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Abstract

Since the discovery of the magnetoimpedance (MI) effect just over a decade ago, international
research interest into the giant magnetoimpedance (GMI) effect has been growing. This article aims
to provide a comprehensive summary of the GMI topic, encompassing fundamental understanding
of the GMI phenomena, the processing and properties of GMI materials and the design and appli-
cation of GMI-based magnetic sensors. The paper starts with the definition of GMI and an assess-
ment of the current theoretical understanding of the frequency dependence of GMI. Then a detailed
description of processing methods for the production of amorphous and nanocrystalline GMI mate-
rials in the form of wires, ribbons and thin films is given, with an examination of the advantages and
disadvantages of each technique. Properties of existing GMI materials including magnetic, mechan-
ical, electrical and chemical properties are described, and a correlation between domain structures
and magnetic properties is established. The influences of measuring and processing parameters on
the GMI effect are systematically analysed and the underlying physical origins of hysteretic and
asymmetric phenomena of GMI are explained. This enables the selection of optimal conditions to
design high-performance GMI-based sensors. After discussing the material selection criteria, a range
of candidate materials are evaluated and nominated for the design of GMI-based sensors. Finally, a
variety of potential applications of GMI-based magnetic sensors are presented with an outlook of
future research development in this field.
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1. Introduction

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, nav-
igation, 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 spacecraft and biomagnetic measure-
ments 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 interference 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 sensi-
tivity of a magnetic sensor plays a key role in determining its operating regime and
potential applications. For instance, SQUID gradiometers with a high sensitivity of
10�10–10�4 Oe have been used for measuring field gradients or differences due to perma-
nent dipole magnets in major applications of brain function mapping and magnetic
anomaly detection. Induction, fluxgate and GMR sensors with a medium sensitivity
of 10�6–102 Oe have been used for measuring perturbations in the magnitudes and/or
direction of Earth’s field due to induced or permanent dipoles in major applications
of magnetic compasses, munitions fuzing and mineral prospecting. Hall-effect sensors
with a low sensitivity of 1–106 Oe have been used for applications of non-contact switch-
ing, magnetic memory readout 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. When comparing the processing cost and
power consumption of 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%/Oe).

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 magnetic conductor with an ac current when sub-
jected to an applied dc magnetic field), in metal-based amorphous alloys [4,5]. It has been
demonstrated that magnetic sensors based upon the giant magnetoimpedance (GMI) effect
offer several advantages over conventional magnetic sensors. The decisive factor is the
ultra-high sensitivity of GMI sensors. When compared with a GMR sensor that has a sen-
sitivity of �1%/Oe, the field sensitivity of a typical GMI sensor can reach a value as high
as 500%/Oe [3]. Though the development of GMI sensors is still at an early stage, it is
likely that their low prices and high flexibility will warrant wide-ranging application in
the near future.

Historically, GMI has attracted particular interest in the scientific community
only since Panina and Mohri for the first time announced their discovery of the
so-called GMI effect in Co-based amorphous wires in 1994 [4]. In actual ferromagnetic
materials, the maximum value of GMI effect experimentally obtained to date is much
smaller than the theoretically predicted value [3]. Consequently, the research in this
field has been focused mainly on special thermal treatments and/or on the development
of new materials for properties improvement [6–12]. In order to design and pro-
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duce 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
indispensable.

The present paper serves such a purpose and aims to provide a systematic and com-
prehensive analysis of the fundamental aspects of GMI and its potential applications.
Section 1 provides a definition of GMI before the theoretical models developed for
explaining the frequency dependence of GMI are examined in Section 2. Sections 3
and 4 review the processing techniques, properties and domain structures of GMI mate-
rials, and a correlation between the domain structures and magnetic properties is estab-
lished. Analyses of the effects of measuring and processing parameters on GMI are
provided in Sections 5 and 6, and the underlying physical origins of hysteretic and asym-
metric GMI phenomena are examined in Section 7. The materials selection criteria for
the design of GMI sensors are discussed in Section 8. Finally, the authors summarise
GMI sensors and their applications with an outlook of future research and development
in this field.
2. Fundamental aspects of GMI

2.1. What is ‘‘giant magnetoimpedance – GMI’’?

When a soft ferromagnetic conductor is subjected to a small alternating current (ac), a
large change in the ac complex impedance of the conductor can be achieved upon applying
a magnetic field (see Fig. 1a). This is known as the giant magnetoimpedance (GMI) effect.
A typical example of the GMI effect is displayed in Fig. 1b.

The relative change of the impedance (Z) with applied field (H), which is defined as the
giant magneto-impedance (GMI) effect, is expressed by

DZ=Zð%Þ ¼ 100%� ZðHÞ � ZðHmaxÞ
ZðHmaxÞ

; ð2:1Þ
where Hmax is usually the external magnetic field sufficient to saturate the impedance.
In practice, the value of Hmax is available for given experimental equipment.
Some researchers use Hmax = 0 in Eq. (2.1), although this definition may not be appro-
priate, because the value of Z(0) depends on the remanent magnetic state of the
material.
2.2. Impedance of a magnetic conductor

According to the definition (Section 2.1), the complex impedance, Z = R + jxL (R and
L are resistance and inductance, respectively) of a magnetic conductor is given by the ratio
Vac/Iac, where Iac is the amplitude of a sinusoidal current I = Iac exp(�jxt) passing through
the conductor and Vac is the voltage measured between the ends of the conductor. Fig. 2
shows a schematic illustration of the impedance definition.
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Note that this definition is valid only for a uniform magnetic conductor [11]. Nonethe-
less, for a metallic ferromagnet with a length L and cross-sectional area q, assuming a lin-
ear approximation, its impedance can be expressed as follows:

Z ¼ V ac

Iac

¼ LEzðSÞ
qhjziq

¼ Rdc

jzðSÞ
hjziq

; ð2:2Þ

where Ez and jz are the longitudinal components of an electric field and current density,
respectively, and Rdc is the dc electrical resistance. S is the value at the surface, and h iq
is the average value over the cross section q. Alternatively, the expression for Z can be
given in terms of the surface impedance tensor n̂:

Z ¼ Rdc

q
ql

nzz � nz/
hzðSÞ
h/ðSÞ

� �
; ð2:3Þ
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where q is the resistivity, l the length of the conductor and hz and h/ are the axial and cir-
cumferential components of the ac magnetic field, respectively.

The current density j(r) in Eq. (2.2) or the magnetic field h in Eq. (2.3) of the conductor
can generally be obtained within the framework of classical electrodynamics of continuous
media, by solving simultaneously the reduced Maxwell equation

r2H � l0

q
_H ¼ l

q
_M � grad div M ð2:4Þ

and the Landau–Lifshitz equation for the motion of the magnetisation vector

M ¼ cM �Heff �
a

M s

M � _M � 1

s
ðM �M0Þ; ð2:5Þ

where c is the gyromagnetic ratio, Ms the saturation magnetisation, M0 the static magnet-
isation, Heff the effective magnetic field, and a the damping parameter [13–15].

It is difficult to obtain the exact solution of the problem by solving simultaneously the
Maxwell equation (2.4) and the Landau–Lifshitz equation of motion Eq. (2.5). Instead,
one often assumes the material relationship between the induction and magnetic field is
linear (B = lH and l is constant) and uses this relationship to solve the Maxwell equation
while ignoring the Landau–Lifshitz equation of motion Eq. (2.5). For instance, as the clas-
sical skin effect solution of Eq. (2.4) is obtained [4,5,13], the calculated impedance Z of a
cylindrical magnetic conductor and an infinite planar film are, respectively,

Z ¼ RdcktJ 0ðktÞ=2J 1ðktÞ ð2:6Þ

and

Z ¼ Rdc � jka cothðjkaÞ; ð2:7Þ

where J0 and J1 are the Bessel functions of the first kind, t is the radius of the wire, 2a is the
thickness of the ribbon, Rdc is the electrical resistance for a dc and k = (1 + j)/dm with
imaginary unit j. dm is the penetration depth in a magnetic medium, with circumferential
permeability (l/) for the case of the wire [4],

dm ¼
cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4p2f rl/

p ; ð2:8Þ
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and with transverse permeability (lT) for the case of the film [5],

dm ¼
cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4p2f rlT

p ; ð2:9Þ

where c is the speed of light, r the electrical conductivity, and f = x/2p is the frequency of
the ac (Iac) flowing along the sample.

According to Eqs. (2.6) and (2.8), or Eqs. (2.7) and (2.9), GMI can be understood as a
consequence of the increase of the skin depth until it reaches the radius of the wire (t)
through the decrease of the circumferential permeability in Eq. (2.8), or until it reaches
the half thickness of the ribbon (a) through the decrease of the transverse permeability
in Eq. (2.9) under an applied dc magnetic field. In order to obtain large GMI values, it
is necessary to reduce skin depth by choosing magnetic materials that have large l/ (or
lT) and small dm and Rdc. It is clear that a large permeability reduces the skin depth that
is later increased by the applied field as shown in Fig. 3.

In fact, the real and imaginary components of Z change with the dc applied field, Hdc. In a
first order approximation, the in-plane component or resistance, R, can be expressed as [13]:

R ¼ ðqlÞ=2pða� dmÞdm: ð2:10Þ

This means that such changes in dm caused by Hdc via l/ (or lT) will modify R and hence
Z. Therefore, the skin depth can be evaluated as a function of Hdc through the measure-
ment of R. The inductance L can be expressed as [16]:
0
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Fig. 3. Upper panel: dc applied magnetic field (Hdc) dependences of skin depth (dm) and reversible permeability
(lr). Lower panel: a schematic view of the change of dm with Hdc for a wire and a film/ribbon, respectively.
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L ¼ 0:175l0lf hlri=x; ð2:11Þ

where l0 and hlri are the vacuum permeability and the average relative circumferential
permeability, respectively. It is pointed out that changes in hlri caused by Hdc will alter
L and hence Z. Consequently, changes in both R and L contribute to those in Z and there-
fore to GMI [17].
2.3. Theoretical models

Based on the frequency (f) of the driving ac, the giant magnetoimpedance can generally
be classified into the following frequency regimes:

(i) Low-frequency regime (up to a few kHz), where the changes in voltage at the sample’s
ends are mainly due the so-called magnetoinductive effect [18]. The skin effect is very
weak in this case. The change in the impedance of the sample upon application of the
applied field (Hdc) results mainly from the contribution of inductance (L), which is
proportional to the circumferential permeability (l/) for a cylindrical magnetic con-
ductor (i.e., a magnetic wire) or the transverse permeability (lT) for a planar mag-
netic film (i.e., a magnetic ribbon) [5].

(ii) Intermediate frequency regime (between �100 kHz and a few MHz), where 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 sample geometry, the GMI profile can reach its peak
in the intermediate frequency range (e.g., 100 kHz to 10 MHz), as a consequence of
the contribution of the permeability from both domain wall motion and magnetisa-
tion rotation to GMI. 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 (several MHz up to GHz), where the origin of GMI is
believed to be related to the gyromagnetic effect and ferromagnetic relaxation. The
maxima in GMI profiles are shifted towards higher fields, where the samples are
already saturated magnetically [14,19]. Strong changes in skin depth are caused by
the same mechanism as in the ferromagnetic resonance.

The theoretical models of GMI representing each of the above-mentioned frequency
ranges are examined and discussed below.
2.3.1. Quasistatic model

The quasistatic model has been proposed based on an assumption that the measuring
frequency is small enough for an equilibrium state of the system to be reached at every
moment [12,20,21]. Using this hypothesis, it is possible to use Eqs. (2.6) and (2.7) with
the effective magnetic permeability or susceptibility calculated from Eq. (2.5), 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 displacements if the domain walls are easy movable [12].
Otherwise, the contribution of the circumferential/transverse permeability to GMI results
mainly from magnetisation rotation when the easy direction is parallel to the conductor
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axis. In general, the quasistatic model can describe basic features of GMI at relatively low
frequencies, but cannot interpret the frequency dependence of GMI in the intermediate
and high frequency ranges. The reason for this lies in the original assumptions made in
the models.

2.3.2. Eddy current model

The quasistatic model can deal with the problem of GMI only at very low frequencies,
where the so-called skin effect is very weak. However, at higher frequencies, when the skin
effect becomes dominant, one must take into account the contribution of the circumferen-
tial/transverse permeability to GMI in addition to the important role played by the skin
effect [4,5,22]. In this context, Panina et al. [5] have proposed the eddy current model that
calculates the circumferential permeability for a periodic bamboo-like domain structure in
cylindrical wires. It is worth mentioning that these authors extended, in an effective med-
ium approximation, the validity of Eqs. (2.6) and (2.7) to the case of an inhomogeneous
magnetisation arising from the domain wall structure. Herein, the microscopic eddy cur-
rents created by moving walls are averaged on the domain wall scale, thereby resulting in
the frequency dependence of complex permeability in Eq. (2.8) that describes damped
domain wall motion as characterised by a relaxation frequency, xdw. In fact, the magnet-
isation processes can occur due to not only domain wall motion but also spin rotation.
Meanwhile, the losses accompanying spin rotation arise, and these are therefore described
by another relaxation parameter xrot. In general, the relaxation from rotational magnet-
isation is much faster than that from domain wall motion, and consequently, xrot� xdw.
At relatively low frequencies, x < xdw, 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 propor-
tional to the static circumferential permeability, l/. It has also been highlighted that the
eddy current loss is much less in a wire-shaped sample with a circular domain structure
than that with a striped domain structure [4,5]. This explains why the permeability retains
its value at higher frequencies. In the high frequency case (a� dm and xdw < x 6 xrot),
both R and L depend on l/ and therefore contribute to the GMI behavior. The skin effect
is dominant in this case and the impedance is proportional to the square root of frequency
and circular permeability, Z / (x Æ l/)1/2. As frequency is further increased (x > xrot), the
resistive term becomes greater and contributes to the total impedance Z. In this instance,
the impedance is independent of the external magnetic field (Hdc), because the permeability
is magnetic field independent [21]. In general, the eddy current model has explained suc-
cessfully the basic GMI features and most experimental results in the frequency range
of 100 kHz to 30 MHz.

2.3.3. Domain model

The domain model is considered a more rigorous treatment of the GMI problem of a
metallic soft magnetic wire with periodic circular domains than the eddy current models. It
was initially proposed by Chen et al. [23,24] and has allowed one to interpret qualitatively
the single and double-peak GMI curves and several experimental results for studying GMI
of amorphous wires. Although theoretical calculations for impedance (Z) were quite con-
sistent with experimental data, a poor agreement between the theoretical predictions and
experimental results of the circumferential permeability was found. This has recently been
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resolved by Betancourt et al. [25] by modifying the proposed domain models [23], in which
only complex inductance formalism (L) was used to calculate the circumferential perme-
ability instead of using Z equations. The correlation between the inductance and perme-
ability was established, allowing the evaluation of the circumferential permeability as a
function of frequency and hence resolving its dispersion law. However, the domain models
could not explain satisfactorily the underlying mechanism of relaxation dispersions of per-
meability spectra in amorphous magnetic materials [26–30]. In this context, Kim et al.
[27,28] have proposed a phenomenological model that allows one to separate the reversible
domain wall motion and magnetisation rotation components in permeability (or suscepti-
bility) spectra of amorphous magnetic wires and ribbons. These studies have provided a
basic physical understanding of the realistic contribution of domain wall motion and rota-
tional 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. When a high frequency leads to a
skin depth comparable with the exchange length, both models are inaccurate [14]. This
is because ferromagnetic resonance occurs at high frequencies f � 1 GHz and becomes
the main effect responsible for GMI behavior [14,19]. In this context, the high-frequency
models, including the electromagnetic and exchange-conductivity models, should be
considered.
2.3.4. Electromagnetic model

In the high-frequency regime, contribution of domain wall motion to the circumferen-
tial/transverse permeability and hence to GMI can be neglected and only magnetisation
rotations considered. The electromagnetic model has approached the solution of Eqs.
(2.4) and (2.5) using the theoretical procedures of ferromagnetic resonance (FMR), with-
out considering the exchange interactions in the effective field [15,19,31,32]. The relation-
ship between GMI and FMR have been reported by Yelon et al. [19,32] for magnetically
saturated samples. The absorption of energy is understood as an increase of impedance to
the electromagnetic radiation that occurs at the resonance frequency,

xr ¼ cl½ðH þM sÞðH þ 2K=lM sÞ�1=2 ð2:12Þ

with c and K being the gyromagnetic ratio and the anisotropy constant, respectively. Here,
the circumferential/transverse permeability shows a typically resonant behavior 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 [33]. At the resonance field, the effective
permeability increases drastically and the skin depth is very small. At a given frequency,
increase of the dc magnetic field (Hdc) 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 lm)

dmin ¼
ffiffiffiffiffiffiffiffiffiffiffi
aq

clM s

r
ð2:13Þ

and the GMI reaches its maximum value. The maximum GMI value calculated from Eq.
(2.13) is independent of frequency, and its magnitude (i.e., of the order of �103) is much
larger than that experimentally obtained [10]. This arises from the fact that GMI measure-
ments are usually conducted at frequencies less than 100 MHz, where such FMR
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condition cannot be satisfied [19]. Furthermore, the magnitude of GMI calculated by the
electromagnetic models can be obtained only in uniaxial magnetic materials with easy
direction of the anisotropy exactly perpendicular to the sample axis and the dc applied
magnetic field. However, in real materials there always exists a deviation of easy axis from
the perpendicular direction of the anisotropy [12]. It is for this reason that a substantial
deficiency between the experimentally observed and theoretically calculated GMI values
has been found [10,19,32]. It is worth mentioning that in the GHz region the experimen-
tally observed GMI data exhibits close agreement with the theoretical prediction [19,32],
since the FMR condition can be satisfied in this frequency regime [33].

In general, the electromagnetic model can qualitatively interpret the basic features 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 [14,34].
2.3.5. Exchange-conductivity model

In addition to the role played by the exchange interactions in the electromagnetic
model, the exchange-conductivity model accounts for the exchange stiffness [35]. As a
result, when the exchange term is included in the effective magnetic field Heff, Eqs. (2.4)
and (2.5) must be solved simultaneously [10,14,34–36]. In reality, the exchange-conductiv-
ity effect is caused by the interplay between the skin effect and the exchange interaction.
Due to the skin effect, the ac component of magnetisation induced by an ac flowing along
the conductor axis decreases in magnitude from the surface to center. 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 [10]. Herein, it is the inhomogeneous ac magnetic field that
excites spin waves with wavelengths of the order of the skin depth, which enhances the
energy dissipation by eddy currents. This can be understood as an apparent increase of
resistivity in ferromagnetic materials [36].

Using the simplified solution to Eqs. (2.4) and (2.5), the exchange-conductivity models
have shown that, when the damping is neglected (a = 0), the skin depth reaches its mini-
mum value [14]

dmin ¼
Aq

xl2M2
s

� �1=4

; ð2:14Þ

when x is less than the characteristic frequency

xc ¼
4a2c2AM s

q
; ð2:15Þ

where A is the exchange stiffness constant. xc is evaluated as approximately 100 MHz for
soft magnetic amorphous materials. At low and intermediate frequencies (x < xc), the cal-
culated maximum GMI scales as x1/4. Above the characteristic frequency (x P xc), the
GMI is calculated using Eq. (2.13).

The exchange-conductivity model allows one to qualitatively interpret the frequency
and magnetic field dependences of GMI in a wider range of frequencies than the electro-
magnetic models. However, neither model deal satisfactorily with the problem of GMI as
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a whole, due to the complex domain structures of actual magnetic materials [4,5,7] and the
given approximate assumptions [10,12,14].
2.3.6. Other theoretical models

Although the previously mentioned models can qualitatively interpret basic GMI fea-
tures for cylindrical and planar magnetic conductors over a broad frequency range, some
controversies still remain in the theory of GMI for ferromagnetic materials [37–40]. For
instance, a controversy arises regarding the energy conservation of the GMI effect. To
resolve these issues, a simple model of the GMI effect in amorphous thin films has been
proposed by Dong et al. [38] whereby the expressions of effective permeability and imped-
ance are derived in the framework of classical electrodynamics and ferromagnetism. Using
the existing model [38], Phan et al. [39] modelled the magnetic field and frequency depen-
dences of GMI in film-type materials as displayed in Fig. 4. As one can see from Fig. 4, the
model [38] can interpret a shift of the impedance peak towards a higher value of the dc
magnetic field (Hdc) with increasing frequency (f), which is in agreement with experimental
results for relatively high frequencies (f > 1 MHz). However, it cannot explain the evident
single-peak behavior of the GMI profile in the low-frequency range (f 6 1 MHz).

Considering the magnetoresistance (MR) contribution to the magnetoimpedance (MI)
effect in thin films, a simple model has been proposed by Barandiaran et al. [40]. It has
been revealed that such MR and MI phenomena are similar, but there is a divergence
in the origin of these phenomena. The MR effect, reflecting a change in resistance of a
magnetic material subjected to a magnetic field is connected to spin dependent electron
scattering in magnetically non-uniform systems for dc or low-frequency current. In con-
trast, the MI effect consists of the change in the total impedance (including both resistance
and inductance) of a magnetic conductor under a dc applied magnetic field, when a high-
frequency ac follows through it. The theoretical calculations show that the contribution of
MR to the MI effect is dominant in the low frequency regime but can be neglected for the
Fig. 4. The magnetic field (H) and frequency (f) dependences of the relative impedance (Z/Rdc), simulated using
the model proposed for amorphous thin films.
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high-frequency range [40]. This has been experimentally verified by Kurlyandskaya et al.
[41] when investigating the magnetoresistance and magnetoimpedance effects in Fe–Ni
thin films.

3. Processing techniques for the production of GMI materials

3.1. Amorphous metallic wires

3.1.1. Melt spinning

Amorphous metallic alloys can be produced by a variety of rapid solidification process-
ing techniques, including splat quenching, melt spinning, gas atomisation and condensa-
tion 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
104–106 K/s [42]. Metallic amorphous wires are also prepared by the melt spinning method
that has been used to yield amorphous ribbons [43,44]. Diameters of the produced wires
range from 1 to 300 lm [44,45]. The central element of this process is the pressure ejection
of 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 cool-
ing 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 high supercooling capacity of the metallic melt stream without the precipita-
tion of crystalline phases in a temperature range between the melting temperature and
glass transition temperature, the melt spinning method is limited to produce metallic alloy
wires with high glass-forming ability. To overcome this problem, Ohnaka et al. [46] devel-
oped this method into the so-called in-rotating water spinning method.

3.1.2. 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 [46–48]. A cross-sectional view of an in-rotating water spinning
device for producing magnetic wires is illustrated in Fig. 5. 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 [47]. Depending upon the alloy being cast, it is nec-
essary 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 rate is often
around 105 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 lm were obtained by the in-rotating water spinning method [46]. Wires
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Fig. 5. Cross-sectional view of the in-rotating water spinning device for producing magnetic wires.
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with thicker diameters of up to �300 lm [49], or with thinner diameters down to 30 lm
[50], have also been reported. One of the main advantages of the in-rotating water spin-
ning method is that it can be used to produce wires with alloy compositions that are dif-
ficult to obtain using the conventional methods.
3.1.3. Taylor-wire process

In 1924, Taylor [51,52] first introduced a technique that allows production of fine wires
of uniform cross section. A schematic illustration of the Taylor-wire process can be found
in [51]. 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 mold crucible during solid-
ification 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 104–106 K/s for producing wires of 50 lm down to 2 lm diameter [52,53]. 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 [53]. 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 melt-
ing temperature of the metal. However, one problem arising in this technique is the con-
tamination of the material by the glass sheath. To avoid this problem, it is necessary to
choose a glass compatible with the material in terms of its chemical properties, viscosity
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and melting temperature. A number of recent works have evaluated the microstructure, as
well as the mechanical, electrical and magnetic properties of several microcrystalline and
amorphous alloys [54].
3.1.4. 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 cover,
which prevents a direct contact between the molten metal and the cooling liquid [55–60].
The glass cover ensures a smooth cylindrical shape for the melt stream. Compared with the
in-rotating water spinning method, the glass-coated melt spinning method ensures higher
cooling rates, thus producing amorphous wires more easily, even in the presence of the
glass cover [59,60].

This technique was originally proposed by Wiesner and Schneider [55] and later devel-
oped by Ulitovsky [56,57]. A schematic illustration of the glass-coated melt spinning
method is presented in Fig. 6 [59]. 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 are then melted by a high-frequency furnace using an inductive coil. There is a
softened glass cover around the molten metal drop and this allows the drawing of the cap-
illary 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 [58] 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 104 to
107 K/s. Detailed analyses on external parameters affecting the preparation routes of wires
can be found in Refs. [58–60]. Using this method, Chiriac [58] produced metallic amor-
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Fig. 6. Schematic illustration of amorphous wires/microwires fabrication process by the glass-coated melt
spinning method.
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phous glass-covered wires with metallic core diameters of 3–25 lm and glass thicknesses of
2–15 lm. In the case of microwires, metallic core diameter is typically between 0.8 and
30 lm, while the thickness of the coating is in the range of 2–15 lm [59,60]. For example,
an SEM image of a Fe–Si–B–Cu–Nb glass-coated amorphous microwire is displayed in
Fig. 7. Final wire dimensions such as the metallic core diameter and glass cover thickness
can be accurately determined with the help of a high-resolution optical microscope
engaged with a video camera and both controlled by a computer [58–60]. The glass-coated
melt spinning method of wire/microwire fabrication provides several advantages over the
other methods, such as (i) repeatability of wire properties at mass production and (ii) a
wide range of variation in parameters (geometrical and physical), possible fabrication of
continuous long wires up to 10 km and possible control and adjustment of geometrical
parameters during the preparation process. Therefore, amorphous wires/microwires
(Co-based and Fe-based alloys) have usually been produced by this method.
3.1.5. Electrodeposition

Electrodeposition is a method that has been used recently to produce uniform wires
consisting of non-magnetic conducting inter core (e.g., Cu, BeCu, and W), and magnetic
outer shell layers (e.g., FeNi, FeNi–Al2O3, and CoP) [61–77]. This method is used for coat-
ing a metallic wire with a similar or dissimilar metallic plating layer having the desired uni-
form thickness and a compact metallic structure by passing the wire through electrolytic
baths and through surface smoothing stations. Fig. 8 shows a diagram of the electrodepos-
ition process. In this process, the wire is passed through an electrolytic bath to coat the
wire with a plating layer, 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 inter
cores are often wires with diameters of around 20 lm [62–65]. The magnetic layer is often
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thin and ranging between 2 and 7 lm. For instance, Fig. 9 displays an optical image of a
Cu wire with and without a CoP layer; the inset shows a SEM image of a CoP/Cu wire
cross section. In the electrodeposition process, the thin magnetic layer is formed over
the inter wire using a 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 [62–67]. 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 [68,69]. In addi-
Fig. 9. Optical image of a Cu wire with and without CoP layer. The inset shows a SEM image of a CoP/Cu wire
cross section.
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tion, the application of a longitudinal magnetic field during electrodeposition results in an
improvement of the uniform surface properties of the wires, which is beneficial for sensor
applications [69]. In general, the electrodeposition method has the following advantages:
(i) a wide range of materials (metals, alloys, and composites) that can be processed by elec-
trodeposition is available; (ii) both continuous and batch processing are possible; (iii)
materials with different grain size and shape can be produced; (iv) materials with full den-
sity (i.e., negligible porosity) can be produced; and (v) the final product can be in the form
of a coating or bulk material.

3.2. Amorphous metallic ribbons

Due to ease of manufacture, single-roller melt spinning is the most widely used method
for producing long and continuous ribbons of metallic glasses. Chen and Miller [78]
designed the single-roller device by using a metallic (Cu–Be) wheel spinning at 300–
1800 rpm. In this process, a liquid stream impinges on the inside of the wheel’s torus-like
convex surface. The quenched ribbons slip out of the wheel under the action of the cen-
trifugal force. Ribbons produced by this method are usually of 0.5 mm width, 20 lm thick-
ness, and up to 100 m length. A further improvement in the single rotating copper wheel
technique has been made allowing one to quench the melt on the outside of the spinning
wheel [42,79]. A schematic illustration of this method is displayed in Fig. 10. The liquid is
spread in the form of a continuous ribbon with quenching rates of 106–108 K/s. With cur-
rently available devices, it is possible to produce ribbons with a width of up to several deci-
meters. A wide variety of materials (e.g., Fe, Co, Ni, and their alloys) can be produced
using the single rotating copper wheel technique. It has been shown that the melt temper-
ature influences the ribbon thickness and therefore affects the size distribution of the final
nanocrystals throughout the transformed ribbon after nanocrystallisation [79]. The influ-
ence of the processing parameters on the properties of ribbons has been extensively studied
[42,79].
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Fig. 10. Schematic illustration of the single roller melt-spinning apparatus used to produce amorphous metallic
ribbons.
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3.3. Magnetic thin films

A number of methods for the fabrication of film-type materials, such as evaporation,
sputtering, chemical vapor deposition, electrolytic deposition, and atomic layer epitaxy,
are currently available. Among them, the sputtering method has been most widely used
to produce single and multilayer metallic films. An illustration of the sputtering process
is displayed in Fig. 11. In this process, atoms are removed from a surface as a result of
the impact of energetic ions. An inert gas, pressure of 0.1–10 Pa is maintained in the depo-
sition chamber and the target is the cathode of a gas diode. A detailed illustration of this
system can be found in the work by Feldman and Mayer [80]. It is worth noting that the
planar magnetron source is the most widely used because of its reliability, efficiency and
reproducibility. A high deposition rate of 0.1–10 nm/s may be achieved with this system
depending upon the target material and the capacity for target cooling. However, slower
rates are preferred for precise deposition of multilayers. In order to achieve a uniform
deposition rate, accurate controls of power and pressure are required.

Among the metallic films of interest, the multilayered thin films have been extensively
studied with respect to GMI [81–84]. In this instance, films with a sandwich structure have
proven to be superior to single-layer thin films [62]. In principle, this typical multilayer
(F/M/F) has two soft ferromagnetic layers (F = CoFeSiB, FeNiCrSiB, FeSiB, etc.) sand-
wiching a non-magnetic highly conductive layer (M = Cu, CuBe, Ag, Ti, etc.). The thick-
ness of the ferromagnetic layer (d) is in the range of 0.1–4 lm, while the thickness (D) of
the conductive layer is often around 2 lm. The thickness of ferromagnetic layers (F) and
conductive layers (M) can be controlled during the fabrication process and the excellent
magnetic properties of the films can be optimised accordingly [83]. The influences of thick-
ness on the magnetic and magnetoimpedance properties in multilayered films have been
investigated [82–84].
3.4. Nanocrystalline magnetic alloys

Since the physical properties of metallic materials (e.g., mechanical, magnetic, and elec-
trical properties) are sensitive to their microstructure, several methods of controlling the
Sputtering target

Substrate and film 
growth

Sputtering gas

Ar+

Fig. 11. Schematic illustration of the sputtering process for producing thin films.
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microstructure (e.g., thermal treatment, thermomechanical treatment, and plastic defor-
mation) have been effectively used for improving the material properties. It has been
shown that when the scale of the structure of metallic materials reaches a nanometer scale,
the material properties change drastically and are different from those of conventional
materials on a macro scale [79].

Nanocrystallisation itself has been known for a long time, but Yoshizawa et al. [85]
first reported that a Fe–Si–B–Nb–Cu amorphous alloy exhibited the excellent soft mag-
netic properties when subjected to proper thermal treatments. It is the reduction of the
crystal grain size (a-Fe(Si)) to a nanometer scale that results in the superior soft magnetic
properties of the material. A comprehensive description of the main routes to obtaining
Fe–Si–B–Nb–Cu nanocrystalline materials by crystallising their amorphous precursors is
illustrated in Fig. 12. This nanocrystalline microstructure evolution process in the Fe–Si–
B–Nb–Cu alloy has been proposed based on the three-dimensional atom probe (3DAP)
studies [86]. The initial amorphous phase is a chemically uniform amorphous solid solu-
tion. Upon annealing, Cu clusters appear in the fully amorphous matrix, which has the
short-range structure. The concentration of Cu in the clusters appears to be much lower
than 100 at.% during the first stage, but gradually increases and the clusters eventually
evolve to face-centered-cubic (fcc)-Cu. These Cu particles act as heterogeneous nucleation
sites for a-Fe primary crystals, from which Nb and B atoms are rejected. The rejected sol-
utes are enriched in the remaining amorphous phase, which results in stabilisation of the
remaining amorphous phase. This in turn retards further growth of the a-Fe nanocrystals.
Si partitions grow in the a-Fe phase, ending up with Fe–20Si with the DO3 structure.
Because the grain size is small (�10 nm), the a-Fe(Si) grains are exchange coupled; this
exchange coupling occurs through the thin intergranular ferromagnetic amorphous phase.
Amorphous

As-quenched Cu clustering 

Amorphous + Cu-rich 
clusters

BCC Fe-Si Crystallization
Grown BCC Fe-Si 

Nanocrystals
Cu

BCC Fe-Si

Nb and B enriched 
amorphous
phase

Fig. 12. Schematic illustration of the microstructural evolution of melt-spun Fe–Si–B–Nb–Cu amorphous alloy
by primary crystallisation (after Hono et al. [86], reproduced with permission from Elsevier).
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The presence of the remaining amorphous phase is not required to reduce the net mag-
netocrystalline anisotropy, but the co-existence of the two phases gives a good balance
of positive and negative magnetostriction (k), resulting in very low net magnetostriction
[79]. Consequently, the ultrasoft magnetic properties of the nanocrystalline material are
achieved. A wide variety of nanocrystalline materials with superior soft magnetic proper-
ties, including nanocrystalline wires, ribbons and thin films, are synthesised by crystallis-
ing their amorphous precursors utilising the annealing method. Regarding the heat
treatment procedures, it should be noted that the choice of annealing conditions (e.g.,
annealing temperature and time), depends upon prepared alloy compositions, and is
extremely important for obtaining such optimised nanocrystalline materials [87]. Heat
treatment can be conducted, based on DSC, X-ray diffraction, and TEM analyses. In
order to further improve some desired properties (e.g., magnetic anisotropy) of a mag-
netic material, application of a magnetic field or a tensile stress on the sample during
the annealing process is often recommended. They are, respectively, the field – and
stress-annealing methods.

3.5. Comparison of fabrication technologies

Table 1 summarises the fabrication technologies and their product parameters. It is
worth noting from Table 1 that the information about cooling rates can help 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 amorphous
wires without a glass cover, which are preferred as conventional amorphous wires
(CAW), while the glass-coated melt spinning method (or the modified Taylor-wire
method) produces thin amorphous glass-covered wires (AGCW). From an engineering
point of view, AGCW is more promising for technological applications when compared
with CAW. In particular, amorphous microwires are ideal for sensing applications in
micro-systems [6,7,58–60]. The magnetic wires with glass cover are particularly useful
for electrical applications in industry. Electrodeposited wires are very interesting owing
to their uniform magnetic properties. However, it is quite difficult to produce very long
wires using the electrodeposition technique. Magnetic amorphous ribbons and films,
which have been produced by the melt spinning and sputtering techniques, respectively,
are becoming competitive with amorphous wires, since they also exhibit excellent magnetic
properties which are appropriate for sensor applications.
Table 1
Fabrication technologies and their product parameters

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

Melt spinning Circular section wire 1–300 diameter 104–106

In-rotating water spinning Circular section wire 30–300 diameter 105–106

Taylor-wire process Circular section wire 2–100 diameter 103–106

Glass-coated melt spinning Wire/microwire with glass cover 3–50 diameter 104–107

Electrodeposition Wire with magnetic layer 20–1000 diameter –
Single roller melt spinning Amorphous ribbons 15–25 thickness 106–108

Sputtering Thin films 0.1–10 thickness –
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The synthesis of nanocrystalline materials through crystallising their amorphous pre-
cursors has been a popular method for improving the soft magnetic properties of the mate-
rials, while retaining the same dimension of the sample. A variety of annealing methods
(e.g., current annealing, field annealing, stress annealing, laser annealing, etc.) have been
proposed and used to produce such nanocrystalline materials. For some technological
applications (e.g., transformer cores), nanocrystalline magnetic materials have been found
to exhibit superior properties to their amorphous counterparts.

To this end, it is worth mentioning that, in the case of glass-covered wires, the removal
of the glass-cover may be of interest in developing specific sensing devices. The technique
of glass removal is described in the next section.
3.6. Techniques for glass-cover removal

Magnetic amorphous glass-covered wires (AGCW) and microwires are ideal for specific
applications, particularly in electrical industries, owing to the presence of the insulating
glass-covered layer. In some cases, however, the 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 lead to considerable variation in the mechanical and magnetic
properties of the wire [7,60].

In practice, glass removal can be conducted either by the conventional mechanical
method or by chemical etching with a hydrofluoric acid (HFA) solution. The former usu-
ally leads to a degradation of the material properties (e.g., mechanical, electrical, and mag-
netic) and therefore is not recommended. The latter has been shown to be a useful tool for
glass removal of AGCW, and this process results in less damage to the wire. However, in
the chemical etching method, the concentration of HFA solution must be gradually dimin-
ished in order to avoid etching to the metallic core, and so the last glass pieces are finally
washed with water for this reason. This entire process can be monitored by permanent
optic control.
4. Domain structure and properties of GMI materials

4.1. Domain structure

Different domain structures are observed in different types of materials. The domain
structure of a rapidly quenched material is often determined by coupling between magne-
tostriction 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 section is devoted to describing
the formation of the domain structures in materials (e.g., wires, ribbons, and thin films)
that is then reflected by their magnetisation processes and their magnetic characteristics.
4.1.1. Magnetic wires

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 [88,89]. Here, the sign and magnitude of
magnetostriction constant (k) determines the type of domain structure in the wires.
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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 cylindrical core
and radial easy axes in the tubular shell. The inner core usually occupies about 70% of the
total volume of the wire [7]. A schematic illustration of the simplified domain configura-
tion of this commonly used wire is presented in Fig. 13. There exists an inner cylindrical
domain with longitudinal magnetisation and a basic radial domain with complicated clo-
sure domains. Such a domain structure is responsible for an axial large Barkhausen effect
(LBE) in the wire, which is desirable for several technical applications [6,7]. The closure
domain structure has been realised by domain pattern observation and by magnetisation
and susceptibility profiles [89]. For a low magnetostrictive wire with a normal length
(�4 mm), the core of the wire actually has a multi-domain structure [90].

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 aniso-
tropy 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. 14. It is the coupling between the compressive stress and
the negative magnetostriction that leads to an alignment of the magnetic moments in a cir-
cumferential direction. The minimal demagnetising energy favors the circumferential ori-
entation which was observed experimentally [6,7]. It can be seen that the inner core
domain structure of negative-magnetostrictive CAWs (Fig. 14) is the same as that of posi-
tive-magnetostrictive CAWs (Fig. 13), and this results in the negative-magnetostrictive
CAWs also exhibiting an axial LBE. It should be noted, however, that there actually exists
a different inner core domain structure between negative-magnetostrictive CAW and
AGCW. 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-cover layer in AGCW is lead-
ing 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 negative magnetostriction, the shell
with circular domains practically occupies the entire volume of the wire as a consequence
of the strong circular magneto-elastic anisotropy. The main difference in the domain struc-
ture between typical positive- and negative-magnetostrictive amorphous wires (Figs. 13
and 14) 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 behaviors between the Fe-based and Co-based wires.

For amorphous wires with negative and nearly zero magnetostriction (or vanishing
magnetostrictive wires, Co–Fe–Si–B, for example), other kinds of anisotropies may over-
Fig. 13. Simplified domain configuration of a typical conventional amorphous wire (CAW) with positive
magnetostriction.



Fig. 14. Simplified domain configuration of a typical conventional amorphous wire (CAW) with negative
magnetostriction.

M.-H. Phan, H.-X. Peng / Progress in Materials Science 53 (2008) 323–420 347
come the stress anisotropy, and consequently, the domain structure is not well defined. In
practice, the domain structure of these wires is often considered to be similar to that of the
negative-magnetostrictive amorphous wires. It is noted that thermal and mechanical treat-
ments may significantly modify the domain structures of these rapidly quenched wires. A
typical example of the domain structure modification caused by changes of internal stres-
ses is the case of removing the glass-cover layer from a typical amorphous glass-covered
wire (AGCW) as illustrated in Figs. 15 and 16. It can be seen that for the case of the posi-
tive-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. 15a and b). It is estimated that the maximum value of the axial ten-
sile stress for glass-removed wires is approximately 50% smaller than for glass-covered
ones [7]. 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.
Glass cover 

Glass cover 

OS

OS

IC
Metallic 
wire

OS

OS

IC

Wire
after
glass
removal

Fig. 15. Schematic illustration of the domain structure in a typical positive-magnetostrictive amorphous glass-
covered wire (AGCW): (a) as-cast glass-covered wire and (b) wire after glass removal. OS: Outer Shell; IC: Inter
Core (courtesy of H. Chiriac, reproduced with permission from Elsevier [7]).
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Fig. 16. 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; and (c) the sample without
glass is subjected to an external tensile stress. OS: Outer Shell; IC: Inter Core (courtesy of H. Chiriac, reproduced
with permission from Elsevier [7]).
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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. 16a and 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. 16b) is similar to that of the negative-magnetostrictive CAWs (Fig. 14). 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. 16a and c).

Influences of annealing and external stresses on the domain structure and properties of
the amorphous wires have been extensively studied [6,7,60,88]. In these studies, annealing
under mechanical stresses or magnetic fields has been shown to induce magnetic anisotro-
pies with the corresponding modification of the domain structure.

Finally, for a typical electrodeposited magnetic wire, the domain structure also consists
of a radically or circularly magnetised outer shell, but here the inner core is a common
non-magnetic conductor, unlike in the case of a rapidly quenched magnetic wire [61–75].
4.1.2. Magnetic ribbons and films
The domain structures of magnetic ribbons and thin films can be characterised similarly

to that of the previously discussed magnetic wires. As illustrated in Fig. 17a and b, the
domain structure of positive-magnetostrictive amorphous ribbons (e.g., Fe-based alloys)
is rather different from that of negative-magnetostrictive amorphous ribbons (e.g.,



Ribbon

Domain I Domain II 

Fig. 17. Schematic illustrations of the domain configurations of (a) positive-magnetostrictive amorphous
ribbons, (b) negative-magnetostrictive amorphous ribbons, and (c) annealed amorphous ribbons with positive
and nearly zero magnetostriction.
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Co-based alloys). The positive-magnetostrictive amorphous ribbons possess a longitudi-
nally oriented domain structure (see Fig. 17a), which may be favorable for an axial
LBE [91,92]. On the other hand, negative-magnetostrictive amorphous ribbons such as
Co-based alloy ribbons favor a transversely oriented domain structure (see Fig. 17b). This
transverse domain structure is favorable for the GMI effect and can be improved by
annealing under a transverse magnetic field [93]. No axial LBE is observed in this case.

Annealing treatment of positive-magnetostrictive amorphous ribbons (Fe-based alloys)
may lead to the formation of transversely oriented domains (Domain II) in addition to the
pre-existing longitudinally oriented domains (Domain I), as illustrated in Fig. 17c, which
was observed experimentally [94]. This explains why the soft magnetic properties of
Fe-based amorphous ribbons can be significantly improved by proper heat treatments.
Further improvement of the magnetic softness can be achieved by annealing in the pres-
ence of a transverse magnetic field. It was found that the axial LBE disappeared in the
annealed Fe-based amorphous ribbons [92] due to a lack of longitudinally oriented
domains (Domain I). The domain structure of a typical sputtered magnetic thin film is
understood to be similar to that of a magnetic ribbon. It should be noted that, for a typical
sandwich or multilayered film, the domain structure is formed in the ferromagnetic layers,
while the non-magnetic conductive layer acts as a conductor only.
4.2. Magnetic properties

4.2.1. Hysteresis loops

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

4.2.1.1. Magnetic wires. Magnetic hysteresis behavior of wires can be investigated by mea-
suring 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 conven-
tional 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 [95]. Due to a simplified experimental setup, the longitudinal hys-
teresis loop measurement has mainly been employed [6,7,58–60,96]. Fig. 18 displays the
typical hysteresis loops of amorphous glass-covered microwires with (a) positive, (b) neg-
ative, and (c) nearly zero but negative magnetostriction [59].

For the positive-magnetostrictive AGCWs (e.g., Fe-based wires), the magnetoelastic
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. 15a) – is observed (Fig. 18a).
When the glass cover is removed, this rectangular hysteresis loop becomes smaller, reduc-
ing the LBE effect due to the decrease of the inner core axial domain volume of the wire
(see Fig. 15b). This has been experimentally verified [6,88]. Such an LBE effect may be
observed even in positive-magnetostrictive AGCWs with a very short length of about
1–2 mm, due to the reduced demagnetising factor resulting from the very small wire diam-
eter to length ratio. This is useful for the development of miniature sensing devices [6]. It
was also found that, when an Fe-based AGCW became nanocrystalline under heat treat-
ments, 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 pres-
ence of the nanosized a-Fe(Si) grains [60].

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 perpendicular (circumferen-
tial) to the wire axis. As a result, only small hysteresis is observed when an axial magnetic
field is applied (see Fig. 18b). It has been shown that these wires do not show LBE, due to
the absence of the inner core axial domain structure (see Fig. 16a). It appears that, in the
case of the negative-magnetostrictive AGCWs, the glass removal resulted in the LBE [6,7].
This was a direct consequence of the appearance of the inner core axial domain structure
due to the increased axial anisotropy (see Fig. 16b). Applying an external tensile stress
(�50 MPa) onto the glass-removed amorphous wire could also lead to the suppression
of the LBE [7], 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. 16c). However, the difference in the magnitude of the internal stresses between
AGCWs and CAWs with negative magnetostriction (k < 0), which is reflected by the exis-
tence of the different inner core domain structures (radial versus axial), can help interpret
the different magnetic hysteresis behaviors 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 hysteresis loop exhibits a



Fig. 18. Typical hysteresis loops of Co–Mn–Si–B amorphous microwires with (a) positive, (b) negative, and (c)
negative and nearly zero magnetostriction (courtesy of L. Vladimir, reproduced with permission from Elsevier
[59]).
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normal shape with no observed LBE effect (see Fig. 18c). 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 [6,7,60]. 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 nega-
tive-magnetostrictive AGCW (�50 MPa) [7]. This is attributed to the smaller value of the
magnetostriction constant of the nearly zero and negative-magnetostrictive AGCW com-
pared to the negative magnetostrictive AGCW.
4.2.1.2. Magnetic ribbons and films. The hysteresis loops of positive-magnetostrictive
amorphous materials with different forms (e.g., ribbon, wire and microwire) have different
shapes, due to the difference in the domain structures [6–12]. Both Fe-based amorphous
wire and microwire are often found to exhibit the LBE effect. In some case, the LBE effect
has also been observed in Fe-based amorphous ribbons [91], due to the evident presence of
an axial domain structure (Fig. 17a).

In order to understand the changes in the magnetic hysteresis behaviors of an amor-
phous ribbon/film upon annealing, the annealing temperature dependence of the coerciv-
ity (the shape and magnitude) of Fe-based amorphous ribbon is displayed in Fig. 19
[92]. The shape of hysteresis loop changed significantly with the annealing temperature,
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Fig. 19. Magnetic hysteresis loops of Fe–Si–B–Cu–Nb amorphous ribbon after annealing at different
temperatures.
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which indicates that the anisotropy field was dependent on the annealing temperature. It
was found that the coercivity (Hc) decreased with increasing annealing temperature (Ta)
up to 540 �C and then increased at higher temperatures. This can be interpreted as fol-
lows: when Ta is well below the onset crystallisation temperature (i.e., �500 �C) the
gradual decrease of Hc is a result of structural relaxation, while the decrease of Hc in
the temperature range of the first crystallisation stage (�540 �C) is likely to be due to
the appearance of nanosized a-Fe(Si) grains where magnetocrystalline anisotropies are
averaged out. Annealing over 540 �C causes a rapid increase of Hc, indicating a large
degradation of the soft magnetic properties. This coincides well with the microstructural
change in the sample. Here, the increase of nanoparticle size could considerably reduce
the magnetic exchange coupling in the nanocrystalline material [87]. Furthermore, it
was shown that the change in the microstructure of the ribbon sample modified its
domain structure [93,94]. For the Fe-based amorphous ribbon, wide and wavy
lamina patterns as well as narrow patterns were observed [94]. Such domain structure
usually results in the poor soft magnetic property, i.e., the very small value of magnetic
permeability.

When an amorphous ribbon was annealed properly (e.g., annealed at 540 �C according
to the results given in Fig. 19), it became a nanocrystal with additionally formed broad
transverse domains [91,94]. Applying a small magnetic field parallel or perpendicular to
the ribbon direction leads to a domain wall displacement of the transverse domains, imply-
ing that the easy magnetisation in transverse domain may lie between the longitudinal and
transverse directions for the nanocrystalline sample as illustrated in Fig. 17c. It is the pres-
ence of the transverse domains that leads to a drastic improvement in the soft magnetic
properties as well as the GMI effect of Fe-based nanocrystalline ribbons [91–94]. Anneal-
ing over 540 �C caused a strong modification of the broad transverse domain structure due
to the microstructural change of the sample [87], and hence resulted in considerable deg-
radation of the magnetic softness as well as the GMI effect [91,94–96].

For negative (e.g., Co–Si–B) and/or nearly zero magnetostrictive (e.g., Co–Fe–Si–B)
amorphous ribbons/films, the transverse domain patterns were observed [93]. This is in
agreement with the domain configuration suggested in Fig. 17b. Conventional annealing
may lead to a fluctuation of the magnetic moments in the transverse direction of the rib-
bon, while annealing with a transversely applied magnetic field may result in an improve-
ment in the transverse magnetic anisotropy. No magnetic hysteresis was observed in
transversely field-annealed Co-based amorphous ribbons [9,10]. In an analogous manner,
applying a tensile stress onto a Co-based amorphous ribbon may lead to an increase of the
magnetic anisotropy in the transverse direction [97]. All this is reflected by the change in
the shape of the hysteresis loop under different applied tensile stresses [4].

4.2.2. Permeability

Magnetic permeability is a key parameter for evaluating the magnetic softness and
therefore potential applications of soft ferromagnetic materials. A high value of perme-
ability 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 magnetisation that might be frequency
dependent. It is therefore necessary to evaluate the magnitude of the magnetic permeabil-
ity and its changes upon the application of an external field such as a magnetic field and a
mechanical stress.
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4.2.2.1. Magnetic wires. It has been shown that the relative magnetic permeability of a typ-
ical vanishing magnetostrictive amorphous wire (e.g., Co–Fe–Si–B amorphous wire) is the
largest among the amorphous wires investigated [6,7]. 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 improve-
ment of the relative permeability [7]. 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 [7,87,98].

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 displacement or the magnet-
isation 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 [7].
Utilising the magnetic field dependence of the permeability, a number of technical appli-
cations have been proposed [6–12].

4.2.2.2. Magnetic ribbons and films. Co-based amorphous ribbons/films have a very high
relative permeability due to the presence of a transverse domain structure, whereas small
values of permeability are often obtained in Fe-based amorphous ribbons/films with a lon-
gitudinal domain structure. Annealing the precursor Fe–Si–Cu–Nb–B-based amorphous
ribbons can form nanocrystalline materials (the so-called FINEMET) with very high per-
meabilities that are comparable with those for Co-based amorphous ribbons [79]. In addi-
tion, Fe-based nanocrystalline ribbons have higher magnetisation and lower resistivity
compared to Co-based amorphous ribbons. Consequently, they have been widely used
for high-frequency transformer cores and recently for sensor systems [79,87].

Like amorphous wires, the transversely applied magnetic field may improve the trans-
verse component of ribbon permeability via domain wall motion or a rotational magnet-
isation process in the transverse direction. In contrast, the longitudinally applied magnetic
field may slightly increase the transverse permeability of the ribbon at small fields below
the switching field (or the anisotropy field), but it strongly reduces the transverse perme-
ability at higher field strengths. In nanocrystalline samples, the switching field is often very
small and close to zero [92].

In order to assess the influence of annealing treatment on the permeability with respect
to the magnetisation processes in an amorphous ribbon, the annealing temperature depen-
dence of the permeability of an Fe-based amorphous ribbon was systematically studied
and the results are displayed in Fig. 20. It can be seen that the longitudinal permeability
resulting from domain wall motion ðldw

L Þ decreased with annealing temperature, whereas
the longitudinal permeability from rotational magnetisation ðlrot

L Þ increased with increas-
ing annealing temperature up to 540 �C and then decreased at higher temperatures (see
Fig. 20). This coincides well with the hysteresis loop shape, as shown in Fig. 19. The
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increase in longitudinal permeability with annealing up to 540 �C is caused by the rotation
of magnetic moments [92]. In addition, the dependence of the relative permeability on
applied stress has been investigated. It has been found that the applied tensile stress signif-
icantly affects the magnitude of the permeability of the amorphous ribbons [79]. In partic-
ular, the application of a tensile stress in the direction of the Co-based amorphous ribbons
led to an improvement in the transverse component of permeability as well as the trans-
verse magnetic anisotropy, which are desirable for sensors based on the GMI effect.
4.2.3. 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 rib-
bon), either a circular magnetisation process or an axial magnetisation process, or both,
can be considered. Understanding the underlying mechanisms of these magnetisation pro-
cesses helps us in tailoring the material properties for particular engineering applications.
4.2.3.1. Magnetic wires. 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 magni-
tude, applying such a field precedes domain wall displacement and magnetisation rotation
processes, thus changing the circular component of the magnetisation [99,100]. In contrast,
the application of a magnetic field along the wire axis suppresses the circular magnetisa-
tion 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 grad-
ual transition from an almost square-shaped hysteresis loop to a linear one as the remag-
netisation grows [101]. A domain model was proposed by Landau and Lifshitz [13] 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
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observed because the application of an external magnetic field changes the magnetisation
component [4,10].

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 (Fig. 13). Such a domain structure is not favorable for domain wall displace-
ments 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 center of the wire [6,7]. 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 magnetisation (see Fig. 18a). 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 tech-
nical applications [102–104].

4.2.3.2. Magnetic ribbons and films. The magnetisation processes for negative and vanish-
ing magnetostrictive amorphous ribbons/films are similar to those for the previously dis-
cussed negative and vanishing magnetostrictive amorphous wires. In the case of magnetic
ribbons/films, applying a magnetic field perpendicular to the ribbon axis precedes a trans-
verse magnetisation process via domain wall displacements at small fields and/or rotation
of the magnetic moment at higher field strengths, thus changing the transverse component
of the magnetisation [91–94]. This arises from the presence of the transverse domain struc-
ture in the ribbons as illustrated in Fig. 17b. The longitudinally applied magnetic field
strongly suppresses the domain wall displacement process in the transverse direction
and therefore, significantly changes the magnetoimpedance of the wire, resulting in the
observed GMI effect [4].

In practice, the transverse domain structure of Co-based amorphous ribbons (see
Fig. 17b) favors for the GMI effect more than the longitudinal domain structure of Fe-
based amorphous ribbons (see Fig. 17a). When an Fe-based amorphous ribbon becomes
nanocrystalline upon the proper annealing treatment, both domain structures (Domain I
and II) coexist in the sample as illustrated in Fig. 17c and the magnetisation processes
occurring in Domain I are found to be related to those in Domain II and vice versa [91].

4.2.3.3. Applications. Applications utilising the axial and circular magnetisation processes
for magnetic wires have been reviewed [6,7,10,60]. The existence of the large LBE in amor-
phous wires (e.g., Fe-based wires) under longitudinal magnetisation is very useful for a
wide variety of technological applications such as pulse generators, position and displace-
ment sensors, non-contact torque sensors, security sensor systems, encoding systems, and
detection of biological vibrations in human bodies [6,60]. For applications based on the
circular magnetisation processes, the discovery of the GMI effect in vanishing magneto-
strictive amorphous wires (e.g., Co–Fe–Si–B) has made these materials ideal for GMI sen-
sor applications [10].

4.3. Mechanical properties

The mechanical properties of the amorphous metals are generally superior to their crys-
talline counterparts. For instance, the Al-based amorphous alloys have been found to be
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twice as strong as their commercial crystalline versions [105]. Some Fe-based amorphous
alloys display a fracture strength of about 3.5 GPa, which is greater than that obtained in
some special steels [106].

Recently, the mechanical properties of several CAWs and AGCWs have been investi-
gated [107–110]. 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 [7,107–109]. The influence of wire diameter on tensile strength has also been stud-
ied [54]. The size effect was observed in AGCWs with respect to the difference in the ther-
mal expansion coefficients of the metal and the glass, i.e., the tensile strength increased
with decreasing wire diameter when the thermal expansion coefficient of the metal was
considerably different from that of the glass cover [54,60,108].

Annealing treatment of amorphous metallic alloys may lead to considerable change in
the mechanical properties [109–111]. It has been found that the Fe-based amorphous rib-
bons show a ductile–brittle transition temperature and the phenomenon of thermal
embrittlement. The latter is marked by an increase in the ductile–brittle transition temper-
ature when annealing below the crystallisation temperature [111]. The mechanism of ther-
mal 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 behavior of Fe-based amorphous glass-covered microwires upon
annealing, Zhukova et al. [110] observed a strong drop in tensile yield strength at anneal-
ing temperatures near the onset crystallisation temperature (see Fig. 21). The magnitude of
the tensile yield strength of the nanocrystalline sample annealed at 600 �C is the largest
among all samples annealed, even though it is smaller than that of the as-cast amorphous
sample. This indicates that the presence of the nanosized a-Fe(Si) grains and its 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 microstructural change in the sample where a completely crys-
tallised structure was observed [110]. 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. 22). Effects of different annealing processes (furnace, current and pulse annealing) on
the mechanical properties of the Fe-based amorphous wire were also investigated [109].
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Fig. 21. Dependence of tensile yield on the annealing temperature in a Fe–Si–B–Cu–Nb glass-coated microwire
(courtesy of A. Zhukov, reproduced with permission from Elsevier [110]).



Fig. 22. 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, (c) 600 �C, and (d) 700 �C (courtesy of A. Zhukov, reproduced with
permission from Elsevier [110]).
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In practice, owing to their good mechanical properties, amorphous metallic ribbons
and wires are useful for applications such as reinforcement in composites and cutting uten-
sils. For example, a reasonable reinforcing effect was observed in polymer–matrix compos-
ites containing amorphous metallic ribbons [112]. In this case, instead of using ribbons, the
use of amorphous metallic wires (e.g., CAWs and AGCWs after glass removal) may be of
much interest. Such wires can also be used as reinforcement for motor tyres [113]. 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 ten-
sile strength, good adhesion to rubber, and excellent resistance to fatigue and corrosion
are required.

When considering nanocrystalline ribbons and wires, although excellent magnetic prop-
erties 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 amor-
phous 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.
4.4. Electrical properties

In general, the electrical resistivities of the amorphous alloys (wires and ribbons) are
higher than that 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
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corresponding crystalline alloy [7]. This is useful for high-frequency applications, due to
the greatly reduced eddy current losses [114]. However, for developing GMI-based sen-
sors, 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 (both wires and ribbons) – usually
exhibit much lower resistivity relative to their amorphous counterparts.

Fig. 23 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 tem-
perature up to 540 �C and then tends to increase at higher annealing temperatures. This is
related to the increase of magnetic softness at annealing temperatures below 550 �C and to
the microstructural change upon higher temperature annealing, i.e., the appearance of the
nanosized a-Fe(Si) crystalline grains after annealing below 540 �C [115]. In this context,
the emphasis is based 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.
4.5. Chemical properties

Among the chemical properties often investigated, several works have paid much atten-
tion to the wet corrosion resistance of amorphous metallic materials [116–119]. In partic-
ular, research has been focused on Fe-based amorphous materials containing 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
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that of conventional crystalline materials, including stainless steels. It has been shown that
addition of elements such as Cr and Mo or both into Fe-based amorphous ribbons [116–
118], thin films [119] and wires [7] leads to an improvement in corrosion resistance. Pardo
et al. [118] have shown that the addition of Cr to Fe–Cr–Si–Cu–Nb–B ribbons, both in
amorphous and nanocrystalline states, significantly improves the corrosion resistance of
these materials in humid environments with a high SO2 concentration, whilst 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 pro-
tection of other materials [118]. For example, Fe–Cr–P–C amorphous ribbons are used as
the active element in electromagnetic filters to remove rust from water, their high corro-
sion resistance ensuring a long life of the filter elements [117]. Further information on
the corrosion resistance properties of typical amorphous metals as well as their applica-
tions can be found in Ref. [116].
5. Influence of measuring parameters on GMI

5.1. Alternating current

It is generally accepted that the circular (or transverse) magnetisation process takes
place due to the ac circular magnetic field created by an alternating current (ac). Mean-
while, the change in impedance is directly related to this magnetisation process [4–10].
Therefore, a dependence of the impedance on the ac exists, according to Eq. (2.2). The
higher the amplitude of the ac (Im), the larger the impedance (Z) obtained. It has been the-
oretically predicted that for a double-peak (DP) feature of GMI in an amorphous wire, the
magnetic field (Hm) at which the value of Z reaches a maximum should decrease with
increasing amplitude of the ac [23].

In practice, GMI curves exhibit a DP behavior for low currents where only reversible
wall motion takes place, but this changes to a single-peak (SP) at high currents related
to circular coercivity [8,120–124]. This can be seen in Fig. 24 for a Co-based amorphous
wire [8]. When investigating the dependence of GMI on ac, Aragoneses et al. [123] found
different dependences in different materials (e.g., amorphous microwires/wires, nanocrys-
talline ribbons). For an amorphous Co68.5Mn6.5Si10B15 microwire, when Im was increased
the GMI effect increased until Im = 2.8 mA and then decreased at higher values of Im. This
is consistent with what was reported by Vazquez et al. [120] on Co-based amorphous wires.
With increasing Im, the GMI effect decreased gradually for an (Fe0.94Co0.06)72.5- B15Si12.5

amorphous wire, while it sharply increased for a Fe73.5Si13.5B9Nb3Cu1 nanocrystalline rib-
bon [123]. In these examples, the observed effect of driving current can be explained by con-
sidering the tensor character of the magnetic permeability, and the effect was attributed to
the components of that tensor which are responsible for the transverse magnetic anisotropy
[124]. The different dependences of GMI on driving ac reported in [120,123] are also
believed to be caused by the difference in the domain structures of investigated samples.

For an Fe-based nanocrystalline ribbon, the GMI effect increased and Hm decreased
with increasing Im (see Fig. 25). Due to the saturation of the transverse magnetisation,
the GMI profile became saturated when Im was larger than 65 mA. In fact, the ac at which
the GMI profile becomes saturated also depends on the domain structure of the samples



Fig. 24. GMI for a Co-base amorphous wire with induced circular anisotropy. Evolution from double-peak (DP)
to single-peak (SP) feature with increasing current is observed (courtesy of M. Vazquez, reproduced with
permission from Elsevier [8]).
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[120,124]. The increase of the GMI ratio is correlated to the decrease of longitudinal per-
meability ratio for the Fe-based nanocrystalline ribbon (see the inset of Fig. 25). Further-
more, it has been shown that whenever GMI measurements are conducted, attention
should be paid to the proper selection of the driving current amplitude, because non-linear
effects can occur at relatively low current levels [124].
5.2. Magnetic field

To measure GMI effect, a dc magnetic field is usually applied parallel to the ac along
the longitudinal direction of the sample. This is known as the longitudinal GMI effect
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[4,10]. As discussed previously in Section 2, at a given frequency, the application of a dc
magnetic field (Hdc) changes the circular or transverse permeability lT and hence the mag-
netic penetration depth dm that in turn alters the magnetoimpedance until the value of dm

reaches the radius of the wire (t) or the half thickness of the sample (a). Consequently, the
GMI effect increases to a maximum value when the applied dc field is increased as typically
displayed in Fig. 26. In reality, the applied dc magnetic field (Hdc) may compensate the
axial magnetic anisotropy when Hdc reaches the switching field of the sample
[10,23,125,126]. At this field, the quasifree magnetisation responds quickly to the external
oscillating magnetic field and gives rise to a large transverse permeability [125]. Since the
value of the switching field is actually very small in nanocrystalline samples, the maximum
value of GMI is observed at nearly zero field (Hdc � 0) for low frequencies (f 6 1 MHz)
[126]. The GMI profile also shows an SP behavior in this frequency range (see Fig. 26).
When the dc magnetic field exceeds the switching field, the transverse permeability
decreases due to the unidirectional magnetostatic anisotropy caused by Hdc. Therefore,
with increasing dc magnetic field, the skin depth increases and consequently results in
an increase of the GMI effect [125].

When studying the effects of applied dc fields on domain wall magnetisation processes
at low frequencies in Fe-based nanocrystalline ribbons, Qin et al. [127] found that a small
longitudinal dc field helped the domain wall unpin from the pinning field. A large longi-
tudinal dc field increased the pinning field and damped the domain wall motion, while a
transverse dc field had little influence on the pinning field. At high frequencies (f >
1 MHz), GMI profiles showed a DP characteristic (see Fig. 26) due to the change in the
switching and anisotropy field of the sample with increasing frequency [10]. It is the
increase of the switching and anisotropy field with frequency that in turn causes the DP
behavior in GMI profiles, together with a shift of the GMI peak towards a higher value
of Hdc, when the frequency is increased [10,125]. However, the magnetic field dependence
of GMI has been correlated to the magnetic field dependence of the circular/transverse
permeability [4,5,10]. Such SP and DP features of GMI are determined by the relative
contribution from the domain wall motion and magnetisation rotation processes to the
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circular/transverse permeability [4,128]. Complex domain structures and distribution of
local anisotropies in actual materials can also be additional causes of the complicated
dependence of GMI on dc magnetic field [129–132].

It is important to note that using the magnetic field dependence of the GMI ratio, one
can determine whether a magnetic material is syuitable for sensor applications. This is also
known as the sensitivity of GMI to the applied field (i.e., n = 2(DZ/Z)max/DH, where DH is
equal to the full width at half maximum of GMI curve).

5.3. Measuring frequency

According to Eqs. (2.6)–(2.9), GMI and its behavior depend strongly on measuring fre-
quency [4,5,10], and such frequency-dependent GMI features have been experimentally
studied in a wide range of frequencies up to several GHz in different materials [10,133–
137].

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 [27] and ribbons [28]. For amorphous glass-covered micro-
wires, the permeability spectra showed dispersion laws at higher frequencies [4,7]. At
low frequencies f < �0.1 MHz (a < dm), the maximum value of GMI, defined as
[DZ/Z]max(%), is found to be relatively low due to the contribution of the induced mag-
neto-inductive voltage to magnetoimpedance [4,10]. In this case, GMI features can be
interpreted on the basis of the quasistatic models [11]. In the frequency range of 0.1–
10 MHz, where most GMI measurements have been conducted, with increasing frequency,
[DZ/Z]max(%) first increases up to a maximum and then decreases and even changes sign
[137]. As a typical example displayed in the inset of Fig. 26, when 1 MHz 6 f 6 5 MHz
(a � dm), the skin effect is dominant, and a higher [DZ/Z(%)]max was found. Beyond
f = 5 MHz, [DZ/Z(%)]max decreases with increasing frequency. It is believed that, in this
frequency region (f P 5 MHz), the domain wall displacement was strongly damped owing
to eddy currents, thus contributing less to the transverse permeability, i.e., a small [DZ/
Z(%)]max. It should also be noted that the magnetoimpedance increases with frequency
because the impedance is proportional to (xlT)1/2 even in the case of decreasing transverse
permeability at high frequencies. Despite this, the frequency at which the maximum GMI
value is obtained depends strongly on the samples’ dimension. It has also been found that
GMI usually reaches its maximum value at higher frequencies for amorphous microwires
than for amorphous wires and ribbons [133–137]. At frequencies above 10 MHz, only the
spin rotation mechanism occurs and the effective permeability is small [135,136]. The eddy
current and domain models are valid for interpreting basic GMI features in the frequency
range of 0.1–100 MHz [5,23]. At higher frequencies, where ferromagnetic resonance can
occur [136,137], GMI features were successfully explained by the electromagnetic and con-
ductivity-exchange models [14,15]. Furthermore, with increasing frequency, the low-fre-
quency SP behavior may become DP-like as a consequence of the frequency
dependence of permeability (see the inset of Fig. 26) [10,23]. GMI curves may also become
broader with increasing frequency (see Fig. 26) [137]. When GMI curves become broader,
one can adapt the model developed for transverse biased permeability in thick ferromag-
netic films. It is the combination of eddy current damping, ripple field and anisotropy field
that gives rise to the peak in permeability as well as the broadening of permeability curves
[138]. This can explain the broadening of GMI curves at high frequencies.
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From an experimental perspective, one should note that most GMI measurements have
been performed at measuring frequencies up to only 10 MHz. This is due to the fact that,
in this frequency range, the voltage–current measurement technique that gives a direct
measurement of the transport properties of the sample can be easily employed. At higher
frequencies, both voltage and current are not always quantitatively well defined and the
classic measurement technique fails. To overcome this problem, another technique based
on the S-parameter measurement of a transmission line section by means of an automatic
vectorial network analyser has recently been exploited to measure the GMI effect in the
microwave region of soft magnetic amorphous samples.
5.4. Measuring temperature

A thorough knowledge of the measuring temperature dependence of GMI is important
and necessary, both from a fundamental and practical perspective. However, only a few
works have studied the influence of the measuring temperature on GMI in materials such
as Co-based amorphous wires [139], Co-based amorphous ribbons [140–143] and Fe-based
nanocrystalline ribbons and wires [144,145].

In general, the GMI effect first increases with increasing measuring temperature and
reaches a maximum value near the Curie temperature of the material, then finally
decreases at higher temperatures [139,140]. The magnitude of GMI measured at room
temperature was about three times larger than that measured at a lower temperature
(�10 K) [140]. This tendency is in contrast to that previously reported for GMR materials
[3]. The Co-based ribbons with cryogenic treatment possessed a larger value of the GMI
effect after annealing [141]. The decrease of GMI at temperatures above the Curie point
was attributed to the collapse of the magnetic coupling in the material [144]. The temper-
ature dependence of GMI has been related to that of the circular permeability for amor-
phous wires [139], and to that of the effective permeability for amorphous ribbons [142].
Because the magnetic permeability is sensitive to temperature, the GMI changes rapidly
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as a function of temperature (see Fig. 27). The exchange energy between magnetic
moments at a low temperature is larger than that at a high temperature [144]. Therefore,
the circular motion of magnetic moments will be frozen at a low temperature resulting in
lower permeability and smaller GMI values [139,145]. Indeed, such investigations provide
useful information on the magnetisation dynamics in the circular direction for wires
[139,145] and/or in the transverse direction for ribbons [141–143]. Furthermore, it has
been shown that appropriate annealing treatment of amorphous ribbons can improve
the thermal stability of GMI-based sensors operating at different temperatures [143]. In
this respect, nanocrystalline GMI materials are more appropriate than amorphous ones.

6. Influence of processing parameters on GMI

6.1. Effect of glass coating on GMI

The influence of glass coating on the domain structure and magnetic properties of
amorphous wires have been discussed in Refs. [6,7,10,60]. This section will focus on
describing the influence of glass coating on the GMI profile in amorphous and nanocrys-
talline wires. The effects of removing the glass coating on the GMI profile are also
discussed.

6.1.1. Amorphous wires

Fig. 28 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 one can see from Fig. 28, 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 cir-
cumferential permeability in the microwire and hence a reduction of the GMI effect [146–
148]. At low frequencies (f = 0.1–1 MHz), the GMI effect is obtained in the glass-covered
sample (see Fig. 28a), but not in the glass-removed sample (see Fig. 28b). This is somewhat
different to that reported in [7], where no GMI effect was observed in either Co-based
glass-covered or glass-removed wires. This probably arises from the fact that, in the fre-
quency range (f < 1 MHz), the circumferential permeability is relatively large and the skin
effect is noticeable in the glass-covered microwire [149].

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 proportional to the square root
of the circumferential permeability and frequency. More noticeably, at the highest fre-
quency of 10 MHz, a DP behavior is observed in the glass-covered microwire, while a
SP behavior remains for the glass-removed microwire (see Fig. 28). This can be under-
stood by accounting for the less sensitive circumferential 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 Ref. [7]. It was shown that the largest GMI effect was obtained for the
conventional wire at relatively low frequencies, but for the glass-removed wire, this 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) [7]. Furthermore, it has been shown that
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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 [146–148]. In fact, the coating not only
changes the anisotropy distribution, but also reduces the magnitude of the magnetic per-
meability. Consequently, the GMI effect is smaller for a wire with a thicker glass cover.

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
[7,16,98]. For instance, a small MI effect (�1%) was obtained in the Fe-based glass-cov-
ered amorphous wire, this was attributed to the high positive magnetostriction of the sam-
ple (k � 25 · 10�6) that led to a domain structure with axially magnetised inner core and
radically magnetised outer shell through magnetomechanical coupling with internal stres-
ses. After the glass cover was removed, a higher MI effect (�5%) was achieved [98]. This
was attributed to the stress relief caused by the glass removal [7]. Such different behaviors
of GMI observed in Co-based and Fe-based amorphous wires can be understood through
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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 glass coating on the

GMI profile in nanostructured wires/microwires [16,98,150,151]. 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 [98,151], with much attention
being paid to an Fe-based nanostructured wire, where a much improved GMI effect
was obtained after glass removal [16,98,150]. For example, the GMI ratio of the FeSiB-
CuNb nanostructured wire reached a value of about 28% after glass removal [98], which
is much larger than that of the glass-covered sample (�5%). Because the Fe-based nano-
structured wires without glass cover are magnetically softer than the glass-covered ones, a
much more sensitive GMI response was observed in these samples [16,98]. Furthermore, it
was found that the GMI ratio of the FeSiBCuNb nanocrystalline wire without glass cover
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 cover was magnet-
ically softer due to its vanishing magnetostriction [98,146]. 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 cover than in both Fe-based nanocrystalline
wires with glass cover and Co-based amorphous wires without glass cover [98]. This prob-
ably results from the lowest value of resistivity observed in the Fe-based nanocrystalline
wire without a glass cover [16]. These results indicate that the Fe-based nanocrystalline
wires with glass-cover removed can be competitive candidate materials for high-perfor-
mance 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 [152–156]. 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 [152,153]. The critical length was smaller for Co-based amorphous wires
than for Fe-based amorphous wires [152]. The loss of magnetic bistability can be attrib-
uted 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. [154] analysed in detail the influence of sample length on the magnetic
properties (e.g., coercivity, susceptibility) and GMI of a Fe-based nanocrystalline wire. It
was found that, with decreasing wire length, the coercivity increased, the susceptibility
decreased, and the GMI effect consequently reduced [154]. This phenomenon has been
attributed to the formation of closure domain structures near the ends of the wire due
to the demagnetising field [152–156]. 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 [154,155]. It was also found that the field sensitivity of
GMI was reduced in samples where such a ‘‘border effect’’ was large enough [154].
However, Phan et al. [156] recently observed that the decrease of length (l) of a Co-based
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microwire (e.g., AGCW) resulted in a strong increase of the GMI ratio as shown in
Fig. 29. 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, respec-
tively. This can be attributed to the decrease of electrical resistance from 19.7 to
3.1 Ohm.m with decreasing length from 4 to 1 mm, respectively. This finding is of practical
importance because it shows that the ferromagnetic microwires or composites containing
these microwires are ideally suited to designing miniaturised magnetic sensing devices
which are compatible with biological systems for health monitoring purposes. This differ-
ence is likely to be a result of the ‘‘border effect’’ being larger in the normal wire [154] than
in the microwire [156]. These results suggest that such geometrical effects should be con-
sidered 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 [157,158,67], layered and multilay-
ered films [81,82,84,159], amorphous ribbons [160–162], and layered composite wires
[62,64,67,68]. A typical example of the wire-diameter dependence of the GMI effect is dis-
played in Fig. 30. It can be seen that the largest GMI value was obtained in samples with
an optimal diameter [157,158,67]. Due to the skin effect, the maximum value of GMI
shifted to a lower frequency for the thicker wire [157]. It is the transformation of the lon-
gitudinal domain structure in the inner core of hard-drawn wires to a circular domain
structure that resulted in the increase of the GMI effect in hard-drawn wires [158]. Both
circumferential and longitudinal axial anisotropies depend on the radial distance of the
wire [158,67], and this in turn causes the wire-diameter dependent GMI features [62,68].

Similar behaviors were also observed in layered and multilayered films [81,82,84] and
amorphous ribbons [160–162]. The GMI ratio increased with increasing thickness of the
conducting spacer layer (Cu or Ag) [81,82]. When the film width was less than a critical
value, which depends on the transverse permeability and the layer thickness, the flux leak-
age through the conductive layer resulted in a considerable drop in the GMI ratio [82].
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With increasing film thickness, a variation from an SP feature to a DP one occurred [159].
This was attributed to the different anisotropy axes induced by the strain in the multilayers
[82].

6.2.3. Sample surface

It has been shown that, in the case of a large skin effect, the surface roughness becomes
important [10,11]. This is not only because the skin depth may become smaller than the
surface irregularities, but also due to stray fields, which appear on the rough surface
and cause a considerable reduction in the GMI magnitude. Indeed, the GMI effect was sig-
nificantly improved in chemically thinned and polished magnetic amorphous ribbons
[160], because the polishing resulted in a smoother ribbon surface thereby reducing the
effective anisotropy as well as making the sample magnetically softer. This has recently
been experimentally verified by Le et al. [163] when studying the GMI effect and surface
morphological developments in the nanocrystalline Fe73.5�xCrxSi13.5B9Nb3Au1 (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. 31). The GMI ratio strongly decreased in
samples with large surface roughness. Therefore, it is recommended that for rapidly
quenched magnetic ribbons, the sample surfaces should be polished before they are used
for making sensors. Regarding the effect of sample surface, electrodeposited wires and
films usually have higher quality surfaces relative to rapidly quenched wires and ribbons,
and a higher GMI response is consequently achieved [61–77].

6.2.4. Sample axes

The influence of sample axis direction on the GMI effect of Co-based amorphous rib-
bons and films has been studied [164,165]. Kurlyandskaya et al. [165] investigated the
angular dependence of the GMI profile for the angles 0 6 a 6 90�, where a is the angle
between the long side of the ribbon and the external magnetic field. The results indicated
that the GMI behavior remained stable for angles up to 30�, revealing that the field sen-
sitivity of GMI-based magnetic sensors is not critically limited by the orientation of the
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applied magnetic field. However, the orientation of the applied magnetic field at larger
angles (a P 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.
6.3. Effect of annealing on GMI

The GMI effect can be improved when an amorphous ferromagnetic material is sub-
jected to proper heat treatments such as an annealing treatment. Effects of different
annealing procedures on the GMI effect in amorphous magnetic wires/microwires and rib-
bons 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 consid-
erable reduction in the GMI effect for Co-based amorphous wires/microwires [151] and
ribbons [166] due to the fluctuation of the circumferential/transverse anisotropy in the cir-
cumferential/transverse direction of the wire/ribbon. However, it causes a drastic improve-
ment in the GMI effect for Fe-based amorphous wires [16,98,150] and ribbons
[87,109,167–172], 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 anisotropy and therefore reduce the GMI effect,
even though the magnetic permeability is increased. Therefore, Sommer and Chian [166]
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 fre-
quencies (�100 kHz) [166]. The situation would be different if MI measurements were car-
ried out at higher frequencies (1–10 MHz) where higher permeability is needed for a larger
MI effect [10].

Indeed, Phan et al. [142,173] recently revealed that a suitable conventional annealing
treatment (i.e., relatively low annealing temperature �300 �C and short annealing time
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�25 min) of Co-based amorphous ribbons resulted in a significantly 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 [173]. 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 sub-
jected to proper conventional annealing [16,98]. It is the increase in magnetic softness and
the decrease in resistivity that results in the much improved GMI effect [16,98,150,167–
172]. In this context, the magnetic softness may be used as a second criterion in selecting
an appropriate material for GMI-based sensor applications [98]. The correlation between
the microstructure and magnetic properties, including the GMI effect, in Fe-based nano-
crystalline ribbons has been clarified [87]. Fig. 32 shows the change of GMI effect with
annealing temperature. A decrease of the anisotropy field (Hk) and an increase of the
GMI with increasing annealing temperature up to 540 �C were observed and attributed
to the increase of the magnetic permeability and the decrease of the coercivity, whereas
the opposite tendency was found for the sample annealed above 600 �C, which is likely
to be a result of the microstructural change caused by high-temperature annealing [73].
These results show the usefulness of using the GMI effect to monitor the structural
changes that occur in amorphous ferromagnets during annealing and especially during
specific annealing for nanocrystallisation [16,87,98,150]. It has been shown that the mag-
nitude of GMI for the Fe-based nanocrystalline materials (both wires and ribbons) is com-
parable with that for the Co-based amorphous ones. This makes them useful for practical
sensor applications.
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 [133,166,174,175]. For Co-based amorphous ribbons,
the GMI effect was found to be significantly improved in samples subjected to transverse
field annealing, while it was almost suppressed upon longitudinal field annealing [166]. A
large hysteresis in the GMI curves with respect to increasing and decreasing dc magnetic
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fields was observed in the case of transverse field annealing. This hysteresis occurred at
magnetic fields smaller than the anisotropy field and is probably related to the irreversible
magnetisation process due to domain wall displacement. In the case of field-annealed Fe-
based amorphous ribbons, the easy magnetisation direction was found to be along the ac
driving current direction as well as the external dc magnetic field [175]. A large GMI effect
was consequently achieved in the field-annealed sample but not in the zero-field-annealed
sample. 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 [175]. This is beneficial
for GMI-based sensor applications.
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 [129]. 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 ferromag-
netic wires/microwires [69,129,135,176–179] and ribbons [179,180], and consequently, pro-
viding 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 [129]. Consequently, the GMI effect can be optimised when
the applied annealing current density is properly adjusted [129,176–179]. With increasing
annealing current density, the GMI ratio first increased due to the relief of internal stress
caused by heating [129], while the decrease of the GMI ratio after completion of the
annealing process was attributed to the microstructural change in the sample [69]. More
interestingly, the GMI ratio measured at a frequency of 15 MHz reached a maximum
value of about 600% and the magnetic response of 320%/Oe under specific current anneal-
ing (i.e., 10 min annealing with an applied dc current of 70 mA) [129]. 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. [179] 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 the transverse permeability [129,180]. The difference in the magni-
tude of the GMI effect between as-cast ribbon and wire observed at low frequencies
(�500 MHz) tend to vanish at higher frequencies (�2600 MHz) [179].
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 [181]. The increase in 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
[179,180]. In general, both the Joule heating and ac current annealing techniques allow
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the improvement of the GMI effect in amorphous ferromagnetic materials. These methods
are efficient in homogenising the GMI response irrespective of the sample shape.

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 [182,183]. The
influence of applied stress during annealing on the magnetic properties and GMI effect
of several amorphous ferromagnetic materials, including ribbons [182–185] and wires
[148,186], has been investigated. It was shown that, in the case of Co-based amorphous
ribbons, the transverse magnetic anisotropy was induced by stress annealing [182–184].
Samples with similar anisotropy strengths were found to show very different GMI
responses [182]. When a Co-based amorphous ribbon was annealed under an applied ten-
sile stress of 500 MPa, the field sensitivity of GMI measured at a frequency of 3 MHz was
found to reach up to 83%/Oe [184]. In contrast, for stress-annealed Fe-based amorphous
ribbons [185], 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 [180].
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 struc-
tures that are determined by the samples’ signal of magnetostriction [182,183].

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 amorphous ribbon sam-
ples [187]. Asymmetry in the GMI profile was also observed in this case, and it was
believed to originate from a ferromagnetic exchange coupling of the soft magnetic amor-
phous phase with a magnetically harder crystalline surface layer. Such asymmetry may be
of interest in developing auto-biased linear GMI field sensors [10].

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 [125,129,180,186,188,189]. For stress-Joule-heated Fe-based amor-
phous wires, the GMI ratio increased with increasing annealing stress up to 275 MPa
[186]. The GMI behavior 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 [11].
Mandal et al. [125] 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 [129]. 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 reduc-
tion 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/
mm2, a maximum SI ratio of 350% was achieved in samples annealed by Joule heating
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at a current density of 33 A/mm2 in the presence of a longitudinal applied tensile stress of
100 MPa [180]. This is consistent with what was reported for Joule-heated nearly zero
magnetostrictive amorphous wires [188] and microwires [189,190]. In these examples,
the torsion stress dependence of the GMI effect may be useful for stress sensing applica-
tions [190].

6.3.7. Laser annealing

The influence of laser annealing energy on the GMI effect in Co-based amorphous rib-
bons and microwires was first investigated by Ahn et al. [191,192]. These samples were
annealed by 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 (DZ/
Z = 30%) at 136 mJ and then decreased at higher energies [191]. 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 to �0.5 Oe because of the increase of magnetic soft-
ness caused by the laser annealing effect. The decrease of the GMI effect and the increase
of the anisotropy field were probably due to the microstructural change caused by laser
annealing [172]. For a Co-based amorphous microwire after glass removal by chemical
etching, the GMI effect was found to be enhanced by illuminating Nd:YAG laser at high
frequency. This is a consequence of internal stress relief, resulting from laser energy
absorption [192]. 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 [192].
Recently, Roozmeh et al. [193] 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
[193].

In general, laser annealing is regarded as a superior method for improving soft mag-
netic properties and the GMI effect of amorphous ferromagnetic materials compared to
furnace annealing (conventional annealing) because it is non-contact, 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 amor-
phous ferromagnetic materials including amorphous microwires/wires [125,188–190,194]
and ribbons [112,195,196]. For a positive-magnetostrictive glass-coated amorphous micro-
wire (e.g., Co83.2Mn7.6Si5.8B3.3), 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



M.-H. Phan, H.-X. Peng / Progress in Materials Science 53 (2008) 323–420 375
frequencies, the magnitude of the GMI effect is equal to that without an applied tensile
stress [125]. 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 nega-
tive-magnetostrictive amorphous microwire (e.g., Co68.5Mn6.5Si10B15) under an applied
tensile stress of 66 MPa [189]. Based on the stress dependence of the GMI effect in these
amorphous microwires, a magnetoelastic sensor has been developed [190]. Torsion-stress
dependent GMI features were also observed in Co-based amorphous and Fe-based nano-
crystalline wires with vanishing or transverse anisotropy [189,192]. Such variation in the
shape of the GMI curve as well as its magnitude can be explained by considering the com-
petition between the magnetoelastic anisotropy induced by the processing and the helical
anisotropy induced by the torsion [192].
6.5. Effect of neutron irradiation on GMI

The effect of neutron irradiation on permeability spectra and GMI of Fe-based amor-
phous and nanocrystalline materials was first investigated by Phan et al. [197,198]. 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 P 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 attrib-
uted 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 (see Fig. 33). In contrast, the decrease in permeability of the neutron-irradiated
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nanocrystalline alloy caused by reversible magnetisation rotation produced a reduction in
the GMI effect relative to the nanocrystalline alloys (see Fig. 33). These results have
important implications in the application of these materials as sensing elements in a
nuclear environment, when the magnetoimpedance effect is used. This is because, com-
pared 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.

Recently, Cayssol et al. [199] also investigated the influence of low-energy He ion irra-
diation 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 uniform ion irradiation
caused a significant reduction in the pinning center’s density and the pinning force, result-
ing in improved domain wall motion. This reveals that the GMI effect can be further
enhanced in amorphous magnetic wires when submitted to appropriate ion irradiation,
because the enhancement of GMI is related to improved domain wall motion [10]. This
is of practical importance for future magnetic devices.
6.6. Effect of hydrogen charging on GMI

The influence of hydrogen charging on the magnetic softness and the GMI effect has
been studied in amorphous Fe–Si–B and Co–Fe–Si–B wires [200]. The hydrogen charging
was carried out at 25 �C and in a stirred solution by applying a constant current density of
20 mA/cm2 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 var-
iation in the GMI effect was observed in the Co–Fe–Si–B amorphous wire after hydroge-
nation. 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 to that of the magnetic softness (i.e., the magnetisation
and coercivity) [200]. In this case, it was believed that hydrogen charging modified the
domain structure and hence the magnetic properties of the samples. After 2700 min deg-
assing, the GMI effect was found to be larger in the hydrogen-charged Fe–Si–B amor-
phous 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

Influences of pH value on the GMI of electrodeposited CoNiFe/Cu wires have been
systematically studied by Atalay et al. [201]. The results showed that the composition,
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 [201]. 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 appropriate pH is important for optimising the GMI effect of electro-
deposited wires.
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6.8. Effect of magnetostriction on GMI

The influence of magnetostriction on the GMI effect has been studied in several amor-
phous wires [176,202] and ribbons [97,203,204]. Barandiaran and Hernando [203] have
simulated the influence of magnetostriction on the GMI effect, revealing that magneto-
striction is a key parameter in determining the magnitude of GMI. In order to assess
the influence of magnetostriction on GMI, Table 2 shows the relationship between the
GMI effect and magnetostriction in both amorphous and annealed (Co1�xFex)70Si12B18

ribbons [112]. It can be seen that the largest GMI effect is obtained in samples with van-
ishing magnetostriction. The magnitude and sign of the magnetostriction constant of a
sample can be changed either by modifying the alloy’s composition, or by annealing
(see Table 2). However, it should be noted from Table 2 that the ribbons with similar val-
ues of ks 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 either
be beneficial or detrimental to the GMI effect, depending on the annealing temperature
and time [203]. Annealing at low temperatures and/or in a short time should be recom-
mended for Co-based samples, because this will relieve the quenched-in stresses and result
in an increase of magnetic permeability, 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 materi-
als with a much improved GMI effect [87].
6.9. Aftereffect of GMI

The so-called magnetoimpedance aftereffect is known as the change in GMI effect with
time and has been observed in amorphous wires and ribbons [97,205–210]. The origin of
the magnetoimpedance aftereffect can be related to the permeability aftereffect of the
diffusive type, and it has been experimentally shown that the occurrence of magnetoimped-
ance relaxation is a direct consequence of the diffusion permeability aftereffect. Therefore,
the permeability aftereffect is the main mechanism behind the magnetoimpedance afteref-
Table 2
Saturation magnetostriction (ks) and GMI ratio [DZ/Z]max (%) measured at f = 100 kHz and i = 5 mA for
(Co1�xFex)70Si12B18 ribbons before (as-quenched) and after annealing

Composition
(x)

As-quenched ks

(· 10�6)
As-quenched [DZ/Z]max

(%)
Annealed ks

(·10�6)
Annealed [DZ/Z]max

(%)

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
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fect [97]. Furthermore, Raposo et al. [209,210] studied the temperature dependence of
magnetic aftereffect in Co-based amorphous wires in the range of 80–400 K and found
the highest aftereffect of GMI at temperatures around 350 K. Accordingly, they proposed
that 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 aftereffect is undesirable 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 aftereffect [10,112]. A very small
GMI aftereffect was obtained in samples with vanishing magnetostriction [112]. 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

Influences of LC-resonance circuit on GMI in amorphous microwires have been inves-
tigated [211–215]. Lee et al. [211] produced a new LC resonator using a glass-coated mag-
netic microwire, in which the LC-resonator was directly constructed on the microwire by
forming two capacitive terminal electrodes at the ends of the microwire without direct con-
tact 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 per-
meability of the microwire and the LC resonance of the circuit, the GMI response can be
greatly improved by adjusting 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 [211].

With increasing frequency, GMI profiles showed either a single-peak (SP) or double-
peak (DP) feature [213–215]. Remarkably, a multiple-peak GMI behavior appeared to
occur in the frequency range of 100–1000 MHz as displayed in Fig. 34. This is different
from that observed for Co-based microwires [10] in the intermediate frequency range of
Fig. 34. The frequency dependence of the maximum GMI ratio, [GMI(%)]max, for a glass-covered microwire LC-
resonator (courtesy A.T. Le).
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1–100 MHz, in which GMI curves often show a SP feature at low frequencies and a DP
feature at higher frequencies, with only a maximum of GMI ratio obtained over this fre-
quency range. This also differs from what was observed in GMI curves with respect to fer-
romagnetic resonance in the frequency range of 1–10 GHz, for a typical Co-based
microwire [10]. 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 [211,212]. The occurrence of resonance has been evi-
denced by a sudden change in phase angle by as much as 180� at a given external dc mag-
netic field [214]. Accordingly, the GMI features can be explained in terms of the LC-
resonance effect [211] and the formation of standing waves in the sample [212]. However,
in a high-frequency range where ferromagnetic resonance occurs, an additional contribu-
tion to the GMI effect from this resonance must also be included [214].

To further assess the origin of GMI, Le et al. [215] have recently studied the influences
of annealing and sample geometry on the GMI effect in a glass-coated microwire LC-res-
onator. The results indicated that annealing magnetic microwires significantly changed the
permeability and hence the GMI ratio, whereas the magnetoimpedance response was sen-
sitive 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 [215]. 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 sen-
sitivity 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 [216–218]. In particular, Kim et al. [218] 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.

7. Hysteresis and asymmetry in GMI

7.1. Hysteresis in GMI

A typical example involving the hysteretic feature in GMI profiles with respect to
increasing and decreasing applied dc magnetic field is displayed in Fig. 35. A two-peak
behavior with a dip near zero field was observed at frequencies f P 1 MHz. With increas-
ing frequency, the dip g(%) and hysteresis in the GMI profiles first increased up to
f = 5 MHz and then slightly decreased at higher frequencies (see the inset of Fig. 35).
The increase in the dip reflects an increase of anisotropy in the longitudinal direction of
the ribbon with increasing frequency [92,122]. In addition, hysteresis was observed at dc
magnetic fields below the anisotropy field and is likely to be related to the magnetisation
process due to domain wall displacement [219–223].

Such hysteretic phenomena in GMI profiles can be interpreted by considering the cor-
responding magnetisation processes that take place in the sample [92,222]. Moreover,
there are two kinds of magnetic fields (or two magnetic anisotropies) acting on the sample
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when submitted to GMI measurements: one corresponds to the ac magnetic field created
by the ac current along the sample, and the other is the dc axial magnetic field that super-
imposes itself over the first one. When saturation is reached, the dc magnetic field deter-
mines the magnetisation, and the ac magnetic field plays a minor role in the rotation of the
magnetisation vector inside the sample [222]. When the dc magnetic field is decreased, the
magnetisation starts to sense the presence of the ac magnetic field, and the magnetisation
vector starts to rotate, thus increasing the transverse permeability and hence the imped-
ance. When the anisotropy field is reached, the magnetisation becomes free to rotate under
the influence of the ac magnetic field. The transverse permeability reaches the maximum
and the GMI effect reaches the peak. When the dc magnetic field is further decreased, a
domain wall irreversible process starts to take place, resulting in irreversible contributions
to the transverse magnetisation processes. Consequently, a hysteretic GMI behavior was
observed [220]. In short, the origin of the hysteretic GMI is related to the hysteresis of
the magnetisation process and to the spatial distribution of magnetic anisotropy, which
determines the domain structure in metallic glasses and their magnetic permeability. This
hysteresis is often small in homogeneous magnetic materials and can be removed by
annealing the as-cast amorphous samples under the application of an external stress
and/or a magnetic field [188–190].

7.2. Asymmetry in GMI

In ferromagnetic materials, a small asymmetry in the GMI curve (Fig. 35) with respect
to increasing and decreasing fields appeared to occur naturally at small dc-bias magnetic
fields below the anisotropy field. It can be modified either by the application of a dc bias
current [224–231] or an ac-bias-field [131,232,233] along the sample axis during GMI mea-
surement or due to exchange bias [234–240]. This section will discuss the principal features
and the origin of asymmetric GMI.



M.-H. Phan, H.-X. Peng / Progress in Materials Science 53 (2008) 323–420 381
7.2.1. Asymmetrical GMI due to dc bias current

When a dc bias current (Idc) is applied parallel to the ac current (Iac) and the dc external
magnetic field (Ha), it will induce a circumferential dc magnetic field (Hdc) that, together
with the circumferential ac magnetic field generated by the ac current (Hac), proceed the
circumferential magnetisation processes against the dc external magnetic field (Ha). It is
the combination of helical magnetic anisotropy and the circumferential dc field produced
by the bias current that causes an asymmetry in GMI profiles in Co-based amorphous
wires with a dc bias current superimposed on the driving ac current [224–231]. In this case,
a symmetric SP or DP-like GMI curve should appear in the absence of the dc bias current
[224]. But a very small asymmetry in the GMI curve was still observed in the case of
Idc = 0, reflecting the presence of the internal helical anisotropy in the wire [231]. When
the dc bias current (Idc) was applied, asymmetry in GMI appeared, depending upon both
the direction and magnitude of Idc [224–231].

The magnetic field dependence of an asymmetric GMI (AGMI) profile measured at dif-
ferent dc-bias currents is shown in Fig. 36. A small AGMI appears for Ib = 1 mA, and as
Ib increases until around Ib = 15 mA, the asymmetry becomes larger, but subsequently
decreases for Ib = 25 mA. This change is likely to be due to the influence of the unidirec-
tional bias field on the domain wall motion in the circumferential direction. The biasing
circumferential field produced by the dc-biased current makes the ac susceptibility, arising
from wall displacement, asymmetric upon application of the external magnetic field along
the wire axis [226,227,231]. The conjunction of the external static magnetic field and the
dc-biased current applied along the wire introduced an effective helical field acting on
the wire [231]. Hence, GMI becomes asymmetric with regard to the sign of the applied sta-
tic field, and this asymmetry becomes larger with increasing biasing circumferential field.
When the biasing circumferential field is large enough, the domain wall motion is sup-
pressed. This, together with asymmetry, results in the decrease of permeability and thus
the reduced GMI effect [231]. It is found that the permeability from the wall motion of
core domains is nearly constant, irrespective of the bias current, while the permeability
from the rotation of shell domains (lrot) increases with bias current up to 15 mA and then
decreases. The increase of lrot up to Ib = 15 mA is due to the enhancement of the shell
domain volume by the circumferential field, but the decrease of lrot for higher current
is mainly caused by the hindrance of rotational magnetisation by strong bias field. This
explains why AGMI is reduced in magnitude to under Ib = 25 mA. It is also found that
with increasing dc-bias current, the position of AGMI peak shifts slightly to lower dc
fields. When the direction of dc-bias current is reversed, the asymmetry also reverses. With
increasing frequency, the asymmetry in GMI first increases and then decreases yielding a
maximum at a certain frequency [231]. When frequency exceeds a critical frequency, the
asymmetry of the GMI profile becomes small. This is because the influence of dc bias field
on rotational magnetisation is smaller than that on wall motion. These finding are useful
for constructing an auto-biased linear field sensor [224,230].

In an attempt to theoretically explain the proposed mechanism for AGMI in amor-
phous wires due to dc bias current, based on the electromagnetic model, Panina et al.
[222,230] showed that the component of surface impedance (i.e., fzz) becomes asymmetric
when a circumferential dc magnetic field is added. The asymmetry is related to the axial
hysteresis loop that is also asymmetric. However, this model cannot explain why AGMI
appeared in Co-based amorphous wires without torsion [190]. This has been experimen-
tally verified by Phan et al. [231] showing that helical internal stress exists in non-twisted
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Co-based amorphous wires. It has been further estimated that the helical internal stress is
smaller in Co-based amorphous wire than that in Fe-based amorphous wire [231], due to
the difference in their domain structures [6,7,10]. It is the helical internal anisotropy that
plays a significant role in responding differently to the axial magnetisation process and
thus to AGMI [227,231]. Therefore, the proposed model [222,230] needs to be further
developed.
7.2.2. Asymmetrical GMI due to ac bias field
When a Co-based amorphous wire is subjected to a pulse helical magnetic field pro-

duced by the conjunction of an ac pulse current passing through the wire and a coil wound
around it, asymmetry in the GMI profile can be produced [131,232,233]. The circumferen-
tial and axial components of the helical field were provided by the wire and the magnetis-



M.-H. Phan, H.-X. Peng / Progress in Materials Science 53 (2008) 323–420 383
ing coil, respectively [232]. The effect of an ac bias field (Hb) created by the ac bias current
on the wire voltage characteristic, is related to the ac cross-magnetisation process of induc-
ing circulatory magnetisation, so the asymmetry in GMI can result from the combination
of helical magnetisation and the axial ac field [232,233]. This process is believed to be sim-
ilar to that of the Matteucci effect, in which a voltage appears in the presence of an axial
field driving helical domain walls [131]. The similarity is considered only at high frequency
when the induced circulatory magnetisation has a rotational mechanism. Because the con-
tribution to the voltage due to Hb becomes similar to that induced by the current (i) itself,
it can change the voltage versus Hex behavior when frequency increases. In fact, the Mat-
teucci component of impedance can also be controlled by the number of turns of the driv-
ing coil. When the number is large, the Matteucci effect contributed positively to the
impedance and asymmetry was observed [131,232,233].

7.2.3. Asymmetrical GMI due to exchange bias

This type of AGMI, which is the so-called GMI-valve, was first reported by Kim et al.
[234] when investigating the influence of longitudinal weak-field annealing on the GMI
profile in Co-based amorphous ribbons. Later, extensive experimental and theoretical
investigations have been conducted to understand the origin of this asymmetric GMI
[235–240]. It was found that when a Co-based amorphous ribbon was annealed at a suit-
able temperature (Ta = 350–380 �C) in air with a weak magnetic field (Ha = 0.05–3 Oe)
along the ribbon, a large asymmetry in the GMI profile appeared [234,235,240]. At rela-
tively low frequencies (�0.1 MHz), the GMI profiles showed a typical DP characteristic
for Ha 6 100 mOe whereas only a single-peak appeared under higher Ha with the peak
in the anti-parallel field region disappearing completely. The GMI for the field-annealed
samples also showed a distinct variation in AGMI features with increasing frequency.
The peak in the anti-parallel field appeared again at frequencies above 1 MHz, and it
developed strongly with increasing frequencies. The AGMI phenomenon has been attrib-
uted to the crystallisation of the surface underlayer, which becomes depleted in B and Si
due to the surface oxidation [235]. In addition, this type of heat treatment produces asym-
metric hysteresis loops in amorphous ribbons due to the interaction between the inner
amorphous phase and the magnetically harder crystalline phase on the sample outer layer
[241]. When the crystallisation took place under a weak magnetic field, the crystallites were
magnetically ordered, resulting in an effectively unidirectional surface anisotropy. It is the
influence of the unidirectional surface anisotropy on domain wall motion in the transverse
direction that in turn causes the AGMI [234–237,240].

In an attempt to qualitatively explain the AGMI features, a phenomenological model
has recently been proposed by Buznikov et al. [238,239]. Within the framework of this
model, the effect of a surface crystalline layer on the GMI response is described in terms
of an effective bias field, due to coupling between the crystalline layer and amorphous
phase. It is generally accepted that the presence of a bias field significantly changes the
GMI response. At low frequencies, domain wall displacement leads to a step-like change
in the GMI profile. At high frequencies, domain wall motion is damped and an asymmet-
ric DP-like GMI behavior is attained. This proposed model [238] can qualitatively describe
the AGMI features in longitudinally weak-field-annealed Co-based amorphous ribbons
[234], but it cannot address the question of why AGMI reduced considerably when the
sample was annealed in air at a sufficiently high magnetic field [235–237,240]. Further-
more, the GMI peak for an antiparallel field region started to appear again at a relatively
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high annealing field (�15 Oe), which was likely to be due to the dominant effect of unidi-
rectional anisotropy over the uniaxial anisotropy on the domain wall motion and the rota-
tion of magnetic moments [235]. This finding has been experimentally verified by Phan
et al. [240] by considering the complex permeability spectra in relation to the rotational
dc magnetisation. It has been highlighted that annealing in open air at magnetic fields
(Ha) smaller than the anisotropy field (Hk) along the ribbon introduced a peculiar domain
structure [234–237]. This enhanced the transverse permeability and a larger asymmetry in
GMI was consequently observed [234–237,240]. Annealing at magnetic fields slightly
higher than the anisotropy field (Ha > Hk) induces a unidirectional magnetic anisotropy
along the ribbon and this anisotropy can be large enough to hinder domain wall motion
in the transverse direction, thereby significantly reducing the GMI effect [235,240]. Inter-
estingly, the optimum GMI-valve behavior, which corresponds to the highest field sensi-
tivity of GMI of 125%/Oe, was observed at f = 0.1 MHz in the ribbon annealed under
a field of Ha = 2 Oe (see Fig. 37) [240]. This is ideal for developing auto-biased linear field
sensors. However, further theoretical developments are necessary to provide a quantitative
explanation for the observed phenomenon.

8. Selection of GMI materials for sensor applications

8.1. Criteria for selecting GMI materials

For a GMI material to be employed for GMI sensor applications, two main require-
ments should be met, namely, a high GMI ratio (or a large GMI effect) and a high sensi-
tivity to the applied field (or a high magnetic response). In view of the theoretical analyses
and experimental results, it is concluded that a large GMI effect should exist in magnetic
materials having:

• low resistivity, q,
• high magnetic permeability, l,
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• high saturation magnetisation, Ms, and
• small ferromagnetic relaxation parameter (or low damping parameter), a.

In this context, crystalline ferromagnetic materials have the advantage of lower resistiv-
ity (q), but amorphous ones have better soft magnetic behavior (e.g., higher magnetic per-
meability, l, and saturation magnetisation, Ms) because they lack magnetocrystalline
anisotropy. In particular, non-magnetostrictive materials can be expected to show the best
GMI performance because the magnetoelastic contribution to magnetic anisotropy sub-
stantially deteriorates the soft magnetic behavior. Improvement in the magnetic softness
of an actual amorphous material by appropriate 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 Section 9). In addition, for prac-
tical sensor applications, the manufacturability and cost of materials are also important
factors.

8.2. Evaluation of GMI materials

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 exist-
ing GMI materials will be reviewed and evaluated.

8.2.1. Rapidly quenched wires
8.2.1.1. 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 outer shell circular domain structure that
results from coupling between negative magnetostriction and quenching compressive
stress [7–10,242]. Among the Co-based amorphous alloys investigated, an alloy system
with the nominal composition of Co–Fe–Si–B exhibits nearly zero and negative magneto-
striction of ks = �0.4 · 10�7. This alloy is often obtained by alloying Fe–Si–B that has a
positive ks of 25 · 10�6 with Co–Si–B that has a negative ks of �3 · 10�6 [79,242]. As a
result, a record value of GMI ratio (1200% at 14.2 MHz) has been achieved in the conven-
tional amorphous Co68Fe4.35Si12.5B15 wire [204]. This value is much larger than that
reported earlier (600%) with the same composition [8,242]. This larger value of GMI ratio
is a result of minimising contact resistance and cancelling parasitic impedance [204]. How-
ever, a high field sensitivity of GMI (�500%/Oe) was reported by Vazquez [8], while no
information was found in the work by Garcia et al. [204].

In an attempt to develop magnetic wires for high-frequency sensor applications, Nie
et al. [147] 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
Co68.2Mn7Si10B15 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. [243] recently
revealed that these microwires also exhibited a GMI effect at frequencies up to GHz. In
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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 Section 6, for Co-based amorphous
wires, the GMI effect can be further improved by appropriate field annealing [16], Joule
current annealing [176–180] or the application of a tensile stress [183,184].

In summary, the Co-based amorphous wires with nearly zero and negative magneto-
striction 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 electro-technical devices operating
at much higher frequencies (up to several GHz). Due to their relatively high resistivity,
the microwires retain their large GMI value at higher frequencies, when compared to rib-
bons 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.

8.2.1.2. 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 [6,10,16,130]. A pri-
mary alloy of Fe–Si–B having a positive ks of 25 · 10�6 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 [16,130,244]. It was the precipitation 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 [244]. The crystallisation of Fe–Si–B-based
amorphous alloys containing Nb and Cu causes the formation of a nanoscale bcc structure
and the bcc alloys exhibit excellent ultrasoft magnetic properties (i.e., high effective perme-
ability and small coercivity) [16,79]. In these alloys, the roles that Cu and Nb play are to
maximise the density of crystal nuclei and to retard grain growth, respectively, leading to
an ultrafine grain structure. Among these alloys, the nanocrystalline alloys with a nominal
composition of Fe73.5Si13.5B9Nb3Cu1 were found to show the best magnetic softness.
These materials are therefore expected to show large MI effects. Indeed, Knobel et al.
[16] reported that conventional Fe73.5Si13.5B9Nb3Cu1 nanocrystalline wires (e.g., the amor-
phous 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. [245] partially substituted Fe by Cr in
Fe73.5Si13.5B9Nb3Cu1 nanocrystalline wires with the expectation of further reducing the
magnetostriction of the primary alloy. They found that although the GMI ratio and mag-
netic 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 [245]. In addition, the presence
of Cr significantly improved the corrosion resistance properties, 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 [6,10]. Interestingly, the
Fe89B1Si3C3Mn4 nanocrystalline glass-covered microwires were found to show the GMI
effect in the GHz-frequency range [243]. 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, con-
ventional furnace annealing proved more effective in improving the GMI effect compared
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with current annealing. Furthermore, it should be recalled that for both Fe-based amor-
phous and nanocrystalline glass-covered wires, the removal of the glass layer can signifi-
cantly improve the GMI effect and magnetic response. However, the GMI ratios of
Fe-based nanocrystalline wires are often smaller than those of Co-based amorphous wires
[242].

8.2.2. Electrodeposited wires

Besides rapidly quenched wires, electrodeposited wires, which comprise of a highly con-
ductive non-magnetic metal core (e.g., Cu, CuBe, and Ag) and a thin layer of soft mag-
netic metal (e.g., NiFe, NiFeRu, NiFeMo, CoP, and CoNiFe), have been found to
show excellent GMI behaviors [62–77,246–250]. For electrodeposited wires, the magnetic
layer has either a circular or radial domain configuration depending strongly upon the
alloy composition and the sample processing conditions [248]. Wires having a circular
domain structure are often expected to show a larger MI effect [246,250].

In a pioneering work, Usov et al. [246] 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 were
devoted to investigating the GMI effect in electrodeposited wires, such as CoP/Cu [62–
66,247], NiFe/Cu [68–70,249], CoNiFe/Cu [71,72,248], NiFeRu/Cu [73], and NiFeMo/
Cu [74]. Sinnecker et al. [62] 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, the significant increase in GMI ratio with the magnetic layer thickness of the
CoP/Cu composite wire was attained [62]. 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 [63–66]. Recently, Phan et al.
[247] 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 deposi-
tion time of 6 min and an electrolytic current density of 639 mA/cm2. At the measured fre-
quency of 10.7 MHz, the GMI ratio and magnetic response reached the highest values of
534% and 21%/Oe, respectively. 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 behavior [247]. More interestingly, Kurlyandskaya et al. [248]
found that the GMI ratio reached a value as high as 1200% at a frequency of 4 MHz
for the FeNiCo/CuBe electroplated wire. This is the highest value reported until now,
amongst existing electrodeposited wires. However, no information on the magnetic
response of GMI was given [248]. In a comprehensive study into investigating the influ-
ences of processing parameters (e.g., electrodeposition current density, duty cycle, electro-
lyte solution, pH value, applied magnetic field, magnetic layers, and post annealing) on the
GMI of electrodeposited NiFe/Cu wires, Li et al. [249] reported that the GMI ratio and
magnetic response reached maximum values of 1110% and 218%/Oe, respectively, at a fre-
quency of 4 MHz for a DC joule annealed wire sample.

Recently, it has been revealed that the GMI effect can be further improved in electro-
deposited wires by the inclusion of an insulating interlayer between the core and the mag-
netic shell (e.g., CuBe/Insulator/NiFeB wires) [76,77]. For instance, the GMI ratio reached
a value of 250% at f = 500 kHz to 1 MHz for an electrodeposited CuBe/insulator/NiFeB
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wire, which is much larger than that of �23% at f = 1 MHz for the electrodeposited CuBe/
NiFeB wire without the insulator layer [76]. 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 [76,77]. In this context, Buznikov et al. [250] 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 effects the eddy cur-
rent 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 fre-
quencies, because it actually increases both the diagonal and off-diagonal impedance [250].

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

8.2.3. Rapidly quenched ribbons

8.2.3.1. Co-based ribbons. GMI effects have been reported in Co-based amorphous ribbons
owing to the high transverse permeability, due to the presence of a transversely oriented
domain configuration [5,10]. Like Co-based amorphous wires, ribbons with Co–Fe–Si–B
composition and nearly zero but negative magnetostriction were found to show the largest
GMI ratio among Co-based ribbons [98]. The GMI ratio reached a value as high as�160%
at a frequency of 1 MHz in the (Co1�xFex)70Si12B18 (x = 0.057) amorphous ribbon with
nearly zero magnetostriction. Several attempts were made to improve the GMI ratio and
magnetic response of the Co–Fe–Si–B alloy by introducing other elements such as Cr,
Mn, Ni, and Mo. However, the results obtained were unsatisfactory [251–253].

Recently, Phan et al. [142,173,254] showed that the partial substitution of Cu and Nb
for B in an initial Co–Fe–Si–B composition (forming the Co-Fe–Si–B–Cu–Nb composi-
tion) improved both the GMI ratio and magnetic response. This substitution favored
the formation of a transverse domain structure, because the presence of Cu and Nb allows
the formation of well-differentiated microstructures [79]. Annealing at low temperatures
also led to a significant improvement in the GMI ratio and magnetic response of these
alloys [142]. By optimising the annealing conditions, the largest GMI ratio (513%) and
magnetic response (144%/Oe) were achieved at a measured frequency of 5 MHz in the
Co70Fe5Si15Nb2.2Cu0.8B7 ribbon annealed at 300 �C for 25 min (see Fig. 38 and its inset)
[254]. These are the largest values to date for Co-based amorphous ribbons. These mate-
rials are ideal for use in GMI-based sensing devices operating in the low and intermediate
frequency range.

Overall, the GMI effect is smaller in the ribbon-shaped sample than in the wire-shaped
one, which is due to their different magnetic domain structures [10]. The advantages of Co-
based amorphous materials include low magnetostriction and simple control of magnetic
anisotropy by annealing with either an applied magnetic field or an applied external stress
[6–12]. The disadvantages are their high resistivity and relatively large GMI aftereffect [97].
In addition, the Co-containing materials are relatively expensive.

8.2.3.2. Fe-based ribbons. Fe-based amorphous ribbons often show relatively small or even
no MI effects because of their very small effective permeability due to the presence of a
longitudinally oriented domain configuration [10,16,255–273]. In contrast, their Fe-based
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nanocrystalline counterparts have a much improved GMI effect as a result of the increased
magnetic softness due to the formation of transversely oriented domains [106,107]. The
GMI effect was reported for the first time in Fe–Si–B–Cu–Nb nanocrystalline ribbons
by Chen et al. [167]. They showed that the partial substitution of Cu and Nb for B in
an initial Fe–Si–B nanocrystalline composition forming the Fe–Si–B–Cu–Nb nanocrystal-
line composition resulted in a simultaneous improvement in the GMI effect and magnetic
response.

Guo et al. [94] reported that, at a frequency of 4.5 MHz, the GMI ratio reached a max-
imum value of 400% for a Fe73.5Si13.5B9Cu1Nb3 ribbon annealed at 550 �C for 3 h, while it
was only about 40% for its amorphous counterpart. Several efforts were made to improve
the GMI effect as well as the magnetic response of Fe–Si–B–Cu–Nb nanocrystalline alloy
either by using different annealing methods [87,168] or by modifying the alloy composi-
tion, such as Fe73.5SixB22.5�xCu1Nb3 (x = 9,16) [256], Fe–Cu–Mo–Si–B [175,257,258],
Fe73.5�xMnxSi13.5B9Nb3Cu1 (x = 1, 3, 5) [260,261], Fe73.5�xCrxSi13.5B9Nb3Au1 (x = 1, 2,
3, 4, 5) alloys [163,262]. An appropriate heat treatment (e.g., suitable annealing tempera-
ture and time, annealing under applied magnetic field and/or tensile stress, etc.) can lead to
a large increase in the GMI effect [10]. The addition of a small amount of Al (2 at.%) into
the Fe–Si–B–Cu–Nb nanocrystalline alloy, resulted in a significant improvement in both
the GMI effect and its magnetic response [92]. This is ascribed to the increased magnetic
permeability, decreased coercive force and decreased resistivity [79]. The increased
magnetic permeability resulted from a reduction in magnetocrystalline anisotropy and sat-
uration magnetostriction. It is important that the magnetic response value of the Al-con-
taining nanocomposite is significantly larger than that of the Al-free nanocomposite in the
whole frequency range investigated [92]. For the nanocrystalline Fe71Al2Si14B8.5Cu1Nb3.5

sample optimised by annealing, the amorphous ribbon at 550 �C for 45 min, the GMI
ratio and magnetic response reached maximum values of 640% and 40%/Oe respectively
at the measured frequency of 5 MHz [254]. These values are among the largest for existing
Finemet-based nanocrystalline alloys.
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GMI effects have also been reported in Nanoperm-based nanocrystalline ribbons, such
as Fe–Zr–B [168,171,264,265], Fe–Zr–B–Cu [267,268], Fe–Zr–Cu–B–Al [169,170,266], and
Fe–Co–Zr–Nb–B [269,270]. Lee et al. [170] reported that the GMI ratio reached an extre-
mely large value of 1100% at a frequency of 4.6 MHz in a nanocrystalline Fe92�xZr7BxCu1

(x = 8) ribbon (i.e., an amorphous alloy annealed at 550 �C for 1 h). This is the largest
value reported to date for existing Fe-based nanocrystalline ribbons and wires. However,
it is quite difficult to evaluate the GMI response of this sample because a large asymmet-
rical two-peak feature is observed in the GMI curve, which is due to a small residual hys-
teresis of the local anisotropy distribution at low magnetic fields. Note that such an
asymmetrical two-peak feature of the GMI profile is undesirable for sensor applications
[169]. When comparing the magnitude of the GMI effect for Fe-based nanocrystalline rib-
bons, Knobel et al. [264] revealed that a larger GMI ratio was obtained in a sample with
lower electrical resistivity. Because the electrical resistivity of the nanocrystalline Fe–Zr–
B–Cu sample was smaller than that of the nanocrystalline Fe–Si–B–Cu–Nb one, a larger
GMI ratio was consequently achieved in the former sample [264,265].

Overall, Fe-based nanocrystalline materials have the advantages of nearly zero magne-
tostriction and simple control of the magnetic softness by appropriate heat treatments
where the nanocrystallisation process takes place. When compared with Co-based amor-
phous alloys, Fe-based nanocrystalline materials have lower resistivity and a higher satu-
ration magnetisation and therefore have a larger GMI effect [254]. However, the field
sensitivity of GMI is often lower in an Fe-based nanocrystalline sample. Another disad-
vantage of the Fe-based nanocrystalline material may arise from its brittleness due to
annealing. However, Fe-containing materials are much less expensive than the Co-con-
taining ones.

8.2.4. Magnetic thin films

A large number of single-layer films [274–290], sandwiched films [81,281–287], multi-
layer films [82–84,159,288–295] and magnetic oxide films [296–301] have been found to
show a large MI effect. It has been experimentally shown that the MI effect is much larger
in a sandwiched/multilayer film than in a single-layer film [81–83,275]. A large MI ratio
was achieved even in as-deposited multilayer films, while no MI effect was observed in
as-deposited single-layer films [286,287]. For single-layer films, the longitudinal GMI effect
(i.e., when the applied external dc magnetic field is parallel to the ac current) was found to
be significantly larger than the transverse GMI effect (i.e., when the applied external dc
magnetic field is perpendicular to the ac current). For instance, for an annealed FeSiB-
CuNb single-layer film, the maximum GMI values obtained were about 18% and 14%
respectively, for the longitudinal and transverse cases [275]. Meanwhile, an opposite trend
was found for an annealed FeSiBCuNb/Cu/FeSiBCuNb multilayer film, where the max-
imum GMI ratios were about 67% and 80% for the longitudinal and transverse cases,
respectively [275]. In addition, a giant magneto-inductive effect was observed in this film,
with a record value of 1733% at a low frequency of 100 kHz.

The difference in MI effect between sandwiched/multilayer films and single-layer films
can be understood as follows: for single-layer films, the MI ratio was relatively small at
frequencies as low as several MHz because the skin effect was relatively small (i.e., the
magnetic depth is much larger than the half film thickness). In contrast, a multilayer film
structure (F/M/F) consists of a conductive layer (M = Cu, Ag, Au) sandwiched between
two ferromagnetic layers (F = CoSiB, CoFeSiB, FeSiBCuNb). Due to the resistivity differ-
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ence between the inner and outer layers (i.e., between M and F), a very large change in
impedance can occur at much lower frequencies, if the inductance caused by the outer
magnetic layers (F) becomes larger than the resistance determined mainly by the inner
conductor (M) [82–84,159,288–295]. The difference in electrical resistivity of the inner layer
(M) also resulted in a different response of GMI in the CoSiB/M/CoSiB (M = Cu, Ag, Ti)
multilayer films [286,287]. The electrical resistivity of Ag (1.62 lXcm) is smaller than that
of Cu (1.72 lXcm) and Ti (47.8 lXcm), and the largest GMI ratio was consequently
obtained in the CoSiB/Ag/CoSiB sample [287]. The GMI ratio and magnetic response
of this sample reached their highest values of 440% and 49%/Oe at a frequency of
10 MHz. Interestingly, an extremely large GMI ratio has been achieved in a sandwich
thin-film structure with the inclusion of an insulating interlayer (SiO2) between the core
and the magnetic shell (e.g., CoSiB/SiO2/Cu/SiO2/CoSiB) [286]. The obtained GMI ratio
and magnetic response were 700% and 300%/Oe, respectively, at a frequency of 20 MHz.
These are the highest recorded values for all magnetic thin films. It is believed that the
enhancement in GMI of the CoSiB/SiO2/Cu/SiO2/CoSiB multilayer film can be attributed
to the fact that the driving current flows only through the conductive layer (M = Cu) and
the resistivity difference between the F and M layers is enhanced by the existence of the
insulator layer (SiO2) [286]. In the FeSiBCuNb/SiO2/Cu/SiO2/FeSiBCuNb multilayer
films with a similar structure, however, Li et al. [294] obtained a much smaller value of
GMI ratio (i.e., �32% at 5.45 MHz). This can be attributed to the difference in the domain
structure of the magnetic layers (i.e., CoSiB versus FeSiBCuNb) [10]. Regarding the age-
ing effect of GMI for FeSiBCuNb/SiO2/Cu/SiO2/FeSiBCuNb multilayer films, the
authors [294] also found that for samples with the covered layer (SiO2), the GMI ratio
remained almost constant with time, while it rapidly decreased for those without the cov-
ered layer (SiO2). This indicates that the insulator layer can improve not only the GMI
ratio and magnetic response, but also the lifetime of a magnetic sensor utilising these
GMI thin films. Furthermore, it should be noted that for multilayer films with a finite
width, the magnetic flux can actually leak across the inner conductive layer, hence result-
ing in a considerable reduction in GMI ratio [286,287]. In this context, Makhnovskiy and
Panina [82] have highlighted that the flux leakage through the conductive layer can result
in a considerable drop in GMI ratio when the film width is less than a critical value, which
depends on the transverse permeability and the layer thickness. This can quantitatively
explain the decrease of GMI ratio in the CoSiB/SiO2/Cu/SiO2/CoSiB multilayer films with
decreasing Cu layer width [286]. High-frequency MI effects have also been reported in
some single-layer and multilayer films [292]. However, the MI values obtained were rela-
tively small. High-frequency MI behavior is quite complex and cannot be fully understood
within the framework of existing models [10,11].

Large MI effects have also been reported in a new class of magnetic oxide films, such as
Co–M–O (M = Sm, Al, Ti, Si) [296–299], Co–Fe–Al–O [300] and Co–Fe–Hf–O [301] in
the high-frequency range. Tuan et al. [300] reported that the MI ratio reached a value
of 33% at a measured frequency of 143.66 MHz in a Co–Fe–Al–O film of 1200 nm thick-
ness. However, the research into magnetic oxide films is still at an early stage.

With respect to sensor applications, sandwiched/multilayer films are more promising
than single-layer ones. The use of thin film technology is preferable because its compati-
bility and integrated circuit technology will enable miniaturisation, and avoid alignment
and wire soldering issues. However, when compared with rapidly quenched wires and rib-
bons, thin films are often more difficult to prepare with exact compositions. They are also
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difficult to connect electrically to a GMI measurement system and difficult to fit into a
properly designed transmission line for high-frequency measurements.
8.2.5. Magnetic composites

In order to improve the GMI effect of Co-based amorphous ribbons, Amalou et al.
[160–162] successfully designed and produced an amorphous ribbon/Cu/amorphous rib-
bon trilayer microstructure showing a maximum GMI ratio of 830% at a frequency of
280 kHz, but no information on GMI response was reported. Enhancement of the GMI
effect can be attributed to the large effective permeability due to the closed magnetic flux
path in the trilayer structure [161,162]. Importantly, these studies have provided an oppor-
tunity to develop new magnetic composites that use the amorphous ribbon as precursors.

Recently, Phan et al. [156] produced a new kind of composite material, which consists
of amorphous microwires embedded in a polymer–matrix. With the aim of reducing the
total resistivity of a composite material, the amorphous microwires were arranged in par-
allel. The GMI effect was found to increase with increasing number of microwires. It can
be seen from Fig. 39 that, at a frequency of 10 MHz, the GMI effect is about 14% for a
single amorphous microwire, while it reaches a value of 447% for the composite sample
containing four amorphous microwires. Furthermore, the magnetic response of the com-
posite containing four amorphous microwires reaches a value of 43%/Oe, which is much
higher than that of a single microwire (�2%/Oe) at the measured frequency of 10 MHz. To
clarify the assumption that an enhancement of the GMI effect in a composite material is
due to reduced resistivity, the authors [156] also investigated the GMI effect with reducing
length of microwires. Because the resistivity of a microwire decreases with reducing length,
a larger GMI effect can be expected in a shorter microwire. Indeed, the GMI effect was
observed to be larger in the composite samples containing shorter microwires. For exam-
ple, at the measured frequency of 10 MHz the observed GMI effect was 235% for the com-
posite sample containing two microwires of 1 mm length, while it was 83% for one of
4 mm length. This once again reaffirms that the sample resistivity is an important factor
in determining the magnitude of the GMI effect. Furthermore, both the GMI effect and
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its magnetic response were significantly enhanced with reducing microwire-length. This is
beneficial for practical applications, because the miniaturisation of actual electronic
devices requires the sensing element to be as small as possible. This investigation demon-
strates the potential for using magnetic wires as sensing elements for smart structural com-
posite materials, where sensing is the most fundamental aspect of a smart structure.

8.2.6. Other materials

In the past decades, perovskite manganites have attracted much attention with the so-
called magnetoresistive (MR) [302] and magnetocaloric (MC) effects [303]. Recently, the
MI effect has also been reported in these materials, such as La–Ca–Mn–O [304–306],
La–Sr–Mn–O [307–310] and La–Ba–Mn–O [311–313]. It was shown that, in the same
perovskite manganite, the MI effect was much larger than the MR effect [304]. This is
because the change of the magnetic reactance is much larger than that of the resistance
under the same applied magnetic field [305]. This indicates that perovskite manganites
using the MI effect may be more beneficial for sensor technology than those using the
MR effect. It has also been shown that, for perovskite manganites, the temperature and
frequency dependence of MI is likely to be related to the ratio of Mn3+/Mn4+ and the
magnetic phase [304–313]. In fact, the temperature dependence of MI was similar to that
of MR [305]. For perovskite manganites, an applied magnetic field, not only decreases the
transverse permeability, but also reduces the electrical resistivity by aligning the local spins
and varying the transfer integral tij. Due to the co-existence of ac MI and dc MR, the
observed MI effect in perovskite manganites can originate from the combined effects of
double-exchange interaction, electro–phonon coupling and skin effect [304–306]. This
reflects the complex nature of MI phenomena in manganite materials.

Recently, the MI effect has been reported in ferrite materials, such as ZnNi-ferrite
encapsulated NiFe microspheres [314] and MnZn ferrite [315]. The MI ratio was quite
small for the former sample, but a value of 61.2% was observed for the MnZn ferrite sam-
ple at a frequency of 4 MHz. This is not only because of the field induced permeability
variation, but also due to the eddy current effect, the high-frequency loss and the magnetic
resonance [315]. In addition, some highly textured FeSi alloys [316–318], Fe flakes [319],
FeAg granular alloys [320], crystalline Mumetal [321] and Heusler compounds [322] have
been found to show a GMI effect. Most interestingly, the maximum GMI value of 310%
and the magnetic response of 20%/Oe were obtained in a crystalline Mumetal sample,
when subjected to appropriate annealing.

8.3. Nominated GMI materials for sensor applications

A wide variety of GMI materials are currently available for practical GMI sensor appli-
cations. Table 3 summarises several materials that possess a high GMI ratio and magnetic
response and are promising for making high-performance GMI sensors. Appropriate
selection is dependant upon specific requirements, such as its field sensitivity, working fre-
quency range, size and thermal stability. The ultra-high sensitivity of GMI to external dc
magnetic field (down to 10�8 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 (g) and the magnetic response (n), but also the particular shape of the g(H)
curve, are important for high-performance sensor applications. In this context, the longi-
tudinal weak-field-annealed amorphous ribbons [314–322] and amorphous wires subjected



Table 3
Candidate materials for GMI sensors

Materials Comment Hmax

(Oe)
g
(%)

n
(%/Oe)

Frequency
(MHz)

Reference

Co68Fe4.35Si12.5B15 Conventional amorphous
wire

180 1200 – 14.2 [204]

(Co94Fe6)75Si10B15 Amorphous homogeneous
microwire

10 125 50 3.22 [151]

Co68.25Fe4.5Si12.25B15 Amorphous microwire under
Joule annealing

125 600 320 15 [129]

Co83.2B3.3Si5.9Mn7.6 Amorphous microwire under dc
current

1 7.8 15.6 1 [231]

Co68.2Mn7Si10B15 Amorphous microwire 50 153 65 30 [147]
Fe73.5Si13.5B9Cu1Nb3 Conventional wire annealed at

600 �C for 1 h
100 200 – 0.5 [16]

Fe73.5Si13.5B9Cu1Nb3 Glass-covered microwire under
conventional annealing

25 25.5 8.9 2 [130]

Fe89B1Si3C3Mn4 Annealed at 350 �C for 1 h 300 70 – 4000 [243]
CoP/Cu/CoP

electrodeposited layers
Electrodeposited technique 30 190 26 1 [64]

CoP/Cu composite wire Electrodeposited technique 100 534 21 10.7 [247]
NiFe/Cu composite wire Electroplated in magnetic field 45 370 47.5 1 [68]
NiFe/Cu composite wire Joule annealing 45 1100 218 4 [249]
FeNiCo/CuBe composite

wire
Electroplated technique 50 1200 – 4 [248]

Co70Fe5Si15Nb2.2Cu0.8B7 Ribbon under field-annealing
in air

2 50 125 0.1 [240]

Co70Fe5Si15Nb2.2Cu0.8B7 Ribbon under field-annealing
in air

2 106 35 1 [240]

Co70Fe5Si15Nb2.2Cu0.8B7 Amorphous ribbon annealed at
300 �C for 25 min

50 513 144 4 [254]

Fe73.5Si13.5B9Cu1Nb3 Amorphous ribbon annealed at
550 �C for 3 h

150 400 37 4.5 [94]

Fe71Al2Si14B8.5Cu1Nb3.5 Amorphous ribbon annealed at
540 �C for 45 min

100 640 40 5 [254]

Fe84Zr7B8Cu1 Amorphous ribbon annealed at
550 �C for 1 h

75 1100 40 4.6 [170]

Fe73.5Si13.5B9Cu1Nb3 Nanocrystalline sputtered film 50 80 – 500 [276]
NiFe/Au/NiFe multilayered

film
RF-sputtered 65 150 30 300 [293]

NiFe/Ag Multilayered film RF-sputtered 150 250 12 18000 [290]
FeSiBCuNb/Cu/FeSiBCuNb

Sandwiched film
RF-sputtered 70 1733 87 0.1 [275]

FeNiCrSiB/Cu/FeNiCrSiB
Sandwiched film

RF-sputtered 70 77 7.2 13 [81]

CoSiB/Cu/CoSiB Sandwiched
film

RF-sputtered 9 440 49 10 [287]

CoSiB/SiO2/Cu/SiO2/CoSiB
Sandwiched
film

RF-sputtered in magnetic field 11 700 304 20 [286]

FeSiBCuNb/ SiO2/Cu /SiO2/
FeSiBCuNb Sandwiched

film

RF-sputtered 60 32 4 5.45 [294]
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Table 3 (continued)

Materials Comment Hmax

(Oe)
g
(%)

n
(%/Oe)

Frequency
(MHz)

Reference

Mumetal alloy Annealed at 580 �C for
40 min

115.5 310 20 0.6 [321]

Co-based amorphous ribbon/
Cu/Co-based amorphous
ribbon

Trilayer microstructure 20 830 – 0.28 [162]

Co70.3Cr3Fe3.7B10Si13/polymer
composites

Magnetic microwires
embedded in a polymer–matrix

50 470 43 10 [156]
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to dc bias current [304–313] are promising candidate materials for producing auto-biased
linear field sensors.

9. GMI sensors and their applications

9.1. Types of GMI sensors

Since GMI changes as a function of external dc magnetic field or applied dc/ac
current, it is possible to design GMI-based sensors that can measure either magnetic fields
or dc/ac currents. GMI is also sensitive to applied stress, and this provides a new
opportunity for developing stress sensors. These sensors will be briefly described and
evaluated below.

9.1.1. Magnetic field sensors
A typical magnetic sensor based on the GMI effect (or the so-called GMI sensor) was

designed and produced by Mohri et al. [323]. Continuous efforts have been devoted to
improving the sensitivity of the sensor by optimising the processing parameters and/or
the design of the electrical circuit [324–332]. Detailed investigation of how the processing
parameters can be controlled, as well as the influences of these parameters on the perfor-
mance of a designed GMI sensor, can be found in Refs. [323,327]. In these sensors, the
sensing elements can be amorphous wires [323,327,328], thin films [325,326,329], or rib-
bons [330]. They can be used for measuring or tracking the presence of both homogeneous
and inhomogeneous magnetic fields. A variety of GMI sensors using amorphous wires
have been designed and developed by the Aichi Steel Corporation in Japan for a wide
range of technological applications [328]. A photograph of a MI sensor using a Co-based
amorphous wire is shown in Fig. 40 [328]. GMI sensors provide several advantages (e.g.,
low power consumption, small dimension) over conventional magnetic sensors (see Table
4, for comparison), but their high sensitivity is the most important of these. Using a CoN-
bZr thin film as the sensing element, Yabukami et al. [329] have achieved an extremely
high resolution of magnetic field detection of 1.7 · 10�8 Oe at 500 kHz. This resolution
is even higher than that obtained from the flux gate (FG) sensor (see Table 4). The head
length of a GMI sensor (�1 mm) is about 1/20th of that of a FG sensor (�20 mm). Fur-
thermore, the resolution for detecting localised magnetic-pole fields is over 20 times higher
for the GMI sensor than that for the FG sensor [327]. In addition, the GMI sensor has
better thermal stability compared to conventional sensors [325,326,328,332]. The variation



Fig. 40. Photograph of a MI sensor (reproduced with permission from Elsevier [328]).

Table 4
Comparison of magnetic sensors

Sensor type Head length Detectable field (Oe) Response speed Power consumption

Hall 10–100 lm 1–106 1 MHz 10 mW
GMR 10–100 lm 0.1–102 1 MHz 10 mW
GMI 1–2 mm 10�8–102 1–5 MHz 10 mW
Flux gate 10–20 mm 10�6–102 5 kHz 1 W
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in GMI sensor output with temperature is about one-third of a conventional thin film sen-
sor [325]. Particularly, the GMI sensors, using Co-based amorphous wires have good ther-
mal stability over a wide temperature range between �40 �C and 85 �C, enabling the
sensor to make reliable outdoor measurements [328].

9.1.2. Passive, wireless magnetic field sensors

By combining GMI sensors and the surface acoustic wave (SAW) transponder devices,
Hauser et al. [333] have designed a new type of wireless sensor for measuring magnetic
fields. Fig. 41 shows a diagram of a passive, wireless magnetic field sensor. In this device,
the GMI sensor 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 the frequency domain, 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
C

GMI wire

antennaB0 ARef

AIDT2

Fig. 41. Passive, wireless magnetic field sensor (courtesy Hans Hauser).
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be used for applications where a magnetic field has to be measured without physical con-
tact and where a wired power supply is not feasible for the sensor [333,334].

9.1.3. Current sensors

Using a nearly zero magnetostrictive Co–Fe–Si–B amorphous wire, Valensuela et al.
[335] 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 magnetic field produced
by this solenoid on the wire leads to a controlled decrease of its impedance response. Con-
sequently, the axial magnetic field dependence of impedance is used to accurately measure
the dc current. The advantage of this sensor is its reduced size, since the sensing element is
a wire. In another work, Rheem at al. [223] developed a high-sensitivity current sensor
based on the asymmetric GMI effect and using a field-annealed Co-based amorphous rib-
bon as a sensing element. The sensor output voltage increases with applied current up to
1 A with a high degree of linearity. Due to the asymmetric characteristic of the GMI effect,
this sensor can determine the direction of currents but only dc currents. Moreover, these
GMI current sensors are suitable for dc current measurements but not for ac current mea-
surements. Therefore, further work is required to develop GMI current sensors that can
measure both dc and ac currents [336]. In this context, a prototype of a GMI current sen-
sor based on the GMI effect has been designed and produced [337]. This sensor allows
accurate measurement of the magnitude of both ac and dc currents, and the basic setup
is displayed in Fig. 42. The voltage output signal of the GMI current sensor shows a con-
sistent trend for both ac and dc current measurements. This sensor is appropriate for non-
contact and non-coil dc/ac measurements, which are important for many engineering
applications, where wire-contact measurement cannot be performed.

9.1.4. Stress sensors

Based on the applied stress dependence of the GMI effect, Tejedor et al. [338] proposed
the development of stress sensors using Co-based amorphous ribbons. For conventionally
annealed ribbon, the maximum stress sensitivity of the effective anisotropy field of
�214 MPa/Oe is found at a frequency of 1 MHz, while for the stress-annealed ribbon
the sensitivity is 167 MPa/Oe, and the impedance varies with applied stress at about
100 MPa/X [338].

A magnetoelastic sensor using a Co–Mn–Si–B amorphous microwire has been intro-
duced by Cobeno et al. [190]. Under a load of 3 g, the change of voltage across the micro-
wire was found to be about 3.5 V [190]. This high sensitivity of GMI ratio to a small
mechanical load is very promising for practical applications. Recently, utilising Co–Fe–
Si–B amorphous ribbons and a unique magnetic field bias, Bowles et al. [339] 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 hardwire connection. These stress-induced impedance sensors have
several advantages over conventional stress sensors. For instance, a semiconductor strain
gauge usually shows only a 15% change in resistance when strained to its maximum rec-
ommended stress level, while the amorphous alloy sensor has demonstrated a large change
in inductance of 315% when strained to its maximum working level [339]. In this context,
the discovery of the giant stress-impedance (GSI) effect in several amorphous wires
[188,189] and ribbons [180,339] provides a new opportunity for developing novel stress-
sensors.
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9.2. Applications of GMI sensors

Many industrial and engineering applications of GMI sensors have been proposed and
realised to date, including computer disk heads, rotary encoders, pin-hole detectors, dis-
placement detection sensors, direction sensors for navigation (electronic compass), field
sensors, biomedical sensors, car traffic monitoring, antitheft systems and so forth. Here,
we briefly describe some GMI-based sensing devices of practical importance.
9.2.1. Target detection and processes control

GMI sensors can be used to detect the presence or passage of moving objects, simply by
fixing a small permanent magnet on the object [340]. Detection is observed as a decrease in
the ac voltage on the wire’s ends. Such devices have been used to monitor and control
many industrial processes and the advantages of using GMI sensors include simplification
and low fabrication costs [1–3]. Monitoring and control systems employing GMI field sen-
sors have proven superior to those based on optical devices, especially for industrial pro-
cesses involving (non-magnetic) dusty atmospheres. From this perspective, the passive and
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wireless magnetic field sensor is best suited for remote control of industrial processes [333].
Recently, a so-called nano-GMI sensor has been developed, and has been used in an anti-
lock brake system (ABS) and for the measurement of electric injector speeds for the auto-
motive and truck industries [341].

9.2.2. Space research and aerospace applications

The role of magnetic sensors is important in the field of space physics research [1–3].
For instance, the accurate measurement of the ambient magnetic field vector and its ori-
entation in space can be achieved through the use of highly sensitive magnetic sensors such
as GMI sensors. The space magnetic instruments utilising the GMI sensors can be used
onboard spacecraft to precisely measure magnetic fields in space. These sensors can also
be used to eliminate the sources of stray magnetic fields generated by the complex systems
of mechanical, electrical and electronic components onboard the spacecraft [3].

Magnetic sensors also play an important role in aerospace applications. One example is
the precise determination of the gear-tooth position in aircraft-engines that can be
achieved with the use of high-sensitivity magnetic sensors like GMI sensors [1]. This
gear-tooth sensor detects the presence and absence of a gear tooth made of a ferrous mate-
rial. It detects a fixed level of magnetic field when no magnetic material is present. 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 well as determine the gear-tooth position
precisely. Furthermore, the development of non-contact switching systems utilising mag-
netic sensors has enabled improved flight safety standards. In this case, GMI sensors are
ideal because of their ultrahigh sensitivity and reduced size.
9.2.3. Electronic compasses and automobile uses

Electronic compasses using flux gate (FG) sensors are being used for a wide variety of
engineering and electronic devices such as in cars, small boats and for mobile phones.
However, the main disadvantages of the electronic compasses using FG sensors are their
large size and high power consumption. These problems have recently been overcome by
the introduction of GMI sensors into electronic compasses [328]. When compared with an
FG sensor, a GMI sensor has much reduced size and lower power loss (see Fig. 43). The
Aichi Steel Corporation has recently designed and produced an ultrasmall one-package
compass device (i.e., the so-called two-axis electronic compass AMI201), which allows
the sensing of geomagnetic fields with two-axis GMI sensors [342]. This product won a
Sensors Expo Silver Award at the recent US Sensors Expo & Conference. For mobile
phone applications, the Aichi Steel Corporation has also developed a new device, i.e.,
the so-called G2 motion sensor, using the GMI effect to detect both geomagnetism and
gravity. These G2 motion sensors are being widely used in mobile devices by the Korean
mobile phone manufacturer and by the Japanese Vodafone KK Corporation [342].

9.2.4. High-density information storage
In modern computers, magnetic sensors form an essential part of magnetic storage

disks and tape drives [1,3]. In these devices, the reading module usually comprises a giant
magnetoresistive (GMR) sensor, which uses a multilayer film structure consisting of mag-
netic and non-magnetic layers. The writing module operation induces local magnetic



Fig. 43. Comparison of flux gate (FG) and magnetoimpedance (MI) electronic compasses. The size of MI sensor
is much smaller (reproduced with permission from Elsevier [328]).
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moments in the bit areas of the hard disk magnetic layer. Bits with remanent magnetisa-
tion cause a measurable change in the resistance of the GMR sensor of the reading mod-
ule, which enables the two levels of digital signal to be distinguished. Because the
sensitivity of a GMI sensor is much higher than that of a GMR sensor (see Table 4), thin
film GMI sensors will be of much interest in future high-density magnetic recording tech-
nology [343].
9.2.5. Traffic controls

Accidents and jams present serious problems in our daily transportation systems; this is
partially due to the lack of automatic control and monitoring systems. Many systems, such
as ultrasonic sensors and video cameras, have been used for monitoring traffic conditions.
However, these devices are quite expensive and sometimes inconvenient for practical use.
Recently, Uchiyawa et al. [344] proposed and developed, a new car sensing system, using
an amorphous wire GMI sensor built into a disk set on the road. In this device, the role of
the GMI sensor is to detect stray fields from the car body as it passes above the disk. The
speed and length of a car can be estimated by processing the signals from two GMI sen-
sors. Using a microcomputer, the disk system can record the length, the velocity and the
time for about two thousand 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 sur-
face, and it has very high reliability.

Using GMI sensors and magnet markers, magnetic guidance systems have recently been
designed and developed for use in the automated highway system (AHS). One example is
that of a car, which could be driven automatically using this magnetic guidance system (see
Fig. 44) [328]. Research into automatic car control has mainly been carried out in Japan
and has been led by the Aichi Steel Corporation. In this research, magnetic markers are
fixed into the road, and 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



Fig. 44. Automated highway system (AHS) experiment with a MI sensor: this car drives automatically without a
driver (reproduced with permission from Elsevier [328]).
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aid of a driver. By similar priciples, these magnetic guidance systems can be used in indus-
trial processes involving automatic control of product transportation [342]. In addition,
the Aichi Steel Corporation has produced switch-type GMI sensors for use in magnetic
encoders. These sensors are simple and less expensive than conventional sensors [328].

9.2.6. Non-destructive crack detection

Magnetic methods of non-destructive evaluation have been widely used either to mon-
itor 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 the catastrophic frac-
ture of mechanical parts in machines. In this context, GMI sensors have been proposed for
detecting magnetic fields created by current passing through conductors or localised mag-
netic fields [323–332]. The lack of material continuity resulting from a crack produces a
disturbance in the material’s magnetic field, and the magnitude of this disturbance is deter-
mined by the size and shape of the crack. A GMI amorphous wire sensor has been used to
capture cracked regions in materials [345].

9.2.7. Biological detection

In biomedical applications, magnetic methods have proved useful for disease treat-
ments and improving the health of human beings. For instance, magnetic trackers are used
to determine the position of medical tools inside the body (e.g., endoscope, colonoscopy,
and biopsy needle) and to observe biomechanical motions [3]. Magnetopneumography is a
magnetic method that can detect ferromagnetic dust deposited in human lungs by using its
magnetic moment after dc magnetisation. In fact, the sources of magnetic induction in bio-
logical systems (e.g., body, human brain, and animals) are found to be very small and the
magnetic field range is of 10�10–10�5 Oe. In order to detect such small fields, a detector is
required to have a high sensitivity. A miniature GMI sensor should be ideal, because it can
detect magnetic fields as small as 10�8 Oe.

Recently, Kurlyandskaya [346,347] have designed and produced a new GMI-based bio-
sensor prototype using Co-based amorphous ribbons with a working frequency range of
0.5–10 MHz at a current intensity of 60 mA. They have demonstrated that the GMI effect
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can be used to probe the electric features of the ribbon magnetic electrode surface modified
by human urine. Totsu et al. [348] have developed a three-axis GMI sensor system that
allows the detection of position and orientation of a catheter tip to a high degree of accu-
racy. Chiriac et al. [349] have designed a magnetic sensing device utilising the GMI sensor
for biological detection, such as fast identification and diminution of the direction thresh-
old of pathogens or other targeted biomolecules (e.g., DNA, RNA, antibodies, metabo-
lites, etc.). Furthermore, the GMI sensor has been used for determining spin rate of a
rotating body in the presence of an external magnetic field [350]. Compared with classical
methods (e.g., electrical, mechanical, and optical), which are costly, time-consuming and
have a high detection threshold, the magnetic method provides several advantages, includ-
ing rapid results, multi-analyte detection, low cost and reduced waste handling. Other bio-
medical applications using highly sensitive GMI sensors have been proposed by the Aichi
Steel Corporation, and this will lead to the further exploration of GMI sensors in the near
future.
9.2.8. Magnetic anomaly detection and geomagnetism

The magnitude of the Earth’s magnetic field varies from 1010 to 10�4 Oe when going
from the core to the crust, and the magnitude of the Earth’s surface magnetic field varies
between 10�4 and 1 Oe depending upon the specific geometry. The detection and orienta-
tion of the Earth’s magnetic field have found wide applications in petroleum and minerals
exploration and shielding used for degaussing of high performance monitors [3,328]. How-
ever, because the Earth’s surface magnetic field is small, its detection is a difficult task and
requires a highly sensitive magnetic sensor, which can be fulfilled using a GMI sensor. A
GMI-based sensing element (e.g., wire or microwire) as small as 1 mm can be used to
detect magnetic anomaly and localised weak magnetic fields. Many devices utilising
GMI sensors have been used in antitheft 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, and to detect stray magnetic fields created by
engines and machines during their operating processes [1,3,10].
9.2.9. Stress sensing applications

Altering GMI response with mechanical stress provides potential for developing strain
sensors. An important application of these could be in toque measurement systems, which
have proved useful to develop based on the GMI effect. Uchiyawa and Meydan [351] have
designed a new GMI torque sensor module with FM transmitter, which allows the detec-
tion of torque from a rotating shaft. This transducer has several advantages including a
simple construction without the torsion bar, high accuracy, low power consumption
and easy installation. In this context, the new findings of the giant stress-impedance
(GSI) effect in amorphous wires or ribbons have opened up the opportunity of developing
strain sensors for accurate measurements of torque [180,188,189,339]. For instance, stress-
induced impedance sensors utilising amorphous alloys have proved useful for wireless,
battery-free applications [339]. A demonstration unit has recently been developed for vehi-
cle tyre pressure monitoring (see Fig. 45). A quick response acceleration sensor has been
constructed using the stress-impedance (SI) element of amorphous wires combined with a
CMOS IC multivibrator [352]. This sensor has a very high sensitivity and has been used
for sensing the seismovibration of bridges due to cars passing.



Fig. 45. Tyre Pressure Monitoring System incorporating the amorphous alloy wireless, battery-free sensor
(courtesy A. Bowles [339]).
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9.3. GMI as a research tool

In addition to the above-mentioned applications, many other applications of GMI sen-
sors can be found in Refs. [3,6,7,10]. In these cases, magnetic sensing devices utilising GMI
sensors have been used to measure variables, instead of measuring magnetic field or cur-
rent. However, some of these devices use principles similar to those of magnetic field
sensors.

In a different area, GMI sensors have been employed for research purposes. Using a
GMI sensor in its sensing section, a Milli-Gaussmeter (a high precision magnetic field
measuring instrument) is able to measure submilligauss minute magnetic fields [342]. A
compact magnetic field canceller device using highly sensitive GMI sensors has been pro-
duced by the Aichi Steel Corporation, which allows precise control of 3D external mag-
netic fields [342]. Furthermore, GMI has been used as a research tool to investigate
intrinsic and extrinsic magnetic properties of novel artificially grown soft magnetic mate-
rials [9]. Using the correlation between the domain structure, magnetic properties and the
GMI effect, several important magnetic parameters (e.g., anisotropy field, saturation mag-
netisation, and magnetostriction) can be deduced [10,16,25,33,97,121]. It has also been
shown that the changes in the GMI curve can be used to evaluate the formation and
growth of domain structures in magnetic wires [6,7,66,71,90], ribbons [93,94,183] and thin
films [274–277].

When investigating the annealing-temperature dependence of GMI in Fe–Si–B–Cu–Nb
amorphous ribbons, Phan et al. [87] established a correlation between the magnetic soft-
ness and the GMI effect. Accordingly, GMI profiles were used to determine the magnitude
of the anisotropy field of Fe–Si–B–Cu–Nb amorphous ribbons as a function of annealing
temperature. Similarly, GMI profiles were also used to evaluate the magnitude of the
anisotropy field of Fe–Nb–B amorphous ribbons as a function of iron content [9]. Inter-
estingly, the anisotropy fields determined from GMI profiles coincide with those deter-
mined from magnetic hysteresis loops. In relation to material structure, the authors [87]
have also revealed that the study of annealing-temperature dependent GMI profiles, can
provide an alternative way of assessing the magnetic exchange coupling between a-Fe(Si)
nanocrystalline grains through the amorphous boundaries in Fe-based nanocrystalline
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materials. Within a theoretical model of GMI using the ferromagnetic resonance (FMR)
procedures, Menard et al. [14,31,32] were able to deduce several important parameters
such as gyromagnetic ratio, anisotropy field and saturation magnetisation of magnetic
wires. These values show close agreement with those obtained by conventional methods
[32]. Based upon the stress dependence of GMI, several magnetoelastic parameters (e.g.,
saturation magnetostriction constant) were deduced for Co-based amorphous wires
[188–190] and ribbons [180,338].

GMI has been useful for the evaluation of magnetisation dynamics that involve domain
wall motion and magnetisation rotation processes within magnetic materials [25,29]. When
investigating the GMI effect of perovskite manganites, Fu et al. [304] revealed that the spe-
cific features of impedance provide an alternative way of sensing the complex phase states
of these typical materials. Indeed, Patanjali et al. [310] have demonstrated the existence of
secondary transitions at high temperatures in a double perovskite La1.2Sr1.8Mn2O7

through GMI measurements. It is worthy to note that this feature was not observed by
static resistivity and magnetisation measurements [310].

10. Concluding remarks and future perspectives

The present paper provides the state-of-the-art of the processing-domain structure-
magnetic properties of GMI materials and the development of high-performance GMI
sensors. The concluding remarks are as follow:

(i) Existing theoretical models of GMI are developed for specific materials and/or cer-
tain frequency ranges. None of them can explain all GMI features in a wide fre-
quency range (from a few kHz up to GHz). It is believed that, to assess the
underlying mechanisms of GMI for a variety of magnetic materials, further theoret-
ical models should be developed on the basis of the identified domain structures of
the materials.

(ii) A GMI effect should exist in magnetic materials having: (i) low resistivity; (ii) high
magnetic permeability; (iii) high saturation magnetisation; and (iv) a low damping
parameter. Therefore, the Co-based amorphous and Fe-based nanocrystalline mate-
rials (wires, ribbons, and thin films) are good candidates for GMI sensor applica-
tions. Fe-containing materials are much cheaper than the Co-containing ones.
Magnetic composite materials containing amorphous wires are not only good for
GMI sensor applications, but are also promising for structural and functional
applications.

(iii) Techniques such as in-rotating water spinning, glass-coated melt spinning, electrode-
position, single-roller melt spinning, and sputtering methods have been effective for
the production of amorphous magnetic wires, ribbons and thin films. Nanocrystal-
line materials can be obtained by annealing their corresponding amorphous alloys
(wires, ribbons, and thin films) under optimised treatment conditions (i.e., the opti-
mal annealing temperature and time). Such optimisations have been made, based on
systematic structural analyses such as X-ray diffraction, differential scanning calo-
rimetry, scanning electron microscopy and transmission electron microscopy.

(iv) The measuring parameters (e.g., ac current, dc magnetic field, and frequency)
directly affect the measured value of GMI and so the selection of appropriate mea-
suring parameters becomes extremely important in designing practical GMI sensors.
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Depending on the type of GMI material, the amplitude of an applied ac current and
the maximum dc magnetic field applied to saturate the magnetoimpedance are differ-
ent, and for practical uses, they should be as small as possible. Furthermore, because
the magnitude of GMI and its sensitivity varies with measuring frequency, it is nec-
essary to select suitable a working frequency range for a given material. At relatively
low frequencies, it should be noted that an SP behavior of a GMI is often observed
and is useful for practical applications. In contrast, the DP behavior of a GMI
observed in the high-frequency range is undesirable.

(v) A conventional annealing method is useful for improving both magnetic softness and
the GMI effect in Fe-based materials and in Co-based materials at relatively low
annealing temperatures due to partial internal stress relief. The circumferential/
transverse magnetic anisotropy plays a crucial role in improving GMI response
for a given material form (e.g., wire or ribbon/film). In the case of wires, a circum-
ferential magnetic anisotropy can be created by the application of a current along the
wire (e.g., the dc current-annealing or Joule-annealing method). For ribbons and
films, the transverse magnetic anisotropy can be induced by annealing with an
applied transverse magnetic field (i.e., the field-annealing method). In Co-based
amorphous wires or ribbons, the application of a tensile stress during annealing
(i.e., the stress-annealing method) may lead to an improvement in the GMI response.
In general, for negative-magnetostrictive materials, the application of such a tensile
stress may induce transverse anisotropy, thereby increasing GMI. In amorphous
glass-covered wires, the glass cover itself produces this kind of stress. Any fluctuation
of local magnetic anisotropy will lead to a reduction in the GMI effect. In this case,
the use of homogenous materials (e.g., electrodeposited wires and films) should be
recommended. Although a proper thermal treatment can improve the GMI effect
and significantly reduce the GMI aftereffect, this treatment also leads to a deteriora-
tion in the material’s mechanical properties. Therefore, the sample should ideally be
in its near-net shape before such an annealing treatment is performed. Neutron irra-
diation has been shown to improve the magnetic softness and the GMI response of
Fe-based amorphous alloys while maintaining their excellent mechanical properties.
This is of practical importance, especially for sensor applications in a neutron-irra-
diated environment.

(vi) Magnetic hysteresis of GMI is undesirable for practical sensor applications. To over-
come this problem, GMI materials must be homogeneous (e.g., electrodeposited
wires and films). Alternatively, hysteresis can be removed by annealing the as-cast
amorphous samples under the application of an external stress and/or a magnetic
field. On the other hand, asymmetry of GMI (AGMI) is of practical importance
in constructing auto-biased linear field sensors and magnetic sensing devices. Among
the methods developed for producing AGMI, that due to dc bias current is useful,
because the asymmetry can be controlled by the dc bias current and the AGMI
can be easily optimised. However, application of a dc bias current increases electric
power consumption. Another method – AGMI due to ac bias field is not recom-
mended, since it is related to the Matteucci effect and only a small improvement
in the asymmetry can be achieved. Perhaps the most promising method is the AGMI
due to bias exchange, which can achieve the highest magnetic response of GMI with-
out the need of an additional electric power supply. The use of Co-based ribbons or
wires is recommended for producing the highest magnetic response.
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(vii) GMI sensors are superior to conventional magnetic sensors (e.g., Induction, Hall-
effect, and GMI sensors). It is likely that stress sensors based upon the GMI effect
and/or the giant stress-impedance (GSI) effect will provide a wider range of techno-
logical applications compared to conventional stress sensors.

From a fundamental perspective, a theoretical study of GMI with respect to the high-
frequency range (between several MHz and GHz) remains to be conducted. The develop-
ment of new materials, as well as special thermal treatments, is necessary to further
improve the GMI effect, because the maximum value of GMI effect experimentally
observed is still much smaller than the theoretically predicted value. On the technological
side, in order to produce highly sensitive GMI sensors with reduced dimensions, electrical
circuits need to be optimised by integrating amorphous and nanocrystalline materials in
the form of films, wires and ribbons on electronic circuit boards.

Furthermore, GMI materials offer exciting new opportunities in the development of
smart structural composites with embedded multifunctionality. Some examples are given
below:

• A new class of magnetic composite material, which consist of amorphous magnetic
wires embedded in a polymer–matrix [156] or in a dielectric matrix [353,354], can poten-
tially be useful for specific engineering applications. For instance, due to a strong field
dependence of the permittivity in the vicinity of the antenna resonance, it is possible to
use the GMI effect to design field-controlled composites and band-gap structures. The
stress dependence of GMI in the high-frequency regime (�GHz) may allow the produc-
tion of microwave stress-tuneable composite materials containing short magnetic wires,
and consequently, the structural stress can be monitored using the microwave contrast
imaging method [355].

• The importance of smart materials and structures lie in their relevance to hazard mit-
igation, structural vibration control, structural health monitoring, transportation engi-
neering, thermal control, and energy reduction. The incorporation of amorphous
microwires into a glass fibre glass–fibre/polymer composite for the production of a
‘smart structural’ material is of significant interest [356]. Further applications of exist-
ing fibre composite materials are being considered by the introduction of magnet-sens-
ing functions into the composites and their structures. Sensing is regarded as the most
fundamental aspect of a smart structural system.
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