University of Plymouth

PEARL https://pearl.plymouth.ac.uk
04 University of Plymouth Research Theses 01 Research Theses Main Collection
2004

DYNAMIC MAGNETIC EFFECTS IN
AMORPHOUS MICROWIRES FOR
SENSORS AND CODING
APPLICATIONS

SANDACCI, SERGHEI
http://hdl.handle.net/10026.1/2713

http://dx.doi.org/10.24382/3211
University of Plymouth

All content in PEARL is protected by copyright law. Author manuscripts are made available in accordance with
publisher policies. Please cite only the published version using the details provided on the item record or
document. In the absence of an open licence (e.g. Creative Commons), permissions for further reuse of content

should be sought from the publisher or author.



DyNAMIC MAGNETIC EFFECTS IN
AMORPHOUS MICROWIRES
FOR SENSORS AND CODING
APPLICATIONS

by

SERGHEI SANDACCI

Thesis submitted to the University of Plymouth
in partial fulfilment for the degree of

DocToR OF PHILOSOPHY

30 September 2004



wnl =

hcim

00b5<4—' 1‘7

ThA

y
B



ABSTRACT

DYNAMIC MAGNETIC EFFECTS IN AMORPHOUS MICROWIRES
FOR SENSORS AND CODING APPLICATIONS

This work is devoted to the study of the dynamic properties of magnetic amorphous wires,
in particular, glass-coated microwires, which have small diameters (5-30 microns), outstanding
soft magnetic behaviour with a high permeability and low coercivity, yet, possess a well-defined
magnetic structure.

First part of my PhD research has been devoted to the investigation of a bi-stable
magnetisation reversal in glass-coated amorphous microwires. In contrast to traditional
approaches, where characteristics of the magnetisation reversal are analysed as a consequence of
the eddy current effect, | have applied stochastic methods for modelling the remagnetisation
reversal in the microwires with axial anisotropy. While the eddy current approach, widely
discussed in literature, was based on the single domain model, proposed stochastic approach
takes into account a multi-domain state of studied samples. A modified stochastic Néel-Brown
model of the magnetisation reversal has been proposed enabling the explanation of number of
characteristic parameters of the microwires with axial magnetisation. Such important parameters
of Barkhausen discontinuity as a mean switching field and a standard deviation of the switching
field distribution have been investigated experimentally for understanding the influence of
extrinsic factors such as a slew ratc of the alternating magnetic field on applications operation.

A deep understanding of the remagnetisation process in amorphous the microwires with
axial anisotropy was successfully applied in development of a new type of the remote magnetic
interrogation system. My reading system allows the large Barkhausen jump to be detected
without actual contact between the magnetic microwire and the magnetic field detector.
Experiments show that the detection will be possible at a distance of approximately 100-150 mm
from the detecting sensor. A very low cost and easily repetitive amorphous microwires with axial
anisotropy are - incontrovertibly best materials for Electronic Article Surveillance (EAS)

applications.

During the study of the microwires with axial anisotropy and development of the
application based on them, | took part in the investigation of unusual coding methods of the
amorphous microwires using a localised laser annealing treatment. This treatment produces a
multi-pulse code within the wire and therefore adds to the information contained within the wire,
improving reliability and security. 1 developed and used a magnetic interrogation system

allowing an accurate and reliable test and analysis of the studied samples.



The second part of my PhD research has included investigations of microwires with
circumferential and helical anisotropies. The main interest in these materials is due to their
applications for high-performance magnetic and stress sensors. Within this research project, the
microwires with circumferential/helical anisotropy have been studied in a broad range of
frequencies. A number of dynamic effects have been experimentally obtained and analysed. In
particular, a detailed investigation of dynamic circular hysteresis (10kHz-300kHz) has been
carried out aliowing explanation of different behaviour of the materials with
circumferential/helical anisotropy at different frequencies. The experimental curves are proposed
to be analysed in terms of field dependence of characteristic permeabilities: domain wall
displacements (reversible and irreversible) and magnetisation rotation. It was established that
these permeabilities have different field behaviour. That explains different MI patterns at
relatively low frequencies (less than a few MHz) and relatively high frequencies (more than 10
MHz).

Further, some special features of the Magneto-Impedance effect in the microwires with a
circumferential anisotropy such as off-diagonal impedance and microwave impedance have been
considered. In this research, the former presents a considerable interest for development of linear
magnetic sensors and the latter can find application in tuneable microwave materials and
devices. As a result of this study several types of linear, bi-directional MI sensors were
developed. 1 also developed new MI sensing approaches (such as off-diagonal response) and a
new high performance detection technique allowing us to improve sensitivity, bandwidth, and
linearity at low cost and simple construction..

The last part of the PhD research has been devoted to an investigation of the stress-
impedance in the ultra high-frequency (UHF) band (300MHz-3 GHz). Based on the experimental
investigation, a new type of a stress-sensitive composite material is proposed. The microwave
effective permittivity of such material depends on mechanical stresses. These composite
materials opens up new possibilities for remote monitoring of stress with the use of microwave
“free-space” techniques. This kind of composite material can be characterised as a “sensing

medium”, which images the mechanical stress distribution inside construction or on its surface.
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Chapter . Infroduction

Chapter 1, Introduction

Amorphous metallic materials present a considerable interest for fundamental research
and a wide range of applications due to their unique and favourable association of mechanical,
electrical, magnetic and chemical properties related to the absence of long-range order. The
use of preparation methods that allow rapid condensation of atoms or rapid solidification of
liquid metallic melts in order to avoid crystallization is necessary to achieve the energetically
metastable amorphous state. Presently known amorphous metallic materials have been
obtained in the form of thin films [1], ribbons [2], powders [3], wires [4] and very recently
bulk materials with dimensions in the range of millimetres [5]. Among those materials,
amorphous metallic wires are of a special interest emerging from their degree of symmetry. A
range of applications includes high performance resistors, inductive elements, radio and
microwave frequency shields; stress, temperature and pressure sensors. This work is devoted
to properties and applications of magnetic amorphous wires, in particular, glass-coated
microwires [6,7], which have small diameters (5-30 microns), outstanding soft magnetic
behaviour with a high permeability and low coercivity, yet, possess a well-defined magnetic
structure.

Depending on the alloy composition, technological regime and post-production
treatment, a wide spectrum of magnetic characteristics can be obtained, which makes
magnetic microwires suitable for a large number of applications, especially in the field of
electronic devices and sensors. Presently, amorphous magnetic microwires are used in such
applications as pulse generators [8], position and displacement sensors [9], biomedical
sensors [10], magnetic and stress sensors [11]. Driven by application demands, the magnetic
properties of microwires have been extensively studied and there i1s voluminous literature on
the subject (see, for example, reviews [12], [13] and references therein). However, a number
of physical effects require further investigations and some new effects can be predicted. The
work in this direction is foreseen to generate new exciting ideas and applications. For
example, a completely new problem of magnetic behaviour related to ‘modulated’ wires,
where wires can have imperfections introduced to change their properties. In this work, |
investigate dynamic magnetisation processes in two kinds of microwires, characterised by
bistable or linear static magnetisation curves, and develop such applications as magnetic

labels utilising bistable microwires, high performance magnetic sensors and stress-sensitive



Chapter 1. Introduction

microwave materials based on magneto-impedance effect in wires with a circumferential
anisotropy.

The work is organised as follows. In Chapter 2, some general physical principles of
ferromagnetism will be discussed. The parameters characterising reversible and irreversible
processes in the ferromagnetic materials will be introduced since they are playing key role in
the magnetisation process. Several models of magnetisation reversal in amorphous wires with
uniaxial anisotropy will be considered, including: classical Stoner-Wohlfarth model,
expanded model of rotational magnetisation reversal in the presence of transverse magnetic
field and quantitative model of magnetisation reversal in the presence of various stresses. The
later models are very useful for further analysis of rotational processes in magnetic materials
under the effects of external mechanical stresses and nevertheless difficult to find elsewhere.

In Chapter 3, | will consider the basic technology of microwire production with relation
to their geometry, microstructure (amorphous or microcrystalline), and residual stress
distribution. [ will also briefly discuss mechanical, electrical and general magnetic properties.

In Chapter 4, detailed analysis of amorphous microwires with an axial anisotropy will
be given. In the case of microwires with axial anisotropy the magnetisation reversal takes
place by a large Barkhausen discontinuity. This rapid remagnetisation process, which
generates a sharp voltage pulse, is useful for such applications as magnetic encoding,
magnetic labelling and security sensors. Growing interest in the low-cost magnetic labelling
applications utilising amorphous microwires motivate the detailed investigation of the Fe-
based amorphous microwires.

In Section 4.2, the investigation of the dynamic properties of the amorphous wires will
be represented within the framework of the stochastic theory of thermal activation. This new
approach of stochastic domain wall activation over pinning barrier is considered for the first
time in this thesis. Such important parameters of Barkhausen discontinuity as a mean
switching field and standard deviation of the switching field distribution have been
investigated experimentally for understanding the influence of extrinsic factors such as stew
rate of the alternating magnetic field on applications operation. A modified Néel-Brown
model of the magnetisation reversal has been proposed enabling the explanation of number of
characteristic parameters of the microwires with axial magnetisation.

Further, in Section 4.3 a new selective treatment method for writing continuous

magnetic “bar-code” on the microwires by using argon laser irradiation will be proposed.

[
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Local annealing by an argon laser has resulted in the formation of weakly interacting
heterogeneous structures with different magnetic properties. Such wires possessing the
weakly interacting multi-domain structure with different magnetisation may be of great
interest for magnetic coding applications as a data storage element.

In Section 4.4, a low-frequency identification system utilizing microwires with an axial
magnetisation will be presented. The idea of utilizing amorphous microwires exhibiting very
rapid change in magnetisation as magnetic labels has been known for a number of years [14-
17]. This kind of labelling has potential uses in anti-theft applications, counting objects and
security identification systems. One method of labelling makes use of counting wires having
the same magnetic switching characteristic. Here, the object with attached magnetic label is
passed through a detection system, which triggers a counting event. Another group of
magnetic labels can be made from wires with different magnetic characteristics, in particular,
different switching fields. For this a more sophisticated detection system is required to
identify the different magnetic labels attached to various types of objects. Until now, such a
detection system has only been developed in prototype form. My present work involves the
development of the existing technology to create a new remote sensing system. This system
will allow the large Barkhausen jump to be detected without actual contact between the
magnetic label and the magnetic ficld detector. My recent research suggests that detection
will be possible at distances of approximately 100-150 mm from the detecting sensor. Very
low cost and easily fepetitive amorphous microwires with axial anisotropy are
incontrovertibly best materials for Electronic Article Surveillance (EAS) applications.

In Chapters 5-8, I analyse the magnetisation dynamics including the magnetoimpedance
(MI) effect in microwires with circumferential and helical anisotropies and developing few
sensing applications. Since the discovery of the MI effect in 1994 [18], the interest in
amorphous microwires of Co-based compositions with circumferential anisotropy has
increased considerably. The recent works of L. Panina [18-22], D. Makhnovskiy [20-22] and
other authors have established the theoretical models quantitatively describing the MI effect
in wires with different types of anisotropy. However, experimental results were lacking to
support this theory. For example, the data on dynamic circular hysteresis obtained in this
work were needed to understand different impedance behaviour at relatively low and

moderate frequencies. | also investigated the MI effect at very high frequencies up to a few

e
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GHz, providing that in this frequency range the impedance change is governed by the dc
magnetisation and can exhibit so-called ‘valve’-like behaviour.

Chapter 5 is devoted to the detailed investigation of dynamic circular hysteresis
(10kHz-300kHz). The experimental curves are proposed to analyse in terms of a field
dependence of characteristic permeabilities describing domain wall displacements (reversible
and irreversible) and magnetisation rotation. 1 have established that these permeabilities have
completely different field behaviour, which explains different M1 patterns at relatively low

frequencies (less than a few MHz) and relatively high frequencies (more than 10 MHz).

In Chapter 6 1 will consider some special features of the Ml effect in microwires with
a circumferential anisotropy such as off-diagonal impedance and microwave impedance. The
former presents a considerable interest for developing linear magnetic sensors and the latter
can found application in tuneable microwave materials and devices. 1 will start with an
introduction into MI effect in terms of the surface impedance tensor for wires with a
circumferential anisotropy, when the skin effect is essential and the permeability is due to a
coherent magnetisation rotation described by the linearised Landau-Lifshitz equation. The
permeability will be considered in Section 6.2. Giving background research on MI, I will
proceed with the comparative study of the diagonal and off-diagonal impedances (Section
6.3). Finally, in Section 6.4, | will study the MI effect at GHz frequencies, demonstrating that
the field remains very high (up to 50% per few Oe) but only for low magnetic fields less then
the anisotropy field.

Chapter 7 will be devoted to MI sensors. Along with the analysis of previous MI
sensor designs [23, 24], [ will present several types of linear, bi-directional M1 sensors
developed in this work. [ have proposed new MI sensing approaches (as off-diagonal
response) and a new high performance detection technique allowing us to improve sensitivity,

bandwidth, and linearity, at low cost and simple construction.

The last and most exciting part (Chapter 8) will represent a completely new research of
the effect of stress on microwire impedance. On the basis of the carried out experimental
investigation, a new type of stress-sensitive composite material is proposed. The microwave
effective permittivity of such composite material depends on the applied mechanical stresses.
This composite material opens up new possibilities for remote monitoring of stress with the

use of microwave “free-space” techniques. This kind of composite material can be
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characterised as a “sensing medium”, which images the mechanical stress distribution inside a

construction or on its surface.
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Chapter 2. Background research

2.1 Introduction to magnetic materials

This section reviews some physical principles of ferromagnetism, in order to provide a
background for understanding magnetisation processes in the studied materials.

Generally speaking, every material, which is subjected to a magnetic field, H acquires a
magnetic moment. The dipole moment per unit volume is defined as the magnetisation, and
will be denoted here by the vector M. In most materials, M is proportional to the applied field,

H. The relationship is then written as:
M =yH 2.1

Where y is called the magnetic susceptibility of the material. The magnetic flux density

B is given by a linear relationship in terms of H and M-
B=uyH+ygM (2.2)

Here 7y, is a parameter introduced by Brown [1] to include different systems of units.
In particular, y,=1 and p,=4x-107H/m for Sl units, while for Gaussian units,
¥Ys =4mand p, =1. In general in this work, | will use Gaussian units, unless Sl units are

preferred for the simplification of the required model. If (2.1) is fulfilled, it is also possible to

rewrite (2.2) as

B=uH (2.3)
where,
H=Ho+ 7YX = HoH, (2.4)
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In most materials, the relative magnetic susceptibility ¥, = y/y, is very small (in the

range of 10~ —107), however, in some cases it can be as large as 10°. The value of y can

take positive and negative values. Sometimes, the relation between M and H is not linear, so

that y depends on the intensity of magnetic field. It is possible to interpret the type of
behaviour of y in terms of the magnetic nature of the material. From this point of view, the
various kinds of magnetic materials are classified as follows.

i.  Diamagnetism (negative ¥, <0 of a small magnitude of 107°)

ii. Paramagnetism (positive ¥, >0 of a magnitude ranging 10~ —107)

ili. Magneto-ordered materials such as ferro-, ferri- and antiferro- magnetics,

characterised by much larger values of x, dependent on the external magnetic field.

In the case of ferromagnetism, the atomic spins are aligned paraliel to each another
because of strong positive interaction acting between the neighbouring spins. Since such
magnetisation is produced without the action of any external magnetic field, it is called a
spontaneous magnetisation. As the temperature increases, the arrangement of the spins is
disturbed by thermal agitation, thus resulting in a temperature dependence of spontaneous
magnetisation. Above the Curie point, the susceptibility obeys the Curie-Weiss law [6], which

states that 1/y rises from zero at the Curie point and increases linearly with temperature.

Ferromagnetic substances can often have a magnetisation that is much smaller than the
saturation vatue. This can be explained by assuming that the sample of material is actually
composed of a number of small regions called domains; within each the local magnetizatioﬁ is
saturated. However, the direction of this magnetisation varies in different domains. The same
effects are observed in polycrystalline samples, for which the resultant magnetic moment
becomes zero by virtue of a random distribution of the local magnetic moments in different
granules. The increase of the resultant magnetic moment in the whole sample under the
applied action of an applied magnetic field arises from two mechanisms:

1. An increase in the volume of domains, which are favourably oriented with respect

to the field at the expense of unfavourably, oriented domains.

2. Rotation of the directions of magnetizations towards the direction of the field.

In weak fields, the resultant magnetization changes mostly due to the domain wall
motion, whereas in strong fields it takes place by means of the rotation of magnetic moments.

Ferromagnetism is exhibited mostly by metals such as: iron, cobalt, nickel and their alloys.
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The alloys may also contain small amount of other elements such as Cr, Mn, B, Si in order to
achieve homogeneous nano-crystalline or amorphous structure {3].

The onigin of anti-ferromagnetism lies in the strong negative exchange interaction
between the adjacent spins so that the energy is minimised by their anti-parallel alignment.
The temperature dependence of the susceptibility of this magnetism is, however, characterised

by the occurrence of a kink in the y —7 curve at the so-called Néel temperature [2,3]. The

reason for this is that below this temperature an anti-parallel spin arrangement is established
in which the plus and minus spins completely cancel each other, and the susceptibility
decreases with a decrease in temperature. Above the Néel point the spin arrangement becomes
random, so that the susceptibility decreases with an increase of temperature.

Ferri-magnetism is the term first proposed by Néel [2] to describe the magnetism of
ferrites. In these materials the magnetic ions can occupy two kinds of lattice sites, designated
here as A and B. The ionic spins on A sites all point in the plus direction, where as all those
situated at B sites point in the minus direction because of a strong negative interaction acting
between the two spin systems. Since the number of magnetic ions and the individual
magnitude of spins of individual ions are different on the A and B sites, such an ordered
arrangement of spins gives rise to a resultant magnetisation, which is typically smaller than
that of ferromagnetic materials.

In spite of the presence of spontancous magnetisation, a block of ferro- or ferri-
magnetic material is usually not spontaneously magnetised but exists rather in a demagnetised
state. This is because the interior of the block is divided into many magnetic domains. Since
only the direction of magnetisation inside domains varies from domain to domain, the
resulting magnetisation can be changed from zero to the value of the spontaneous
magnetisation. If the field is reduced, the magnetisation is decreased, but does not come back
to the original value. Such an irreversible process is called hysteresis. The change of the
resulting magnetic moment of the whole magnetic specimen under the action of an applied
magnetic field arises from two mechanisms:

(a) a change in the volume of domains which are favourably oriented with respect to the
external field at the expense of unfavourably oriented domains, and

(b) rotation of the directions of magnetisation towards the direction of the field.
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In the next sections, 1 will consider some basic magnetisation reversal mechanisms
involving magnetisation rotation and domain wall displacements in ferromagnetic bodies. The

dependence of the susceptibility ¥ on the applied magnetic field, temperature, frequency and

some other parameters, will be discussed. This analysis is very important for the present

research.
2.2 Equilibrium magnetisation in a ferromagnetic sample.

Any analysis of the magnetisation behaviour starts with establishing the equilibrium
magnetic structure, which can be done by the minimisation of the free energy of the
ferromagnetic sample. [4,5]. The total magnetic energy includes a number of terms of
different origins. In general, the following contributions are important: magneto-crystalline

energy Uy, magnelostatic energy U, associated with the demagnetising field (shape effect),

energy Uy due to an external magnetic field, and magnetoelastic energy U, related with

me
magnetostriction:

Up=Ug+Ug,+U,, +Uy (2.5)

In amorphous ferromagnetics, which are the main interest of the present work, the
magneto-crystalline anisotropy is absent and it will be excluded from further discussion. The
preferable magnetisation direction is decided via the magnetostrictive interaction by the
residual stress distribution induced during the solidification process and further treatments. In
the case of elastically uniform material the magnetoelastic energy can be expressed in the

following form [4]:

me

U,, = —%;LO' cos’ o (2.6)

where a is the angle between the stress o and the direction of magnetisation, and A is the

10
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saturation magnetostriction. In (2.5), the exchange energy is also excluded since a uniform
magnetisation is first analysed (single domain state) and we are interested only in the
direction of the magnetisation vector considering that its magnitude is constant (at a certain
temperature),

In the next sections I will describe several examples of the rotational magnetisation
reversal in a ferromagnetic sample with a uniaxial effective anisotropy, which are directly

related to the present study.

a. Rotational magnetisation reversal (Stoner-Wohlfarth model)

I will start with the case when the internal stress o Ot
has the angle 6, with the applied magnetic field H. This M
case corresponds to the Stoner-Wohlfarth model for the 90\9
uniaxial anisotropy (ny) [5]. The applied field H causes * "Hex

Fig. 2.1 Rotation of magnetisation
reversal from an easy axis under
makes an angle 9 Wlth H (Flg 2') [fthe Shape cﬂ'bct iS thg eﬁec[ Of apphed ,nagneﬁc

the rotation of the magnetisation direction M (which

ignored, the energy of this system U, can be expressed field.
as follows:
3 2
U, =—50'/'Lcos (@—-6y)—MyH cos@ Q2.7

Here, I will introduce the parameter Hy :31%40, which plays the role of the effective

anisotropy field, M, is saturation magnetisation. The equilibrium direction of magnetisation

is obtained by the extreme energy condition,

%:%smz(e-%nﬂsine:o (2.8)

In order to choose the solutions corresponding to local energy minima, the following
condition must be imposed:
32U,
262

In general, there are two minimums related to the two metastable states. When the magnetic

>0 (2.9)




Chapter 2. Background research

field is reversed in the negative direction, the magnetisation continues to rotate gradually,
being still positive (because of the energy barrier). The height of the barrier decreases with
increasing negative field and it disappears when
2%u,
262

The equilibrium state becomes unstable and M suddenly rotates toward the direction of the

0 (2.10)

field. The field at which this sudden magnetisation flip happens is refereed to as a critical field

H'® of the irreversible magnetisation rotation. It can be found from equations (2.8) and (2.10)
which have to be solved together

sin 2(0 —6p) = -2 psin @

(2.11)
cos 2(8 —0p) = —pcosh
where
Hi
= 2.12
p Hy (2.12)

Eliminating sin@ or cos2(6 —6,) from the preceding equations, we obtain

sin@ = ! ‘Z , cos@ =12 L;M (2.13)
3p 3p

On putting these values into (2.11), we can solve for sin 26,

3

_2VA
sin 260 = iz =1 (2.14)
p 3

Figure 2.2 shows p plotted as a function of 8. It is seen that the critical field H™ has a

minimum when 6, = 459, When the field deviates by 45° from the easy axis, the reversal of
magnetisation takes place most easily. The critical field is, then,

H¥*=Hyg /2 (2.15)
The critical field becomes larger as 8, deviates from 45° and finally reaches the maximum
value of

H =Hg (2.16)

at 8, =0° and 90°.
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correspond to reversible rotation. For 8, > 45° the range of reversible rotation covers a fairly

large portion of the magnetisation curves. If a magnetic field is applied in the negative
direction and then removed, before the occurrence of irreversible rotation, the magnetisation

comes back to the original residual magnetisation.
b. Rotational magnetisation reversal under the effect of a transverse magnetic field.

The next example considers the effect of a transverse field on the magnetisation reversal

by rotation. It is assumed that the easy anisotropy axis and the driving field are parallel

(6, =0°%). This model, hereafter, will be used to explain the effect of the axial field on

circumferential magnetisation process in amorphous microwires with a circumferential

anisotropy. The overall energy of the system can be expressed in the following form:
Hg 2 :
UOZ_TCOS 6 —Hcosd—H, sinf (2.17)

Using the same scenario, the stable direction of the magnetisation can be determined by

)
20

Putting cos@ = x, (2.18) becomes

Hy . ,
=—2—sm29+Hsm9—ch059=0 (2.18)

x4+2px3+(r2+p2—1)x2—2px—p2=O (2.19)
where r = H, /H . Solving equation (2.19) produces rotational plots x(p) with the transverse

field as a parameter, as shown in Fig. 2.4.

The analysis demonstrates that the application of H | activates the reversible rotational

processes, since it results in the magnetisation inclination from the anisotropy axis. The

critical field of the irreversible magnetisation jump decreases considerably according to
H*/Hg =(l_r2/3)3/2

which implies that when H | = H g, the hysteresis disappears.

i4
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Fig. 2.5. Stress components in an amorphous microwires in (a)
and principle components vector directions in (b).

u,, = —%;'L(O', cos® 6 + 0, sin 20) (2.21)

If the driving external magnetic field is applied along the wire axis, the total energy becomes:

U, = —% A(o, cos’ 0 + 0, 5in 20) — MH cos @ (2.22)

Then the stable direction of magnetisation can be determined by

a—a%‘l=—%l(20'2 cos20 —o,sin20)+ MH sin@ =0 (2.23)
Putting cos® =x, (2.23) becomes
40 +a) +2ax® —(4b* +a® = D)x* =2ax + > —1=0 (2.24)

where a=3A0,/MH ,b=3Ac,/MH . After determining x from this equation, we can plot the
magnetisation curves with o, and o, as parameters for given M = 500 G, as shown in Fig.
2.6. The given examples clearly demonstrate that internal and applied stresses strongly
influence the magnetisation reversal in amorphous wires. Thus, in the case of negative
magnetostriction (Fig. 2.6) the axial hysterests is very small when the torsional stress is small
(the tensile stress-induced anisotropy is circumferential). Increasing torsion results in the
inclination of the effective anisotropy axis from a circumferential direction towards the axis
(but the angle between the effective anisotropy and the circumferential direction will be

always smaller than 45°) and the hysteresis area increases.

16
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Fig. 2.7 Variation of the wall energy as a function of position of a domain wall.

In the absence of a magnetic field, the wall stays at some minimum point s;, where
dU,,/ds = 0. The energy can be expressed in the first approximation as

1 2

Uy =508 (2.25)

in the vicinity of a stable point. If a magnetic field H is applied in a direction, which makes an
angle 8 with M, the energy supplied by the magnetic field is

Uy =—-2sMyH cos@ (2.26)
for an 180" wall, because the displacement s of the wall results in a change in the

magnetisation of 2sM,, per unit area of the wall. From the condition of minimising the total

energy,

Uy=U,, +Uy =]Eow2 —2sM,H cos8 (2.27)
or

% = s —2M,H cos@ (2.28)
we have

5= W"aﬂH (2.29)

If we assume that the gradient of the energy U ,, has a maximum at s, (Fig. 2.7), further
increase of the field intensity will result in an irreversible displacement of the wall from s, to,

say s; where the gradient is larger and thus can counterbalance the stronger magnetic field

18
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“pressure”. If the field is reduced from this state, the wall will come back, not to s, , but to the
minimum point, which is closest to s;. If the largest maximum of the gradient exist at s,, the

wall will ﬁnaily reach s, and then will discontinuously move to the final goal upon an

additional increase of H. Thus the critical field H~ for one domain wall can be expressed in

the following form:

. 1 U
H = dw 2.30
ZMOCOSG( ds }max (2.30)

A considerable cause of the fluctuation in the energy of a domain wall as shown in Fig. 2.7 is
the internal stress, as first proposed by Kondorsky [6] and developed by Kersten [7]. A

sinusoidal variation of internal stress has been used
s
C =0, c052n7 (2.31)

where [ is the wavelength of spatial variation of the internal stress. The anisotropy constant

is, therefore,
3 s
K:KH—ERO'O 0052757 (2.32)

where K, is an averaged effective anisotropy constant. If the wavelength / is sufficiently

large compared to the wall thickness &, it can be assumed that the anisotropy constant does

not change inside the wall; then the surface energy of the wall is given by

7:2\/,4(1(,, —%lcro cosZn’}i) (2.33)
Then
(?]m - 3mA%, . A sinarl | =M g (2.34)
s ! K, -=Ao,cos vy ! !
2 /

max

where & =3,/4/K, is the thickness of the wall. Since the wall does not change its area

(U4, =7), (2.30) becomes

H‘:ilg.o_é (2_35)
2McosO |

In the Kersten model it is supposed that the wall is constrained at two points and that it is

19
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expands under the action of the applied magnetic field (Fig. 2.8). The radius of the curvature
of the wall is given by

Y 2MHcose, (2.36)
.

It is seen that the radius should decrease with an increase
of H. Actually, » is reduced as the wall expands as
shown by curves a, b, and ¢ in Fig. 2.8, but, if the wall

expands beyond curve ¢ where r is equal to the one-half

of the separation of two constraining points /, the radius ¥

of the curvature, r, is again increased with further

expansions of the wall. The wall will, therefore, expand  Fjg. 2.8 Reversible and

irreversible expansion of the

discontinuously after it passes through curve ¢. The
domain wall.

critical field H' is obtained by setting r =//2 in (2.36);

then we have

H=——Y (2.37)
Ml cos@

In this model, the critical field is proportional to the domain wall energy y. The value of y

can be reduced by applying a transverse field, which is similar to the effect of the transverse
field on the rotational critical field. Therefore, in both cases of rotational and wall
displacement mechanisms, the effect of the transverse field reduces the hysteresis area and
makes the switching process faster. This effect will be employed to control circumferential

magnetisation reversal in amorphous wires by applying an axial magnetic field.

2.3 Thermally activated irreversible magnetisation reversal. Néel-Brown model.

As it is clearly seen, from previous discussion, the critical field is a random variable. It
turned out that stochastic methods are more appropriated in the study of the parameters of
irreversible magnetisation reversal, such as fluctuations of the critical field and the field of
irreversible domain nucleation. One of the models describing nucleation of domains in
ferromagnetic samples is the Néel-Brown model of thermally activated magnetisation reversal
[1, 2, 8-10]. In this model the magnetisation reversal is assumed to occur via nucleation of

domains happening at a certain applied field, which is called the switching field H . In the

20
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Néel-Brown model, a single domain particle has two equivalent ground states of opposite
magnetisation separated by an energy barrier due to for instant shape and crystalline
anisotropy. The system can escape from one state to the other either by thermal activation
over the barrier at high temperature, or by quantum tunnelling at low temperatures. At
sufficiently low temperatures and at zero field, the energy barrier between two states of
opposite magnetisation is too high for an escape process to be observed. However, the barrier
can be lowered by applying a magnetic field in the opposite direction to that of the particle’s

magnetisation. When the applied field is close enough to the switching field at zero

0

sw?

temperature A, thermal fluctuations are sufficient to allow the system to overcome the

barrier, and the magnetisation reverses. For modelling this process, Brown proposed to add a
random field term to the Gilbert equation, which is assumed to be of white noise type. On the
basis of this assumption, he was able to derive a Fokker-Planck equation for the distribution
of magnetisation orientation. Brown did not solve this differential equation. Instead he tried
some analytical approximations and asymptotic expansion for the case of the field parallel or
perpendicular to the easy axis of magnetisation. More recently, Coffey et al. [11-13, 16] have
found by numerical methods an exact solution of Brown’s differential equation for uniaxial
anisotropy and an arbitrary applied field direction.

There are two main experimental methods for investigation of stochastic escaping

process: waiting time and switching field approaches.
a. The waiting time method

The waiting time method consists in measuring the probability that the magnetisation

has not switched after a certain time. At a given temperature, the magnetic field H is

increased to a waiting field H, near the switching fietd H?,. Next, the elapsed time until the

magnetisation switches is measured (Fig. 2.9(a)). This process is repeated several hundreds
times, yielding a waiting time histogram. The integral of this histogram and proper
normalization yields the probability that the magnetisation has not switched after a time .

According to the model, the probability that the magnetisation has not switched after a

time ¢ is given by:



Chapter 2. Buckground research

P()=et'" (2.38)

and 7 (inverse of the switching rate) can be expressed by an Arrhenius law of the form:
-1 _1_~Ag?
() =T e (2.39)

where e=(1-H/ H?w) 1'5' is constant (pre-exponential factor), parameters 4 and b

depend on damping, temperature, energy barrier height and reversal mechanism (thermal or

quantum) [17, 18].
b. Switching field measurements

It is often more convenient to study magnetisation reversal by ramping the applied field
at a given rate and measuring the field value as soon as the sample magnetisation switches.

Next, the field ramp is reversed and the process repeated. After several hundred cycles,

switching field histograms are established, yielding the mean switching field (st) and the
width o, (rms. deviation). Both mean values are measured as a function of the field

sweeping rate and temperature (Fig. 2.9(b)). From the point of view of thermally activated
magnetization reversal, switching field measurements are equivalent to waiting time

measurements as the time scale for the sweeping rate is typically more than 8 orders of

P() a
~ H=canst. h
T=const.
N
I R
0 t

(a) Waiting time measurements

Counts <Hm(dH ATy

\ 20w (dH/dLT)

H

o 'lql_rl./dt=const.
=const.

0

(b) Switching field measurements

Fig. 2.9 Diagrams illustrating two approaches for investigation of stochastic escaping
process: waiting time (a) and switching field (b) methods.
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magnitude greater than the time scale of the pre-exponential factor a typical value of which is

107'%.
Therefore the Néel-Brown model described above can be applied to define parameters

of irreversible magnetisation reversal.
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Chapter 3. Production methods and general magnetic properties.

A large number of applications in which an amorphous wire is used as a magnetic
sensing element are based on the possibility of establishing in these materials a unique
magnetic structure with well-defined magnetic anisotropy. The type of anisotropy and hence,
domain structure is determined by such factors as residual stress distribution, applied stress,
the value and sign of the magnetostriction constant. The latter is an internal characteristic,
which depends on the alloy composition and can be used to classify the wires. Three main

groups of amorphous wires can be distinguished:

1. Fe-based alloys with positive and relatively large magnetostriction (of the order of

10%)

2. Co-based alloys with negative and relatively large magnetostriction (of the order of

10°%)

3. Co-based alloys with small additions of Fe exhibiting vanishing magnetostriction (of

the order of 107).

Amorphous microwires of the first and second groups, so-called Fe-based and Co-based
microwires, are characterised by the axial anisotropy in the inner region. The magnetisation
reversal in these materials takes place by a large Barkhausen jump between two bistable
states, producing nearly squared hysteresis loops [1]. This rapid remagnetisation process,
which generates a sharp voltage pulse, is useful for such applications as pulse generators,
magnetic encoding, magnetic labelling and security sensors. In the outer region, the domain
structure is radial and circular, respectively for Fe-based and Co-based microwires. On
applying external stress to Fe-based wires or using a special treatment, the outer region can be
reduced so that the axial anisotropy occupies almost the total volume. Therefore, the
bistability properties can be easily enhanced. On the contrary, for Co-based wires the effect of
external stress would increase the area with the circumferential anisotropy. Wires of the third
group having small magnetostriction typically do not exhibit bistable magnetisation reversal.
In this case, practical interest is related to wires with a small negative magnetostriction that is
still sufficient to preserve the circular domain structure. This type of microwire is well known

as one of the best materials for magneto-impedance sensors.

I
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In this section, we will briefly review the basic technology of microwire production
with relation to their gcometry, microstructure (amorphous or microcrystalline), mechanical
properties, residual stress distribution and finally general magnetic properties. For example,
different types of magnetic structures originate from the balance between magnetostatic and
magneto-elastic energies contributions. The magneto-elastic anisotropy in its turn is a
consequence of the internal stresses frozen in during the fabrication process. The internal
stresses (axial, radial and circular) are induced by strong thermal gradient during the
fabrication process. After-production treatments such as annealing under stress or magnetic
field and drawing can modify the stress distribution considerably, resulting in modifications

of the magnetisation configurations.

3.1 Production methods

There are two main techniques of microwire fabrication, namely, in the water rotating

melting Unitika method and Taylor-Ulitovsky method based on glass-capillary drawing.
a. UNITIKA technique

The first technology has been developed by UNITIKA Ltd. R&D (Kyoto, Japan). The
basic features of this method are as follows [2-7]. The master alloy is loaded into a quartz
nozzle and melted by induction heating. The temperature is monitored with an optical
pyrometer. A jet of molten metal is ejected under pressure through the orifice of the quartz
nozzle into the rotating water layer. Fig. 3.1 shows a schematic representation of the
experimental apparatus. The diameter of the amorphous wire is controlled by the orifice,
ejection pressure, ejection angle and drum rotational speed. The most important factor in the

spinning process is to control the ratio of the jet velocity ¥; to the water velocity V,,. Figs.
3.2 (a, b) show the optimal range in V;/¥,, as a function of orifice diameter for preparing

continuous amorphous Fe-Si-B and Co-Fe-Si-B wires at the ejection angle of about 60
degrees. This indicates that continuous amorphous wires with various diameters (50-250 pm)
are produced if the water velocity in the drum exceeds the jet velocity by about 2-6 %. The

deviation in the diameter can be made within 8-10%
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amorphisizers, cooling rate, nature of the cooling liquid, location of the cooling stream, dwell

time in the cooling stream and degree of superheating and super-cooling.

Typically, a multi component alloy is required for microwire production to satisfy a
number of properties. In the case of magnetic wires, the alloy is preferably a Fe and/or Co-
based alloy to get high magnetisation along with a number of controlled parameters such as
the magnetostriction constant. As the content of Fe is increased, the magnetostrictive constant
monotonically increases going through zero at 4-4.5%. This allows a magnetic system with
the effective anisotropy field varying within a wide range (0.1-50 Oe) to be designed. The
magnetic properties can be further refined using such additives as Mn and Cr. To produce a
microwire having a metallic core in an amorphous or microcrystalline state, the elements
responsible for amorphization such as Si, B, Ge are used. Their total content must not exceed
a certain limit to avoid relaxation of properties with time. Along with this, certain
requirements on composition may be imposed by the technological regime. Amorphous
metals have no grain boundaries, can be readily doped, and possess good electrical and
magnetic properties. The electrical resistance of the amorphous wires increases 20 times up to
2500 K€/m in comparison with crystalline alloys,' which makes the wires suitable for high
frequency applications. In the case of magnetically soft amorphous microwires, the initial
magnetic permeability increases 5-7 times, and can be as high as 2'10*. The mechanical
elasticity of these amorphous microwires increases. It is interesting to note that non-magnetic
microwires can be of interest for such applications as micro-cables for telecommunications,
miniature high-voltage transformers. Thin sub-ten micron silver microwires can be used as

conductors at high frequencies, and planar DC-to-DC converters.

I can conclude that due to their unique characteristics, amorphous microwires can be

considered as a novel class of high performance conductive and magnetic materials.

3.2 General magnetic properties

The recent interest in amorphous microwires lies in their magnetic properties. As it was

shown in the previous Chapter, the magnetic behaviour in amorphous materials is determined
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T, . The second stage is the cooling of the metal-glass ensemble from 7, to room temperature

Ter - In the first stage, internal stresses are induced due to the solidification of the metal as the

solidification front proceeds radially inward to the centre of the wire. In the second stage,
internal stresses are induced due to the contraction of the two materials (metal and glass)
having different thermal expansion coefficients. In addition, there is an axial tensile stress
continuously applied on the wire due to the drawing during the preparation process. In this
approach, the tensile axial stress induced due to continues drawing process specific for this

technology is neglected. Figure 3.7 shows plots of the stress components (axial o_, radial
o, and azimuthal g ) as functions of distance x from the wire centre. One observes that the
shape of the curve 0,,(r) and 6_,(r) are the same, but the positive values of ¢, are almost
twice the positive values of o,,. After reaching a maximum, both o_(r) and o, (r)

decrease down to zero (at approximately 82% of r

w?

where r, is the wire radius) and go to

large negative values at the surface. The radial stress o, (r) is tensile everywhere in the wire.

In the central region of the wire, o_(r) is the component with the highest value and it
is positive (zone I). From ~ 85% of r, to ~ 88% of r, there is a second region, much narrower
than the first one, in which ¢, is the highest stress component and it is positive (zone II). The
remaining part up to r, constitutes a third region, dominated by the high negative values
(compression) of ¢, and o, (zone Ill). For positive magnetostriction alloy, the easy

anisotropy axis is in the direction of the dominant tensile stress and in the direction
perpendicular to the dominant compressive stress. Considering zone Il as a small transition
region, this confirms the existence of basically a two-region magnetisation model shown in
Fig. 3.6b with the axially magnetised core and radial maze domain structure in the shell. For

the considered case, the radius of the cylindrical inner core is approximately 85% of r,,.

]
[FS]
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As | noted above the magnetostriction constant is determined by the alloy composition.
Alloys with high iron content, for example Fesr5Sii2sBio, have large positive
magnetostriction of the order of 10°, whilst Co-rich alloys have large negative
magnetostriction (of the order of 10°). Examples of alloys systems having large positive and

negative magnetostrictions are given in Table 3.1.

* Alloys component _ Fe-based microwire with large . Co-based microwire with large .

positive magnetostriction  negative magnetostriction
E iroﬁ (Fe-) -. 55-80 ét.%, . 0 -3 at.%, !
.f C(;balt (Co) | 6-12 at.% 50- 85 at.%,
" M;ﬁganéée Mn) 0-8 at.% o 012 at.%,
* Boron (B) | 5-1 57 ;lt.%, .? » 3 — .l;'l at.%,
Siiicon (80 | | 8-14 at.%, ‘ 5 - 15. at. %, *

Table 3.1 Alloy systems constituting amorphous microwires with large magnetostriction.

The gap between these two groups is filled by alloys with low magnetostriction
constant, if it is negative, the wire still preserves a well-defined circular domain structure due
to supplementary tensile stress. Such wires exhibit nearly linear hysteresis loops, as shown in
figure 3.8 (pink or blue curves). An example of an alloy system having small but negative
magnetostriction is given in Table 3.2. A microwire formed using such an alloy system with
core diameter between 8-22 um and glass thickness 2-5 pm exhibits almost linear B-H curves

with a very small hysteresis area.






Chapter 3. Production methods and general magnetic properties

In this Chapter 1 briefly discussed the basic microwire properties with relation to their
geometry, composition, microstructure (amorphous or microcrystalline), and residual stress
distribution. These are based on a number of magnetisation models developed over last two
decades. However, the dynamics of the magnetisation in these materials is still relatively poor
understood. The following Chapters where | present mine original results on the dynamic

hysteresis in microwires with positive and negative magnetostriction are covering this gap.
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Chapter 4. Amorphous microwires with large magnetostriction:

magnetisation process and applications.

This chapter is devoted to the investigation into re-entrant magnetic flux reversal of
amorphous microwires with positive magnetostriction. This process leading to very fast
magnetisation switching makes wire elements unique for applications in magnetic tagging
technology. The content of this chapter is divided into four parts. [ start with a more detailed
review of the quasi-static axial magnetisation processes in Section 4.1, which is determined
by the combined effects of the shape and magnetoelastic anisotropies. This gives the
necessary background to proceed to the investigation of dynamic hysteresis (up to 200 kHz)
in Section 4.2. The results obtained in this study on the transformations in hysteresis curves
with increasing frequency are discussed by considering the Néel-Brown model of stochastic
activation over domain wall pinning barrier. This is a new approach to model magnetisation
dynamics and relaxation processes in magnetic bistable materials. Thus, the frequency.
dependence of the nucleation (or switching) field is evaluated by considering a “waiting time”
for closure domain wall to escape the pinned state, rather than involving eddy current
mechanism. The domain wall propagation and domain wall configuration in established stage
would be consistent with quasi dc models, however. Section 4.3 concerns the controllable
selective treatment of glass-coated magnetic microwires by laser irradiation. This local
annealing by an argon laser results in the formation of weakly interacting heterogenecous
structures with different magnetic properties. In the case of wire with positive
magnetostriction, this treatment allows a “magnetic bar-code” to be written on a small piece
of microwire. To the best of my knowledge, this possibility was demonstrated for the first
time. Finally, Section 4.4 presents a specific security application utilising re-entrant
magnetisation reversal. [ proposed to use a number of glass-coated microwires with different
switching fields, each of which constitutes a bit of information. Therefore, the assembly of
these microwires can be used to set a specific magnetic bar code. I also have designed the

reading apparatus for the remote information detection (at a distance of about 15 cm).
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Here H,, is the field required to move DW (typically, smaller than the nucleation field), H
is the effective field resulting from DW surface tension, ¥ is DW energy per unit area, M_ is

the saturation magnetisation, ry is the radius of the domain, A4 is the exchange constant, K is

an anisotropy constant, H, is the demagnetising field. The expression for H, is valid only
when r, /1, <<1. For a moving wall, the damping essentially balances the applied field H,,

so the wall moves with little or no changes in shape, which is consistent with what is

observed. If v, is constant, equation (4.1) determines the domain length /,:

_32MirIn(2L, /7)) 1]
3y

Iy

4.4)

It is seen that the length /, decreases with increasing DW energy .

This model can be applied for the consideration of the closure domain structure at the
wire ends. I can assume that this elongated DW is spontaneously nucleated at the end and

extends into the wire to a distance of the order of /,, which can be then understood as a

correlation length denoting the balance between the energies from magnetostatic and

magneto-elastic origins. In order to observe bistability, the wire length must be longer than/, .

For wires prepared by in-water rotating process, the critical length is in the range of 2-7 cm
[1]. In the case of glass-coated wires, which have much higher internal stress and hence much

higher DW surface energy 7, the critical length can be as small as few millimetres [2].

In short wires, which are typically used as sensor elements, closure domains structure
plays a very important role. The experimental evidence of the existence of closure domains of
the elongated shape is reported in Ref. 3,4. Figure 4.2 shows the domain pattern of an axially
polished amorphous wire close to one end. The presence of various axial domains at the end

of the inner is clearly seen.
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through the pinning site. Some modifications are needed to apply the model to describe
dynamical processes. It is known that DW dynamics in ferromagnetic systems exhibits
intrinsic stochastic properties [8,9]. Magnetic viscosity can be understood in terms of thermal
or other noise activation over energy barriers. This mechanism explains the increase in

switching field with increasing frequency.

4.2 Dynamic hysteresis in amorphous wires with positive magnetostriction,

In this Section, the experimental study of dynamical hysteresis in bistable wires is
presented followed by the discussion in terms of modified Néel-Brown model of the
magnetisation reversal due to the activation over energy barrier [10,11]. Most of experiments
of hysteresis in these materials (and in general) are performed under dc or quaSi dc conditions.
As operational frequencies become progressively higher, there is an interest in studying the
magnetisation reversal at corresponding frequencies. Here, the magnetisation curves in of Fe-
based glass-coated microwires have been measured for frequencies up to 200 kHz with help
of specially designed miniature hysteresis tracer. The frequency dependence of the switching
field is evaluated by considering a “waiting time” for closure domain wall to escape the

pinned state.

a. Experimental set-up for dynamic hysteresis measurements.

For dynamic hysteresis study, glass covered amorphous wires of the composition
Fe 5Coss.4Mn7,B)2.4Si)g were used (kindly provided by “AmoTec” Lid, Moldova). The wires
had a core of 12.4-16.1 um in diameter covered by glass with total diameter of 18.6-22.1 pum.
A special hysteresis loop tracer was designed for high frequency measurements (Fig. 4.3.).
Two pick-up coils, (3) and (4), of 0.15 cm in diameter, 1 cm long with 30 turns are placed
inside a driving solenoid, (2), of 0.75 cm in diameter, 6 cm long with 180 turns. The driving

solenoid is connected to a signal generator, (1), and produces the ramping fields of the
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dissipation resulting from eddy current losses [12,13]. However, in regard to bystable
systems, within this approach it is not possible to expiain an increase in the switching field
with a frequency since the rate of the magnetisation change is zero before the flip. | suggest

that the switching field H_in my experiments is defined by the closure DW activation over

the initial barrier AU and modify the Néel-Brown model to account for this scenario.

According to the model, the probability rate p(f) of DW to overcoming the barrier is
given by

(4.5)

() =v, exp(._ AU - 1; (HMV ]

where vy is the attempt frequency, H(¢#) is the ramping magnetic field, M is the

magnetization, ¥ is an activation volume and D is the noise parameter. Assumptions are made
here that the initial energy barrier AU does not depend upon magnetic field, the freque'ncy of
the magnetic field is much lower than the attempt frequency and magnetic field is treated as a

perturbation for simplicity. The probability Q(r) of DW to stay in the pinned state obeys the

following equation
do/dt=-p(t)-Q. (4.6)

Assuming that a jump will eventually happen at some small value of O, and using equation

(4.5), we obtain an implicit equation for the jump time ¢

jexp (—-——H(II)DMV )ﬂ = ln(lv/ Q) exp( ADU ] 4.7

]

where ¢ is the time at which a reversal nucleus appears and DW is able to jump. Taking a
saw-tooth dependence of the magnetic field H(f) = Hpax and assuming that the time f
corresponds to some field Hsy (when @ tends to be zero) we finally get the switching field of

the large Barkhausen jump as

D (1]
Hy =Wh{;{)+]}+ Hg, (4.8)

where

17
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w,

i DV [ AU-HuMY
In(1/Q,)H MV D

Equation (4.8) agrees excellently with the measured dependence of the switching field

H; upon frequency of dynamical hysteresis loops. Figure 4.5 demonstrates that the

agreement between theory and experiment extends over a wide frequency range 0.1-30 kHz
(where the ramping field amplitude was enough to drive the sample into saturation). Equation
(4.8) worked well for different bistable wires in a large temperature range down to the
temperature of liquid nitrogen. Careful comparison of the change in the logarithm slope with
decrease of temperature shows that the temperature activation accounts for only less than 10%
of total noise. This implies that fluctuating external magnetic fields were the main source of
noise. Extracting the logarithmic pre-factor from the graph shown in Fig.4.5, I estimate a
lower limit of an activation volume as ¥ ~ 81077 e¢m’ which gives linear dimension of

activation as d = 2-10° cm. This scale is close to the domain wall width in this material.
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Fig. 4.5. Average swilching field of a large Barkhausen jump as a function of
Jrequency at room temperature.
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An activation process always leads to the distribution of a switching field. This
important feature of the Néel-Brown model was also observed in my experiments. The
distribution was Gaussian and its width was higher at lower frequencies in accordance with

the model.
¢. Domain wall propagation

Once activated, DW propagates forming an elongated shape to minimise the
demagnetising energy [14]. During this process, some additional demagnetising field Hy
assists its movement. For a moving wall, the damping essentially balances the effective field
Hgpy, which includes the applied field, demagnetisation field and coercivity field. The DW

velocity is of the form:

M
p

Heﬂ' (f), (49)

where [ is the damping parameter. Since the switching field increases with the frequency of
field ramping it means that DW moves in higher fields at higher frequencies. Considering that
the damping parameter does not change essentially with frequency, equation (3.7) leads to an
increase of an average DW velocity <¢> and hence to a decrease of the time of magnetization
reversal which can be estimated as //<u>, where / is the sample length (or distance between
nucleation sites). For fast reversal processes we can assume that the external field does not
change during the jump and take H.4(1) = Hs. Then, it follows from (4.9), that the time of
magnetization reversal T has to be inversely proportional to the switching field Hs. This is
proven in Fig. 4.6 where the plot 1/7 vs Hg is given. The data used cover the frequency range
from 100 Hz to 100 kHz. The interception with the field axis of the linear regression to the
experiment gives an average demagnetisation ficld of about 1.6 Oe. Finally, we can combine
the expression for switching field (4.8) with linear dependence for the inverse time and
estimate the frequency at which 7 becomes of the order of the period of the driving field. A
straightforward evaluation gives the frequency of about 100 kHz for my samples. This

coincides with the experimental results showing elliptical hysteresis loops at frequencies
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higher than 100 kHz.

It should also be stated that with increasing frequency the time of magnetization
reversal drops (Fig. 4.7). The change of the magnetization time with frequency is attributed to
the change of the switching field. At the end of this chapter, in the section “Application based
on Barkhausen jump” 1 will demonstrate importance of dynamic features of the magnetic

microwires with positive magnetostriction.
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Summarizing results of this section, 1 have found that the dynamic hysteresis in
bistable amorphous wireé under a periodic magnetic field is described well by Néel-Brown
theory of activation of a closure domain wall over a pinning barrier. The switching field
follows a logarithmic function of frequency. The evaluated size of an activation volume is
comparable to the size of the domain wall in amorphous materials. Pulse width drops with
increasing frequency and time of magnetization reversal T is inversely proportional to the

switching field Hs.

4.3 The effect of a laser annealing on magnetic properties of amorphous

1 already noted above, that the anisotropy and the domain structure are determined by
the balance between the magnetoelastic and magnetostatic (shape) contributions. Annealing
under stress and/or magnetic field results in a particular frozen-in stress distribution, changing
the magnetoelastic energy. Then, various kinds of magnetic structures can be realised by a
suitable postproduction treatment, which normally affects the whole sample. A local
processing, which influences only a part of an amorphous material, is also possible. For
example, laser radiation was used to achieve local crystallization of amorphous CoP alloys
[15], to change locally the anisotropy of metailic glasses [16, 17]. However, little work has
been done to investigate the effect of a local treatment of amorphous materials with the aim to
produce heterogeneous magnetic structures. In particular, the development of a method for the
predetermined, spatially patterned modification of glass-coated amorphous wires would be a

very attractive proposition.

In this section I present my results on the effect of local laser annealing of glass-coated
amorphous magnetic wires. | demonstrate that magnetic properties of amorphous wires can be
locally and controllably tuned by argon laser processing due to the formation of magnetic
heterostructures. In particular, the use of this treatment for wires exhibiting large Barkhausen
effect produces a number of portions switching at different fields. This can be of great interest
for magnetic tag application. | used wire of the following compositions: Fe7sB;3Si;1Cos

(sample 1) and FessB13Si;;Coyg (sample 2) with large positive magnetostriction for which an
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calibrated in a thermal bath prior to processing. The wire resistance changed with temperature
at a rate N=AR/(R-AT)=1.2x10"* C'. Therefore, knowing the length of the exposed section, we
can roughly evaluate the local temperature of the treated wire from the total resistance of the
sample. When a wire was exposed to relatively low laser intensity below 10° W/ecm?, its
resistance changed reversibly, i.e., the resistance increased and returned to the initial value
after irradiation. At a higher level of exposure, the wire resistance dropped irreversibly by
1%-3%. The likely reason for that is a crystallization of the sample and a higher conductivity
of a crystalline state. During the experiments, care was taken to avoid the crystallization
process. The annealing procedure consisted of an increase and a decrease of laser power until
the total wire resistance fell to a predetermined value below the initial value. The exposure

time was typically one minute.

I investigated the effect of laser treatment on the characteristics of the magnetisation
reversal. The magnetisation curves were measured by a conventional inductive method
(described in previous Section) using two differential pickup coils of 30 turns, 0.5 mm in
inner diameter (0.8 mm in outer diameter) and 1 cm long. Figures 4.9(a) and 4.9(c) show the
measured differential response of an unprocessed wire and that of a partially laser treated wire
(sample 1), respectively. The total sample length was 2 cm and the length of the treated
portion was about 5 mm. For as-cast wires, a sharp voltage pulse was detected at a magnetic
field of 0.4 Oe (see Fig. 4.9(a)). This pulse is characteristic of a large Barkhausen jump.
Placing the processed wire in such a way that the detection coil contained both treated and
non-treated portions, 1 detected two voltage pulses (two large Barkhausen jumps) shown in
Fig. 4.9(c). The first pulse corresponds to the field 0.6 Oe and the other occurs at higher field
of 2 Oe. On the other hand, if the treated portion was outside the detection coil there was no

change in the magnetization reversal behaviour in comparison with as-cast wires (Fig. 4.9(a)).
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of 0.25 mm diameter enamelled copper wire {ecw). The receive coils have approximately 4

mH inductance and 20 £ resistance.

The transmitting coils are electrically connected in series and their arrangement is
similar to a Helmholtz configuration. Each coil comprises 100 turns wound over 10 layers
with Imm ecw and is a short solenoid 10 mm long and 100 mm in diameter. The combined
inductance of the coils is 3.3 mH. The coils are separated a distance apart along their
magnetic axis. The important feature is that the magnetic field produced around the tag is
substantially uniform. The field produced by coils in the central part of the interrogation

volume is about 6 Oe.

The operation of the receiving coils is as follows. The receiving coils are designed
such that in the presence of the transmit magnetic field, the emfs produced by receiving coils
are equal and opposite. Such an arrangement is referred to as differential or balanced and is
achieved by a number of well-known techniques [20]. The methods include varying the turn’s
ratio between the coils, slight distortions in the enclosed coil area or very small orientation
changes. When a magnetic material is placed inside one of the receiving coils, its property of
permeability causes the magnetic field flux lines to link with the material. The effect is to
cause more flux to flow inside the coil than would be the case with no magnetic material. The
coil output emf is proportional only to the ratio of change of linked flux, whilst being
insensitive to the transmitting magnetic field. This feature is known art and is employed by

magnetometers and other instruments used to characterise magnetic material properties.

All the scanning system is covered by a dual mu-metallic magnetic shield to reduce an

influence of the external magnetic noise.
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b. Magnetic data tag

The tag element material was a glass-coated microwire with a positive
magnetostriction attached to a plastic or paper substrate. The wires had a metallic core of 18-
22 um in diameter covered by glass with total diameter of 20-25 um. The wire length was 10

mm. Table 4.1 shows basic properties of the microwires, which have been chosen for LFID

application.
Metal diameter - Glass thickness  Coercivity force
~Alloy . (average value)  (average value) (average value)
+3 pm 0.5 pm 0.2 Oe
) F355_4C0|5Ml'l7‘2B|2_4Si|0 18.6 Mm 22 nwm 0.8 Oc
Fegs 4CosMng2B124S1g . 19.6 um 3.6 um 1.4 Oe
Feﬁo_|CO|2Mﬂ3_9B|2Si|o , 21.4 pum 2.8 um 2.1 Oe

Table 4.1. Basic characteristics of the materials chosen for the "Recycling project’

c. Processing electronics

As a part of research, several prototypes have been developed and tested to find the
best solution in term of reasonable cost, sensitivity and quality. The first one is a computer-
based version of the Reader (see Fig. 4.15). The voltages induced in receiving coils are
assigned numerical values by A/D converter and analysed by specially created computer
software for recovering and displaying data from the magnetic tag. The computer-based
prototype made it possible to demonstrate the feasibility of using magnetic microwires as

magnetic tags in such kind of systems.
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field H.

At this stage, it is worth mention the following limitation for the analogue prototype.
The analogue prototype is able to work with a fixed numbers of different magnetic tags. In
our case, recognising three different magnetic tags was required. According to this the

comparator, logic and displaying stages were designed.

The comparator stage was designed for separating magnetic tags with different
switching fields. The “levels” inputs at the comparator stage are adjustable and used for
setting levels determining the deviation of switching fields of certain magnetic tags. After a

simple logic stage, whose truth table is shown in table 4.2 the data are ready for display.

Comp N1 Comp N2 Comp N3 Comp N4 Yellow Green Red
(higher than (higher than || (higher than | (higher than | diode diode diode
noise level) Level 1) Level 2) Level 3)

0 0 0 0 0 0 0

1 0 0 0 ) 0 0

1 ! 0 0 0 { 0

/ I 1 0 0 0 1

/ ) / / 0 0 0

Table 4.2 Truth table of logical stage.

The analogue prototype can be used only for the purpose of demonstrating the
possibility of using glass-coated microwires as magnetic tags. Mass production equipment

would include communication unit, deactivation unit, protection unit and many other features.

69






Chapter 4. Amorphous microwires with large magnetostriction: magnetisution processes and
applications

H =A-cos(2-m-f-1)
H, =A4-sin2-m- f-1)

where the maximal value is about 8 Oe. The resultant field vector produced has a constant
magnitude and is situated in the xy-plane, spinning around the z-axis at the rate @ radians per
second. The value of @ was set to be about 1256 rad/s. The a.c. signal source (microchip

MAXO038) generating a signal at /' =200Hz is split and filtered by an active phase shifting
circuit designed to give differential phase about 90° (fig. 4.23).

The receiving coils have a toroidal form as shown in figure 4.24. They are placed in
the xy-plane perpendicular to the z-axes. According to the requirements, receive coils are

designed for detecting the magnetic data tags, which are placed perpendicular to the radial

90° PHASE-SHIFTING CIRCUIT

>
Output (X-Ehannel)

Input C29 ca0 _ I—— +
1 R R19 ~ —t>
¢ | i uF B K Output (Y-Channel)

1uF R18 R20
900 Q 900 0 R21_
8.9 K2

Fig. 4.23. 90" phase-shifting circuit.

direction and apart from the coil center as shown in figure 4.25. The receive coils are
designed such that the emfs produced by transmit coils are equal and opposite. Each coil
comprise 150 turns wound in a single layer with 0.25 mm ecw and are a toroidal solenoids 80
mm in diameter, 12 mm height and 40 mm thickness. The combined inductance of the coil
pair is 1.1 mH. For the 2-D scanning system | used the receive circuit similar to that for 1-D

system.
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Chapter 5. Dynamic hysteresis and magneto-inductive effect in amorphous

microwires with negative magnetostriction.

Quasi-static models of rotational magnetisation reversal of microwires with negative
magnetostriction were briefly analysed in Chapter 2 under the effect of such factors as applied
stresses and magnetic fields. Hereafter 1 will describe the dynamic effects of magnetisation

reversal in conjunction with the magneto-inductive effect.

At low frequencies when the skin effect is weak, the change in the circumferential
magnetisation due to the ac current generating an inductive voltage across the wire, the value

of which is quite large and very sensitive to the dc axial magnetic field H,,, reflecting the
behaviour of the dynamic circumferential magnetisation reversal under the effect of H,, [I,

2]. The axial field is a hard axis field with respect to the circumferential anisotropy. It
strongly suppresses the circular magnetisation via the domain wall movement, but encourages
the rotational processes. This process can be described in terms of an ac non-linear
permeability, the field dependence of which defines the field behaviour of the inductive
voltage (or inductive part of the impedance). This effect is also referred to as a magneto-
inductive effect. Here I give an introduction into low frequency magnetic permeability
(Section 5.1) and MI effect (Section 5.2), and Section 5.3 presents the original results on the
dynamic circular magnetisation reversal in Co-based wires. The low-frequency analysts is
useful to clarify the MI behaviour at higher frequencies when the skin effect is essential. For
example, the obtained results explain the transformation of the MI plots: from curves with one
central peak at zero field to characteristics with two peaks at the anisotropy field as frequency

is increased and the DW processes become progressively damped.

5.1 Dynamical domain wall permeability

In the low frequency range, the essential field dependence of an ac voltage

Vw=Vg+V, results from only the inductive partV; , whereas the resistive component Vg

corresponds to the dc voltage. In Co-based amorphous wires the value of V; can be quite
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large at relatively low frequencies (V; /V = 10% at frequency of 10 kHz) and highly sensitive
to the external dc field. This effect is knows as a magnefo-inductive effect [3-5], or low
frequency magneto-impedance. Such a large inductive component is due to a circular
magnetic structure for which a passing current induces an easy axis driving magnetic field.
The inductive voltage is proportional to the circumferential permeability consisting of
contributions from domain wall movement and magnetization rotation in the presence of the
axial magnetic field given by:

Hy =14+ 47(Y ror + X aw) ' (5.1
where X, , X4 are rotational and domain wall susceptibilities, respectively. (In this chapter
Gaussian units are used following the original works [1, 2, 8, 10]).

For circular magnetic structure, both x4, and y,,, are very sensitive functions of the
external field. Typically, ¥, dominates at relatively low frequencies less than the
characteristic relaxation frequency @y, of the domain wall movement, whereas at higher
frequencies y,, becomes important, since the relaxation is much faster in the case of the
rotational processes. At low frequencies, the rotational part },,, can be considered frequency
independent. The domain susceptibility ¥4, is of a relaxation type due to eddy currents
generated by wall movements.

In the effective medium approximation, the dynamical magnetic susceptibility x .
due to the domain wall movements is defined from < x5 -H >=y,, < H® >, where <...>

indicates averaging over the volume larger than the domain spacing, x5, is a static domain

wall susceptibility, and

H" is an external 0 j M
e 4 9

driving field, which is in He o 7 ¢ | ® L ®

: c f] -d 10 d A wire axis
our case a circular field ——'a-j—— - - __;F_—

. E |

generated by a passing oV m i (|4 5
current  [1-5].  The , —p
calculation of  y, “ 2d >

depends on a specific
_ Fig. 5.1 Circular domain structure for eddy current field

Following [1], 1 assume
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that circular domains cross the entire wire of radius a periodically with spacing 2d, as shown
in Fig. 5.1. A rigid domain wall model is also assumed, when the wall shifts as a whole under
the influence of the averaged field < H >, which incorporates, Hand the eddy current field

H,. generated by the wall displacements. The induced electric field E_, is potential

(curlE,,; =0), except within the wall, and satisfies the Laplace equation
Ay =0, E_.=-grady (5.2)
The eddy current field H_, is calculated by the solution of (5.2) as:

4-m-0
c

E_. (5.3)

mi

curlH , =

The problem is solved in the cylindrical co-ordinates »,,z with the origin in the

centre of a circular domain wall [12]. Because of the symmetry the hatched area in Fig. 5.1 is
considered. The boundary conditions are:
(Qw/or),., =0,
Wird) =y (r.d) =0, |
@y/or) _,=—4-r-j-w x5 <H>dlc (5.5)

(5.4)

Condition (5.5) accounts for the assumption that the wall shifts as a whole under the

influence of < H >, so that dz/dt < @- x5,- < H >. The solution for y which satisfies (5.4)

is of the form:

W=D, Jyk, r)-sinh[k, - (d - 2)], (5.6)
where k, =A_/a are such that J,(4 )=0. The constants D, are determined from (5.5) by

using the orthogonality condition from Bessel functions:

dw

8mjwyy da<H>f 5.7)

" ¢ A -JXA,) sinh(R, -d/a)

4,

S, =[x g (x)dx.

4]

As follows from (5.3), the magnetic field H,, produced by the eddy current has only

mnf

a circular component, which can be determined by y in the form:

11:_i££FM¢wl (5.8)

mi c-r az

r
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Then the average value of the magnetic field imposed on the domain boundary is

<H>=H°—8'”'2°jdr a“’r'dr', (5.9)
c-a® 4y 0z
where y is defined by (5.6) and (5.7) and is proportional to < H >. From (5.9) the dynamic

susceptibility can be found

o H > 0
_ Kaw <0 — _de , (5.10)
H 1-j o/w,

xdw

introducing a characteristic relaxation frequency w,,:

W, =c*/64-n% x4, -G-a-d-> g, (5.11)

_ f?-coth(A, -d/ a)
BT

Here ¢ is the conductivity. The series in (5.11) rapidly converges and for a=d is equal 0.053.
Note that the calculation of ¥, is valid only as longas §/a>>1, § =¢/V2-m-0-w.

[ will demonstrate that in the case of the magneto-inductive effect, the domain processes are

most essential.

5.2 Inductive voltage generated by circular magnetisation reversal

In the previous Section, | considered a linear domain wall permeability to demonstrate
the relaxation processes due to eddy currents generated by wall motion. In the low frequency

approximation, the inductive voltage ¥, can be found in a general case of a nonlinear

magnetisation due to ac current. This voltage will be defined by a certain non-linear

permeability (say, differential permeability). An ac current i :ioe"f“” flowing through a

wire, generates a circular magnetic field, the radial distribution of which can be considered

frequency independent:
Hy =2irica® (r<a). (5.12)

This field causes a circular magnetic flux change and generates a longitudinal electric field

E,:
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dE, 198y o
LI, S b PR 1 5.13
> T 4 o M He. (5.13)

Here the circular magnetic induction B,, is a function of H, and . is defined as a

differential permeability: u, = dB, /90H ,. The general solution of (5.13) is of the form:

Ez ()= 2 [ By (VH () + Ey (5.14)
0

The parameter £ is found from the condition of constant current amplitude:

< Ez(r) >[:iRdc

® 1 d r
EO = iRdC —j———2_[rdr'judyr(r )qu(r )dl‘
Cma®g o

(5.15)

where R, is the dc resistance of the wire. The total voltage at constant current amplitude is

determined by the value of the field taken at the wire surface:
Vi = E (@) = iRy +V, (5.16)

This gives the following equation for the inductive voltage:

,(Da ’ 7 4 2(0 4 " s r ’ 2
Vi =j;_[,ud,-f(r MH o (r')dr —Jle‘ra’rj,ud,-f(r MHo(r)dr' I ma” =
0 00 (5.17)
@ 27 9 . "oy
= j——— [ rdr [ iy (FYH o (r')dr
¢ ma 0 r

Substitutihg (5.12) forH, into (5.17), the inductive voltage can be expressed as

Vsz.E.LI..,'
C
4 a o (5.18)
Li=4-1-[rdr[pge(r)-rdr/a*.
0 r

It can be concluded from (5.18) that the inductive voltage is determined by an internal

inductance L,, which depends, in general, on the distribution of the differential permeability

inside the wire. For homogeneous materials where u,. is independent of position, the

expression for L, is reduced to a standard form: L=, -//2. In a general nonlinear case the
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Due to its outstanding sensitivity, the Wheatstone bridge circuit is very advantageous
for the measurement of resistance and inductance or even complex impedances. It consists of
3 adjustable resistors R;, R; and R4 and one element under test (magneto-inductive sample)
arranged in a diamond orientation. Due to the complex nature (inductive and resistive) of the
measured sample, the significant phase shift appears between current I, and Iz, which was
measured across resistors Rz and Rs Measurements of the phase shift allows the non-linear
inductive voltage ¥, corresponding to the changes of magnetic permeability to be separated
from an unwanted ac signal (not related to the hysteresis). Furthermore, careful measurements
required the balance of the bridge at each frequency in the presence of a very large axial field
(100 Oce) along the sample, since the inductive part of the measured impedance that is related

to the magnetic properties dramatically changes with increasing frequency.

The circular flux density was not uniform over the wire cross-section and the
measured voltage depends, in general, on its distribution. But at certain condition (say, rigid
or flexible domain wall movements) the measured voltage is proportional to the rate of
change of the averaged circular flux density. Then, the circular magnetisation loop can be
plotted by integrating the inductive voltage signal. The magnetising current amplitude of 30
mA is sufficient to realise almost a complete magnetisation cycle even for frequency up to

250KHz.

The measurements were made for glass covered Cosa sFe; 58115 5B 164 amorphous wires
having the metallic amorphous core of 12.6 um in diameter covered by glass with thickness of

2.3 um; the wire length was 1.2 cm.

[ start with the case when the external dc field along the wire is zero (H,, =0). In the
case of circumferential anisotropy, an ac current passing through the wire creates an easy axis

circular field Hy and the circumferential magnetisation proceeds via the wall movements.

Figure 5.3 shows the experimental circular hysteresis loops for different frequencies (from |
kHz to 250 kHz). The loops are nearly rectangular at low frequencies whereas with increasing

frequency they progressively widen and the maximal differential permeability drops.
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The introduced permeability parameters, although depending upon frequency, does not
change their characteristic field dependencies. Therefore, the obtained results are useful to
clarify the MI behaviour at higher frequencies and resolve some conflicting results. At
relatively low frequencies, the DW processes play a dominant role resulting in MI
characteristics with one central peak [1-3], which is in agreement with Figs. 5.5, 5.7.
However, the equilibrium between contributions -of the DW displacement and rotational
permeabilities can be partly controlled by the amplitude of the applied current. If the current
amplitude is large: enough to activate irreversible DW displacement, the corresponding
permeability always decrease with the field, so the impedance does. If the current is relatively
small, then only reversible processes contribute to the impedance and the impedance exhibits
two peaks near the field of the order of the anisotropy field. The critical current amplitude,
which can produce irreversible dynamics, depends mainly on frequency. With increasing
frequency, the DW processes become progressively damped and at frequencies of few MHz
they are comparable with the rotational ones. At such frequencies, the MI behaviour is
characterised by two symmetrical peaks, which are situated at the external field being in the
order of the anisotropy ficld [1]. This is in agreement with the field behaviour of the rotational

permeability shown in Fig. 5.8.
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Chapter 6. Magneto-impedance (M]) effect in amorphous microwires with

negative magnetostriction.

This Chapter is devoted to the investigation of some special features of the magneto-
impedance (M) effect in amorphous microwires with small negative magnetostriction. The
complex-valued impedance of Co-based wires subjected to a static magnetic field, exhibits
large and sensitive changes (up to 100%/Oe). Sections 6.1 gives an introduction iﬁto MI effect
in terms of the surface impedance tensor for wires with a helical anisotropy, when the skin
effect is essential and the permeability is due to a coherent magnetisation rotation described
by the linearised Landau-Lifshitz equation. The permeability is considered in Section 6.2.
Regarding the MI effect at intermediate frequencies, my interest is concentrated on a
comparative study of diagonal and off-diagonal impedances, which has a great importance for

applications in linear sensing. This is presented in Section 6.3.

At very high frequencies, of the order of GHz, the rotational permeability becomes
insensitive to a weak magnetic field and the impedance field behavior is only due to a
directional change in the dc magnetization (I exclude effects related to ferromagnetic
resonance which require much higher magnetic fields of hundred Oe). In section 6.4
experimental investigation of the MJ behaviour in the RF and microwave frequency ranges is
presented and analysed by considering the dispersion properties of the effective permeability

of the ac linear response combined with the rotational dc magnetization.

6.1 lmpedance in magnetic conductors.

The MI effect is typically understood as a large and sensitive change in a voltage
response (or complex-valued impedance) measured across a magnetic conductor subjected to
an ac current i=igexp(- j a)t) and a dc magnetic field [1-3]. The voltage vs. field behaviour is
due to the redistribution of the ac current density in the presence of the field. In the original
theoretical work on MI [3] the current density has been calculated with the assumption that

the variable magnetic properties can be described in terms of a total permeability having a
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scalar or quasi-diagonal form. This allows the impedance of a magnetic object (and the
voltage induced across it by the ac current) to be found essentially in the same way as in the

case of a non-magnetic material [4] In this approach, the voltage response V,, is of the form
Vi =Z(alby)i : 6.1
where the impedance Z is calculated as a function of a skin depth
0,,=c/J2roapu, (6.2)
Here ¢ is the velocity of light ¢ is the conductivity and g, is the effective transverse

permeability (with respect to the current flow), 2a is a characteristic cross-section size. If the

skin effect is strong a/d,, >>1, the ifnpedance is inversely proportional to the skin depth;

therefore, the magnetic-field dependence of the transverse permeability controls the voltage
behaviour. This simple consideration has provided a qualitative understanding of the MI
behaviour, and in certain cases equations (6.1), (6.2) have given a reasonable agreement with
the experimental results. For higher frequencies the magnetisation rotation dynamics gives the
main impact on the effective permeability as discussed above. The rotational permeability
has an essential tensor form, which makes it difficult to use equations (6.1), (6.2) for higher
frequencies: the difference between the experimental and theoretical results becomes quite
considerable. Further more, it results in the tensor form of the impedance, which from a
practical point of view means that the voltage across the wire can be generated by placing the
wire into an ac magnetic field h,,. Alternatively, the voltage can be generated in the coil
mounted on the wire by a passing ac current along the wire. These excitations can be very
important for sensor developments.

In this Section, | will give magneto-impedance analysis in terms of the surface
impedance tensor in conjunction with the rotational permeability. In this approach, both an ac
current in the wire and an ac axial field (produced by the current in the coil) can be used as a

source of excitation. The voltage is measured either across the wire (V) or in the coil (V,),

as shown in Fig. 6.1.
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where n is a unit radial vector directed inside the wire. Comparing (6.3)-(6.6) it is seen that
the impedance ¢ is the only characteristic describing the voltage response in the system
excited by the external magnetic field h (of any origin). In ferromagnetic conductors, ¢ is a

two-dimensional matrix.
The present analysis is concerned with the calculation of the surface impedance matrix
for a wire with a uniform static magnetisation having a hclical orientation. In this case, the

matrix ¢ is constant on the surface. Writing vector equation (6.4) in the co-ordinate
representation, the components of ¢ can be determined as:

€p =Spphz +Spz My )
€;=6zp hy +G2z h(p

where ¢, =G, because of symmetry. Substituting (6.7) to (6.3) and (6.4) gives the voltage

responses:
_ 2i
Vw=e1=(5; —~6z¢ hex ), (6.8)
ca
V.=ey,2manl =(—Cyp h,, + £)2n'anl (6.9)
c =€y Sop Mex TSp2 ca ) .

where / is the wire length and # is the number of coil turns per unit length.

The MI phenomenon can be explained in terms of classical skin effect in magnetic
conductors with a large effective permeability and its strong dependence on the magnitude of
an external dc magnetic field [4]. Because the skin depth as well as the characteristic
correlation length in a magnetic structure (e.g., domain width) in soft magnetic materials is
much larger than the interatomic distances, the classical electrodynamics of continuous media

can be used for the description of MI effects. The calculation of ¢ is based on the solution of
Maxwell’s equations for the fields e and h together with the equation of motion for the
magnetisation vector M. An analytical treatment is possible in a linear approximation with
respect to the time-variable parameters e, h, m=M-M,, where M, is the static
magnetisation. Assuming a local relationship between m and h: m=yh, the problem is

simplified to finding the solutions of Maxwell equations with a given ac permeability matrix

p=l1+4ry:
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Vxe=-jojh/c

(6.10)
V x h =4noe/c

satisfying the boundary conditions (6.5). In (6.10) the displacement current density s(ae/at)
is neglected inside a conductor. This is permissible since the electric field in conjunction with
the dielectric constant is very small, even for rapidly changing ficlds, when compared with the
conduction current. The permeability £ depends on many factors, including the domain
configuration, anisotropy and stress distribution, and the mode of magnetisation (domain wall
motion or magnetisation rotation). These factors can be complex in real materials, making
modelling very difficult. In this analysis, the domain structure is not considered. It can be

climinated by a proper dc bias. It is assumed that M, is aligned in a helical direction having a

constant angle & with the wire axis. In this case, fi is determined by the magnetic moment
rotation and is independent of the position. This is approximation even for an ideal material,
since a circumferential magnetisation near the wire centre results in infinite exchange energy.
Then, there is always a radial distribution in permeability, which is stronger in the case of a
helical anisotropy due to a stress distribution. Here, when 1 consider a high frequency case,
the permeability is predominantly a surface permeability (not effected by radial changes). In
the low frequency case where the radial change in permeability becomes important the

magneto-impedance effect is relatively small. The tensor i has a general form with

Hor =Hpgs Hpy = Hops Bp, =Hg (6.11)

due to the magnetic symmetry. Considering that the time dependence is given by exp(—j @)

and utilising the cylindrical symmetry (e = (eqo’ez) , b= (bgo’bz))’ Maxwell’s equations can

be reduced to

de, __jo,  19%%)_jo,

ar c 9 r 9r c ¢ 6.12)
on, s 190 _4no |
ar c 9 r 9r c <

where b =/l h is the vector of magnetic induction. Since b, =0 (which satisfies the boundary

conditions at the wire surface), the material equations are of the form:
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b =ph +uk
1" 737z

¢ 6.13)
b, =ik 3 TR,

The magnetic parameters are given by

2
Ky = uq,q,w(pr/u

‘u2=uzz+‘ufz/‘urr (6.14)

Pz _‘utpr'urz/‘urr

Substituting (6.13) to (6.12) and eliminating the electric field e gives the equations for the

#3=ﬂ

magnetic field components /, and fp:

2
d<h dh
P2 P (k22 1\ =—k2r2h
arz or 1 i) 3"z
; (6.15)
d<h dh
P2z, 2z +lc2 2y, =~k32r2h
8r2 ar 4

where k.,-2 =N (j(ua/4ﬂ:) and i=/,2,3. Equations (6.15) are solved imposing following

boundary conditions:
th (a) =2i/ca

(6.16)
h, (@)= h,,

at the wire surface. The boundary conditions at » =0 must exclude the infinite solutions,
requiring
h (r<a)<eo

6.17
hz(rSa)<oo ©.17)

Then, the coupled equations (6.15) with conditions (6.5) and (6.17) can be completely

determined in two limiting cases: § << a and 8 >> a, where 6 = ¢/+/2n0® is the skin depth

in a non-magnetic material, as it was shown in [4]. Full theoretical analysis is outside of my
investigation and can be found in works of Dr. D. Makhnovskiy and Prof. L. V. Panina [1-4,
17, 20]. Here | will present only final results of low-frequency (8 << a) and high-frequenéy

(8 >> a) solutions for surface impedance ¢ . The impedance tensor ¢ for (8 >>a) can be

written as:
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‘f =(§zz Czq} J j)c

quz C(PQD 4ncd

.2 .
N 1fy.ef cos? @ +sin? @ ”#ef —l)schosB

Hor — l)sinﬂcose Her sin? 6 +cos? @

(6.18)

Here o is the wire conductivity, and Moy =1+4my is the ac effective circumferential

permeability with respect to the ac current flow.
In the low-frequency case (6 << a) surface impedance cf can be expressed in the

following form:

_ ke Jolkia) | (ET i3 (6.19)

£z 47!'0' J,(kla o
2
__ ke Jy(kya) LA (e * cuy (6.20)
P9 " 4no Jolkpa) 36l8 ) moa
c
Cor =Cop = j ( J[ulns uzﬂa]ma 621)

The second terms in (6.19)—6.21) depend on the corresponding magnetic parameters

K; (introduced by (6.14)), demonstrating that the actual expansion parameter involves a sort
of magnetic skin depth (but not exactly §,,). The numerical analysis shows that the first

terms in (6.19)—(6.21) can give the main contribution to the impedance even in the case of

k;/a)=1.

6.2 Rotational permeability in a magnetic wire with a helical anisotropy.

In this Section I consider the rotational permeability, which determines the impedance
at high frequencies, when the wall motion is strongly damped. [ will use a linearised Landau-

Lifshitz/Gilbert equation describing the magnetization dynamics in a single domain state [9]:

dmM am
D +—0(M><—:ﬂ—) (622)
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where yis the gyromagnetic ratio, M, is the saturation magnetization, H - is the effective

field and 7 is the Gilbert damping parameter. In (6.20) the Gilbert form of damping term is
used, which for small damping is mathematically equivalent to the original Landau-Lifshitz
damping term [9-16]. These dimensionless damping terms conserve -the length of the
magnetization vector M, as required for ferromagnetic systems exhibiting no scattering at
impurities.

The effective field H 5, which includes all the macro- and microscopic forces acting on
the magnetic system, can be calculated from an appropnate free energy density (2.5). The
effective field H,, can be defined as a variation derivative of free energy:

__9Up
T M

Equation (6.22) is nonlinear. Its solution can, however, substantially be simplified if the linear

(6.23)

approximation is used. The linearization method consists in the representation of all quantities

as a sum of a dc and ac additions: M =M, +m and Hy = H g +h,,, where |My|>>|m|

and |H | >> [y |- Using these inequalities and (6.20) we obtain the following linearised
equations:
MyxH g =0 (6.24)

which is equivalent to Brown’s micromagnetic equation [10] for the static magnetization

configuration M, and the equation

dm T dm
F:—’y"l)(”ejf—'}ﬂ‘loxhejf +—%MX? (6.25)

for the ac component of magnetization m . For small deviations of the magnetization vector

>> . The second order

M from its dc value M, (i.c. |[M,|>>|m|) we have also |Hw,, By

terms of m and A, in (6.25) then can be omitied.
Equation (6.25) can be further simplified taking the time dependence asexp(—jar):
— jom + (@ -1t )(mxn )+ Mo (N ggrm)xn ) = yMo(hxn ) (6.26)
Here wy = y(0U g /08), U is the overall magnetic energy density (2.5), n, is a unit

vector along the static magnetisation My and ﬁ’ejf is the matrix of the effective demagnetising
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factors (including anisotropy terms). In the cylindrical coordinate system (z',¢',r) with the

axis z'|| My:
Ao 5
NZ'Z' = —'M—OCOS @ -a)
300
Ny = —M—Osm2 6 -a) (6.27)
3Ac .
Ny = Mq sin2(0 — )

W

/’b
HexT /Af[o M
Ol easy axis
— T
N
\(Pl

Fig. 6.2 Rotational magnetisation in the wire. Principal quantities and directions.
Adapted from [4].

The susceptibility matrix is defined by m = yh. It has a simplest form in the cylindrical

co-ordinate system with the axis z'|| My :

XI —an 0
1=|jxa X 0 (6.28)
0 0 0
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Solving (6.26) yields:

X =0p@ - jTw)/A

X2 =0p(@y - jTO) A x,=0wp/A

A=(w; - jTo)ay - jTw) -0, 629
@y =Y [H e cos8 + Hpsin + H g cos2(a - 6)], '

@) =Y[H, cos8+ H,sin@+ Hg cosz(a -8)),

HK = 3,10'/M0 Oy = '}’MO

The susceptibility tensor can be converted to the original coordinate representation
(z, @, r) by rotating the prime system by angle 8, which determines the direction of M, with

respect to the wire axis z,

i — jXa c0s(0) Jxsin(6)
1= JX. cos(8) ¥, cos*(6) — 1, sin(6)cos(6) (6.30)
—JXa sin(ﬂ) - ¥ sin(G)cos(G) X sin’ (0)

The impedance tensor is determined via the permeability parameters p; (low-frequency

case) or the parameter Hef (high-frequency case), all of them are determined by the apparent

susceptibtlity y

amy2
=y ——————. 6.31
X=X~ an ” (6.31)
Using this parameter, the introduced permeability values are represented as
py =1+4mcos?(@)y, py =1+47msin?(0)y, (6.32)

H3 =—4 7 sin(@)cos(@) x , Hor =1+A4my
Substituting (6.29) into (6.31) gives
- 2
7= Wy (@ — jTW) +4mw)y : 633)
(o1 - jT W)@y +4T0y — jTO)~0

Equation (6.33) shows that the resonance change in ¥ can be expected at rather high

frequencies (the resonance frequency is roughly equal to ¥y H g 47 M / 2m ~ 500 MHz for

Hyg =5 Oe, 4n My =6000 G), or for very high magnetic fields. Then, the MI effects at are
typically not related to ferromagnetic resonance. Yet, a high sensitivity of y with respect to

H,, is needed to obtain large impedance changes. This can be realised by changing the
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direction of M under the effect of the field. The magnetisation angle changes for fields of

the order of the anisotropy field H g, which is also the region of the major change in the
permeability and the impedance. For higher fields, ¥ changes little resulting in insensitive
impedance behaviour. Therefore, the overall reason for the MI effects is the redistribution of
the high-frequency current density when the static magnetic structure is changed. This
conclusion is especially important for very high frequencies when the effective susceptibility

(6.33) becomes insensitive to both the external ficld and anisotropy field.

6.3 Experimental magneto-impedance investigation in 1-100 MHz frequency
range.

When dealing with measurements at intermediate frequencies, special care must be
taken for the correct interpretation of results. At frequencies higher then 10 MHz the
impedance match becomes critical to insure the maximum power delivery to the magneto-

impedance element.

6.3.1 Experimental set-up

In my case the impedance matrix f is measured in a most appropriate way, by means
of Hewlett-Packard 8753E Vector Network Analyser configured in the two-ports
measutement set for the S,)-parameter (forward transmission): S, =V, /V;, , where V;, is
the excitation sinusoidal signal from Port 1 and V,, is the output signal measured in Port 2.
The ac excitation current / and field 4, in (6.8, 6.9) are determined by V;, , whereas V,,, is
equal to V,, or ¥, in accordance of the excitation method. Thus, the §-parameter is directly
proportional to the specific impedance component. Note that the S, -parameter includes both

the normalised amplitude |V, /V;, | and phase shift Arg(V,, /V,) with respect to the

ut
excitation signal. The MI effect is assumed to be linear; therefore the excitation signal has to
be quite small to exclude any non-linear effects. In my experiments the linear M1 effects are
investigated using only a few milliamps of excitation current, however, large amplitude

excitation (tens of milliamps) can be useful for sensor applications where the improvement of
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were transferred to PC. Each frequency scan gives a column of S, taken at some fixed H, .

The total value matrix {SZI}f . consists of columns of frequency coordinate points ( /)
il ey

and rows of field coordinate points ( 4, ).

The measured sample was placed onto the open-type cell made of copper-coated
fibreglass printed circuit board (PCB), which had the following parameters: 1.8 mm
thickr{ess, 35 um of copper on each side and average dielectric constant of £=4.5. All
connection stripes were made 2.8 mm in width to provide wave impedance in the order of 50-
Ohms over a wide range of frequencies. The microwave track including the cables and
adapters was calibrated for the two-port measurements. The cells have 3.5mm connectors and
are linked up to the Transmitter/Receiver ports. A wire element (12 mm long) soldered or

bonded to the cell is excited by the sinusoidal input voltage V;,. The output voltage V,,,, is

taken from the wire (Fig. 6.4 (a)) or from a tiny coil (Fig. 6.4 (b)), which has 25 turns and an

internal diameter of 120 um. Blocking capacitor (C) prevents the dc bias current /7, from

1 .
C Coil
i Z. 1 °®
Iy MI sample (b)

Fig. 6.4 Electrical circuits of the cell for {,, in (a) and { gz i1 (B).
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entering the Analyser. Terminal resistors are required for normalising input/output impedance

of the measured elements. The §,,-parameter (forward transmission) is measured as a
function of a sensed magnetic field H,, applied in the wire axial direction. In general, a dc
bias current /, can be applied to the wire. The impedance components {_ and §,, (=4 ,,)
are determined by measuring the output signal V,,,, from the wire (¥, =V,,) or from the coil
(Vour =V, ), respectively. In both cases the ac current i supplied by V;, is applied to the wire.

The S, -parameter is defined as a dimensionless quantity Sy =V, Vi, -

6.3.2 Measurements of the diagonal {_, and off-diagonal { ,, magneto-impedance.

I start my investigation with the longitudinal diagonal magneto-impedance {,, in the

2z

wire with a circumferential anisotropy. The normalised impedance {,is determined by

measuring the voltage V), across the wire when it is excited by the ac current (h.=0). Putting

he=0 in (6.8) results in Sy, =V, /V, =, (H,)hy/V,). The plots of magnitude of
¢ ,, versus applied magnetic field H,, at different frequencies are shown in fig. 6.5. The Ml

patterns change with increasing frequency. At relatively low frequencies (1 MHz, pink curve)
there is one central peak. As the frequency is increased, a split occurred and at higher
frequencies there are two symmetrical peaks associated with the field in the order of the
anisotropy field. This behaviour is governed by comparative contributions of domain wall
motion and magnetisation rotation contributions to the overall permeability. These processes
have different field dependences. At relatively low frequencies the main contribution to the
total permeability is determined by the domain-wall dynamics. The maximum domain
permeability corresponds to zero axial magnetic field, which produces one-peak Ml plot. This
agrees well with the results obtained for domain wall permeability from the analysis of
dynamic circular hysteresis (compare pink curve at 1 MHz in Fig. 6.5 and green curves at 150
kHz in figs. 5.5 and 5.7). For higher frequencies the domain wall motion is strongly damped

by eddy currents. The corresponding susceptibility x, drops, the rotational contribution of

remagnetisation grows and becomes important. However, the rotational permeability has
completely different field characteristics: it i1s small at a zero axial field when the dc

magnetisation and the excitation high frequency field are in parallel. The application of the
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almost constant since they are determined by the rotational processes only. If I, s

increased further the value of the impedance at the maximums becomes smaller and the

sensitivity drops, due to an increase in magnetic hardness caused by /.

The off-diagonal components ¢, and £, can be determined by measuring the coil
voltage V. when the wire is excited by the ac current i, or measuring the wire voltage V,, in
the presence of the ac axial magnetic field 4,,. The former is used here (Fig. 6.4(b)). In this
case, in equation (6.9) h, =0 with the result that S,, =V, /V,, = ~C, (H,)nil[V,,). The off-
diagonal impedance {,,(H,)~ Sy (H,,) is shown in Fig. 6.8 at the fixed frequency of 50

MHz for different bias currents. In this case, if no dc bias current is used, the response signal
is very small and irregular (it would be zero for an ideal circular domain structure since the
average value sin@cos@ in (6.27) is zero). The off-diagonal response increases substantially
when a small dc current /, =2.5 mA is applied. Typically, the coercivity in amorphous wires
is about a fraction of Oe and applying a small current of a few mA climinates circular
domains. Therefore, in the case of circumferential anisotropy and a circular domain structure,

the presence of [, is the necessary condition for the existence of the off-diagonal components

of the impedance tensor. The real and imaginary parts of the off-diagonal component are

antisymmetrical with respect to the field H,,, having almost linear behaviour in the field

range of 12 Qe.
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High-frequency modification in magneto-impedance (MI) characteristics in the
frequency range of 0.5-3 GHz has been investigated in 10 pm diameter amorphous

microwires with a circumferential anisotropy. The circular domain structure results in nearly

linear nonhysteretic magnetization curves, as shown in Fig. 6.9.

M/ Mg

Hgy [O€)

Fig. 6.9. Longitudinal hysteresis loop of microwire with small negative magnelostriction.

The complex-valued of the magneto-impedance Z =V /i is found by measuring S,

parameter (reflection coefficient) by means of a Hewlett-Packard 8753E Vector Network
Analyser (VNA) with a specially designed microstrip cell (see Fig. 6.10) to minimise the post
calibration mismatches originated by bonding the sample. Rather than attempting to quantify
the contribution of this error in the wire impedance, my approach was to minimise its effect.
The microstrip portion connected to VNA is pre-calibrated with a standard 50 Q load, which

‘ll”

is then removed (Load in Fig. 6.10). During the measurements, the microstrip cell with
the bonded sample is matched to a 50  load (Load “2”). This calibration of the microstrip
line with a length of 3.5 cm holding the bonded wire of 1.4 cm ensures reliable impedance

measurements up to frequencies of about 3 GHz.
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at frequencies above 2GHz it remains constant for any H,, > Hy . This unusual “valve-like”

behavior was previously reported in [19] where a rather confusing explanation of this effect
was given. [t was stated that the microwave MI did not directly depend on the ac permeability
(like in MHz range) but on the dc magnetization. My experimental results revealing a gradual
transformation of a two-peak plot into that reaching saturation at H,. =Hy allow a
consistent explanation to be given.

The analysis of microwave MI is based on the rotational dynamics under the condition
of a linear ac excitation with time dependence taken in the form exp(—jwr) [4]. In a wire with
a circular domain structure having no averaged helical magnetization, the impedance is

represented in a simple form:

_ Jo(ka) -
Z= Rdcka——le ) (6.34)
k=(0+i)Ja18, (6.35)

where R, is the wire dc resistance, J are the Bessel functions, 6 =4/2p/ @y is the skin

depth for nonmagnetic material, ¢ is the conductivity, fi=1+4n cosz(G)):f , B is the angle

between the static magnetization M and the wire axis, and ¥ is the susceptibility parameter:

7 =22 ~ 4y, [0+ 4mp)) (6.36)

In (6.36), the parameters -le x2 and x, are diagonal and off-diagonal components of

the ac rotational susceptibility tensor written in the co-ordinate system with the z-axis parallel

to M. Assuming that the anisotropy axis is directed at angle & with respect to the wire axis
(slightly different from 90°), the susceptibility parameters are given by (6.29).

With increasing frequency beyond the ferromagnetic resonance, the susceptibility ¥

loses its field sensitivity [20]. Thus, the impedance is entirely related to the static
magnetization orientation 6. Then, if 8 is a sensitive function of H,., to insure high field
sensitivity of the impedance, it is important only that the condition | [1|>> 1 is still held. This
conclusion also demonsirates that the condition of the ferromagnetic resonance is not
required for the MI effect, contrary to the widely expressed belief [23]. The “valve-like”
behavior of Z(H.) at very high frequencies may be of a considerable interest since the

impedance switches from one stable level to the other, following the dc magnetization. This
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property can find an interesting use in the tunable microwave composite consisting of short

Jerromagnetic wires embedded into a dielectric matrix [23].
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[ have demonstrated that understanding the magneto-impedance of magnetic wires
requires a deep analysis of magnetic structure, magnetisation processes in conjunction with
electrodynamics. This generates a considerable interest to Ml as a new branch of fundamental
research. Along with this the potential of Ml in application to the development of new high

performance magnetic sensors cannot be overestimated.

In Table 7.1 (mostly based on data produced by Mohri et al. [1]), some important
characteristics of sensors based on flux detection principles are summarized. SQUID
magnetometers have outstanding sensitivity but a very high cost and require special
conditions of operation (liquid helium, screen rooms). Regarding magnetoresistive sensors,
although the nominal values can be very large (up to 65% in multilayers and spin-tunnelling
junctions), the sensitivity to the field typically is relatively low and does not exceed 1%/Oe.
Promising results on sensitivity have recently been obtained for STMR showing about
5%/Oe. The sensitivity of flux gate sensors is quite high (field resolution. is down to 10® Oe)
but not for localised fields since the sensor head size is a few cm. The MI element can be 30

times smaller exhibiting a similar sensitivity. Furthermore, its response speed up to 10 MHz is

more than 103  times higher. Therefore, the MIl-based sensors present a reasonable

compromise on sensitivity, size, response speed and cost; and can satisfy a very broad

spectrum of magnetic sensor needs.

Sensor Principle Head length | Resolution/ Response | Power
(m) Full scale (Oe) speed consumption

(Hz) (W)

Hall 10~100 x10* | 0.5 /+ 1000 10° 10

Magnetoresistance 10~100 x10° | 0.1 /=100 106 107

(MR)

Giant 10~100 x10° | 0.01 /20 10° 107

Magnetoresistance

(GMR)
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Tunnelling 1 10~100 x10% | 2:107 /=20 10® 107

Magnetoresistance

(TMR)

Fluxgate 10~20 x10° | 10%/+3 5x10° 1

SQUID 10~20 x10° | 0.6x10"%/ 5x10° -
+1.25%10%

Magneto-impedance [~5 %107 107/£3 10° 5~10x107

(MI)

Table 7.11llustrative comparison of several types of magnetic sensors (adapted from [1])

According to the sensing range classification, a Ml sensor occupies a mid-sensing
range: 10 Oe¢ for dc field detection and down to 107 Oe for ac fields. Hundreds of
applications can be mentioned which require high performance magnetic sensors operating in
this range. The areas of application for sensors based on the MI effect include: automobile
industry, industrial measurements and automation, computers & information technology,
biomagnetics & health, environmental sensors, power electronics and energy, security and
safety, scientific and academic measurements. At present, the demand in such sensors is
satisfied by fluxgate, MR and Hall sensors, whereas the MI sensors are at an early stage of
their development. On the other hand, they are expected to show more efficient behaviour

having much simpler design and lower cost.

In this Chapter, different types of MI sensors will be considered with detailed analysis
of their advantages and disadvantages. Up to now, several types of MI sensors have been
proposed. One of the first proposed MI sensor is based on self oscillation circuits such as a
Colpitts oscillator with the MI element incorporated into it followed by a demodulator
detector [7], as considered in Section 7.2. Well-designed Colpitts oscillators are able to
produce a low phase noise sine wave that can result in a relatively high performance sensor.
However, this type of sensor has cerfain disadvantages. The second and most common MI
sensor is based on a C-MOS pulse excitation technique and a single-ended detection circuit
involving Schottky diode or digital switching detection [3, 4]. This type of sensor has a
simple design and low power consumption (about 10 mW in all} with typical sensitivity range
of 20-100 nT. This type of sensor will be considered in the section 7.3 with detailed analysis

of diagonal and off-diagonal sensor configurations. In section 7.4 a new approach for high-
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to measure a voltage V. in the coil mounted around the wire. The excitation can be still

provided by a passing current as shown in Fig. 7.1(c). This also corresponds to the off-

diagonal impedance configuration determined by the ratio Z, =V /i .

According to the theoretical calculations (6.18) and experimental results (see fig 7.2(a)),
the diagonal impedance Z,,(H,,) is symmetrical having two identical peaks at H,, =+Hy,
where Hj is the characteristic anisotropy field, whilst Z_(H, ) and Z,(H,) are

antisymmetrical with a near-linear region around zero field point (see fig. 7.2(b)). In a wire

with circumferential anisotropy, the axial magnetic field produces a linear magnetisation

Zy, Q]

0.00 T 3 .
-10 -5 0 5 10

Hex, [Oe]

Fig.7.2. The plot of the diagonal (a) and off-diagonal (b) magneto-impedance Z vs. axial
magnetic field H . at frequency 56 MHz. Off-diagonal magneto-impedance measured

with (5 mA) and without bias current.
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oscillators are able to produce a low phase noise sine wave that can result in a relatively high

performance sensor. The MI element (wire or thin film) and two capacitors C|; constitute a

resonant circuit whose oscillation is maintained by the transistor. The amplitude of ac current

flowing through the MI element will strongly depend on H,,. because the oscillations are
near the resonance. The amplitude-modulated voltage due to H,, is detected through a diode

and low-frequency R-Cpfilter.

Here | will present a brief analysis of the MI sensor based on Colpitts oscillator. It is
convenient to represent the oscillator circuit by a small signal equivalent circuit. To simplify
the analysis, the collector and emitter resistors are omitted and a load resistor Ry is
introduced. The small-signal equivalent circuit is shown in Figure 7.4. In the case of not very
complex oscillator configurations, the node voltage analysis [41, 42] can be applied to this

circuit.

Lyt Ryp
YT
Vll |V2
° ’[\ ; V = A
_1_ Var ('Ii > ©m BE — s . l
C, == VBE {4, L
T . 1 =gmvl Cg ]iRL
4 nE

Fig. 7.4 Small-signal equivalent circuit of the Colpiits oscillator with an embedded Ml
element. Here parameter g, is transconductance determining the gain of the transistor.

Here the MI element is represented as complex impedance containing the real Ry and

imaginary ®Ly; parts. Summing the current at node 1, we obtain:

JOCH, +—V2 - (1.1)
RMI + ijMI
Similar at node 2, we have
R, Ry + jolL,,

Groping terms results in
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—)y,—— =0
Ry, + joL,, Ry +jal,,
1

1 |
V(g —— Y4V, (—+ jOC, +———— ) =0
(& RMl+ja)LM) 2(RL /5 RM.'+ijMI)

Vi(joC, +

(7.3)

The obtained equations set a linear system of two algebraic equations with the right-
hand sides set to be zero. Thus, there is always a trivial solution V,=V;=0. For non-zero
values for V, and V; the equations have to be linear dependent. It means that the determinant

of the system is set to zero:

) | 1
JoC, + . -
Ry + jOLy, Ry + jOLy, =0
1 1 1 (7.4)
gm - . . + ijz + .
Ry + jOL,, R, Ry + joOL,, l

This yields the following equation:

j“’C|+—].— L"'J'(ﬂcz +—!.— -
Ry, +jwl,, | R; Ry + jal,,

(7.5)
i ]
|- & |50
( RM]+.ImLMII RMI+JG)LMIJ
Grouping real and imaginary parts gives:
mzLMl (CI T C2)+ngM.' + RMI /RL _w2C]C2(R:ﬂ +m2Liﬂ) +
R}, +w’L},
1 R, +@’L, (7.6)
(Rm(q +C,)- LMI(_R_ +8,)+C ‘*M__'_ﬁ]
+jw ) - 1,2 - =0
R, +tw°L,,
Then, equation (7.5) corresponds to two equations:
WL, (C,+Cy)+ g, Ry + Ry ! R, -0’ C,Co (R, + 0Ly, ) =0 (7.7)

L L

2 252
ja{Rm(C, +C)= L (o +8)4G, R—iR“’—L—J= 0 (7.8)
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Neglecting the resistive part of the MI impedance (Ryg << R;, Rpy <<a@lpy),

frequency of oscillation is found from (7.7):

= }M (7.9)
LMICICZ
and the transconductance g, can be found from equation (7.9):

(7.10)

Equations (7.9) and (7.10) correspond to the typical Colpitts oscillator characteristic
parameters and stable oscillation can be achieved by choosing right values for capacitors and

load resistor.

However, as shown in Chapter 6 (Fig. 6.6), the real and imaginary parts of the
magneto-impedance load are of the same order and the real part of the impedance can’t be
neglected. In this case the characteristic oscillator parameters are not so obvious. Solving the
imaginary part for @, we obtain an expression for frequency of oscillation for the case when

Raq and L,y are of the same order:

o= \/Lm + 8, R Ly — Ry RAC +C)+CR, (.11)

cLi,

The second unknown parameter, transconductance g, , as can be seen from (7.7) and
(7.8), is not so simple to obtain. By solving (7.7) with fixed @, g, can be determined as a
function of L,,, R,, and frequency. Due to large changes in both inductive and resistive
parts as a response to the applied (sensed) magnetic field, g_ will also change its value.

These changes will affect stability of the oscillator and may generate spurious distortion
signals, induce rapid slope changes in the tuning curve or even cause the oscillations to stop.
Higher stability can be achieved by using buffering between oscillation circuit and the field-

dependant MI element.

Another important feature of the magneto-impedance sensor based on the Colpitts

oscillator is a non-linear mode of operation. Since the circuit operates in the resonance mode,
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the current flowing through the MI element is quite large. Such a circuit can give several
times more sensitive output than the classical characteristics obtained at the condition of

constant current amplitude.

An interesting schematic solution was proposed by group of Prof. K. Mohri [3, 4] based
on C-MOS pulse excitation circuit, which will be considered in the next Section. I have
further developed this M1 sensor circuit by proposing utilizing the off-diagonal impedance,

which gives a linear behaviour of the output voltage.

7.3 C-MOS pulise-type MI sensor

In this Section I consider a pulse excitation of the wire samples using C-MOS digital
circuits, shown in Fig. 7.5. This corresponds to a practical MI sensor circuit design [3-6]. The
circuit with a C-MOS IC multivibrator produces sharp-pulsed current of duration 5-20 ns.
Pulse excitation provides: simplicity of electronic design, low cost components, and
reasonably good stability since C-MOS multivibrator oscillation frequency almost does nét
depend on the impedance characteristics of the MI elements. Power consumption of this
circuit is also small (10mW). In addition, such a pulsed current involves both high (20-100
MHz) and low (quasi-dc) frequency harmonics. Therefore, it can be ideally used for the

asymmetrical and off-diagonal MI requiring dc bias.

The circuit operates as follows. The 74AC04 is a C-MOS TTL device used for its high-
speed switching and low current capability, U/:4 and U1 :B are configured as a multivibrator
with capacitor C, and resistor R; forming the timing network to give an approximate 250 KHz
square wave pulse generator (shown in Fig. 7.6 (lower signal)). The output of the
multivibrator is fed to a differentiating circuit comprising R; and C; that causes the leading
edge of the square wave to become a positive going 5 ns pulse (as shown in Fig. 7.6 (upper
signal)). This pulse is applied to UI:E to improve its shape and is applied directly to the MI
element. Analysing the MI characteristics obtained under a sinusoidal excitation the optimal
frequency of 50 MHz has been identified, for which the maximal sensitivity (and the best

linearity in the case of the off-diagonal impedance) has been achieved. In the case of pulsed
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excitation, such parameters as a rise time and a fall time determine the frequency of the
principle harmonic. The time parameter of 5 ns corresponds also to the optimal frequency of
50 MHz. The rise and fall times of the pulse signal are determined by the construction of
HEX Inverters. The 74HCTO04 inverter possesses the needed characteristics. Further more,

this microchip has a minimal distortion and high temperature stability.

To demonstrate the principles of the MI sensor operation, the output pulse voltages are

obtained for different sensed field H,, . The voltage signal taken across the wire (using Ml

cell configuration shown in Fig. 7.1(a)) corresponding to the diagonal impedance Z,. Figures

7.7 show the diagonal voltage response (V,, ) before the rectifier (SW1, R4, C4) for H,, =0
and H, =2.60e, respectively. The amplitude of the main pulse is increased almost twice in

the presence of the field. If the field is applied in the reversed direction, the pulse amplitude
and sign do not change. This is in line with the result obtained for a sinusoidal excitation: the
real and imaginary parts of the diagonal impedance are symmetrical with respect to the axial
sensed field. A high-speed digital switch SW/ filters out a background noise along with an
unwanted pulse voltage portion and charges up C/5 via R4 (10 kHz low pass filter) to give a
DC voltage proportional to the applied magnetic field. The integrating element (R4, C/5)
produces a smooth quasi-dc signal proportion to the pulse amplitude. The parameters are
chosen such that the integrating time is much larger than the pulse train period. Amplification
of the DC is achieved by U3 (AD524). The final DC output signal is taken from the J7
connector. It is envisaged that the basic components of the system would be a pulse- generator,

rectifier, and filter.

Typically, the MI characteristics have low sensitivity along with a strong nonlinearity in
the vicinity of zero field. Then, an additional dc bias field is needed to set an operational point
within a sensitive linear regime. In this case the electronic scheme will include an additional

bias coil.
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Fig. 7.9. Integrated diagonal in (a) and off-diagonal responses in (b) after
rectification (SW1, R4, C4) and amplification as a function of H .
amorphous wires with a circumferential anisotropy obtained under pulsed excitation can be
linear with respect to the sensed axial field without using any bias fields or currents. In fact,
the pulse current applied to the wire itself does two jobs: it causes a high frequency
magnetisation that is responsible for the voltage-field dependence, and it also partially

eliminates circular domains making the off-diagonal response possible.

The C-MOS MI sensor is a simple, low consumed power, cheap and easy integrable
device. For many applications such as portable magnetic ficld detectors or car compasses it
can be ‘worth weight in gold’. However for applications where precision measurements are
critical C-MOS MI sensor is not very good solution because of the large high frequency
distortion produced by digital electronics. This distortion, which is a result of using digital

electronics, is seen in figures 7.7, 7.8.
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The main disadvantage of the C-MOS circuit is that its pulse mode operation produces a
lot of digital distortion (up to 10 mV/V/Oe) that significantly degrades the measured signal
resolution. Another important disadvantage of the C-MOS sensor is that the pulse excitation
circuit induces a small unpredictable dc offset current (up to 10 mA) even in ‘idle-mode’
(period between pulses), which changes the MI characteristics. This dc bias current applied to
the MI device changes the magnetic structure and as a consequence the MI response.
Additional information on the dc offset current can be found in datasheets on HEX invertors

(74HCT04, parameters Vg, and Ip.) used as pulse generator in [3-6].

7.4. High-performance M1 sensor using sine-wave excitation and magnitude-phase

detection,

The high sensitivity sensor requires good linearity, frequency stability and low noise
electronics. [ analysed two types of sensors utilising the M1 effect. In this Section, [ consider a
new type of magneto-impedance (MI) sensor using sine excitation and magnitude-phase
detection. Employing high-stable sine excitation circuit and high-sensitive analogue

demodulator with input range —60 dBm to 0 dBm, this sensor is able to measure dc magnetic

é NG %§>+ i Ouput
— = 1 - &
== Prer

il e | Phase
Output

: LPFs BFRs .. LD . Magnitude

rco

Measuring cell

ceanemeneot

ACSICO)

Fig. 7.10. Ml sensor circuit based on sine-wave excilation. The following abbreviations are
used: Voltage Controlled Oscillator (VCO, MAX2605), low-pass filters (LPFs, P3LP-606),
buffers (BFRs, MAX2470), logarithmic demodulators (LDs, AD8302) and adjustable
current source (ACS).
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fields with resolution down to 10™ Oe (1 nT) for the full scale of +£2 Oe (0.2 mT). Future
advantages of proposed sensor include low phase noise (-117 dBc/Hz at 100 kHz offset),
long-term temperature stability of 360 ppm/°C for the -40°C to +85°C temperature range and
in relatively wide output bandwidth (up to 10 MHz). A schematic view of sensor is shown on

Figure 7.10.

a. Driving part

A compact, low-cost, low power consumption and reasonably high-performance
Voltage Controlled Oscillator (VCO) with two differential buffered outputs has been used as a
driving circuit. The core of the VCO is based on the varactor tuned Colpitts topology. This
topology is useful for a wide range of operating frequencies, from intermediate to microwave
frequencies. To tune the oscillator to the desired frequency (in our case the optimum between
maximum sensitivity, sensor stability and power consumption was chosen near 55 MHz) a
parallel-resonant tank controlling the oscillation frequency has been used. The parallel-mode
network allows the use of small-value varactors and a large inductor having high quality
factor Q around 50 at 60MHz. The parallel-mode configuration also permits a straightforward
analysis of the oscillator. Measured phase noise at 100 kHz offset was -117 dBc/Hz. In order
to suppress higher harmonics of the signal produced by VCO a passive low-pass filtering
network (LPFs on fig. 7.10) has been used with -3 dB attenuation at cut-off frequency of 60
MHz. After filtering the third harmonic becomes as low as —58 dBm. The designed VCO
delivers about —15 dBm to the following stage. A VCO is not able to deliver much power to
other circuits; it needs a following intermediate stage. Buffer amplifiers (BFRs in fig. 7.10)
improve the frequency stability of the oscillator and phase noise performance by isolating it

from the load. 1 have used low-noise, low-power buffers with high reverse isolation
I,|* > 65dBm in the driving circuit. The buffer amplifiers are placed immediately after the

passive filtering network. Having high input impedance the buffer amplifiers draw very little
power from the oscillator. Sufficiently low output impedance of the buffer amplifier provides

enough gain to supply the following MI load. An adjustable current source (ACS) providing
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stable dc current has been designed to establish a helical magnetic structure in the Ml element

(wire with initial circumferential anisotropy).

b. Magnitude-Phase Detector

Up to the present, most proposed MI detectors (demodulators) have been based on
single-ended amplitude demodulator involving Schottky diodes. The semiconductor diode has
the property that the current through it increases exponentially as the applied voltage increases
linearly. In general use, this means that a silicon diode experiences an internal voltage drop of
about 0.65 to 0.7 volt for a reasonable circuit current range (for germanium diodes, it is about
0.3 V). A practical problem with a simple diode is the inherent internal resistance of any
semiconductor material. This resistance is also subject to change with temperature, and may
actually cause some internal heating in some applications. To avoid the problem, a transistor
may be substituted for the diode. The relatively high base resistance of the transistor is
bypassed, as most of the emitter current will flow through the collector region instead.
Nevertheless, the logarithmic voltage/current characteristics of the emitter-base junction will

still be in effect, so the circuit will perform quite well as a logarithmic converter.

In our design | used a new approach. A monolithic logarithmic demodulator (LDs in fig.
7.9) using a 7-stage "parallel-detection" technique has been chosen. Demodulator has two
inputs: one is connected to the well-matched reference signal from VCO and second loaded
with the MI element. The detector comprises a closely matched pair of demodulating
logarithmic amplifiers, each having 60 dBm measurement range. By taking the difference of
their outputs, a measurement of the magnitude ratio or gain/loss between the two inputs
signals is available. Since subtraction in the logarithmic domain corresponds to the ratio in the

linear domain, the resulting output becomes:
Viuc =Vorp 108V v [Vin2) (7.12)

where vy, is well-matched reference signal from VCO and V¥, is an analogous signal from

buffer output loaded with the MI element, V,,,; 1s the output corresponding to the difference
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in input signals magnitude, and Vg, is a slope. Unlikely the measurements of power, when
measuring a dimensionless quantity such as relative signal level, no independent reference or
intercept need to be invoked. In essence, one signal serves as the intercept for the other.
Variation in intercept due to frequency, temperature, and supply voltage affect both channels
identically and hence do not affect the difference. This technique depends on the pairs of

logarithmic amplifiers being well matched in slope and intercept to ensure cancellation.

The outputs of the 7 logarithmic amplifiers, connected in series for each channel, are
fully limited signals over most of the input dynamic range. The limited outputs from both log
amps drive an exclusive-OR style digital phase detector. Operating strictly on the relative zero
crossing of the limited signals, the extracted phase difference is independent of the original

input signal levels. The phase output has the general form:
Vs = Vo l®Wm) - OV w,)] (7.13)
where Vpys is the phase slope and @ is each signal’s relative phase in degrees.

By connecting different measuring cells shown in Figure 7.1 different types of response
can be obtained. Figure 7.11, 7.12 shows the diagonal (V) and off-diagonal (¥, ) responses
at the output of the sensor as a function of H,,.. In the case of the diagonal response (the cell
shown on fig 7.1 (a) is used), the field characteristics are symmetrical showing two
maximums at H,, =22 Oe (Fig. 7.11). This behaviour is very similar to that shown in Fig.
7.2 (a) for the diagonal impedance. This type of sensor is useful for indirection measurements.
The off-diagonal voltage output, obtained by using cells shown in figure 7.1(b) or 7.1(c), as a
function of H,. shown in Fig. 7.11 has an almost linear portions in the field interval H,==/
Oe. This is similar to the off-diagonal impedance versus H,. shown in Fig. 7.2 (b).

Therefore, 1 can conclude that the off-diagonal voltage response in amorphous wires with a
circumferential anisotropy can be linear and bi-directional with respect to the sensed axial

field in the presence of a small bias current.












Chapter 7. Magneto-impedance sensors.

(2] K. Mohri, L. V. Panina, K. Bushida, M. Noda, and T. Uchiyama, “Sensitive and
Quick Response Micro Magnetic Sensor Ulilizing Magneto-Impedance in Co-rich Amorphous

Wires”, IEEE Trans. Magn., (1995) Vol. 31, 1266-1275.

[3] M. Vazquez and A. Hernando, “A soft magnetic wire for sensor application”, .

Phys. D: Appl. Phys., (1996) Vol. 29, 939.

[4] K. Mohri, T. Uchivama, and L. V. Panina, “Recent advances of micro magnetic

sensors and sensing application”, Sensors and Actuators A, (1997) Vol. 59, 1.

[5] K. Mohri, T. Uchiyama, L. P Shen, C. M. Cai, and L. V. Panina, “Sensitive micro
magnetic sensor family utilizing magneto-impedance (MI) and stress-impedance (Sl) effects

Jfor intelligent measurements and controls”, Sensors and Actuators A, (2001) Vol. 91, 85.

[6] Y. Honkura, M. Yamamoto, Y. Kohtani, and K. Mohri, “Mass produced amorphous
wire type MI sensor”, IEEE Trans. Magn., (2002).

[7] P. Ripka, L. Kraus, “Magnetoimpedance and magnetoinductance. Chap. 9. Other
principles. Chap. 9.1 In: Monografie Magnetic Sensors and Magnetometers”, ed. Pavel
Ripka, Boston, Artech House Publishers, Norwood (England), ISBN [-58053-057-5, (2001),
349-367.

[8] R. A. Hambley “Electronics” ISBN 0-13-691982-0 (2000).

[9] J Everard “Fundamentals of RF Circuit Design with low noise oscillators” ISBN 0-
471-49793-2 (2002).

[10] K. Mohri, T. Uchiyama, L. P Shen, C. M. Cai, and L. V. Panina, “Sensitive micro
magnetic sensor family utilizing magneto-impedance (M) and siress-impedance (SI) effects

Jor intelligent measurements and controls”, Sensors and Actuators A, (2001) Vol. 91, 85.

[11] K. Mohri, T. Uchiyama, L. P. Shen, C. M. Cai, L. V. Panina, Y. Honkura, and M.
Yamamoto “Amorphous Wire and CMOS IC-Based Sensitive Micromagnetic Sensors
Utilizing Magnetoimpedance (Ml) and Stress-Impedance (S1) Effects” |EEE Trans. Magn.,
(2002) Vol. 38, 3063.

[12] Aichi Steel Brochure. (2002) Catalog.

136



Chapter 7. Magneto-impedance sensors.

[13] H. Hauser, L. Kraus, and P. Ripka “Giant magnetoimpedance sensors” 1EEE
Instrumentation & Measurement Magazine, (2001) Vol. 69, 28.

[14] T. Uchiyama, K. Mohri, M. Shinkai, A. Ohshima, H. Honda, T. Koayashi, and T.
Wakabayashi “Position Sensing of Magnetic Gel Using MI Sensor for Brain Tumor
Detection” IEEE Trans. Magn., (1997) Vol. 33, 4266.

[15] N. Kawajiri, M. Nakabayashi, C. M. Cai, K. Mohri, and T. Uchiyama, “Highly
stable micro sensor using C-MOS IC multivibrator with synchronous rectification”, 1EEE

Trans. Magn., (1999) Vol. 35, 3667.

[16] Y. Honkura, M. Yamamoto, Y. Kohtani, and K. Mohri, “Mass produced
amorphous wire fype MI sensor”, IEEE Trans. Magn. (2002).

[17] T. Kitoh, K. Mohn, and T. Uchiyama, "Asymmetrical magneto-impedance effect in
twisted amorphous wires for sensitive magnetic sensors", IEEE Trans. Magn., (1995) Vol. 31,

3137.

[18] D. P. Makhnovskiy, L. V. Panina, and D. J. Mapps, “Field-dependent surface
impedance tensor in amorphous wires with two types of magnetic anisotropy: helical and

circumferential”’, Phys. Rev. B (2001) Vol. 63, 144424,

[19] D. P. Makhnovskiy, L. V. Panina, and D. J. Mapps, “Measurement of field-dependent
surface impedance fensor in amorphous wires with circumferential anisotropy”, ). Appl. Phys.

(2000) Vol. 87, 4804.

[20] D. P. Makhnovskiy, L. V. Panina, and D. J. Mapps, “Asymmetrical magneto-
impedance in as-cast CoFeSiB amorphous wires due to ac bias”, Appl. Phys. Letters, (2000)
Vol. 77, 121.

[21] L. V. Panina, D. P. Makhnovskiy, D. J. Mapps, K. Mohri, and P. I. Nikitin, “Effect
of frequency and dc current on ac-biased asymmetrical magneto-impedance in wires”,

Materials Science Forum, (2001) Vol. 373/376, 741.

[22] E. Lenz “A Review of Magnetic Sensors” Proc. IEEE Trans. Magn. (1990) Vol. 78,
973.

137



Chapier 7. Magneto-impedance sensors.

[23] J.-S. Lee, K.-H. Ahn, Y. H. Joeng, and D. M. Kim “Highly sensitive
Alv.2sGao.75As/lne 25Gao.75As/GaAs quantum well Hall devices with Si-deltadoped GaAs layer
grown by LP-MOCVD” Sensors and Actuators A (1996) Vol. 57, 183.

[24] M. Behet, J. Bekaert, ). De Boeck, and G. Borghs “Comparative Study on the
Performance of InAs/Al0.2Ga0.8Sb Quantum Well Hall Sensors on Germanium and GaAs
Substrates” Sensors and Actuators A (2000) Vol. 81, 13.

[25] R. P. Hunt “A4 magnetoresistive readout transducer” 1EEE Trans. Magn. MAG-
7(1), (1971).

[26] M. N. Baibich, M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. Etienne, G.
Creuzei, A. Frederic, and J. Chazelas “Giant Magnetoresistance of (001)Fe/(001)Cr Magnetic
Superlattices” Phys. Rev. Lett., (1988) Vol. 61, 2472,

[27] R. Coehoom “Giant magnetoresistance in exchanged-biased spin-valve layered
structures and its application in read heads” U. Hartmann (Ed.), Magnetic Thin Film and
Multilayer Systems: Physics, Analysis and Industrial Applications, Springer Series in

Materials Science, (1996).

[28] P. P. Freitas, F. Silva, N. J. Oliveira, L. V. Melo, L. Costa, and N. Almedia “Spin
Valve Sensors™ Sensors and Actuators A (2000) Vol. 81, 2.

[29] S. S. Parkin “Dramatic enhancement of interlayer exchange coupling and giant
magnetoresistance in Nig;Fe;o/Cu multilayers by addition of thin Co interface layers” Appl.

Phys. Lett. (1992) Vol. 61, 1358.

[30] B. Rodmacq, G. Pulumbo, and Ph. Gerard “Giant magnetoresistance in
Nig,Fe;o/Cu multilayers” J. Magn. Magn. Mat. (1993) Vol. 118, 11.

[31] T. L. Hylton, K. R. Coffey, M. A. Parker, and J. K. Howard "Giant
magneloresistance at low fields in discontinuous NiFe-Ag multilayer thin films” Science

(1993) Vol. 261, 1021.

[32] ). S. Moodera, L. R. Kinder, T. M. Wong, and R. Meservey “Large
Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions”

Phys. Rev. Lett. (1995) Vol. 74, 3273.

[
o



Chaprer 7. Magnelo-impedunce sensors.

[33] Z. G. Wang and Y. Nakamura “Spin-tunnelling random access memory (STram)”
IEEE Trans. Magn. (1996) Vol. 32, 4022.

[34] S. A. Wolf, et al. “Spintronics: A Spin-Based Electronics Vision for the Future”
Science (2001) Vol. 294, 1488.

[35] Y. Ohno et al. “Electrical Spin Injection in a Ferromagnetic Semiconductor

Heterostructure” Nature (1999) Vol. 402, 790.

[36] F. Primdah| “The Fluxgate Mechanism, Part I: The Gating Curves of Parallel and
Orthogonal Fluxgates” 1EEE Trans. Magn. (1970) MAG-6, 376.

[37] P. Ripka “Review of fluxgate sensors” Sensors and Actuators A (1992) Vol. 33,
129.

[38] P. Ripka “New Directions in Fluxgate Sensors” ). Magn. Magn. Mater. (2000) Vol.
215/216, 735.

[34] O. Dezuari, E. Belloy, S. E. Gilbert, and M. A. M. Gijs “Printed circuit board
integrated fluxgate sensor”” Sensors and Actuators A (2000) Vol. 81, 200.

[39] S. Choi and S. Kawahito “A planar fluxgate magnetic sensor for on-chip
integration” Sensors and Materials (1997) Vol. 9, 241.

[40] P. Kejik, L. Chiesi, B. Janossy, and R. S. Popovic “CMOS planar 2D micro-
Sfluxgate sensor” Sensors and Actuators A (2000) Vol. 81, 180.

[41] K. Mohri “dpplication of amorphous magnetic wires to computer peripherals”

Mater. Sci. Eng. A, (1994) Vol. 185, 141.

[42] K. Mohri, T. Uchiyama, L. P. Shen, C. M. Cai, and L. V. Panina “Sensi- tive

micromagnelic sensor family utilizing amorphous ferromagnetic wires” J. Magn. Magn.

Mater., (2002) Vol. 249, 351.

i3y



Chapter &. Stress-impedance cffect and application fo the stress-sensing media

Chapter 8. Stress-impedance effect and application

to the stress-sensing media.

As described in Chapters 2 and 3, the magneto-elastic interaction plays a dominant role
in establishing magnetic anisotropy in amorphous wires. Then, applying a certain external
stress will change the magnetic anisotropy, and hence, equilibrium magnetic structure. This
can lead to large variations in the high frequency impedance. This effect is often referred as a
stress-impedance (SI). Thus, in Co-based wires having a negative magnetostriction and a
large axial tensile stress the easy anisotropy axis is along a circumferential direction. The
application of a torsion stress induces a helical anisotropy, which can be detected by the
impedance change. On the contrary, the external tensile stress does not change the direction of
the easy anisotropy, and the impedance is insensitive to this kind of stress. To obtain a large
change in impedance under the effect of tensile stress in wires with a negative
magnetostriction, a helical anisotropy needs to be induced by a corresponding annealing
procedure. It can be also achieved by biasing the wire with a dc axial magnetic field.

The stress dependence of magneto-impedance can be used for the development of stress
sensors. This principle has been successfully employed on a stress annealed CoFeSiB
amorphous ribbon achieving stress sensitivity of 214 MPa/Oe at 1 MHz frequency, and for
measuring small loads on membranes with annealed glass-coated low magnetostrictive
microwire [1, 2]. In the case of microwires, the DC electrical resistance is quite large so that
GM I results in large variations in voltage induced by mechanical loading. [3]. Strain-gauges
using a stress-impedance element can achieve gauge factors of around 4000, which can be
compared with the gauge factors of 2 and 140 for resistive gage and semiconductor,
respectively [4]. A sensitive stress sensor based on CMOS IC circuit was developed by
Kusumoto et al. [5] with a strain gauge factor of 4000. Chiriac et al. [6] developed a finger-tip
blood vessel pulsation sensor for diagnosis of blood circulation and health conditions. Also,
as reported by Atkinson et al. [7], mechano-encephalogram based on stress impedance detects
small skin deformation at a forehead centre reflecting brain activity.

Remote interrogation of the stress state of GMI material can be performed by a free-
space interogation technique. Various materials with microwire or thin film shape have been
successfully employed to evaluate the material undergoing stress for frequencies in the range

300 MHz to 3 GHz. In this Chapter | consider the effect of applied tensile stress on magneto-
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impedance in glass-coated CoMnSiB amorphous wires at Ultra-High frequencies (UHF) band
(300MHz-3GHz). This effect could be of a considerable intcrest for applications in smart
composite materials filled with ferromagnetic wires for remote stress monitoring, where the
effective permittivity depends on stress or strain in a narrow frequency band with a

characteristic frequency of few GHz.

8.1 Experimental investigation of the magnetisation rotation under the effect of

external stress.

In the Chapter 2 the rotational magnetisation reversal under the effect of various stresses
has been described for a single-domain amorphous ferromagnetic sample with a
circumferential or helical anisotropy. However, the proposed rotational model can be applied
for multi domain samples as it describes the rotational processes within the domains
(reversible portions of the magnetisation curves, which is the predominant process at high
frequencies). Hereafter [ will present experimental results of the magnetisation reversal under
the effect of tensile stress. The experimental results are provided for CogssMngsSijoBs

amorphous glass-coated wires having the total diameter of 14.5 pm and the metallic core

diameter of 10.2 pm. For this alloys composition A= —2-10—7[3]. For dc magnetisation
measurements (see measurements set in Chapter 4, fig. 4.3), the wire length was 6 cm and the
stress was applied by hanging a load of 1-10 g at the wire end. The longitudinal
magnetisation curves under the effect of stress are shown in Fig. 7.2. The original curve for an
unloaded wire shows a steep hysteresis but with a rather small remanence to saturation value

M,/ M_=0.2, which corresponds to almost circumferential anisotropy with a small helical
angle o=12°. Applying the tensile stress strengthens the circumferential anisotropy: the
magnetisation curve becomes almost linear with M_/M_=0, the hysteresis disappears and

the effective anisotropy field H, increases. For the unloaded wire H, =2.6 Oe, and it

becomes 9 Oe, when a load of 8.5 g is applied. This magnetisation behaviour corresponds to

the magnetostrictive energy given by equation (2.7) with parameters 6, =200 MPa, 6, =44

MPa provided that A =-2-107 and load of 1 g corresponds to a tension of 65 MPa.
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VNA is pre-calibrated with a standard 50€2 load, which is then removed (Load “1” in Fig.
8.2b). During the measurements, the microstrip cell with the soldered sample is terminated
with a 50Q load (Load “2”). This calibration of the microstrip line with a length of 3.5 cm
holding the soldered up wire of 1.4 cm ensures reliable impedance measurements up to
frequencies of about 3 GHz. The wire is loaded with a weight in its middle (in this case 1 g
load corresponds to a tension estimated to be 320 MPa, see Caption for Fig. 8.2b). The cell
with the sample is placed into the Helmholtz coil producing a dc magnetic field.

Figure 8.3 shows plots of impedance vs. applied tensile stress for three frequencies 500
MHz 1.5 GHz and 2.5 GHz. If no field is applied, the stress effect is small being about 12% at
500 MHz and almost not noticeable at GHz frequencies. Since a negative magnetostriction
wire has a nearly circumferential anisotropy (if no large frozen-in torsion exists), the applied
tensile stress alone will not cause the change in M, direction, and as a result, will not produce
noticeable changes in the impedance at high frequencies.

For a large stress effect on the MI, the ability of o, to change the direction of My is

needed. In the case when H,, =0, this is possible if the anisotropy axis has a helical angle o

nearly equal to 450, which is achieved by a proper annealing (current annealing or annealing

under torsion) to establish a substantial frozen-in torsion (G, >> G, o~45 at Gy =0).

Another possibility of the directional change in the magnetisation under the external stress is

to use the axial field bias. In the presence of H,, the magnetisation rotates towards the wire
axis whereas the application of o, strengthens the circumferential anisotropy {for A <0) and

hence acts in the opposite way. Then, the magnetisation rotates back to the circular direction.
The highest stress sensitivity is obtained for H,.~Hk, which is sufficient to saturate the wire.
Further increase in H,, is unnecessary since a larger stress will be required to move the

magnetisation back. [ utilise the assistance of H,, to realise very large impedance change

when the external tensile stress is applied.
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Fig. 8.3 Experimental plots of impedance vs. applied stress in a CoMnSiB wire with a
circumferential anisotropy. The load of | g applied at the middle of the wire is
estimated to impose a stress of 320 MPa.

In the presence of H,, the wire impedance shows large changes in response to the
application of the tensile stress (Fig. 8.4). The highest stress sensitivity of /00% per /80 MPa
at 500 MHz and 60% per 180 MPa at 2.5 GHz, respectively obtained for H,=3 Oe that is
about the same value as the anisotropy field for the unloaded wire.

The microwave MI/SI phenomenon can be explained in terms of classical skin effect in
magnetic conductors with a large effective permeability and its strong dependence on the
magnitude of the external dc magnetic field [8]. Because the skin depth as well as the
characteristic correlation length in a magnetic structure (e.g., domain width) in soft magnetic
materials is much larger than the inter-atomic distances, the classical clectrodynamics of
continuous media can be used for the description of MI/SI effects. The calculation of the
complex-valued impedance ¢ is based on the solution of Maxwell’s equations for the fields e
and £ together with the equation of motion for the magnetisation vector M.

The voltage response measured across a ferromagnetic wire (z-axis) carrying a high

frequency current i = iy exp(—jo¢) is expressed in terms of the longitudinal component ¢, of
the surface impedance tensor (5., =e, /h,, where e and A, are the axial electric and circular

magnetic fields at the wire surface)

2.
V_—.—gzzl_ (81)
ca
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Here / is the wire length, a is the wire radtus, and c is the velocity of light. Strictly speaking,
equation (3) is valid for a wire with a uniform magnetisation but can be applied for a

multidomain wire provided that ¢, is averaged over domains and the domain wall

displacements are damped. In the case of a strong skin effect, the following equation holds [8]

¢ :%‘%(Jﬁ cos’ 8 +sin? ) (8.2)
0

"2 is a non-magnetic skin depth, u is the circular

Here p is resistivity, 8, = c(p/27w)
permeability describing the magnetisation precession around the equilibrium magnetisation

M, having an angle € with the wire axis. Equation (8.2) demonstrates that the longitudinal
surface impedance depends on botﬁ the dynamic permeability 4 and the static magnetisation
angle®. The parameter gt has a very broad dispersion region. At high frequencies (higher
than the frequency of the ferromagnetic resonance) u changes very little with both the

external axial magnetic field 4, and anisotropy field H, , although preserving its relatively
high values (|| =10 in the GHz range for Co-based wires with Hy =2-5 Oe). In this case,

the dependence of the impedance on magnetic properties is entirely determined by the static
magnetisation angle 8. Thus, the impedance vs. stress behaviour can be quantitatively
modelled using (8.2) and (2.21) and assuming that the dynamical permeability ¢ in Eq. (8.2)
is related to a uniform precession of the magnetisation around the equilibrium magnetisation

M, (see model in Chapter 2). The theoretical plots showing Z(0,,) with H, as a parameter

for frequency of 2.5 GHz are shown in Fig. 8.5, demonstrating very good quantitative
agreement with the experimental results.

The effect of stress on microwave MI in amorphous fine wires is proposed to be used
for the creation of a new stress-tuneable composite medium for remote stress monitoring by
microwave spectroscopy technology. The composite material consists of short wire inclusions
(exhibiting stress-impedance effect) embedded into the dielectric matrix with the permittivity
€. The wire inclusions behave as the electric dipole “scatterers”. This dipole response of the

composite system can be characterised by some effective permittivity €,,. Then, €, can

have a resonance or relaxation dispersion (depending on the wire impedance) seen near the
antenna resonance for an individual wire. For a moderate skin-effect (& = a) the dispersion

characteristics of £, depend on the longitudinal surface impedance ¢, . Therefore, in a
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composite containing ferromagnetic wires exhibiting MI/SI effect the effective permittivity
may depend on the external magnetic field and stress/strain via the corresponding dependence

of ¢ ;. The changes in &, can be detected by microwave scanning techniques, in particular,

microwave loss spectroscopy.
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Fig. 8.5. Theoretical plots showing Z(0,,) with H, as a parameter for frequency of 2.5
GH:z.
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Chapter 9. Conclusions and future work.

The first part of my research was dedicated to the theoretical and experimental study of
a magnetic microwire with positive magnetostriction. This type of wire exhibits very rapid
magnetisation reversal (also called a large Barkhausen jump) as a response to the periodical
remagnetisation process. The idea of using this feature for security applications has been
known for many years. However, until recently, systems using these properties existed only in
close range prototypes (less then a few millimetres between the magnetic wire and reading
apparatus).

Within, the first part of the PhD program, a deep and detailed investigation of the
properties of microwires with positive magnetostriction was carried out. [ applied stochastic
methods for modelling the remagnetisation reversal in the microwires with axial anisotropy.
To my knowledge, it is a first attempt to analyse the microwires behaviour by means of
stochastic methods. While the eddy current approach, widely discussed in literature, is based
on the single domain model, proposed stochastic approach takes into account a multi-domain
state of the studied samples. A modified stochastic Néel-Brown model of the magnetisation
reversal has been proposed enabling the explanation of number of characteristic parameters of
the microwires with axial magnetisation [1]. Such important parameters of Barkhausen
discontinuity as a mean switching field and a standard deviation of the switching field
distribution have been investigated to understand the influence of extrinsic factors such as
slew rate of the alternating magnetic field on application’s operation.

As a result of this detailed investigation the reading system developed within my PhD
research project allows the large Barkhausen jump to be detected without an actual contact
between the magnetic microwire and the magnetic field detector. Experiments show that the
detection will be possible at a distance of approximately 100-150 mm from the detecting
Sensor.

As an extension of the investigation of microwires with positive magnetostriction, |
took part in development of a new method of coding the wire using a localised laser annealing
treatment [2]. Using a multi-pulse magnetic label is one of the practicable methods of
improving security and reliability of the magnetic remote sensing systems. While the
collaborators (Aston University, Birmingham) carried out the laser treatment, my contribution

was to develop a magnetic measurement system based on a compensation differential
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magnetometer circuit, carry out accurate measurements of the treated microwires and to

analyse the magnetic behaviour before and after the laser treatment.

Another part of my research had been devoted to study of the Magneto—impedance
effect in amorphous wires. The investigation carried out at low-frequency (LF) band (10kHz-
300kHz) allows analysing the different magnetisation processes such as domain walls
displacements (reversible and irreversible) in the wires with circumferential anisotropy [3].
This analysis was helpful in understanding the varioﬁs characteristics obtained at different
frequencies and excitation conditions. In a -very high-frequency (VHF) range (30 MHz-300
MHz) our research was focused on the design of high-performance sensors utilising M1 effect.
A new high-performance sensor using microwires with circumferential anisotropy has been
developed [4-8]. Whilst other MI sensors (as was discussed in Chapter 7) produce
symmetrical response with respect to the applied field, my sensor produces antisymmetrical
response, It can be useful if field direction is important. The proposed sensor employing a
novel RF measurement technique allows optimising sensitivity, bandwidth, linearity,

simplicity and cost.

Another interesting outcome of my PhD research are a stress-sensitive composites.
Investigation of the amorphous wires behaviour in the ultra high-frequency (UHF) band
(300MHz-3 GHz) shows that the MI effect remains very high in a microwave frequency range
[8-10]. On the basis of the experimental investigation carried out a new type of stress-
sensitive composite material i1s proposed, the microwave effective permittivity of which
depends on the mechanical stress. This composite material opens up new possibilities for a
remote monitoring of stress with the use of microwave “free-space” techniques. This kind of
the composite material can be characterised as a “sensing medium”, which images the

mechanical stress distribution inside construction or on its surface.
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Low-Frequency Identification System (LFIDS).
Circuits and diagrams.
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Appendix A.4  Power generator circuit for 2-D interrogation system
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Very high stress sensitivity of magneto-impedance in CoMnSiB amorphous
wires at the UHF frequency band.
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Abstract

Co-rich amorphous magnetic microwires exhibit a very large change in high frequency impedance, when subjected 10 a dc
axial magnetic field M., [1]. This magneto-impedance (MI) effect originates from the skin effect in conjunction with the
transverse magnetisation processes, which is very sensilive to H,, for certain magnetic structures. Applying a Stress or a
torque may also cause a change in the wire ransverse magnetisation producing very large variations in impedance [2]. Here
the effect of applicd tensile stress on MI in glass-coated Cogg sMngsSieB,s amorphous wires is investigated at the UHF
frequency band. In 1he presence of a dc bias magnetic field near the anisotropy field strength, the impedance shows very large
changes when the wire is subjected 10 a tensile siress of 100% per 180 MPa at 500 MHz and 60% per 180 MPa at 2.5 GHg,
respectively. This new effect can be used for creating wireless stress/pressure sensors and stress-tunable microwave media for

use in structural health monitoring and defect detection applications.

@© 2001 Elsevier Science. All rights reserved

Keywords: Stress-wuneable composites, Amorphous microwires, Magnelo-impedance, Swess-impedance, Strectural health monitoring.

PACS. 75.30 Cr; 75.30.Gw; 75.40.Gb; 75.50.Cc: 75.50.K].

1. Introduction

For the last 10 years Co-based amorphous microwires
having small negative magnetostriction have been
intensively investigated because of their imporance in low-
magnetic field sensing applications. Amorphous magnetic
wires having Co-alloy compositions exhibit a very large
change in the complex-valued impedance, when subjected
1o a high frequency current and dc magretic field [1-3]).
This effect is known as the magneto-impedance (M1} effeci.
It is caused by the dependence of the high frequency
current distribution in the wire on its magnetic properties,
in particular, equilibrium magnetic structure and dynamic
transverse magnetisation {with respect 10 the current flow).

Co-based amorphous wires have a circumferential
anisotropy due 1o ils coupling between the negative
magnretostriction and residual stress. Applying a siress ora
torque causes a change in the wire magnetic Siructure and
consequently very large variations in impedance. This
effect is commonly called stress-impedance (SI). 1t has
been reported that CoSiB amorphous wires with a helical
anisotropy have a sirain gauge factor of 1200-2000 at 1-10
MHz and can be used as highly sensitive stress sensors [12,
13]. The helical magnetic structure was induced by
physically twisting a wire thai initially had circumferential
magnetisation.

This paper investigates the effect of applied tensile
siress  on the magneto-impedance of glass-coated
CoggsMn, 581;,B1s amorphous wires over the microwave
frequency range, demonstrating relative changes in
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impedance of about 60% for an applied stress of
approximately 180 MPa at frequencies as high as 2-3 GHz.

This effect could be of considerable interest for remote
siress monitoring applications using smart composite
materials filled with ferromagnetic wires. Here, the
effective permittivity in a nammow UHF frequency band
depends on the stress or sirain applicd 1o the composite
media.

2. Experimental results

The experimental results are provided for
CoggsMn,5SioB)s amorphous glass-coated wires having
the total diameter of 145 pm and the metallic core
diameter of 10.2 um. The wire diameter is chosen such that
it would be suitable for microwave applications. For this
alloy composition, &=-2107 [13]. For dc magnetisation
measurements, the wire length was 6 cm and the stress was
applied by hanging a load of 710 g at the wire end. The
longitudinal magnetisation curves under the effect of stress
are shown in Fig. 1. The original curve for an unloaded
wire shows a steep hysteresis but with a rather small
remanence-to-saiuration  valuee MJ/M =0.2,  which
corresponds 10 almost circumferential anisotropy with a
small helical angle @~=I2°. Applying the tensile stress
sirengthens  the  circumferential  anisotropy:  the
magnetisation curve becomes almost linear with M/M =0,
the hysieresis disappears and the effective anisctropy field
Hy increases. For the unloaded wire Hg =2.6 (e, and i
becomes 9 Oe, when a load of 8.5 g is applied.

to{——————— 777 ————]
0.5
g 0.0
0.5
-1.0
-10 -5 0 5 10
Hay (Oe)

Fig. i. Axial dc magneiization curves M/My=cos(&
with the applied siress as a parameser. The wire length
was 6 ¢ and the load was attached at the wire free
end. In this case the 1ension created by | g is estimared
10 equal 65 MPa.

The complex-valued impedance is found by measuring
Sy-parameter by means of the Hewleti-Packard 8753E
Vecior Newwork Analyzer (VNA). When dealing with
measurements at UHF frequency band, special care must be

taken for the comect resulls interpretation. At frequencies
higher then 500 MHz the impedance maich becomes
critical since half wavelength become relatively small (<30
cm). We designed a special microstrip cell o minimise the
post calibration mismatches (Fig. 2). Rather than
attempting to quantify the contribution of the error in the
wire impedance [ 14], our approach is to minimise its effect.
The microstrip portion connected to VNA is pre-calibrated
with a standard 50€2 load, which is then removed (Load “1”
in Fig. 2). During the measurements, the microstrip cell
with the soldered up sample is terminated with 5082 load
(Load “2"). This calibration of the microstrip line with a
length of 3.5 cm holding the soldered up wire of 1.4 cm
ensures reliable impedance measurements up to frequencies
of abouwt 3 GHz. The wire is loaded with a weight in its
middle (in this case | g load comesponds to a tension
estimated 10 be 320 MPa, see Caption for Fig. 2). The cell
with the sample is placed into the Helmholtz coil producing
a dc magnetic field.

Standard
loads (50€2)

S“ —

™~ Microwire

- N ¥

[ Weight

e |

Fig. 2. Skeich of the microstrip cell with a wire sample
Sfor impedance measurement. The wire is loaded ai the
middle with a weight P. which imposes a siress of

Prasing W, where w:d" is the angle herween the beni
wire and the horizontal direction.

Miceostrip lint

Figure 3 shows plots of impedance vs. applied tensile
stress for three frequencies 500 MHz 1.5 GHz and 2.5 GHz.
If no field is applied, the stress effect is smail being about
12% at 500 MHz and almost not noticeable at GHz
frequencies. Since a negative magnetostriction wire has a
nearly circumferential anisotropy (if no large frozen-in
torsion exists), the applied (ensile stress alone will not
cause the change in M, direction, and as a result, will not
produce noticeable changes in the impedance at high
frequencies.

Applying the field H,, of the order of the anisotropy
field saturaies the wire in the axial direction. The tensile
stress which enlarges the circumferential anisotropy in the
case of negative magnetostriction acts in opposite way and
rotates the magnetisation back to the circular direction. The
highest siress sensitivity is obtained for H=Hy, which is
sufficient to saturate the wire.
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Fig. 3. Experimenial plots of impedance vs. applied
siress. The load of 1 g applied at the middle of the wire

is estimaied lo impose a stress of 320 MPa.
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Fig. 4. Experimenial plois of impedance vs. applied
stress with the exiernal magnetic field as a paramerer

at SO0 MHz in (a) and 2.5 GHz in (b).

Further increase in H, is unnecessary since a larger
stress will be required to return the magnetisation back. In
the presence of H... the wire impedance shows large
changes in response 1o the application of the tensile stress
(Fig. 4). The highest stress sensitivity of J00% per 180
MPa at 500 MHz and 60% per 180 MPa a1 2.5 GHZ,
respectively obrained for H,.=3 @e that is aboul the same
value as the anisotropy field for the unloaded wire.

3. Theoretical approach

The microwave MI/SI phenomencn can be explained in
terms of classical skin eifect in magnetic conductors with a
large effective permeability and iis strong dependence on
the magnitude of external dc magnetic field [4]. Because
the skin depth as well as the characierisiic correlaiion
length in a magnetic structure (e.g., domain width) in soft
magnetic materials is much larger than the inter-atomic
distances, the classical electrodynamics of continuous
media can be used for the description of MVSI effects. The
calculation of the complex-valued impedance ¢ is based
on the solution of the Maxwell’s equaticns for the fields e
and h together with the equation of moiion for the
magnetisation vector M .

3.1. Equaiion of motion for the magnetisaiion vecior

In amorphous ferromagnetic alloys, the preferable
magnetisation direction is sei by the combined effect of the
shape anisotropy and the magneloelastic anisolropy arising
from the coupling between magnetostriction 4 and internal
stresses ¢ The sign and value of 4 depend on the alloy
composition, whereas ¢ is induced during the fabrication
process. Negative magnetostriction, which is proven to be
essential for the MI wire element, is typical for Co-based
alloys having relatively small 4 of about -3 J&™® that can be
reduced to —107 by small additions of Fe or Mn. In the case
of amorphous wires produced by rapid solidification
technique, the internal stresses (axial, radial, and azimuth}
are originated by a strong thermal gradient existing during
the fabrication process. This resulis in a substantial stress
distribution over radius and a complicated core and sheer
domain structure. The stress distribution is more uniform in
glass-coated wires where the drawing process induces an
additional large tensile stress. Then, there is a predominan
easy anisotropy direction almost in the entire wire: axial for
A>fand circular for A< The latter has a panicular interest
for the MUS! effect since the equilibrium magnetic
structure can be sensitively monitored by applying such
external factors as an axial magnetic field, stress or torque.

In  amorphous ferromagnetic  materials  where
magnetostrictive  processes  play the main role in
establishing the magnetic anisotropy, the applied stress may
influence the magnetisation reversal substantially. The
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stress effect on the rotatonal hysteresis of an amorphous
wire with a negative magnetostriction has two types of
internal (or.applied) stresses: an axial tension and a twist.

The former has intensity ¢F; and the latter represents
the combination of tension and compression F,, and
O,_ with equal intensity (G, =0y_ = 03) a1 90" o
each other and at 45° (o the wire axis, as shown in Fig. 2.5.

The combined action of ail the siresses results in the
effective magnetostrictive energy of the form:

Further we assume that in general the internal siress in a
wire consists of an axial tension (J,) and a 1orsion which
is o combination-of |blension and compression wbth equal
intensity &, at 90" 1o each other and at 45" o the
wire axis. ‘Then, for 4'< 0, the easy anisqiropy is:directed
in a helical way having an angle O <45" with respect-to
the circumference. The static magnetisation direction can
be changed by the application of the external axial
magnetic field M, and tensile swess 0,,. The stable
direction of MO is found by minimising the energy U

For a large stress -effect on MI, the ability of &, to
change the direction of Mg is needed. In the case
H,, =0, this is possible if e anisotropy axis has a
helical angle nearly equal 1o 45" ; which is achieved by a
proper annealing (current apnealing or annealing under
torsion) 10 establish B() substantial frozemn:in torsion
(02>>0], 0=45" a O, =0) Another
possibility of the-directional change in the magnetisation
under the external stress is to use the axial field bias. In the
presence of H ex \he magnetisation rotates towards the
wire axis whereas the apglication of O,, strengthens the
circumferetitial anisotropy (for A <0y and hence acts.in
the opposite way. Thén, the magnetisation rotates back to
the circular direction. In this paper, we utilise the assistance
of H ex 10 realise very large impedance change when the
external tensile stress is applied.

3.2. Microwave surface impedance

The voltage résponse measured across a ferromagnetic
wire (z-axis) camrying a high frequency current
i=igexp(—jor) is expressed in terms of the
longitudinal componemt ¢.. of the surface impedance
1ensor (g,_z=ezlh¢,. where e, and hg, are the axial
electric and circular magnetic fields ot the wire surface)

Here [ is the wire length. @ is the wire radius, and ¢ is
the velocity of light. Strictly speaking. equation (1) is valid
for a wire with a uniform magnetisation but can be applied
for a multidomain wire provided that ¢, is averaged over
domains and the domain wall displacements are damped. In
the ﬁase of a strong skin effect, the following equation is
held

Here o is resistivity, & =(:(,t.7l2ﬂ'm)”'2 is a non-
magnetic skin depth, ¢ is the circular permeability
describing the magnetisation precession around the
equilibrium magnetisation MO having an angle & with

the wire axis. Equation (2) demonswates that ihe
longitudinal surface impedance depends on both the
dynamic permeabilily # and the stalic magnetisation
angle &. The parameter (4 has a very broad dispersion
region. At high frequencies (higher than the frequency of
the ferromagnetic resonance) # changes very little with
bath the external axial magnetic field H,, and anisotropy
field M, . although preserving its relatively high values
( I=lO at GHz range for Cobased wires with

¥ =2—5 0e). In this case. the dependence of the
impedance on magnetic properties is entirely. determined by
the static magnetisation angle 8.

4. Conclusion

The effect of siress on mictowave M1 in amorphous fine
wires is proposed to wilise for the creation of a new stress-
tunegble composite medium . for remote stress moniloring
by microwave spectroscopy lechnology. The composite
material consists of the short wire -inclusions (exhibiting
stress-impedance effect) embedded into the dielectric
matrix with the permittivity €. The wire inclusions behave
as-the electric dipole “scatterers™. This dipole response of
the composite sysiem can. be characterised by some

effective permiuivity £y . Then, £, can have a

resonance or relaxation dispersion (depending on the wire

impedance) seen near the antenna resonance for an
individual wire. For a moderate skin-effect (J = a) the
dispersion characteristics of Eu depend on the
longiludinal surface impedance Saz- Therefore, in
composite containing ferromagnetic wires exhibiting M1
effect the effective permittivity may depend on the extemal
magnetic field and stress/strain via the comesponding
dependence of sz- The theoretical approach for such
fiéld:tunable composite materials was developed in our
previous work.'® The model is based on solving the
scautering problem for a ferromagnetic wire with the
impedance boundary conditions to find the current (and -
electric charge) distribution- along the wire as a response lo
the incident elecromagnetic wave: In the frequency band
with the characterisiic anienna resonance frequency, the
induced dipole moment in a wire will depend on the surface
impedance and hence on the wire magnelic propenies
which can be modified sensitively by H,, or &, . Figure 5
shows the frequency plots for the effective permittivity
with'He and G, as parameters, demonstrating very large
change (almost 1wice) in the imaginary pant of £, at the
anienna resonance. The real part also undergoes
considerable wansformations at slighily shified frequencies.,
These large changes in £, can be detected by microwave
scanning techniques, in pamicular, microwave loss
spectroscopy. The detailed analysis of stress-tuneable
compasite maierial will be published elsewhere.
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