magnetic field, magnetic layers, and
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post-annealing) on the GMI of electrodeposited NiFe/Cu wires, Li et al. [41]
reported that the GMI ratio and magnetic response reached maximum values of
1110 and 218 %/QOe, respectively, at a frequency of 4 MHz for a dc Joule-annealed
wire sample.

Recently, it has been revealed that the GMI effect can be further improved in
electrodeposited wires by the inclusion of an insulating interlayer between the core
and the magnetic shell (e.g. CuBe/insulator/NiFeB wires) [36, 37]. For instance, the
GMI ratio reached a value of 250 % at f = S00kH-1 MHz for an electrodeposited
CuBe/insulator/NiFeB wire, which is much larger than that of ~23 % at f= 1 MHz
for the electrodeposited CuBe/NiFeB wire without the insulator layer [36]. This can
arise from the differences in current distribution under the external magnetic field
and from the electromagnetic interaction between the conductive core and the
ferromagnetic layer of the composite wires with and without an insulator layer
[36, 37]. In this context, Buznikov et al. [42] have recently developed a model for
predicting the GMI effect in these typical wires. The model reveals that the field
dependence of magnetic shell permeability significantly affects the eddy current
distribution and therefore leads to the observed GMI effect. The inclusion of a thin
insulator layer can lead to a further improvement in the GMI effect at sufficiently
high frequencies, because it actually increases both the diagonal and off-diagonal
impedance [42].

In general, electrodeposited composite wires are good candidate materials for
producing high-performance magnetic sensors and sensing devices operating at low
and intermediate frequencies (up to several MHz). Within this operating regime,
electrodeposited composite wires may be even more promising than rapidly
quenched wires and ribbons.

7.2.4 Multilayer Wires

Multilayer wire is a new family of magnetic microwires with multilayer bimagnetic
characteristics [43, 44]. A typical biphase magnetic microwire consists of a ferro-
magnetic nucleus, an intermediate glass layer, and a ferromagnetic outer shell, as
exemplified in Fig. 7.1. They were prepared by several complementary techniques
including quenching and drawing for precursor glass-coated magnetic/metallic core
microwire, sputtering for Au metallic intermediate nanolayer, and electroplating for
magnetic external microtube. This combination of techniques enables the manip-
ulation of different soft’/hard magnetic characteristics at different layers and hence
permits one to tune the properties of the biphase microwires. The peculiarity of the
multilayer wires lie in the coupling between various layers. The presence of an
external magnetic shell around a glass-coated microwire induces a longitudinal
anisotropy in the nucleus of the latter, drastically modifying its magnetoinductive
behaviour, making it very sensitive to the presence of an applied external stress and
temperature [45, 46].
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Fig. 7.1 a Scheme of (a)
multilayer microwire. SEM
images of FeSiB/CoNi
multilayer microwires:

b FeSiB nucleus and glass
cover, ¢ glass layer and CoNi
outer shell, d CoNi outer
shell, and e cross-sectional
view of the multilayer
microstructure (reprinted with
the permission of

Springer [48])

Magnetic
outer shell

Pyrex

A Au nanolayer
Magnetic nucleus

The most notable magnetic characteristic is the step-like magnetisation process
arising from the different magnetic phases and couplings [47]. These can be opti-
mised by specific thermal treatment processing to grow a new structural phase with
a hard magnetic character at the magnetic core via conventional thermal annealing,
or by inducing suitable helical anisotropy at the magnetic shell via helical magnetic
field annealing or torsion annealing. Different magnetic configurations have been
explored thus far: soft (nucleus)/hard (outer shell), hard/soft, and soft/soft [48]. One
can invariably make use of the magnetic interactions to manipulate the soft mag-
netic core behaviour. For instance, it can be modulated through the hard phase stray
fields, or magnetic bistability can be modified through the magnetoelastic aniso-
tropy induced by the external phase. In addition to the soft/hard magnetic nature of
each magnetic phase, an effective tuning of average behaviour can be achieved by
adapting the thickness of each layer.

These multilayer wires are of practical significance as sensing core elements in
sensor devices. Subject to a delicate control in terms of the reversal magnetisation
of the soft phase, this type of microwire has come to be an ideal candidate in a
variety of sensor technologies from temperature/tensile stress and torsion/position
sensors to coil-less orthogonal fluxgates. The versatility of their properties and the
high degree of freedom for tailoring give these wires an outstanding edge in the
competitive sensing technology field.
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7.3 Nominated GMI Materials for Sensor Applications

A wide variety of GMI materials are currently available for practical GMI sensor
applications. Table 7.1 summarises several materials that possess a high GMI ratio
and magnetic response and are promising for making high-performance GMI
sensors. Appropriate selection is dependent upon specific requirements, such as
their field sensitivity, working frequency range, size, and thermal stability. The
ultrahigh sensitivity of GMI to external dc magnetic field (down to 10”® Oe) can be
used for magnetic field sensors and other sensors based on the change of a local
magnetic field. It should be emphasised that not only the GMI ratio (1) and the
magnetic response (£), but also the particular shape of the 7(H) curve are important

Table 7.1 Candidate materials for GMI sensors

Materials Comment Huoax |7 14 Frequency | References
©Oe) |(%) |(%/Oe) |(MHz)

CogsFeq 355i12.5B 15 Conventional 180 1200 | - 14.2 [7]
amorphous wire

(Coo4Feg)75S110B15 Amorphous 10 125 |50 322 [49]
homogeneous
microwire

Cogg.25Fe4.55112.25B 15 Amorphous 125 600 320 15 [50]
microwire under
Joule annealing

Cog3.,B3.3Si50Mny7 6 Amorphous 1 7.8 15.6 1 [51]
microwire under dc
current

Cogg 2Mn;Si 0B Amorphous 50 153 |65 30 [8]
microwire

Fe;3.5Si;3.5ByCu;Nbs Conventional wire 100 200 |- 0.5 [10]
annealed at 600 °C
for 1 h

Fe;3.5Si;3.5ByCu;Nbs Glass-covered 25 255 |89 2 [19]
microwire under
conventional
annealing

FegoBSisC3Mny Annealed at 350 °C | 300 70 - 4000 [9]
for 1 h

CoP/Cu/CoP Electrodeposited 30 190 26 1 [24]

electrodeposited layers technique

CoP/Cu composite wire Electrodeposited 100 534 21 10.7 [39]
technique

NiFe/Cu composite wire Electroplated in 45 370 | 47.5 1 [28]
magnetic field

NiFe/Cu composite wire Joule annealing 45 1100 | 218 4 [41]

FeNiCo/CuBe composite Electroplated 50 1200 | - 4 [40]

wire technique

(continued)
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Table 7.1 (continued)

7 Selection of GMI Wires for Sensor Applications

Materials Comment Huax |7 14 Frequency | References
(©Oe) |(%) | (%/Oe) | (MHz)
CoygFesSi|sNb, ,Cug sB Ribbon under field |2 50 125 0.1 [52]
annealing in air
Co79FesSi sNb, ,Cug gB7 Ribbon under field |2 106 35 1 [52]
annealing in air
CooFesSi sNb, ,Cug gB Amorphous ribbon | 50 513 144 4 [53]
annealed at 300 °C
for 25 min
Fe73.5Si13.5BoCu;Nbs Amorphous ribbon | 150 400 |37 4.5 [54]
annealed at 550 °C
for 3 h
Fe;1Al,Si14Bg sCu;Nb;s 5 Amorphous ribbon 100 640 40 5 [53]
annealed at 540 °C
for 45 min
Feg4Zr,BgCu, Amorphous ribbon | 75 1100 |40 4.6 [55]
annealed at 550 °C
for 1 h
Fe;3.5Si;3.5ByCuNbs Nanocrystalline 50 80 - 500 [56]
sputtered film
NiFe/Au/NiFe multilayered RF-sputtered 65 150 |30 300 [57]
film
NiFe/Ag multilayered film RF-sputtered 150 250 12 18,000 [58]
FeSiBCuNb/Cu/FeSiBCuNb | RF-sputtered 70 1733 | 87 0.1 [59]
sandwiched film
FeNiCrSiB/Cu/FeNiCrSiB RF-sputtered 70 77 7.2 13 [60]
sandwiched film
CoSiB/Cu/CoSiB RF-sputtered 9 440 49 10 [61]
sandwiched film
CoSiB/SiO,/Cu/SiO,/CoSiB | RF-sputtered in 11 700 | 304 20 [62]
sandwiched film magnetic field
FeSiBCuNb/SiO,/Cu /SiOy/ | RF-sputtered 60 32 4 5.45 [63]
FeSiBCuNb sandwiched film
MuMetal alloy Annealed at 580 °C | 115.5 | 310 |20 0.6 [64]
for 40 min
Co-based amorphous Trilayer 20 830 - 0.28 [65]
ribbon/Cu/Co-based microstructure
amorphous ribbon
Co703Cr3Fes 7B 10Si13/ Magnetic 50 470 |43 10 [66]
polymer composites microwires

embedded in
parallel in a
polymer matrix
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for high-performance sensor applications. In this context, the longitudinal
weak-field-annealed amorphous ribbons [64, 67-74] and amorphous wires sub-
jected to dc bias current [75-84] are promising candidate materials for producing
auto-biased linear field sensors.
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Chapter 8
Giant Magnetoimpedance Sensors
and Their Applications

Since GMI changes as a function of external dc magnetic field or applied dc/ac
current, it is possible to design and produce GMI-based sensors that can measure
either magnetic fields or dc/ac currents. GMI also changes sensitively with applied
stress, and this provides a new opportunity to develop stress sensors. A brief
description of these typical sensors is given in this chapter. It shows that the high
sensitivity of GMI to applied magnetic field, current, and external stress is very
useful for a wide range of industrial and engineering applications.

8.1 Types of Giant Magnetoimpedance-Based Sensors

8.1.1 Magnetic Field Sensors

A primary magnetic sensor based on the GMI effect (the so-called GMI sensor) has
been proposed and analysed by Atkinson et al. [1]. The circuit of a GMI sensor is
displayed in Fig. 8.1. In the circuit, a single-wire sensing element that can be from
0.1 to 10 m long is connected to a bridge circuit via coaxial leads. Herein the source
voltage and source resistance play an important role in the bridge balance. In order
to use this circuit for a GMI sensor, the impedance changes as a function of external
magnetic field at a fixed frequency are needed. This typical sensor operates in an
open mode and can be used for measuring or tracking the presence of both
homogeneous and inhomogeneous magnetic fields. A detailed investigation of how
the processing parameters can be controlled, as well as the influences of these
parameters on the performance of a designed GMI sensor, has been reported [2, 3].
Moreover, here the circuit of the GMI sensor is more complicated than the case of
[1]. Different classes of novel GMI field sensors using Co-rich amorphous wires
have been developed by Mori and his group in collaboration with Aichi Steel Co.,
Japan [4-7]. In particular, they have developed a reliable amorphous wire
CMOS IC multivibrator GMI sensor using the analogue switches instead of the

© Springer International Publishing Switzerland 2016 99
H.-X. Peng et al., Ferromagnetic Microwire Composites,
Engineering Materials and Processes, DOI 10.1007/978-3-319-29276-2_8
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Fig. 8.1 a Simple circuit of a primary GMI sensor using a Co-rich amorphous wire (reprinted
with permission from Elsevier [1]); b complex circuit of a modern GMI sensor using a Co-rich
amorphous wire with a field resolution of up to 10~® Oe and high thermal stability (reprinted with
permission from Elsevier [2])

Schottky diodes for achieving high temperature stability [3] and many stable and
highly sensitive GMI sensors [4—0].

For comparison, Table 8.1 summarises several magnetic induction sensor types,
with their range and typical sensitivity. It is worth mentioning that the sensitivity of
the GMI sensor is much higher than that of conventional magnetic sensors (e.g. Hall
and GMR sensors). A pico-Tesla (1078 Oe) resolution has been achieved for
micro-GMI sensors making use of ultralow intrinsic magnetic noise in Co-rich
amorphous wires with the pulse GMI effect. This type of sensor is useful especially
for biomagnetic measurements without any magnetic shielding at room tempera-
ture. Therefore, the GMI sensor is superior to a superconducting quantum inter-
ference device (SQUID)-based sensor, which is highly sensitive but requires
cryogenic liquids to operate. GMI sensors are also cost-effective, power-efficient,
reliable, quick response, and portable [2-7].

8.1.2 Passive, Wireless Magnetic Field Sensors

By combining GMI sensors and the surface acoustic wave (SAW) transponder
devices, Hauser et al. [8] designed a new wireless sensor for measuring magnetic
fields. Figure 8.2 illustrates the diagram of a passive, wireless magnetic field sensor.

Table 8.1 Magnetic induction sensor types, range, and typical sensitivity

Sensor type Magnetic induction typical range (Oe) Typical sensitivity (Oe)
Hall 1-10° 10

Magnetoresistance 1-10° 1

Magnetoimpedance 107%-1 1078

Flux gate 107°-1 107¢

SQUID 107°-107° 10710
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Fig. 8.2 Passive, wireless Antenna
magnetic field sensor Tuning

(reprinted with the permission
of IEEE [8])

GMI |

SAW

In this diagram, the GMI device is coupled with the second port of the SAW
transponder, and the circuit is adjusted to the resonance of the transducer’s
capacitance. Tuning the resonance for one octave in frequency by applying a
magnetic field to the GMI sensor can yield a sufficient effect for radio request
readout. The main advantage of this sensor is that it can be used for applications
where a magnetic field has to be measured without physical contact and where a
wired power supply is not feasible for the sensor.

Recently, Al Rowais et al. [9] developed a wireless magnetic field sensor con-
sisting of a three-layer thin-film GMI sensor and a SAW device on one substrate.
However, it is unclear whether a sensor using a thin-film GMI sensor is more
advantageous than one using a Co-based amorphous wire.

8.1.3 Current Sensors

Using a nearly zero magnetostrictive Co—Fe—Si—B amorphous wire, Valenzuela
et al. [10] have successfully produced a current sensor based on the GMI effect. In
this sensor, the dc current to be monitored flows through a solenoid, and the mag-
netic field produced by this solenoid on the wire leads to a controlled decrease of its
impedance response. Consequently, the axial magnetic field dependence of impe-
dance is used to measure the dc current accurately. The advantage of this sensor is its
reduced dimensions, since the sensing element is a wire. In another work, Rheem
etal. [11] developed a high-sensitivity current sensor based on the asymmetric GMI
(AGMI) effect and using a field-annealed Co-based amorphous ribbon. Figure 8.3
shows the AGMI effect of the ribbon and a current sensor set-up utilising the AGMI
effect of this ribbon. It has been shown that the sensor output voltage increases with
applied current up to 1A with a good linearity. Due to the asymmetric characteristic
of the GMI effect, this sensor can only measure dc currents. Obviously, the two GMI
current sensors [10, 11] are suitable for dc current measurements but not for ac
current measurements. This therefore warranted further development for a GMI
current sensor that can be used to measure both dc and ac currents.

A new design of the contactless current GMI sensor has been reported [12].
A double-core structure was used in order to improve the temperature stability. The
temperature coefficient of sensitivity and offset drift were reduced to one-half
compared to a single-core sensor. It was also suggested that the design of this
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Fig. 8.3 a Asymmetric GMI of a field-annealed Co-rich amorphous ribbon and b the current
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current sensor enhanced its stability as compared to that using the AGMI effect
[11]. This is because the asymmetry in GMI was achieved by surface crystallisation
as well as internal stress, which are often temperature-dependent and unstable in
time. Recently, a high dynamic range dc—ac current sensor utilising the GMI effect
has been developed [13]. The sensor exhibited good sensitivity (0.24 V/A) and very
good linearity, free from hysteresis, in a wide dynamic range of 40 A.

8.1.4 Stress Sensors

Based on the applied stress dependence of the GMI effect, Tejedor et al. [14] first
proposed the development of stress sensors using amorphous ribbons. This showed
that for a Co-based amorphous ribbon, the application of a tensile stress changes the
effective anisotropy and influences the GMI effect. The maximum stress sensitivity
of the effective anisotropy field (~214 MPa/Oe) is found at a given frequency of
1 MHz for the conventionally annealed ribbon. For the stress-annealed ribbon, the
sensitivity is 167 MPa/Oe, and the impedance variation as a function of the applied
stress is about 100 MPa/Q.

Recently, a magnetoelastic sensor based on the stress dependence of the GMI
effect in a Co—-Mn—Si-B amorphous microwire has been introduced by [15]. This
showed that the stress dependence of the GMI effect induced variation on the ac
voltage measured between the ends of the sample placed in the magnetic field under
applied tensile stress (Fig. 8.4). For instance, when the sample was under a load of
3 g, the change of the voltage across the microwire was found to be about 3.5 V
[15]. The high sensitivity of the GMI ratio in responding to quite small values of
mechanical load makes this stress-sensitive GMI effect promising for practical
applications. More recently, utilising Co—Fe—Si—B amorphous ribbons and a unique
magnetic field bias, Bowles et al. [16] developed a low-cost and high proportional
change stress sensor. This stress sensor, combined with a battery-free analogue tag,
allows the data to be transmitted inductively to a remote transceiver without a
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Fig. 8.4 Schematic representation of the magnetoelastic sensor based on stress dependence of GMI
effect (a), AZ/Z(H) dependencies of Co—-Mn-Si-B amorphous microwire measured at different
applied stresses (b), and calibration curves of sensor (c¢) (reprinted with the permission of
Elsevier [15])

hardwire connection. This showed that the stress-induced impedance sensor has
several advantages over conventional stress sensors. For instance, a semiconductor
strain gauge usually shows a change in resistance of only 15 % when strained to its
maximum recommended stress level, while the amorphous alloy sensor has been
demonstrated to show a large change in the inductance of 315 % when strained to
its maximum working level [16]. Furthermore, a lower cost and power analogue
electrical circuit is superior to the amorphous alloy sensor. Indeed, the discovery of
the giant stress impedance (SI) effect in several amorphous wires [17] has provided
the opportunity for developing these materials for novel stress-sensor applications.

8.1.5 RF and Energy Sensors

It has been shown that Co-rich amorphous microwires with vanishing magne-
tostriction exhibit both the GMI and the ferromagnetic resonance (FMR) effects
[17]. While GMI is a large change in the ac impedance of a ferromagnetic con-
ductor subject to an external magnetic field, FMR arises due to the precession of the
magnetic moments of a ferromagnetic material when subjected to an external
magnetic field, making the microwires attractive for electromagnetic energy
absorption applications. Vazquez et al. [18-20] have attributed these two effects to
the same origin in the microwires and established a correlation between them. As
the microwires show excellent microwave absorption properties [19], they have
recently been exploited for applications in metamaterials and structural health
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monitoring [21, 22]. Very recently, Phan and co-workers have developed a new
method of using a Co-rich glass-coated amorphous microwire as a microwave
absorber for the fabrication of a fibre Bragg grating-based microwave energy sensor
with improved sensitivity and less perturbation of the microwave field [23]. As
compared to a similar approach that uses gold to absorb electromagnetic radiation,
the microwire yields a device with greater sensitivity (~ 10 times at f = 3.25 GHz)
relative to the perturbation of the microwave field. The set-ups of the energy sensors
using two different probes and their sensitivities achieved over a wide frequency
range are displayed in Fig. 8.5.

To optimise the overall performance of the sensor, the relationship between the
magnetic properties, GMI, and microwave absorption effects in the microwires has
been thoroughly investigated by the same group [24]. The authors have demon-
strated that the larger GMI and microwave absorption effects achieved in the
microwires originate mainly from higher saturation magnetisation, given that the
coercivity, the effective anisotropy field, and the thickness of the glass-coating layer
are the same. This knowledge is essential in tailoring the magnetic and microwave
properties of microwires for RF and energy sensing applications. Since this type of
sensor is physically small and minimally perturbs the field being measured, it can
be deployed as a distributed sensor.

8.1.6 Temperature Sensors

Based on the temperature dependences of GMI and inductance of amorphous
microwires exhibiting low Curie temperatures, Zhukov and co-workers have pro-
posed different types of temperature sensors [25, 26]. The basic set-up and working
principle of a GMI-based temperature sensor are displayed in Fig. 8.6.



8.1 Types of Giant Magnetoimpedance-Based Sensors 105

————  Microwire with GMI 40 T>Tc
| below T,
S 20
| @ |
e : jD‘C Magnetic ji Canartarof E 0 = : : = z e
\' ——3| field fp Do S st g é%EODD -15000 0 15000 30000
[ e ® ‘ T<T |
| 40+ ¢ Il
20 /| \
L]
8 ———‘J e
il T -30000 -15000 0 15000 30000
St H{A/m)

Fig. 8.6 Left panel Basic set-up of a GMI-based temperature sensor. Right panel using the drastic
variation in GMI in the vicinity of the Curie temperature (reprinted with the permission of
Elsevier [25])

It can be seen in Fig. 8.6 (left panel) that the GMI-based temperature sensor
operates by utilising the drastic variation in GMI signal in the ferromagnetic (T < T¢)
and paramagnetic (T > T¢) regimes in the vicinity of the Curie temperature of the
microwire. A similar mechanism is applied to the case of inductance-based tem-
perature sensors. In both cases, it should be noted that the sensitivities and working
ranges of the sensors depend strongly on variations in the magnetisation at the Curie
temperature. These sensors may find useful applications in automatically switching
temperature-on/off systems. On the other hand, since the temperature of the
microwire varies sensitively with microwave field intensity [23, 24], it is possible to
design a new class of microwave field sensor for temperature sensing. Further
research is needed to fully exploit this possibility.

8.2 Applications of Giant Magnetoimpedance-Based
Sensors

Many industrial and engineering applications of GMI have been proposed to date,
including computer disk heads, rotary encoders, pin-hole detectors, displacement
and detection sensors, direction sensors for navigation (electronic compass), current
sensors, field sensors, stress sensors, biomedical sensors, environmental sensors, car
traffic monitoring, anti-theft systems, and so forth. Here, we briefly describe some
GMI-based sensing devices of practical importance.

8.2.1 Target Detection and Control of Industrial Processes

A magnetic field sensor based on the GMI effect (or a GMI sensor) in an amorphous
wire can be used to detect the presence or passage of moving objects, simply by
fixing a small permanent magnet on the vehicles/pieces [27], as displayed in Fig. 8.7.
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Fig. 8.7 Layout of the sensor and the moving vehicle, showing the sensor (S), the wire (w), the
moving vehicle (MO), the permanent magnet (PM), and the signal generator (SG) and detector
circuit (D) contacts, respectively (reprinted with the permission of AIP [27])

The detection is observed as a decrease in the ac voltage on the wire’s ends.
Such a device has been used to monitor and control many industrial processes, and
the advantages of using GMI sensors include simplification and low costs for
devices fabrication. Indeed, the monitoring and control systems employing GMI
sensors have been found to be much superior to those based on optical devices in
the case of industrial processes involving (non-magnetic) dusty atmospheres. From
this perspective, the passive and wireless magnetic field sensor is best suited for
remote control of industrial processes [2].

Recently, a new type of magnetic sensing device based on the GMI effect, the
so-called nano-GMI sensor, has been developed [28]. It has been used in anti-lock
brake systems (ABS) and the electric injector speed measuring for automotive and
truck industries (see Fig. 8.8).

Fig. 8.8 Picture of an
anti-lock brake system
(ABS) using nano-GMI
sensor (reprinted with the
permission of [28])
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8.2.2 Space Research and Aerospace Applications

The role of magnetic sensors is important in the field of space physics research. For
instance, accurate measurement of the ambient magnetic field vector and its ori-
entation in space can be achieved with the use of highly sensitive magnetic sensors
such as GMI sensors. The space magnetic instruments utilising the GMI sensors can
be used on board spacecraft to precisely measure magnetic fields in space. These
magnetic sensors can also be used to eliminate the sources of stray magnetic fields
generated by complex systems of mechanical, electrical, and electronic components
on board the spacecraft.

Magnetic sensors have played an important role in aerospace applications [29].
Figure 8.9 shows a road map for space applications of AMR and GMR technolo-
gies. As compared to the AMR and GMR sensors, the higher sensitivity of the GMI
sensor makes it more attractive for aerospace applications. For instance, in aerocraft
engines the precise determination of the gear-tooth position can be achieved with
the use of high-sensitivity magnetic sensors such as GMI sensors [30]. This
gear-tooth sensor detects the presence and absence of a gear tooth made of a ferrous
material. It detects a fixed level of magnetic field when no magnetic material is
present over it. When a tooth moves over the sensor, the ferrous material acts a flux
concentrator, thus leading to a change of the magnetic flux that can be detected by
the sensor. Consequently, the sensor can be used to control the speed of the gear as
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Fig. 8.9 Road map for space applications of AMR and GMR technologies (reprinted with the
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well as determining the gear-tooth position precisely. Furthermore, the development
of non-contact switching systems utilising magnetic sensors has been successful in
greatly improving the safety standards of flights. In this case, the GMI sensors can
be ideal because of their ultrahigh sensitivity.

8.2.3 Electronic Compasses

Electronic compasses using flux gate (FG) sensors are used for a wide variety of
engineering and electronic devices such as in cars, small boats, and for mobile
phones. However, the disadvantages of electronic compasses using FG sensors
include large size and high power consumption. Recently, the development of
electronic compasses using GMI sensors has proved very successful [2-7]; when
compared with the FG sensor, the GMI sensor is much reduced in its dimensions
and has low power consumption (see Fig. 8.10).

8.2.4 High-Density Information Storage

Today, magnetic sensors play an important role in magnetic storage disks and tape
drives [31]. In particular, the reading module comprises a special GMR or GMI sensor
that is a multilayer structure consisting of magnetic and non-magnetic layers. The
writing module operation induces local magnetic moments in bit areas of the hard disk
magnetic layer. Bits with remanent magnetisation cause measurable change in the
resistance of the GMR or GMI sensor of the reading module, which enables one to
distinguish between two levels of digital signal. It should be emphasised that because
the sensitivity of the GMI sensor is much higher than that of the GMR sensor, the GMI
sensors will be the future option for magnetic storage disks and tape drives. Indeed,

Fig. 8.10 Comparison of flux FG senor
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GMI chips with extremely high reproducibility have been successfully manufactured
and used in electronic circuits of computer and mobile devices [2—-7].

8.2.5 Traffic Control

Accidents and jams present serious problems in our transportation; this is partially
due to the lack of automatic controlling and monitoring systems. Many systems
such as ultrasonic sensors and video cameras have been used for monitoring traffic
conditions. Uchiyawa et al. [32] proposed and developed a new car-sensing system
using an amorphous wire GMI sensor built into a disk set on the road. A systematic
illustration of this device is presented in Fig. 8.11. When a car passes over the disk,
the GMI sensor detects stray fields from the car body. The speed and length of a car
can be estimated by processing the signals from two GMI sensors. Using a
microcomputer, the disk system can record the length, velocity, and time for 2000
cars. The advantages of this sensing technique are that it can be easily installed, it is
insensitive to weather conditions, it does not obstruct the stress surface, and it is
very reliable. The new sensing system is useful for automatic traffic measurements.

8.2.6 Magnetic Tracking Systems

Using GMI sensors and magnet markers, magnetic guidance systems have been
designed and developed for use in the automated highway system (AHS). One
example is a car that can drive itself automatically using this magnetic guidance
system, as shown in Fig. 8.12 [2]. Research on the automatic control of a car has
been carried out mainly in Japan. In this research, the magnetic markers are fixed
into the road, and the GMI sensors are placed on the car to sense the position of
these markers. By travelling from marker to marker, the car can automatically drive
without the help of a driver (see Fig. 8.12). In similar principles, these magnetic

Fig. 8.11 Car-sensing system m
using two MI sensors and a

microcomputer built into the a m % —
disk set on the road (reprinted ( @
with the permission of IEEE <

[32]) 20 em

Sensor 1 Sensor 2

microcomputer
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Fig. 8.12 Automated highway system (AHS) experiment with a MI sensor: this car drives
automatically without a driver (reprinted with the permission of Elsevier [2])

guidance systems can be used in many industrial processes involving the automatic
control of transporting products.

8.2.7 Magnetic Rotary Encoders

Switch-type GMI sensors can be used in magnetic encoders because of their
ultrahigh sensitivity. These sensors are superior for producing a simplified and less
expensive product with increased management control over conventional magnetic
sensors [29]. Recently, He and co-workers have developed a sensitive magnetic
sensor using a Fe—Co—Si—B amorphous wire and a coil wrapped around it [33]. To
show the sensitivity and the spatial resolution, the magnetic field of a Japanese 1000
yen bill was scanned using this newly developed sensor Fig. 8.13.

Scanning area

¥ position (mm)

PR AL EEXR -]

Scanning result

Fig. 8.13 Scanning result of Japanese 1000 yen bill using the GMI field sensor (reprinted with the
permission of MDPI [33])
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Fig. 8.14 Left panel a circuit diagram of the amorphous wire as GMI sensor and a crack. Right
panel GMI sensor output as a function of the position of the Co—Fe—-Si—B amorphous wire sensor
at a driving current frequency of 1 MHz (reprinted with the permission of AIP [34])

Figure 8.14 shows a circuit diagram of the amorphous wire GMI sensor used for
crack detection (the left panel). It can be seen from the right panel of Fig. 8.14 that
there is a large decrease in the output voltage of the GMI sensor circuit when the
sensor is moved across the crack [34]. This indicates that the GMI sensor can be
used for non-destructive crack detection.

8.2.8 Non-destructive Crack Detection

Magnetic methods of non-destructive evaluation have been widely used either to
monitor the material state and properties or to find defects. For instance, the eddy
current method and the residual magnetic field technique are often used to prevent
catastrophic breakage of mechanical parts in machines. In this context, the GMI
sensor can be used either to detect magnetic fields created by current passing
through conductors or to detect localised magnetic fields [34, 35]. The lack of
continuity resulting from a crack produces disturbance in the magnetic field in the
material, and the magnitude of the disturbance is determined by the size and shape
of the crack. In particular, the GMI property of the amorphous wire can be used to
capture cracked regions in the materials.

8.2.9 Biological Detection

In biomedical applications, magnetic methods have proved useful for disease treat-
ments and improving human health. For instance, magnetic trackers are used to
determine the position of medical tools inside the body (e.g. endoscope, colonoscope,
and biopsy needle) and to observe biomechanical motions. Magnetopneumography
is a magnetic method that can detect ferromagnetic dust deposited in human lungs by
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using its magnetic moment after dc magnetisation. In fact, the sources of magnetic
induction in biological systems (e.g. body, human brain, and animals) are detected to
be very small; the magnetic field range is 10™'°~107> Oe. In order to detect such small
magnetic fields, the requirement for a detection device lies in its high sensitivity.
A miniature GMI magnetic sensor should be the option, because it can detect
magnetic fields as small as 10”° Oe.

A new type of magnetic sensing device utilising the miniature GMI sensor has
been designed successfully for biological detection, such as fast identification and
diminution of the direction threshold of pathogens or other targeted biomolecules
(e.g. DNA, RNA, antibodies, and metabolites). This magnetic method has proved to
be superior to the classical methods (electrical, electrochemical, and optical). That
is, while the main disadvantages of the classical methods are high cost,
time-consuming, and high detection threshold, the magnetic method provides
several advantages such as rapid results, multianalyte detection, low cost, and
reduced waste handling. The produced new magnetic sensing device (e.g.
GMI-based biomagnetic sensor) comprises a magnetic wire or ribbon as a GMI
sensing element [36—42]. A typical example is illustrated in Fig. 8.15 [37]. The
principle of the GMI-based biosensor is briefly described as follows. The labelled
target biomolecules are intercepted on the sensing element surface by fixed specific
natural or artificial bioreceptors such as aaDNA, antibodies, proteins, and enzymes.
Thereafter, the functionalised magnetic microparticles (e.g. streptavidin magnetic
beads) are introduced to mark the structures formed on the sensing element surface.
The magnetic microparticles with high affinity for target biomolecules (e.g.
biotinylated biomolecules) are designed to be attached to each magnet biomolecule.
Subsequently, upon the application of an external magnetic field, the magnetic
microparticles bound to the sensing element’s active surface will develop a dipole
field that will be detected by the GMI sensor. Accordingly, the sensor impedance
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Fig. 8.15 The principle of a GMI-based magnetic biosensor using the ssDNA hybridisation
phenomenon (reprinted with the permission of Elsevier [37])
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will be modified proportionally to the magnetic microparticle concentration.
Consequently, the target biomolecules will be detected and quantitatively evaluated.

Recently, the research group led by Phan has successfully integrated the
radio-frequency magnetoimpedance technology with superparamagnetic nanopar-
ticles to develop a novel biosensing platform for quick, reliable, and sensitive
detection of cancer cells and biomolecules [38—40]. Instead of developing a
biosensor based on the conventional MI effect, which has limited sensitivity, the
authors have demonstrated that by exploiting the MR and MX effects it is possible
to improve the sensitivity of the biosensor by up to 50 and 100 %, respectively [38].
The MX-based approach shows the most sensitive detection of superparamagnetic
nanoparticles at low concentrations, demonstrating a sensitivity level comparable to
that of a SQUID-based biosensor. It is cryogen-free and operates at room tem-
perature, providing a promising avenue to the development of low-cost highly
sensitive biosensors. The biosensor has been successfully employed to detect and
quantify various bioanalytes, such as Curcumin-type anticancer drugs, bovine
serum albumen (BSA) proteins, and Lewis lung carcinoma (LLC) cancer cells that
have taken up surface-functionalised iron oxide nanoparticles [39, 40]. Since the
iron oxide nanoparticles are widely used as magnetic resonance imaging
(MRI) contrast agents, the newly developed biosensing technique can also be used
as a new, low-cost, fast, and easy predetection method before MRIL.

Using the ultrasensitive wire-based GMI field sensors, the research group led by
Mori has developed many novel biosensing devices for the detection of magnetic
activity that enables non-contact and non-invasive evaluation of electrical activity
in humans [41-44]. The biomagnetic field in the living cell tissue has been suc-
cessfully detected using pT-MI sensor. Figure 8.16a illustrates the experimental
set-up for detection of biomagnetic fields in a living tissue. The stomach muscu-
lature of a guinea pig was used, which produces pace-making electric activity with a
rather regular cycle even after isolation. The results of simultaneously detected time
series of the electric and magnetic oscillatory signals are displayed in Fig. 8.16b.
These studies have demonstrated the high capacity of using the pT-MI sensors to
detect cardiac magnetic activity in several healthy subjects, and suggest future
applications of this biosensing technology in biomedicine.

(a) Smooth muscle preparation (b) 3 E, ) /ﬁ‘
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Fig. 8.16 a Experimental set-up for measuring the active magnetic field in smooth muscle
preparations, which are dipped in a circulating wormed physiological saline solution. b Measured
results of simultaneously detected time series of the electric and magnetic oscillatory signals for a
guinea pig stomach preparation (reprinted with the permission of IEEE [3])
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8.2.10 Magnetic Anomaly Detection and Geomagnetic
Measurements

Our living system is governed in nature by the Earth’s magnetic field, the magni-
tude of which may vary from 10'° Oe to 10~* Oe when going from inside the Earth
to the Earth’s surface. Nevertheless, the magnitude of the Earth’s surface magnetic
field varies between 10~* and 1 Oe depending upon its geometry. The detection and
orientation of the Earth’s magnetic field have found wide applications in petroleum
and minerals exploration or shielding used for degaussing of high-performance
monitors [29]. However, because the Earth’s magnetic field is very small, detecting
it is a difficult task, and this requires a highly sensitive magnetic sensor. This
requirement can be fulfilled by using a GMI sensor. A GMI-based sensing element
(e.g. wire or microwire) as small as 1 mm used in the constructed GMI sensor can
be used to detect magnetic anomalies and localised weak magnetic fields. Many
devices utilising the GMI sensors have been used in anti-theft systems and in
magnetic marking and labelling technology. The GMI sensor can be used to
eliminate the error of measurements due to the effect of the Earth’s magnetic field. It
can also be used for the detection of stray magnetic fields created by engines and
machines during their operating processes.

8.2.11 Stress-Sensing Applications

Altering the GMI response with mechanical stress paves the way towards the
development of strain sensors. For example, engineers and manufacturers have
been faced with the problem of the accurate measurement of torque. The new
finding of the giant impedance-stress effect in amorphous wires or ribbons offers a
new opportunity to develop strain sensors that can be used for accurate measure-
ments of torque [17].

Stress-induced impedance sensors utilising amorphous alloys have proved useful
for wireless, battery-free applications. A demonstration unit has recently been
developed for vehicle tyre pressure monitoring (see Fig. 8.17). A quick response
acceleration sensor has been constructed using the SI element of amorphous wires
combined with a CMOS IC multivibrator [3]. This sensor has a very high sensitivity
so its application to the sensing of road bridge seismovibration due to passing cars
has been realised.

8.2.12 Other Applications

Many other applications of GMI can be found in [2-7, 26]. In these cases, such
magnetic sensing devices utilising GMI-based sensors can be used to measure
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Fig. 8.17 Tyre pressure
monitoring system
incorporating an amorphous
alloy wireless, battery-free
sensor (reprinted with the
permission of Elsevier [17])

variables, instead of measuring magnetic field or current. However, some of these
devices usually use principles similar to those of magnetic field sensors [26]. Aside
from this, it is emphasised that GMI has been successfully used as a research tool to
investigate intrinsic and extrinsic magnetic properties of novel artificially grown
soft magnetic materials [17, 45].
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Chapter 9
Multifunctional Microwire Composites:
Concept, Design and Fabrication

With microwires fully discussed in the previous chapters, we now divert our
attention to innovative microwire-based materials, i.e. advanced microwire multi-
functional composites, which have attracted much attention [1] due to the multitude
of their properties and the associated broad range of engineering applications, from
structural health monitoring to electromagnetic interference shielding. From this
chapter on, we will focus on the design, fabrication, and characterisation of
microwire composites. In order to provide the readers with a comprehensive picture
of this novel kind of composite, both the art of application-oriented design of
versatile microwire composites and the fundamental physics will be fully discussed.

9.1 Concept of Multifunctional Composites

First of all, we need to understand the basic concept of multifunctional composites.
A multifunctional composite conventionally refers to a composite material that,
beyond the primary structural function, possesses other functionalities as well,
achieved by constituent components in an optimised structure [2, 3]. Gibson [4]
divided multifunctional composites into three types: (i) multiple structural functions,
(i1) non-structural functions plus structural functions, and (iii) both. This is a clas-
sification of multifunctionalities in a broad sense. In view of the recent development
and the trend of multifunctional composites, our discussion has been limited to type
(i1), which we deem to be a judicious and strict definition. Therefore, two points are
underscored in this definition: (i) the composite must have multiple functions, and
(ii) they are enabled by the constitutive materials. Such logic may lead one to a picture
of a complicated composite structure consisting of any specific materials according to
the recipe of intended functionalities, without regard to the compatibility of these
materials. However, the architecture design of the composite will be a huge issue to
tackle. It will also be difficult to predict the properties of the resultant composite from
those of the constitutive materials insofar as the physical and chemical interactions
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between them are concerned. The brilliant idea of multifunctionalities is then tar-
nished by the high cost of manufacturing and maintenance. It appears that the making
of this kind of composites remains far from ideal, as demonstrated by a wide spectrum
of so-called multifunctional composites in the literature, inasmuch as they merely
show a plus functionality at the expense, typically, of the mechanical performance.
Strictly speaking, they are closer to multifunctional structures or systems rather than
materials. To address these issues, the following should be realised: (i) an omnipotent
functional filler is essential, in that it will ensure the achievement of multifunction-
alities and a relatively simple composite architecture. This does not necessarily mean
that all the functionalities must be exceptional. But the versatility thus obtained
warrants no increase of cost, weight, and complexity [5]; (ii) a homogeneous material
is a great priority for structural integrity and implementation, which can be approa-
ched in two ways: chemical intimacy between the fillers and matrix and extremely
low loading of fillers that permits physical perturbations only. It is therefore rea-
sonable to consider these standards as implicit behind the term of multifunctionalities,
based on which the concept of truly multifunctional composites is initiated. To
approach this concept, a couple of aspects are of major concern: (i) the functional
fillers as described above and (ii) the topological arrangements of these fillers. To sum
up, in realising the multifunctionalities, the filler answers the question of yes or no and
the filler topology answers the question of how good it can be.

In line with this philosophy of multifunctional composites, microwires are cer-
tainly an ideal filler to be pursued in realising such composite materials in light of
their following merits: (i) they are fine fillers with excellent mechanical properties.
A typical glass-coated microwire fabricated by the Taylor-wire technique has a
diameter of 1-30 pm, which can well match the size of reinforcing fibres such as
carbon fibre and glass fibre. As such, they can retain, if not improve, the mechanical
properties of structural matrix. (ii) They have superior GMI and GSI effects, ren-
dering them useful inclusions into polymer matrices to realise microwave
field-tunable composites and self-sensing smart composites. (iii) They have out-
standing soft magnetic properties and good conductive properties, suggesting that
they can be easily excited by the electromagnetic waves to realise many useful
microwave behaviours such as absorption and negative refractive index. (iv) They
are inexpensive and have strong market potential in the energy and aerospace
engineering sectors, which have an increasing demand for multifunctional com-
posites. In this context, multifunctional microwire composites have been developed
to meet both the trend and the need.

9.2 Design and Preparation of Microwire Composites

9.2.1 General Design Strategy

As the microwire composites are expected to be applied in many different areas, their
design should follow different criteria set by the application specifications.
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The design of microwire composites mainly involves the following tasks: (1) Choice
of matrix. This is relatively easy in the microwire composite case, as it is not required
to have any special functional properties. But special polymers such as conjugated
polymers can be a plus for some applications such as shielding; (2) Choice of wires.
It has taken us seven chapters to discuss the close relationship between the wires’
properties and numerous influencing factors such as geometry, composition, and
post-processing conditions. When it comes to embedding microwires into polymer,
these factors should also be considered, as the composite behaviour is very much
dependent on the properties of the microwires embedded; and (3) Mesostructure,
i.e. the topological arrangement of fillers. For this kind of two-phase heterogeneous
composites, the mesostructure is believed to be the most crucial factor that dominates
the composite behaviour [6]. In the case of microwire composites, the mesostructure
is parametrised by the interwire spacing or concentration.

This subject will be treated from two categories of composites: continuous-wire
composites and short-wire composites. Short-wire composites can also be subdi-
vided into two categories according to whether the wires are randomly dispersed or
periodically arranged. The design of microwire composites appears to be a com-
plicated task, inasmuch as all the aforementioned relevant parameters may need to
be varied to meet different application requirements. Without a full knowledge of
these multiple functionalities, especially in terms of their relations with the com-
posite structure, it is not possible to fulfil this task. Therefore, we attempt here just
to outline the general principles, although more details are given in the later sections
when individual cases are examined.

Generally speaking, to meet the basic structural requirement, a proper matrix
should be adopted with either large strength or ductility. The wires should have a
fine size and good mechanical properties. When it comes to the mesostructure, the
long continuous wires should be aligned regularly and short wires are preferably
homogeneously dispersed in the matrix, and a good interfacial bonding is always
desirable. On the other hand, to realise various functionalities, some particular
design of mesostructure is essential. Specifically, to realise a negative refractive
index, a periodical arrangement of long continuous wires with proper interwire
spacing is required. To obtain large magnetic field tunability, proper wire diameter
and interwire spacing are needed to obtain the large relaxation parameters associ-
ated with the skin effect in a continuous-wire composite [7], while in the case of
short-wire composites, the length and concentration of the microwires have to be
fully considered [8]. For absorption purposes at a certain frequency, the relative
permittivity and permeability play key roles, so the wire diameter, microstructure,
and domain structure need to be carefully devised [9]. It is worth mentioning that,
as there are conflicts arising from the requirement for different functionalities, it
may be necessary to prioritise the need for target functionality but compromise on
other, conflicting, functionalities. For example, at the same frequency, the
absorption and metacomposite behaviours demand opposite characteristics of
scattering spectra; this will be discussed in later sections.

Loosely defined, a microwire composite can be any form of material consisting
of wires and a matrix material, although in engineering parlance, microwire
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composites conforming to the above definition may not be able to serve general
structural purposes and hence cannot be categorised as composite materials. In this
book, the scope will be extended to any form of microwire composite, with a
particular note of its application range. The emphasis is placed on the microwire
composites that meet the quest for both functional and structural use.

9.2.2 Microwires—Epoxy

Epoxy is believed to be the most extensively used matrix material for all kinds of
composites and coatings for engineering applications. Zhang et al. [10] prepared a
microwire composite coating on the surface of aluminium plate using polyamine
dissolved by alcohol. The resultant composite and microwires arrangement are
shown in Fig. 9.1. Liu et al. [11] also used epoxy to cast the toroidal samples for
microwave characterisation. Starostenko and Rozanov [12] fabricated a composite
mat by coprecipitation of glass fibre and wire pieces in a dilute solution of poly-
styrene. It should be noted that the wire pieces used in these works are in the range of
5-10 mm. If the wires are too long, it will be challenging to realise a good dispersion
of wire pieces and receive the 2D plane-isotropic composite. If the wires are too
short, the demagnetising effect will be too strong and ruin the overall electromag-
netic properties of the microwire composite. The type of composite thus made is
suitable for microwave absorption or shielding as a functional coating layer.

9.2.3 Microwires—Elastomers

Compared to epoxy, elastomers usually have much smaller Young’s modulus
(2 MPa) and hence will strain appropriately when subject to even a relatively small

Fig. 9.1 Morphology of polymer composite plate sample (a) and arrangement of the short-cut
microwires in it (b). Reprinted with permission from [10], copyright 2010 Elsevier
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Fig. 9.2 Schematic of the preparation of continuous-wire composites based on silicone rubber for
freespace measurements; the final dimensions of the resultant composite are 520 x 500 x 1.5 mm

force. Thus, rubber-based composites can then be exploited as high-performance
stress self-sensing composites.

Qin et al. [13, 14] used two pieces of transparent silicone rubber sheets to

prepare planar composites with periodically arranged continuous wires. The pro-
cedure schematically shown in Fig. 9.2 is as follows:
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500-mm-long microwires were laid out in a periodical manner with a fixed
wire spacing on the white sheet.

Around 80 g of thoroughly stirred and vacuumed liquid silicone rubber/hardener
mixture was uniformly cast on the surface as the adhesion layer, which was
followed by covering the transparent layer right on top. An aluminium plate and
heavy weights were then placed on top of the preform to assist the curing process
in the ambient air.

After 24 h, when the resin was cured, four surface-roughed glass fibre tabs of
10 mm x 500 mm with two drilled holes of diameter 6.35 mm were attached
on both sides normal to the longitudinal direction of the sheet. The holes were
designed for load bearing.

The sample was then sent to an oven to cure the resin used for gluing the tabs
at 70 °C for 1 h. As a final step, the holes in the tabs were further pierced
through the sample, and strings were passed through the holes for fastening the
weights for the study of the stress-tunable effect.
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Fig. 9.3 Schematic structure of toroidal composites: a isotropic samples; b anisotropic sample.
Reprinted with permission from [16], copyright 2007 Nonferrous Metals Society of China

For the case of short-wire composites, Marin et al. [15] dispersed 40 g of 1 mm
Fe-rich microwires into silicon resin to receive a composite sheet for microwave
absorption application. Di et al. [16] and Zhang et al. [10] used rubber dissolved by
acetone to prepare composite of a toroidal ring shape, such that it could fit the
specific sample holder used for the measurement by a vector network analyser. The
wire arrangement can be made either regular or random, as shown in Fig. 9.3,
which determines whether the composite is isotropic or anisotropic. Yet this kind of
composite (inner diameter of 3 mm, outer diameter of 7 mm, height of 3.5 mm) is
very small and has limited application.

9.2.4 Microwire E-glass Prepregs

E-glass prepregs have been widely used in industry and are themselves excellent
structural composites. Naturally, using these as a matrix to make microwire com-
posite secures the structural function even with a very small amount of microwires.
Reference [17] detailed the preparation of short-wire composites and
continuous-wire composites with E-glass prepregs as matrices. For example, the
preparation work of the short-wire composite was done in the following steps:

(1) 5-cm wire pieces were laid out at the zero degree along the glass fibre direction
between the two layers of prepregs with in-plane size of 50 cm x 50 cm (the
size may vary to fit different measurements). The wire spacing was controlled
at fixed values of the order of centimetres (comparable to the wavelength at
gigahertz range) in perpendicular and parallel directions as shown in Fig. 9.4
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Fig. 9.4 Schematic of the continuous-wire composite, where b is the interwire spacing (left-panel)
and short-wire composites (right panel), in which a denotes the wire radius and / denotes the wire
length

(right panel). Note that the wire length and spacing are selected within the
resolution range of the microwave measurements at gigahertz.

(2) Another two layers were laid up on the top and bottom of the wire-embedded
layers in the same direction, giving a lay-up of four prepreg layers containing
short wires.

(3) After bagging the composite on an aluminium plate with air sucked out to the
required vacuum of 94.6-104.7 kPa, the material was cured in an autoclave.
The curing conditions are as follows: the temperature was raised at a rate of
2 °C/min to 127 °C and kept for 80 min before cooling down naturally to room
temperature. At a rate of 69 kPa/min, the pressure was increased to 206.7 kPa
(30 psi) and kept at this level for 30 s and then 690 kPa for 600 min before
decreasing at a rate of 20.7 kPa/min.

With the same procedure, one can also prepare the continuous-wire composite
and fishnet-structured composites. These will be especially useful for realising
metacomposites characteristics. In comparison with the short-wire composites, they
are much easier to fabricate and hence have a better application perspective.

A typical in-plane view of prepreg-based wire composite is shown in Fig. 9.5a.
On the exterior surface, one can see several ridges of different colours from other
regions (indicated by arrows), which is attributed to a non-uniform distribution of
the resin and glass fibre in the prepregs, as revealed in the scanning electron
microscope image of the cross section (Fig. 9.5b). It is the microwire, which is
slightly larger than the glass fibres in diameter, that results in the non-uniform
distribution of the resin in the region close to it. However, this influence of the
microwires is limited to the near-wire region only and is comparable to the inherent
defects in the prepregs.

Besides, since the wire composite is intended to contain a very small number of
wires that are separated by spacings of a few millimetres to a few centimetres,
which is 3—4 orders of magnitude higher than the diameter of the microwires, the
disruption of microwires to the composite integrity is minimal.
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9.5 a In-plane view optical micrograph of composite surface and b a cross-sectional SEM

image of the composite where the single metal wire with both glass coating and glass fibres in the
composite is shown. Reprinted with permission from [18], copyright 2010 Elsevier
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Chapter 10
Basic Magnetic and Mechanical Properties
of Microwire Composites

10.1 Magnetic Properties of Composites

Due to the inclusion of magnetic fillers, the polymer composite becomes magnetic,
i.e. responsive to the external static or dynamic magnetic field. Although most
studies are devoted to the dynamic response of these kinds of heterogeneous
composite media [1], i.e. complex permeability, it is worth exploring the static
magnetic properties of microwire composites for two reasons: (i) the composite
with wire arrays could be of some application interest in the magnetic sensing field,
as quite a few studies are devoted to the microwire arrays [2—7]. (ii) ac permeability
is associated with the static magnetic properties such as saturation magnetisation
and the anisotropy field, according to the modified model based on Snoek’s law
proposed by Acher et al. [8, 9].

F
/u”(f)fdfé gr(%nMs)z, (10.1)
0

where 1 is the imaginary part of complex permeability, fis the frequency, T denotes
the volume fraction of magnetic fillers, y is the gyromagnetic factor with a value of
2.8 MHz/Oe, and Mj is the saturation magnetisation. In this connection, this section
addresses some of the static magnetic properties of microwire composites.

Phan et al. [10] prepared E-glass prepreg-based composites with bundles of
microwires and measured their magnetic properties in comparison with those of the
single wires. Figure 10.1 shows the M—H curves of the single microwire and
composite. It is interesting to note that, for both longitudinal and transverse mea-
surements, the coercivity of the as-prepared composite is much smaller than that of
the single microwire. This indicates better soft magnetic properties for the micro-
wire composite than single wires. It is also shown that the effective anisotropy field
for the bundles of microwire is strongly increased as compared to the single wire
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[11]. Such changes of magnetostatic and magnetoelastic characteristics are due to
the long-range dipolar interactions [7, 12] between neighbouring wires, as well as
the interfacial stress between microwires and the matrix. The dipolar interactions
have a strong impact on the magnetic properties in a similar way to classical spins
interacting throughout the long-range interactions, resulting in the changes in the
hysteresis loop. Equally, interfacial stress of the order of hundreds of MPa [13, 14],
resulting from the different coefficients of thermal expansion between the microwire
and polymer matrix, will have a significant effect on the magnetoelastic features of
the wires according to Kye = 3/2A(0; + 0app), Where Ky, is the magnetoelastic
energy component, / is the magnetostriction constant, and o; and o,p, are the
internal stress and applied stress on the wire, respectively [15, 16]. In the case of
Fe-based wire of a length greater than the critical length, due to the dipolar inter-
actions, the coercivity and anisotropy field should increase with the number of
wires. On the other hand, the coercivity is decreased with increasing stress, and
anisotropy presents an opposite trend [13, 15, 17]. The combination of these two
mechanisms results in the observed contrast between the microwire composites and
monolithic wire. The presented magnetic properties indicate that the microwire
composites are promising for magnetic sensing applications [18].

Due to the involvement of the polymer, magnetic filler, and multi-interfaces,
temperature plays an important role in regulating the magnetic behaviour of com-
posites. The glass transition temperature (tg) of the composite samples is evaluated
to gain a better understanding of their magnetic properties (see Fig. 10.2). Phan
et al. found that, by annealing in the vicinity of the glass transition temperature,
there exists a critical temperature of 177 °C. Before the temperature reaches this, the
coercivity decreases, while afterwards the opposite trend is shown. This is contrary
to the conventional case that the coercivity should decrease with the stress relax-
ation due to the thermal annealing below the crystallisation temperature [19].
Clearly, such a complex annealing temperature dependence of coercivity involves
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multiple mechanisms at different interfaces, viz. the structural relaxation in the wire
and the stress relief in the polymer—wire interface. The competitive and interde-
pendent relationship between these two mechanisms varies sensitively with the
temperature. At low temperatures relative to the glass transition temperature, the
second mechanism prevails and can result in a rearrangement of microwires, i.e.
regulation of the composite mesostructure. Thus, the coercivity could be increased
due to the enhanced interaction between the wires [20]. Subsequently, a decrease of
coercivity should result from the stress relief contributed by both glass transition
and wire structural relaxation. The gradual decrease of remanent magnetisation can
be accounted for by the reduction in the volume of the axially magnetised area as an
effect of stress relief due to the positive magnetostriction constant [15, 17].

10.2 Giant Magnetoimpedance Effect

As with wires, their composite also presents a significant GMI effect. It has been
shown by Phan et al. [10] that, at a given frequency of 10 MHz, the GMI ratio and
its field sensitivity reached the highest values of 450 and 45 %/Oe for those
composites containing four wires, while the composite containing only one wire
gave 14 and 1 %/Oe, respectively (see Fig. 10.3). The wire addition effect on the
GMI is believed to be attributed to the reduction in resistivity as one of the causes.
Another cause is the combination of the high circumferential permeability of the
microwire, and a multiwire parallel configuration is likely to cause a magnetic flux
closure and hence resulted in an extremely high effective permeability [20, 21]. It is
worth noting both GMI and anisotropy field are enhanced, which is highly desirable
for realising high-performance sensing entailing large sensitivity and broad working
range. In addition, compared to single wire, the existence of polymer matrix could
accommodate a versatile and judiciously designed multiwire system, which
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provides more possibility to extend its applications. However, the GMI presented in
Ref. [10] is very weak, with the suitable optimisation of single wires via advanced
annealing techniques such as stress—Joule annealing [22] and recently reported
multiangle annealing techniques [23], and the GMI of wire composite could be
further improved.

Qin et al. [25] also demonstrated the pronounced improvement of the maximum
MI ratio with the increasing number of wire inclusions, attributed to the effective
response of all the wires. The microwire composite is shown to yield a larger GMI
at higher frequencies but with a minor increase of energy loss, which is desirable for
sensing applications. The multiwires in the parallel manner constitute an increase of
the total cross-sectional area of the wires, resulting in a stronger skin effect when
considering the ratio of radius and penetration depth. Consequently, the GMI effect
is improved. In addition, if the wire is simply dealt with as a single-domain sub-
stance, the interactions between wires in the multiwire composites induce a mag-
netic closure to make the whole structure more stable, although the total internal
energy is increased [12]. These results differ significantly from those reported by
Garcia [26], who demonstrated a multiwire system exhibiting a reduced GMI effect
with the number of wires, which is explained by the authors as an effect of shielding
between wires. This difference should be ascribed to the functions of the matrix and
the curing process for our composite media. The wire sample underwent annealing
in the curing stage, and the domain structure was significantly modified. It is
suggested that the confinement of the matrix also helps maintain the modified
configuration, giving rise to the peculiarity of the GMI behaviour. Of note is that
the involvement of a polymer matrix opens up new routes to modulate the GMI
performance, although limited study has been hitherto reported. A particularly
important aspect is interface. The homogeneities of the interface would be critical
to the GMI characteristics, so it is necessary to study the detailed interfacial
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conditions. Surface treatment using chemical agents such as silane or nanotubes
[27] could also be considered to enhance both the interfacial bonding and GMI
properties. Another aspect of practical interest [28, 29] is to develop superior
bonding technology to accommodate multiple wires so that a highly stable GMI
signal output can be ensured.

It is well established that the GMI effect of microwires associated with the
magnetic properties is strongly influenced by the length of the wires [3, 30-33]. The
argument holds true for the microwire composite system. It has been revealed that
the GMI ratio increased from 15.5 to 268 % as the microwire length decreased from
4 to 1 mm [10]. This is attributed to the decrease of the electric resistivity in the
multiwire system compared to the single wire, in spite of the increase of the
demagnetising effect [3] for single wire. Based on the outstanding magnetic
properties of microwire composites, they show a promising application perspective.
Indeed, the polymer matrix provides a “platform” to assemble the microwires and
exhibit the properties that are significantly different from the single wire, which is
the motivation for developing these composites [34].

10.3 Giant Stress Impedance Effect

As mentioned above, stresses can play an important role in investigating the GMI
materials, and these can be treated in two respects. One concerns the stress influ-
ence on the GMI behaviour, and a number of works have been published on this
topic for various materials including ribbons [35-37] and microwires [38—40].
Second is the so-called giant stress impedance (GSI) effect, which refers to a
stress-induced variation of impedance in magnetic materials. This effect in the
intermediate frequencies has been evaluated on amorphous wires and ribbons. Shen
[41] reported that the GSI effect of a CoSiB microwire reached about —35 % for
stress o = 140 MPa, which is 5-6 times more sensitive than a conventional semi-
conductor stress sensor. One kind of Fe-based ribbon was also found to possess an
SI ratio of 20 % for o = 84.8 MPa with the stress perpendicular to the geomagnetic
field [42]. In this regard, the wire-based composite is expected to be a good can-
didate for studying the GSI effect over a wider stress range, since it can be treated as
a multilayer medium consisting of a metallic core, a glass coat, and a composite
matrix. Such a hierarchical structure would enable a sensitive response to the
applied stress for the composite media, where the coupling of internal and external
stresses is likely to be able to manipulate the GMI and GSI behaviour. Both aspects
of the GSI effect of microwire composites were investigated by Qin et al. [13].
Figure 10.4 illustrates the magnetic field dependence of the GMI ratio taken at
f =1 MHz under various applied tensile stresses for the single-wire composite of
four layers obtained by the method described in Sect. 9.2.2. Here, the tensile stress
was applied along the microwire axis. It can be seen from the figure that the
maximum GMI ratio decreased as the applied stress was increased. While the GMI
ratio decreased gradually with the applied magnetic field (Hy.) for the unstressed
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Fig. 10.4 GMI profiles of
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permission from [13],
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composite, the case is different for the stressed composites. With increasing Hy,, the
GMI ratio first increased, then reached a maximum, and finally decreased for the
stressed composites. The magnetic field at which the GMI ratio reached its maxi-
mum can be considered as the circular anisotropy field (H) induced by the applied

tensile stress.

Figure 10.5a illustrates the tensile stress dependence of the maximum GMI ratio
and the anisotropy field. Clearly, the GMI ratio decreased slightly from 255 % for
o =0to 253 % for o = 150 MPa and drastically reduced to 151 % for o = 600 MPa
by more than 100 %. An opposite trend was observed for the o dependence of H;.
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A subtle increase of H; by 8A/m for ¢ = 150 MPa was followed by a further
increase of 112 A/m for ¢ = 600 MPa. The ¢ dependence of longitudinal coercivity
(H.) was also measured, and the result is shown in Fig. 10.5b. The drop of H. was
observed at ¢ = 600 MPa. For the case of the unstressed composite, the gradual
decrease of the GMI ratio with Hy, is likely to be caused by decreasing circular
permeability due to the rotation of magnetic moments. However, an opposite effect
observed for the stressed composites arises from the fact that the application of
tensile stress to the microwire with a negative magnetostriction strengthened the
circular magnetoelastic anisotropy field, giving rise to the occurrence of a maxi-
mum in GMI that shifted towards higher H,. as ¢ was increased. The occurrence of
such a maximum in GMI for the stressed composites can be attributed to the
competition in the rotational magnetisation processes between Hy. and H;. The
decrease of the GMI ratio with ¢ at Hy. = 0 is attributed to a reduction in the circular
permeability due to the domain wall displacement.

Furthermore, it should be noted that, since the microwires were embedded in a
polymer matrix, any heat treatment or variation coming from the polymer matrix is
expected to have a significant influence on the GMI properties of the microwire and
hence the composite. To gain insight into this, the influences of annealing treatment
and the number of layers on the GMI properties are studied. The results are shown
in Fig. 10.6. For the case of the as-prepared samples, the four-layer composite
exhibited a higher maximum GMI ratio (255 %) when compared with the eight-layer
composite (216 %). Meanwhile, the annealed composite samples (treated at 100 °C
for 3 h) exhibited higher maximum GMI ratios (282 and 248 % for the four-layer and
eight-layer composites, respectively) than the as-prepared ones. These findings are
explained as follows. In this kind of composite, a higher stress will be induced as the
number of composite layers increases. In the present study, the eight-layer composite
may impose more stress in the through-thickness direction than the four-layer
composite. As a result, the GMI ratio decreased and H; increased for the as-prepared
composite of eight layers when compared with the as-prepared composite of four

Fig. 10.6 GMI profiles for a0 T T T —e—Gas prepared, 4 layers
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repreg layers and eight —v—as prepared, 8 layers
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layers. On the other hand, the annealing treatment is believed to have relieved the
stress between the microwire and matrix produced during the curing process. This
explains consistently the larger GMI ratio and smaller H; obtained for the annealed
composite samples relative to the as-prepared ones.

It is also interesting to see that the GMI behaviour observed for the as-prepared
eight-layer composite is similar to that of the four-layer composite subject to a
tensile stress of 450 MPa. This clearly suggests that the applied tensile stress and
residual stress imposed by the composite matrix on the microwire could affect its
GMI behaviour in a similar fashion. To understand this quantitatively, the contri-
bution of the applied stress and the matrix-induced residual stress to the anisotropy
field was calculated, respectively.

In a cylindrical coordinate system (z, r, ¢), there exist three components for the
residual stress in z (along the wire axis), r (radial direction), and ¢ (azimuthal
direction): zz, rr, and ¢ ¢, respectively. The magnetoelastic energy density is given
by Antonov et al. [43]:

3
Upe = — Ejvs(azzaz + 6,02 + a¢¢aé), (10.2)

where A is the saturation magnetostriction constant. a; denotes the component of
the unit magnetisation vector. The residual stresses are assumed to be a function of
x(r/a) only, a being the wire radius.

The anisotropy field can then be deduced by the following equation [43]:

1 _
= M, <Jzz —Oppt+ maa)a (10.3)

where all symbols have the same meaning as in Eq. (10.2).

Taking into account the residual stress imposed by the composite matrix, which
is primarily along the negative radial direction (o,,), Eq. (10.3) can be modified to
the following:

3|4 —

Hy = —MS (022 — Tpp + T +022); (10.4a)
— 1
o= & (10.4b)

Z (1 _ k)pz +kO-ZZ

For the four-layer composite, when ¢, = 450 MPa, given k = 0.5 and p = 0.67,
one obtains the effective contribution to Hy, G,; = 619 MPa. For the eight-layer
composite, according to the difference of its anisotropy field relative to that of the
unstressed four-layer composite (AH; = 0.5 Oe), the concerned stress @, is given by
the following:
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Given the typical numerical values: M = 400 G, 4 = -1077, a,r = 667 MPa is
received. The similar numerical values of @,, and G, explain the roles of applied
stress and residual stress in influencing the magnetoelastic properties and GMI
properties. This result affords significant technical applications in the composite
industry in terms of probing the residual stress and tailoring the related manufac-
turing conditions.

The GSI effect in the microwire and the microwire-based composites with four
and eight layers was investigated. The results are shown in Fig. 10.7. It can be
readily seen that the stress impedance ratio [AZ/Z],.x decreased monotonously with
stress for all the samples. Interestingly, while the maximum stress impedance ratio
([AZIZ]1nax) 1s 38.1 % for the single microwire, it is reinforced for the composite
samples (41.5 and 43.0 % for the four-layer and eight-layer composites, respec-
tively). These results indicate that the prepared composites are very appealing
candidates for the stress-sensing applications. In the composite, in addition to the
residual stress frozen in between the glass and metallic core, there exists residual
stress at the interface between the microwire and polymer matrix. The enhancement
of the GSI effect in the composites clearly points to the important coupling between
the internal and external stresses that coexist in these materials.

10.4 Mechanical Properties

Since the fabricated composite is intended for structural applications, its mechanical
properties are one of the major concerns. Also, the influence of microwires on the
mechanical integrity of the composite is a key issue for the success of such
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Fig. 10.8 Stress—strain curves of blank composites (free of wires), composites containing 10 wires
and 50 wires measured by a 30 kN load cell. Reproduced with permission from [25], copyright
2010 Elsevier

sensor-embedded technology. Therefore, it is necessary to discuss the mechanical
properties of the composite matrix influenced by the embedded wires [25, 44—46].

Qin et al. [25, 46] found that, in a dilute composite with glass fibre-reinforced
epoxy as a matrix, the fibre shows little effect, as shown in Fig. 10.8, which displays
the stress—strain curves obtained for blank composite samples and 10-wire and
50-wire samples under a maximum force of 30 kN [25]. The tensile strengths are
summarised in Table 10.1. It is observed that all the mechanical parameters are very
close to each other for the different types of samples. In terms of the tensile strength,
the coefficients of variation (CV) for each type of sample are 6.3, 5.6, and 3.8. Upon
performing cross-comparison of their average properties, the CV is 3.7. The neg-
ligible wire effect can be understood from the basic law of mixture that postulates a
considerable volume fraction of fillers needed to realise reinforcement.

Qin et al. [47] also studied the impact resistance of this kind of microwire
composite. With reference to the obtained time dependences of the impact force for
all tested samples (Fig. 10.10), one can see that the additional wires yield negligible
changes in the impact resistance of the composites parametrised by the impact

Table 10.1 Mean values and coefficients of variation (CV*) of tensile strength for each set of
samples

Blank sample 10-wire sample 50-wire sample
Young’s modulus (GPa) 14.22 (3.1%) 14.48 (1.1) 14.97 (3.0)
Tensile strength (MPa) 951.48 (6.3) 935.18(5.6) 1003.80(3.8)

The asterisk (*) is used to indicate that the number in the parenthesis is coefficient of variation,
ie. CV
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energy, in that the major energy dissipation mechanism is delamination rather than
fibre failure, as shown in a typical damage pattern at the surface (inset of Fig. 10.10;
the bright region indicates the delamination). This suggests that the embedded wires
do not degrade the interfacial bonding. This is of particular importance for aero-
nautical structures that are subject to low-velocity impact caused by, e.g., dropped
tooling or runway debris, throughout their service life [48]. Another notable feature
concerns the first load peak, which exhibits a significant increase for the sample
containing three layers of wires as compared to other samples. This clearly indicates
that the fibre failure occurred near the surface as the initial impact damage [49]. The
metallic wires with the strong tensile strength of 3—4 kMPa effectively improve the
fracture load. It can be expected that, for high-velocity impact, the addition of wires
can also improve the toughness of the composites. In considering the wide appli-
cation of glass fibre composites in wind turbines, the addition of microwires can
simultaneously improve the impact resistance performance and electromagnetic
interference shielding (this will be discussed in Chap. 12) of the composites, ren-
dering such microwire composites particularly useful for improving on the current
green energy technology.

Back in the 1980s, Goto et al. [44, 45] had done excellent work in connection
with the mechanical performance of metallic filament-reinforced composites. Goto
et al. [44] studied the reinforcing effect of metallic wires with and without glass
coats on the epoxy matrix and reported that the mechanical properties of epoxy are
strongly enhanced in wires without a glass coating, with the tensile strength
reaching 600 MPa at 30 vol.% wire volume. Meanwhile, the glass-coated wires do
not show such a good reinforcing effect due to the poor bonding between the
metallic core and glass coating. These effects are readily demonstrated in the
fracture morphology images (Fig. 10.9). Apparently, the quality of the interfaces
plays a critical role in determining the ultimate mechanical performance of the wire
composites. These fine wires, after removing the glass coating, are also found to be
capable of improving the thermal properties of the composite by increasing the

Fig. 10.9 Fracture morphology of microwire (glass coat removed)/epoxy composite (a) and
glass-coated microwire/epoxy composite (b). Reproduced with permission from [44], copyright
1987 Springer
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Fig. 10.10 Time dependence of impact force for blank sample and heavily wire-loaded
composites containing one layer of microwires (embedded depth # = 1 mm), two layers
(hy =0.75 mm h, = 1.25 mm), and three layers (2, = 0.5 mm, 5, = 1 mm, 3 = 1.5 mm). Each layer
contains 200 microwires. The inset shows in-plane view of the damaged spot in the 950 E-glass
laminates after the impact test

glass transition temperature, as the wires can hinder the molecular motion
(Fig. 10.10).

Although the microwires can reinforce the polymer materials with adequate
concentration and proper orientation, a trade-off is often inevitable if one tends to
integrate the structural function and other functionalities which do not necessarily
favour a large concentration or unidirectional fillers. For the designers of such
multifunctional composites, it is necessary to maximise the most desirable function
for the targeted application, while keeping the cost of other functionalities as low as
possible.
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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 j(x)e ™" is
induced by the local electrical field e}, exp(—iwt). Using the continuity equation
and integration by parts with boundary conditions, the electric dipole moment
D can be calculated as:

2
Dzé/j(x)dx:wx: , (11.1)
1/2

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

oc(a))zz( > Ar (11.2)
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where @y, is the angular resonance frequency, A,, are amplitude constants, and I',,
are the damping parameters. A; contributes most to the polarisability corresponding
to the lowest frequency. I',, 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 = <610‘?>p\/oC = €0 Xeff> (113)

where e is the averaged local field, p, is the volume concentration of the inclu-
sions, ey is the external electric field, and y. is the effective bulk susceptibility.
When p, < p., it follows that ej,.c = ¢q [5]. Thus, the effective permittivity can be
obtained by:

Eetf A2 &+ 4mp, (o) (11.4)

where ¢ is the permittivity of the matrix and («) 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:

2
) 2nc

T P In(b/a)’

(11.5)

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]:

ZSCFI (kca)
ak.)*Fy(kea)In(L/a) — 1’
Fi = J1(x)/xJo(x), |py = na® /L2,

& = 47‘[i0‘/(}) kc = 47'Ci(A)O'/CZ,

Eeff = S—Pv(
(11.6)

where p, is the wire volume concentration, &. is the dielectric permittivity of the
conductor, ¢ is the wire conductivity, k. is the wave number, and J,; are Bessel
functions. At microwave frequency, there is a very strong skin effect, i.e.
ak.~a/o > 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 e, along the wire axis direction inducing
the circular field Ay, of which the tangential component A, plus the external field
induce the electric field ey. 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]:

E, = {(H xn), (11.7)

where n is the unit normal vector directed inside the wire, E, and H, 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, ¢) [9):

(11.8)

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]:

(@) :W <Htan(kl/2) - 1),
k= a)? (1+ icg"")>l/2.

waln(l/a

(11.9)

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 Eqgs. 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.
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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 = & — Dy - . (11.10>

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 =Ky — 1-51(021_0-4)(1)—’—0211)[)116(1)’ (ll.lla)
and
He = 2K /oM, (11.11b)

where K and H, are the anisotropy constant and field, respectively; 6.., 644, and
Oapplied are the axial, azimuthal stress, and applied stress, respectively; M, is the
saturation magnetisation; and pu, the permeability in vacuum. Also the effective
permeability depends on the ratio of H to My, which is determined by K, expressed
as [14]:

M sin®(0 + 0,)

= 11.12
Heit Hy[hsin*(0+0,) + cos(20)] ( )

where the anisotropy field H, = 2 K/M, and h = H,,/H,. 0 is between the anisotropy
angle 0, and 7/2. Besides, the static magnetisation angle also changes with the
anisotropy angle, as indicated in the equation for the magnetostatic energy U,
based on the equivalent uniaxial anisotropy [15]:

U, = —|K|cos®(a — 0) — MoH,y cos 0, (11.13a)
~ K+ (3/2);L0-a
=— /2 11.1
] cos(2a) (11.130)
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where o is the anisotropy angle, which takes different values according to the
relationship between the anisotropy constant K and the product of magnetostriction
constant A multiplying the axial stress a, [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
etal. [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 x 265 mm; (3) frequency range: 0.85-17.44 GHz;
(4) standing-wave ratio (SWR) < 1.7; (5) effective area > 150 mm? 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

Anechoic chamber
with the walls covered by a microwave absorber

Transmitting
Homn Antenna

Receiving
Hom Antenna

Planar coil (current bus)
or
Planar heater for temperature meas

Composite sample

Extemnal load

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 S;; and S,; can be
expressed via reflection coefficient I" and transmission coefficient T as [33]:

r(1-7?
S11 :m, (11143)
and
T(1 -T2
S =——. 11.14b
21 1 — I_,ZTZ ( )
I' and T can then be calculated by:
Zg — 1
F:M (11.15a)

(Zn+1)’
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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]

and

Zo = (1/Ve)T = ey = (2n/30) (%)%, (11.15b)

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

1-T

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
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Top view: A: measurement cell; B: tabletop tensile The measurement cell. A: jaw, B: measurement cell
stretching wnit; C: network analyser. and C: sample to be measured.

Fig. 11.5 Photographs of instrumentation for microwave measurements. Reprinted with
permission from [42], copyright 2005 IOP

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-parameters measured 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 ¢
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 S; and reflection Sy, parameters. An error analysis indicates modest
uncertainties in &, @’ (<5 %) and u”, 1" (<1 %) for the data. One further feature of
the measurement system is worth commenting on. To obtain accurate measure-
ments of ¢ and g, 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.
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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
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—<— 24kA/m
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—+— 48 kA/m

£(GHz)

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



154 11 Microwave Tunable Properties of Microwire Composites

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
Cogg7Fe4NijB13S111Mo, ;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 x 10~ 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
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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 pm [60] (see Figs. 11.8 and 11.9).
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Figure 11.10 shows the frequency dependence of the reflection parameter (S1;)
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.



11.3 Low-Field Tunable Properties 157

r @ rrrrsrfl e T ¥
K —u— h=3mm
oF \.. . —e— h=Tmm
¥ - bH=9mm
T 1]
B o, -
x . ", ]
20 Wy e L T . 7
: ® . = ]
o . - .. 7
oM 5 L ® ]
T 4 ° =
— [ @ 1
» '5:- .o ]
: " ]
6 [ . .o. .
; ®e = ]
-7 | ° -
: ® e 9044 P, 1
-8 _ 3
- S SRR U SN NS S S S S SRS T —
0 200 400 600 800 1000

Magnetic field, A/m

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

Figure 11.11 shows the magnetic field dependence of the reflection parameter
(S11) taken at 900 MHz. The sensitivity of S;; to the magnetic field is positively
correlated to b. For the composites with b = 9 mm, S;; 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 S,; 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 S,;
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
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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-um-thick wire, the phase
going through +r is completely suppressed when it is under a small field of 25 A/m.
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For the composite with 6.8-um-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 S;;, 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, Cogg7FesNijBi3Si;;Mo,3, with a better soft magnetic
property than the other composition, has a larger dynamic magnetic permeability u
at the concerned frequency range, giving rise to a larger relaxation parameter y
according to y \/ﬁcosz 0 [60] where 0 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.
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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 (I, a, n..) detailed in the graph. The value of ¢ is rather
small due to the low concentration of the microwires (Fig. 11.17a). Nevertheless, a
dependence of ¢ 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 ¢ at the studied frequency range (1-5 GHz). The same trend
is also observed in the frequency plots of ¢’ (Fig. 11.17b). This is explained as
follows. When H,, < H, the impedance is increased with H,,. Therefore, the internal
loss increases and the relaxation dispersion occurs. The relaxation behaviour is fully
achieved when H,. = H;, whereby the impedance reaches a maximum. Further
increase of Hex results in a reverse trend. Note that the dielectric response to the
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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
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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 @ 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 —n and 7 in the reflection spectra (Fig. 11.19¢).

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 x 10 x 1.8 mm?® 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, ¢/, and imaginary, ¢’, 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, ¢ 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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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 H,. is directed along the wire axis. Reprinted with permission from [23],
copyright 2012 AIP

Fig. 11.21 a Frequency (a)
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).

¢ Frequency dependence of
the surface impedance ratio at
varying magnetic fields.
Reprinted with permission
from [23], copyright 2012
AIP
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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 & for
frequencies higher than 4.7 GHz for magnetic fields over 1 kOe.
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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 ¢’ are small. This
contrasts with the rather pronounced changes of ¢ and ¢’ 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 &’ larger than &', 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. 11.23 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 = ¢/ 21,/e, [11], where c is the electromagnetic
wave velocity in vacuum, / is the wire length, and ¢, is the permittivity of the host
matrix. When [ 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 H,. (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 ¢'. 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 fies = ¢/21,/e,, 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 ¢ and &” is observed with increasing contents of
microwires; the most prominent feature in Fig. 11.25c¢ is the peak in the &” spectra,
which is related to a dipolar resonance phenomenon. While the peak positions do

1:""_?'-—::.-:"'\—6‘_‘.-"- 5 = 10 mm

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 kQOe). In all cases,
we observe opposing field-dependent behaviour of the electromagnetic parameters.
That is, the reflection spectra increase in magnitude, whereas the corresponding
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Fig. 11.26 The transmission
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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
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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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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 um, 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 [¢'(H) — ¢'(H =
0)]/¢(H=0) and [¢"(H) — ¢'(H = 0)]/¢"(H = 0), where different curves denote
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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. ¢ 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

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%
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Fig. 11.29 a The magnetic field dependence of [¢/(H) —¢'(H = 0)]/¢'(H =0) at different
frequencies for the sample containing 0.013 vol% microwires. b Same as in (a) for [¢'(H) —
¢'(H=0)]/¢"(H=0). ¢ 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

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.
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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 O 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 &’ 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 O 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
¢" 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

o 1 2 3 4 s5 &
frequency, GHz

Fig. 11.30 The ¢ and &’ 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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Fig. 11.31 Same as in Fig. 11.30 for the sample containing 8 wires. Reprinted with permission
from [79], copyright 2013 AIP

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 M; and anisotropy field H; of the microwires,
expressed as frmr = 7 = (M, + Hy/2m), where y is the gyromagnetic ratio [80]. For
amorphous microwires with a small anisotropy field (Hy < 27M;), one can write
frmr = y2nM;. Taking My = 850 G, frpmr = 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
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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 1l is halo ring SAED of rectangle 2. ¢ 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

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
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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: (/) 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

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
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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 ¢ = e + (1 — f)eh™™°, where f3
is a relative weight of the amorphous phase with respect to the nanocrystalline
phase. Here, 2" and &)™, 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, ¢’m can be written in the form

&'m :Ak(f/fk)[(l - (f/fo‘,k)2>2+ (f/fr,k)z], where the A;s are resonance peak

amplitudes, f denotes the frequency of the wave, f,, is the resonance frequency of
the kth peak, and fy, 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 ¢; 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 &¢” and ¢’ 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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Fig. 11.34 Simulated &’ (a) 12
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containing 6 wires and two
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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
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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 O 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

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
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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 pm 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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Fig. 11.36 a Calculated absorption spectra under varying o,p, according to LLG formula u =
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obtained from magnetisation test: M; = 10 ~A/m, 7y =221 x 10° mA~'s™! o =0.02, H, =
880~ A/m and y, = 1. b Applied stress dependence of resonance frequency shift. The slope of
fitted line represents the stress-sensing resolution. ¢ Resonance frequency dependence of
microstrain. The slope of fitted line represents the strain-sensing resolution. Reprinted with
permission from [21], copyright 2010 Elsevier

and Hy = % (022 — 0 + 0app) With the material parameters

u=1+4mcos’(0). (11.17)

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
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Fig. 11.37 a Axial field dependence of absorption in the presence of varying stress at 9 GHz for a
Cog7Fes 9Nij 4B11.5Si14.5Mo; 7 wire of total diameter 30.6 um and glass coat 5.2 um. b Tensile
stress dependence of absorption (impedance) at varying magnetic fields for the same wire.
Reprinted with permission from [121], copyright 2011 Elsevier

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 ¢’ and the imaginary part ¢” of effective permittivity.
In particular, a drastic change of ¢ 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 Fe4g4C0s651B14.169111.41Cr13.08, 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
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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
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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 (f,), 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
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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 S, (n{2 1(H)) is associated
with the anisotropy field. By contrast, a more complex relationship of n{7 (o) 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:

8:_:8\4):_7 (11.18)

where ¢. and ¢,, denote the strain for composite and microwires, respectively; ¢, and
o,, the stress exerted on the composite and microwires, respectively; E. and E|, the
Young’s modulus of the composite and microwires, respectively. Using the law of
mixture, the stress each microwire experiences is given by

Oc

J:W (11.19)

where f,,, and f,, 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: Cosg s1Fes84B14.165111.41Cr13.08 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 X 13 mm x 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 &’ increases with the wire amount. For the same amount
of wires, composite containing copper wires displays a larger &' 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 4 = 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 (¢”). 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 ¢” of the sample with copper wires is smaller than
those with magnetic microwires.
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Fig. 11.41 Effective complex permittivity spectra for unstressed composites (4 = 0) and stressed
composites with 2.4 % strain containing varying amounts of microwires. Reprinted with
permission from [69], copyright 2013 Elsevier
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Figure 11.42 summarises the strain dependence of ¢'. The sample without wires
shows the expected response of ¢’ to stress. After adding fillers into the composite,
its &' starts to show relatively stronger stress sensitivity, which increases with the
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amount of wire. The sample with copper wires presents a similar stress sensitivity
of &' to that containing the same amount of magnetic microwires. Figure 11.43
summarises the &” 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 ¢". The strain effects also vary
with the wire amount. For the n = 6 sample, ¢” is almost independent of the strain.
For the n = 12 sample, there is a remarkable dependence of ¢” 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 ¢ (ratio of ¢" to &), 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 A
dependence of A with varying amounts of wires, where A = (¢/(1) — &' (1 =0)/
¢/(J = 0). This relationship is well fitted by a functional form k(1 + A — 1/(1 + 2)?),
where k is a constant, the value of which varies with the wire amount as shown in
Fig. 11.45.

The effective permittivity (¢) is dependent on the wire concentration (p,) and the
averaged polarisability (a)):e=¢e,+ 4zp, (a), where &, denotes the permittivity of
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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
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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 &'. 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
e". 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 &” resonance due to
the circumferential ferromagnetic resonance.

The loss tangent (tan J) retains the same changing trend with the strain as &” (A),
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 &” 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.
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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 7,. 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 7. 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 < T, and T > T,. By analogy with the influence
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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. ¢ 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 &'(f) and
relaxation/resonance transformation when T exceeds 7T,.. 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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Chapter 12
Microwave Absorption Behaviour

The high-frequency absorption behaviour of amorphous ferromagnetic materials,
among others, is of considerable interest for microwave absorber applications [1].
Since amorphous glass-coated microwires have small dimensions (1-30 pm in
diameter), high electrical conductivity (~6x10° S/m), high magnetic permeability
(~ 104), and high mechanical strength (~ 10° MPa), they can be incorporated into
polymer-based composites for creating high-performance microwave absorption
[2-4] or EMI shielding [5] composite materials. Compared with dielectric absor-
bents, magnetic absorbents provide additional magnetic losses and achieve a better
impedance match. Compared to other types of magnetic absorbent, e.g. the widely
used ferrites, the soft magnetic materials are not as limited by Snoek’s law thanks to
their large saturation magnetisation and permeability. But their issue lies in the large
conductivity, which could make them useless for high-frequency applications
owing to the strong eddy current loss, which is formulated as [6]:

2,2 12
pe:%, (12.1)

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

CBf*d
I

P.=p (12.2)

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

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

12.1 Microwave Absorption Theory

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

In this section, fundamental knowledge of microwave absorption will be pre-
sented as well as an overview of mixture law theory. These two together provide a
theoretical route to an optimised design of absorbers. Microwave energy, when
incident on a lossy dispersive material, creates heating within the material through
the interactions of the electromagnetic field with the materials’ molecular and
electronic structure. Homogeneous and heterogeneous media analysed with in an
effective medium approach are described by two material parameters: the complex
(relative) permittivity & =¢ —j¢’ and the magnetic permeability (relative)
w= ' —ju’. The terms ¢ and p' are associated with energy storage, and terms &”
and " are associated with dielectric loss or energy dissipation within a material,
resulting from conduction, resonance, and relaxation mechanisms. The loss tangent
of the dielectric material is tan 6 = &” /¢, where J is the dielectric loss angle of the
material. Energy loss in a material illuminated by electromagnetic waves comes
about through damping forces acting on polarised atoms and molecules and through
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the finite conductivity of a material. It is common knowledge in electromagnetism
that the Poynting theorem governs our understanding of the conservation of power
in linear, dispersive media [12]. This states that the total power (for a harmonic
electromagnetic field of angular frequency @ entering a volume V through the
surface S) goes partially into increasing the field energy stored inside V and is
partially lost into heat, i.e.

%+V-S: —j £ = 20m((|E) + u{|H)). (12.3)
where
u=Re [ao““;’af’<|E|2> +uo‘“;”f<|f1|2>] (124)

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

Figure 12.1 shows a multilayer microwave absorber which consists of n layers of
different materials backed by a perfect electric conductor (PEC). For simplicity, we
consider that the electromagnetic wave is normally incident. Here, d;, 1; and ¢;
denote the thickness, the complex intrinsic impedance, and the propagation constant
of the ith layer, respectively. The conductivity for each individual layer of the

Incident wave d, d; d dy
=
o]
Hn Hi H | =
ls::ﬂected wave %
& & & & °

Fig. 12.1 Schematic of a multilayer microwave absorber with a normally incident wave. d;, u;,
and ¢&; denote the thickness, relative permeability, and permittivity of the ith layer, respectively
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absorber is assumed to be zero. According to the transmission-line theory [13-15],
the wave impedance (Z;) of the ith layer is given by

_Ziy+n;tanh(yd;)
— 0+ Zi—i tanh(yd;)’

(12.5)

i

where n; = 1/ 1;/¢i, 7; = j2nf\/1e/c, ng are the characteristic impedance of the
free space; y; and ¢; are the relative complex permeability and permittivity of the ith
layer, respectively. Considering that the metal plate is a PEC, 5, = 0, the impe-
dance of first layer reads as follows:

Zy =n, tanh(y,d,). (12.6)

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

Zn - ’70
Zy+19

RL = 201log|T"| = 201log , (12.7)

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

Ttan k(724 -1
RL — 201og| Vs W U~C Vi) = 1) (12.8)
Ttan h(j22 \ /jiE) + 1

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

%= Re(y)

e

— \/(’%C \/ﬂugu — e + \/(’u/2 —|—,u”2)(s’2 +8"2).

(12.9)

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

\/gtanh<j¢\/ﬁé> = 1. (12.10)

Usually, Zfﬁ Ve < 1, as the thickness d is much smaller than wavelength and &
is also small. It follows from Eq. (12.10) that
2nfd .
J= W =) =1, (12.11)
which can be reduced to
W =0 and p'=-——. (12.12)
2nfd

We find that the matching frequency f;, is given as:

c

R — 12.1
2nfd " ( 3)

Jm

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

f=5-Ha, (12.14)

where y/2n = 2.8 MHz/Oe is the gyromagnetic ratio. The anisotropy field H, is
given by

_ 2K

H, ;
,u'OMs

(12.15)

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

\/%tanh(jzfﬂ\/g) -1
RL = 20log . (12.16)
\/%tanh(jz’zl\/é) +1
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As \/%tan h(j## \/e) <1, the best possible matching, i.e. \étan RN
achieves maximum. As % /e < 1, the best possible matching condition is given

as follows:

1 2nfd
L4 e (12.17)
e c
This can be reduced to
c
=0, ¢ =—. 12.18
¢=0, =5 ( )

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

1_
RL = 20log|% . 12.19
After some transformation, we obtain the following:
[RL] . =20log| 1 4 (12.20)
max g 2+8”(tan5 + ﬁ) : :

Note that tan o + ﬁ is monotonically decreasing, Vtan 6 < 1. Thus, the maxi-
mum reflection loss should be evaluated by considering both &' and the loss tan-
gent. The usual case is that larger & gives rise to larger loss tangents, so an
optimised ¢" and associated loss tangent can be expected to achieve the maximum
absorption condition, (too small or too large ¢” will not favour absorption), as

shown in Fig. 12.2. This is further confirmed by the attenuation constant

Fig. 12.2 Dielectric loss I |
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o —¢ + /(21 7). (12.21)

W
V2e¢

After some transformation, we obtain

N v O SOV S 12.22
* V2e 8( +tan2(3 tand | (12.22)

At the matching frequency, the attenuation constant reads as follows:

0] 1 / 1 1

12.2 Dielectric Loss Dominated Absorption

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

The concentration of the wire amount plays an important role in this case. It has
been shown that an increasing amount of wires will improve the absorption [5].
However, it is reported that, rather than a simple linear dependence of absorption on
the filler content, there is a threshold value at which the percolation network is
formed if the glass coatings at the end of wires are spalled, which is often the case
[2] (see Fig. 12.3a). This is common in the percolating composite systems (see, e.g.
[22—24]). In detail, when the wire content is smaller than the percolation threshold,
the loss tangent increases but without a significant increase of dielectric loss as the
wire content is increased, whereas further increase of the wire concentration gives a
sharp increase of dielectric loss due to the wave reflection rather than absorption.
This effect overshadows the contribution of increasing loss tangent to the micro-
wave absorption and results in the decrease of microwave absorption. Note that the
tunnelling effect is responsible for the conductivity of the composite before the
percolating threshold, which is highly desirable for microwave absorption. It should
be mentioned that, at this point, microwires are not as good as ferrite due to its
much higher conductivity, which would otherwise free our concerns on the con-
centration limitation to preserve the dipole nature [25]. To address the conflict
between the increasing wire concentration and the percolating network, superior
glass quality is the key. Therefore, it is now clear to us that, in addition to the
quality of the metallic core, good glass quality is necessary for further improving
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Fig. 12.3 a Morphology and metal core contact of the short-cut microwires: (a) as-cast;
(b) annealed at 450 °C; (c¢) annealed at 530 °C; (d) metal core contact (as-cast). b Calculated
reflection losses of planar composites filled with as-cast and annealed microwires (with filling ratio
of 15 % and thickness of 1.5 mm). Reprinted with the permission from [2], copyright 2010
Elsevier

the microwave absorption. Indeed, it is shown that the percolation threshold
decreases due to the decrease of the length of the naked metallic core via annealing,
but the level of maximum absorption is retained. It can then be expected that with a
further increase of the annealed wire concentration, the absorption can be increased.

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

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

Tig =
U 0 (2rb — ma?)ey,

(12.24b)

where &y and &, are the permittivities of the studied microwire and air gaps; ® is
the angle frequency; a denotes the radius of the wire. The equivalent impedance
Zeq-wire Of the wire/gap system can then be given by



210 12 Microwave Absorption Behaviour

ZireZai
Zeqfwire = == . (1225)
Zwire + Zair

With reference to the above equations, Zq—wire 18 improved with decreasing b,
and consequently reduces transmission and increases absorption. Some comments
are in order here. (i) By varying the equivalent impedance of the circuit, the
absorption (or transmission) spectra can be modulated; this is very useful for
developing effective filters. (ii) By selecting different b and r, one can formulate and
control the change of the absorption maximum and the shift of absorption, which
can be exploited for metamaterial applications. This effect is exemplified in
Fig. 12.5a: as b is reduced, the absorption maximum redshifts and the absorption
bandwidth are broadened. This is consistent with the theoretical calculations in
[29], which reports that a metal-backed quarter-wavelength radio-absorber con-
taining an array of ultrathin microwires of 4 pum radius exhibits improved
absorption and redshift of the absorption peak as the wire spacing is reduced from
10 mm to 1 mm. It should be noted that maximising the function of one parameter
that constitutes the mesostructure of composites for modulating the microwave
properties also relies on the optimisation of other pertinent parameters [30].

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

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

Eeff = €0 — woib (T +]E>’ (12.26)

where Ry, L, and Xy represent the dc resistance, inductance, and reactance of the
wire, respectively. In this instance, the effective permittivity is determined by the
wire resistance. Thicker wire has smaller resistance and hence larger permittivity;
its composite therefore shows better absorption. In addition, although the ratio of
the radius square to the wire spacing remains the same for the two composites with
the same loading of wires, the composite with thicker wire experiences a stronger
skin effect and reduces the value of matching spacing, thereby achieving better
impedance matching than with thinner wires in this case [29]. It should be noted
that as the wire gets thicker than 40 pm, the inverse relation between e.¢ and Ry
switches to proportional; this was demonstrated in the preceding chapter. This is
reasonable as, although the good conductivity of absorbents is essential for
absorption, too high conductivity will make the material excessively reflective. On
this basis, the above argument is valid that larger permittivity results in larger
absorption, as the permittivity here is circumstanced by polarisation only, excluding
conduction. In another perspective, embedding a too thick wire into the polymer
matrix will lead to a significant diameter mismatch compared with typical rein-
forcing fibres of 8—12 um [36], thereby degrading the mechanical properties of the
resulting composites. As such, limitation of the wire diameter can retain the
advantages of the lightweight structure intrinsic to polymer composites and is thus
preferable for the overall composite performance. This consideration should be
adopted as a strategy to design multifunctional composites enabled by these
Fe-based microwires.

Further study has been conducted upon the effect of embedded depth (the dis-
tance of the ferromagnetic microwire layer to the microwave incident surface) on
the resultant absorption performance by the same group. They examined whether
wires put in the front or back have different responses; indeed, the back-wire sample
shows better absorption due to the contribution of the front GFR player and the
back wire layer. The even-poorer absorption than the pure GFRP with the wires in
the front layer as observed is attributed to the reflection induced by the wires. This
clearly suggests that the wires should not be embedded in the front layer so as to
prevent a significant impedance mismatch in the surface layer that reflects the wave
away. They also tested the configuration with wires embedded in the medium layer,
as shown in Fig. 12.6a. The results show that they did not present as good
absorption. The second layer of GFRP serves as a substrate layer to slightly increase
the impedance mismatch [37], so the absorption is slightly decreased and also the
matching frequency is shifted as compared to the single layer, but it is similar to
the first configuration, which further substantiates the function of the GFRP as the
substrate layer. The fourth configuration shows greatly decreased absorption, which
is due to the reflection of the GFRP; this is further confirmed by the case of



212 12 Microwave Absorption Behaviour

Absorption, dB
)

78 80 B2 B84 86 88 90 92 94 96 98
frequency (GHz)

Depth 0.2 mm 1.8 mm 1.8mm 2.2mm 3.8mm
Configuration I] I:I I |
Absorption (dB) 11.53268 15.6268 14.6284 143997 | 10.5a30
Frequency(Glie) 8.7680 8.8260 8.7860 8.8260 |  8.8260
25 T v v v v v v T v
S n=10, h =0 2mm
20} Loty —-—n=10, h,=1 Brwmn -
£ g o n=20, h,=1 Bmm
£ 15} B ~ — n=20, h=2 2mm
-:a ’.’, Dy n=20, h,=3 8mm
10} . i 4
g - “ £ > e —
S| e :
o - T T v v T v i T
78 80 82 84 86 88 90 92 B4 96 98
frequency (GHz)
hy | 02mm 1.8 mm 1.8mm | 22Zmm | 38mm
hy 0.4 mm 1.6 mm 1.6 mm 2.4 mm | 3.6 mm
Absorption (dB) 9.9599 22.7887 20.6091 17.0009 | 10.2595
Frequency(GHz) 8.7860 8.7300 8.7120 8.7200 | B.9140

Fig. 12.6 a Influence of embedded depth #; of the ith microwire layer on the absorption spectra
for continuous microwire/GFRP composites with 0° wire orientation. The values of #; and
n (number of laminates) are indicated in the figure legend; the maximum absorption for each
composite configuration is summarised in the table below. b Same as a but with the addition of
another layer (h,) of microwires. Reprinted with the permission from [28], copyright 2013
Springer

3.8 mm embedded depth. The composites containing two layers of microwires of
the same configuration are also examined. With reference to Fig. 12.6b, the addition
of a second layer of wires retains the same sequence of configuration ranked in
terms of absorption, except for the first configuration, i.e. wires at the top with
respect to the incident wave, whereby the absorption is the least of all due to very
strong reflection. Similar results have been reported for the case of the absorber
containing 1-mm microwire absorbents [38], whereby the best absorption has been
achieved when the wires are positioned close to the metallic substrate.



12.2  Dielectric Loss Dominated Absorption 213

The importance of the above result lies in the simultaneous achievement of the
optimal absorption and the impact resistance performance offered by the same
configuration of such microwire/GFRP composites. GFRPs are widely used in wind
turbines, which are essential structural components for wind energy harvesting. As
wind turbines can cause interference to normal radar communications due to the
unwanted Doppler returns [39], the introduction of wires into GFRP will mitigate
the issue and address this conflict of interest between the desire to encourage wide
use of renewable and green energy and the desire to maintain the effective operation
of the important human safety-associated radars used for air traffic control, weather
monitoring, and marine navigation aids.

12.3 Magnetic Loss Dominated Absorbing

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

fr = r/4nM(Hy + Hy); (12.27a)
H, x iM(a/l)?, (12.27b)

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

~ L=\ u 12.28
f=f <T5p2)( z), (12.28)

where

fo = 1.5V x 10° (GHz). (12.29)



214 12 Microwave Absorption Behaviour

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

Three kinds of microwires of typical positive, negative, and vanishing magne-
tostriction constant with correspondingly different composition [45] are chosen here
to shed light on the usefulness of this theory. By using Eq. (12.28), the
metal-to-total diameter (p) dependence of the resonance frequency is calculated for
these three wires. The result confirms the role of the wire’s cross-sectional geometry
on the natural ferromagnetic resonance frequency and also reveals that the Fe-based
wires are more suitable for absorption purposes at relatively higher gigahertz fre-
quencies. This is consistent with three ported magnetoabsorption properties of wires
with positive, negative, and vanishing magnetostriction constant [46]. For micro-
wave absorption purposes, the best configuration, with respect to the wire axis, is
when the static magnetic field and the microwave electrical field are parallel; the
microwave magnetic field is perpendicular, as in such configuration, and circum-
ferential FMR will be induced with marked intensity by the microwave electrical
field [47]. In contrast, the ferromagnetic resonance induced by the magnetic com-
ponent of the microwave is much weaker in microwires and can only be well
observed in the submicron wires and nanowires [48]. Such a remarkable depen-
dence of FMR on the wire orientation with respect to the microwave and external
magnetic field has been well studied in [46]. As shown in Fig. 12.7, we can deduce
that, under a constant magnetic field, tilted wires with respect to the axis will give
much smaller absorption intensity, and that when the angle increases to a certain
value (approaching 90°), the FMR will disappear unless a much higher magnetic
field is applied. Also, one can see that the Fe-based wires are the best option for
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Fig. 12.8 Theoretical curve (continuous line) of FMR frequency as a function of x according to
Eq. 12.28 for three wires with positive, negative, and vanishing magnetostriction, respectively

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

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

Several important aspects of the implementation of microwires on absorbers
should be highlighted here. First, as the anisotropy constant of microwires can be
conveniently modulated by the magnetostriction constant, which is subject to the
wire composition and stress conditions (either internal stress from different
geometry or external stress applied), the tuning of natural FMR resonance and
associated absorption features such as the absorption maximum and bandwidth is
therefore readily accessible. Second, the dispersion of microwires (i.e. mesostruc-
ture control) is critical to meet the requirement for suitable dimensions [51] and
arrangements for maximum absorption. As discussed above, the dispersion can
have an impact on the orientation of wires and hence the electromagnetic absorption
behaviour. This partially explains why the theoretical calculation from complex
permittivity and permeability that is obtained typically in a wax-based toroidal
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sample usually does not match the reflection loss experimentally measured with
planar samples of much larger size (e.g. [2]). Tunable absorption can be realised in
the absence of magnetic field and prefers an ultrathin metallic core, making the
wires attractive for miniaturisation of microwave devices based on these fine ele-
ments. The last important aspect meriting our attention is the use of wires without
glass coatings. Although they are inferior in terms of as-cast wire quality due to the
fabrication limitation as compared to glass-coated wires, it is the metallic core
rather than the glass coating that interacts effectively with the microwave. As such,
applying the metallic core only into the absorbing matrix will improve the packing
density of the wires [49] and hence the absorbing rate and efficiency. However, an
obvious drawback requiring caution is that they can form a percolation network at
certain concentrations and will thus induce large reflection. Such a percolating
effect explains why weak permittivity is observed for 80 wt% melt-extracted FeSiB
wires in a toroidal sample as reported in [52]. The absorption thus calculated is of
little practical interest, with over 10 dB loss only occurred at 1-2.7 GHz for
thicknesses over 4 mm. This performance is much inferior to what Marin et al. [4]
have presented with wires of similar static magnetic behaviour, i.e. more than 15 dB
at 8.5 GHz with a wire fraction of c.a. 3.1wt%.

12.4 Other Absorbers Based on Microwires

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

Qin et al. [53] propose hybridising microwires with carbon nanotubes
(CNT) with good electrical conductivity to make a multiscale hybrid composite
absorber. As shown in a group of spectra of lossy parameters (Fig. 12.9), the loss
tangent increases significantly with increasing wire concentration, suggesting the
possibility of improved absorption; while the intrinsic impedance calculated from
n= \//T/e shows an opposite trend, which is due to the increased conduction loss,
although the polarisation loss is also improved. Indeed, the reflection is increased.
One can also see that the absorption has been enhanced with the co-work of the
wires and CNTs.

Torrejon et al. [54] developed a biphase magnetic microwire consisting of a soft
amorphous nucleus and harder outer crystalline shell. The presence of additional
hard phase as compared to the conventional single-phase microwire induces a
second absorption peak at a lower frequency than that excited in the soft nucleus.
Although the second peak is weaker, it helps generate an additional absorption peak
and hence enlarge the absorption band. However, a serious issue with this kind of
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Fig. 12.9 Frequency dependences of loss tangent (a), intrinsic impedance (b), fractional change in
surface impedance (c), and absorption (d). Reprinted with the permission from [53], copyright
2013 Elsevier

multilayer wire is the tremendous reduction of the magnetoabsorption level com-
pared with conventional glass-coated wires, which is suggested to be attributable to
the reduced volume fraction of the inner axial domain in the amorphous nucleus
caused by the electroplating-induced stresses. A proper post-annealing is apparently
necessary to resolve this problem.

In closing, with all the advantages discussed above at VHF frequency, the
microwires can be effectively designed in terms of composition, static magnetic
properties, geometry (core diameter, metal-to-total diameter ratio, length, and aspect
ratio), concentration, topological arrangement (unidirectional and omni-directional)
with the guide of transmission-line theory and when fabricated by a facile
mould-casting technique, yielding exceptional absorption or shielding performance.
The absorption is readily tunable to meet frequency selective applications.
Undoubtedly, the microwire composites can find a market niche as
high-performance absorbers for anechoic chambers, modern concealment, biological
protection shelters, and so forth.
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Chapter 13
Microwire-Based Metacomposites

13.1 Brief Introduction to Metamaterial

13.1.1 Fundamentals of Metamaterials

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

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

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

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

13.1.2 Classification of and Approaches to Metamaterials

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

2006 OSA

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

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

Fig. 13.3 Classification of
materials in the eu plane in
terms of their signs. Reprinted
with the permission from [3],
copyright John Wiley & Sons

ENG Material
(e<0,u>0)

Plasmas

DPS Material
(>0, p1>0)

Dielectrics

DNG Material
(e<0,u<0)

Not found in nature,
but physically realizable

>
MNG Material
(e>0,<0)

Gyrotropic
magnetic materials



224 13 Microwire-Based Metacomposites

Fig. 13.4 Arrays of SRR structure (a) and nanorods (b). Reprinted with the permission from [2],
copyright 2005 OSA

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

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

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

13.1.3 Applications of Metamaterials

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

Metamaterials are a basis for building a practical cloaking device. The possibility
of a working invisibility cloak was demonstrated in [20]. The cloak deflects
microwave beams so that they flow around a “hidden” object inside with little
distortion, making it appear almost as if nothing were there at all. Such a device
typically involves surrounding the object to be cloaked with a shell which affects
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Fig. 13.5 A superlens
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the passage of light near it. Liu et al. [21] also experimentally demonstrate that a
metamaterial cloak is able to revise the reflected waves to make them appear as if
reflected from a mirror, thus cloaking the subject behind. Using FE simulations, Cai
et al. [22] designed an optical cloaking device which deploys an array of metallic
wires projecting from a central spoke that would render an object within the cloak
invisible to red light.

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

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

13.2 Metacomposite Characteristics

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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