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Chapter 1

INTRODUCTION

1.1 Ferromagnetic Disordered Alloys

The term “disordered alloys” in general and “amorphous alloys” in particular way include
liquid, vapour or plasma quenched materials as well as alloys obtained by solid state syn-
thesis, whose x-ray diffraction patterns show characteristic broad rings. Among them the
term “etallic glass” is used to denote only liquid quenched products. Amorphous mag-
netic materials mainly belong to this subcategory. These alloys lack long-range atomic
order and consequently exhibit high metallic resistivity (100 - 200 gohm — em) and no
macroscopic magnetocrystalline anisotropy due to the absence of crystal structure. As
a result, ferromagnetic metallic glasses based on 3d transition metals are generally good
“soft” magnetic materials with both low dc hysteresis loss and low eddy current dissi-
pation. In addition, they are characterized by high elastic limit (i.e. they resist plastic
deformation) and for certain compositions, they show good corrosion resistance. Amor-
phous magnetic alloys containing appreciable fractions of rare earth metals show magnetic
anisotropy and magnetostriction that can be varied almost continuously with composi-
tions upto very large values. These characteristics combined with the expectation that
metallic glasses can be economically mass fabricated, has led to a broad commercial in-
terest. To physicists, the attraction lies in seeing how the absence of crystal structure
modifies the collective magnetic phenomena, which are mainly governed by short-range
interactions.

Because of the lack of atomic ordering it was believed for many years that ferromagnetism

could not exist in amorphous solids. However in 1960 Gubanov [1] predicted, on the basis
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of theoretical analysis, that amorphous solids would be ferromagnetic. This was based on
the evidence that the electronic band structure of crystalline solids did not change in any
fundamental way on transition to the liquid state. This implies that the band structure
and hence ferromagnetism depends on short-range atomic order and should not be de-
stroyed in the corresponding amorphous solid. In 1950, Brenner et. al. [2] first reported
the amorphous metallic alloy of nickel phosphorus prepared by electro-deposition. The
present great interest in amorphous metal research stems from reports by Duwez et. al.
[3] in 1960 on the preparation and properties of amorphous metallic alloys. In 1967 Duwez
and Lin [4] reported a liquid quenched Fe-P-C alloy exhibiting a saturation magnetization
of 7 kG, low coercivity (3 Oe), rather high Curie temperature and good stability at room
temperature against crystallization. Luborsky et. al. [5] first demonstrated the reduction
of coercivity in Fe-Ni-P-B alloys down to less than 10 mOe by suitable annealing and
showed that the changes in properties correlated with the relief of internal strain.
Amorphous states for pure metals like Fe, Co, Ni etc. are obtained only at low temper-
ature whereas this state is stable for above alloys at room temperature. The stability
increases with the number of components in alloys. Two important classes of amorphous
magnetic materials are being studied intensively in recent times. They are the transition
metal metalloid (TM-M) glass and the rare-earth transition metal glass (RE-TM) [6], [7].
TM-M glasses are stable for composition around 75-80 % of TM (Fe, Ni, Co etc. or in
combination of them). Typical composition for RE-TM glass is RE33 — T'Mg; where the
RE’s are heavior rare-earth metal like Gd, Tb, Dy etc. and TM’s are Fe, Co etc. Later
metalloids in TM-M glasses are replaced by non-magnetic metals [8] like Zr, Hf and are
being studied for the last several years.

Many good reviews of amorphous alloys are available, covering a variety of physical prop-
erties [9] - [17]. Among those, the review by Moorjani and Coey [14] presents a wealth
of information on metallic as well as on insulating magnetic systems. Wohlfarth [10] ex-
amines many aspects of magnetism in light of itinerant theory. Kaneyoshi [13] reviews
theoretical issues related to exchange and moment fluctuations as well as spin- wave state.
Luborsky treats anisotropy, moment variations, coercivity and losses. O’Handley reviewed

the recent development in the physics of ferromagnetic amorphous alloys in details [17].
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1.2 Preparation of Ferromagnetic Amorphous Alloy

The basic principle to prepare an amorphous alloy is that the molten alloy must be cooled
very rapidly so that it must pass quickly enough through the temperature range where
nucleation can occur. The cooling rate is of the order of 10°°C's™! or higher [18],[19]. A
wide variety of different processes with low cost production techniques have been reported.
The most widely used technique to prepare TM-M metallic glass is the liquid-quenching
method [20]. In this method, a rapidly spinning copper or steel wheel is used to conduct
the heat away rapidly and continuously from the melt. This method is suitable to produce
metallic glass in the form of ribbons. The typical dimension of the ribbon is few cm in
width and 20 - 60 pum in thickness. The other methods are splat cooling, sputtering,
irradiation by energetic neutron, vapour or electrodeposition [20]. RE-TM glasses are
normally prepared by sputtering or vapour deposition techniques [20]. Some new tech-
niques to obtain metallic glass are still under development. These are laser glazing [21],
electric field emission of ions from the melt [22] and spark erossion technique [23].
Glassy metal in the form of amorphous wires with diameter of about 100 um are fabri-
cated by in-rotating-water quenching technique by squirting a jet of molten liquid into
a rotating bowl of water [14], [25]. The first successful method to produce amorphous
wires, based on a process of liquid solidification into water, was developed by Kavesh
[26]. Further development of quenching technique into rotating water was subsequently
achieved by Ohnaka et al. and Masumoto, Ohnaka, Inoue and Hagiwara in Japan [27],
28].

Microwires are manufactured by means of a modified Taylor-Utilovsky process based on
direct casting from the melt [29] - [36]. Glass-coated microwires are fabricated by quench-
ing and drawing method. They are composite materials formed by an amorphous metallic
nucleus (1-20 pm in diameter) covered by Pyrex-like insulating coating (2 -20 pm thick).
In this method a few grams of the master alloy with the desired composition is put into
a pyrex-like glass tube and placed within a high frequency inductor heater. The alloy
is heated up to its melting point forming a droplet. While the metal melts, the portion
of the glass tube adjacent to the melting metal softens, enveloping the metal droplet. A
glass capillary is then drawn from the softened glass portion and wound on a rotating coil.

At suitable drawing conditions, the molten metal fills the glass capillary and a microwire
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Figure 1.1: In-rotating-water-quenching unit (a) and the Quenching and drawing unit (b)
for the fabrication of wires and microwires respectively (at the ICMM /CSIC Laboratories).

is thus formed where the metal core is completely covered by a glass shell. Fig. 1.1
shows the in-rotating-water-quenching unit (a) and the quenching and drawing unit for
the fabrication of wires and microwires respectively (at the ICMM/CSIC Laboratories)
[34]. During fabrication, glass-coated microwires undergo large internal stresses, stronger
than in the case of in-water-quenched wires due to additional stresses coming from the

coating. These stresses determine their magnetic properties.

1.3 Magnetic properties of wire-shaped amorphous magnetic
materials

Recently, amorphous wires and microwires with a metallic nucleus covered by an insu-
lating glass coating has attracted considerable interest because of their outstanding soft
magnetic properties. Due to their amorphous character, only magnetoelastic anisotropy
coming from frozen-in stresses has to be considered together with the shape anisotropy to
determine the magnetic behaviour. Due to their ferromagnetic behaviour, the largest en-
ergy term among magnetic interactions to be considered is exchange coupling. Since they
are structurally amorphous in character, magnetocrystalline anisotropy can be neglected

so that magnetoelstic anisotropy plays the dominating role. Lastly, their cylindrical sym-
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Figure 1.2: A cross section of an amorphous wire showing a schematic view of the domain
structure in the middle part (determined by the distribution of internal stresses) of wires
with (a) positive and (b) negative magnetostriction.

metry induces a very characteristic magnetic shape anisotropy [24] - [25], [34].

The above factors determining the magnetic behaviour of these wire-shaped samples are
influenced by the rapid solidification method employed in the fabrication. Firstly, the
alloy composition determines the magnetostriction constant (\). Secondly, the quench-
ing technique introduces unique distribution of strong internal mechanical stresses (o).
Thus magnetostriction and stresses determine the strength of magnetoelastic anisotropy.
The magnetoelastic energy density (E,,. &~ Ao) determines the magnetic behaviour i.e.,
domain structure and hysteresis loop of these materials. The sign and value of the magne-
tostriction is decisive. Positive and negative magnetostriction result respectively in radial
and circumferential easy axis at the shell, while a vanishing magnetostriction (order of
magnitude of 0.1 ppm and less) destroys the single inner domain structure to built up
new domain walls. Magnetostriction is directly correlated to alloy composition. Fig. 1.2
shows the cross section of an amorphous wire showing the domain structure in the middle

part with positive and negative magnetostriction [35].



Chapter 1. 6

1.00 ] i.

0.75 i ‘ !

0.50

e St L o e e s

8.73 3

1
E oo
= 3

% 026

-0.50

r

075 - i

E

=100 I . 1 i : i - |
02 .4 0.0 2.1 0z

h (e

Figure 1.3: Longitudinal hysteresis loop of a 10 cm long FeSiB in-water-quenched amor-
phous wire

Magnetostrictive wires are characterized by a single Barkhausen jump that results in
square-shaped hysteresis loops. This behaviour is due to the particular domain struc-
ture with a quite large single domain with axial easy magnetization direction. Non-
magnetostrictive wires are among the softest magnetic materials ever found and exhibit
giant magnetoimpedance effect due to their ultra-soft magnetic behaviour. Fig. 1.3 shows
the longitudinal hysteresis loop of a 10 cm long FeSiB in-water-quenched amorphous wire
[34]. This bistable magnetic behaviour is a consequence of the magnetization reversal
process which proceeds by depinning of a single wall from the closure domain structure
at one end and propagates towards the other end.

As mentioned earlier, the hysteretic magnetic properties of glass-coated microwires are
rather different from those of conventional amorphous wires mostly because of additional

magnetoelastic energy related with strong internal stresses induced during the rapid solid-
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ification of the thin wire surrounded by the glas coating [25],[37]. Significant mechanical
stresses appear inside the metallic nucleus and glass coating as a result of the difference
in thermal expansion coefficients of metal and glass. The value of such stresses depends
on ratio between metallic nucleus diameter and total microwire diameter [36].

The magnetic behaviour of microwires can be classified into the folowing groups according
to their magnetostriction [24]:

(i) FeSiB alloys with large and positive magnetostriction (~ 1 —3 x 107°).

(ii) CoFeSiB alloys with balanced magnetostriction for the Fe/Co rate at around 5%.
(iii) CoSiB alloys with negative and slightly reduced magnetostriction (~ —1 x 107).
Typical hysteresis loops with different magnetostriction : (a) negative , (b) vanishing but
negative and (c) positive CoMnSiB microwires is shown in Fig. 1.4 [36]. In case of neg-
ative magnetostriction, constant mechanical stresses give rise to the easy axis direction
perpendicular to the microwire axes. Where the negative values of the magnetostriction
constant are large the magnetoelastic energy exceeds the magnetostatic energy and the
magnetization aligns perpendicular (circumferentially) to the microwire axis. With the
application of an axial magnetic field the magnetization rotates from circular to axial
orientation exhibiting minimal hysteresis (Fig. 1.4(a)).

For vanishing but negative value of magnetostriction, the magnetoelastic energy is of the
same order as the magnetostatic energy. The magnetization process takes place first by
domain wall movement and then by magnetization orientation (Fig. 1.4(b)). In case of
positive magnetostrictive microwire, the magnetoelastic anisotropy results in axial easy
axes, thereby reinforcing the shape anisotropy. Single or quassi-single domain structure

is observed typically with a single or only few large Barkhausen jumps (Fig. 1.4(c)).

1.4 Characterization

The physical, chemical and magnetic characteristic of amorphous magnetic materials have
been studied by various techniques. Since the magnetic properties of these materials will
be discussed in the following chapters, their physical and chemical aspects will be discussed

in brief.
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1.4.1 Atomic Structure

X-ray, electron or neutron diffraction pattern is the simplest way of deciding whether a
material is amorphous or crystalline. In contrast to crystalline materials, the diffraction
pattern consists of diffuse rings which sharpen as the material transforms, on heating, into
polycrystalline phase. The atomic position in an amorphous solid are far from completely
random in the sense that positions of atoms in a gas are random. The atoms in a solid,
imposes some regularity on the local environment of each of them. Atomic positions
are strongly correlated in nearest neighbour shell, yet uncorrelated beyond a few inter-
atomic-spacings. This is the meaning of the statement that amorphous solids possess no
long range order but short-range order that resembles those of liquids. Methods such
as extended x-ray absorption fine structure and nuclear magnetic resonance [38] have
been employed to examine the short-range order in amorphous metals, specifically the
distribution of inter-atomic distances and co-ordination numbers. The accepted approach
to modelling the atomic arrangements in metallic glasses is based on the structure formed
by the dense random packing of hard spheres (DRPHS). Such model qualitatively accounts

for the major features in the radial distribution functions of metallic glasses.

1.4.2 Chemical Composition

Generally, the percentage of the constituents, used during the preparation of alloy is taken
as the composition of the metallic glass sample.

After the preparation, chemical composition of amorphous alloys are determined by var-
ious techniques. One of the most commonly used method is the atomic absorption spec-
troscopy where the substance is ignited to dissociate the material into its atomic con-
stituents and they are then identified by their characteristic optical absorption. This
method is appropriate for most light and heavy elements. Other commonly employed

methods are X-ray photoelectron spectroscopy and auger spectroscopy etc.
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1.4.3 Density

The amorphous alloys are generally about 2 % less dense than their corresponding equi-
librium crystalline mixtures though materials which are upto 40 % less dense than the
corresponding crystalline metals have also been reported [39]. Density of these materials
can be measured easily by measuring their mass and volume.

Considering the structure of this metallic glasses formed by the dense random packing of
hard spheres, their densities can be calculated. Taking the 12 coordinated Goldschmidt
radii for the metal atoms and tetrahedral covalent radii for the metalloid atoms [40] the

calculated densities were found to be within + 5 % of the measured densities.

1.4.4 Resistivity

The resistivities of the amorphous alloys are generally 2 to 4 times larger than the cor-
responding transition metal crystalline alloys without the glass formers. This results
in smaller eddy current contributions to the permeability and losses, especially at high
frequencies. This is one of the many advantages of the amorphous metallic alloys for
application in devices.

The low temperature resistivity of amorphous materials exhibit an anomalous minimum
with a logarithmic increase below the minimum which, Cochrane et. al. [41] have shown

to be nonmagnetic in origin and to be associated with the amorphous structure.

1.4.5 Thermal Stability

A glassy state being a metastable state, the metallic glasses tend to transform continuously
towards more stable states. Two broad classes of transformation exist i.e. structural
relaxation and crystallization. During the rapid quenching from the melt, some internal
stresses are frozen-in within the sample which can be relaxed by structural relaxation
through short or long duration heat treatment. This crystallization processes depend on a
number of kinetic and thermodynamic factors. For a homogeneous crystallization process,
the time for the onset of crystallization, 7, follows an Arrhenius relation, 7, = ToeZ/*T,

where 7 is the characteristic time and AFE is the activation energy.
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At the temperature for rapid crystallization, T} the most physical properties (eg. restivity,
remanence, coercivity) of the alloys change drastically and the device features based on
these properties may deteriorate rapidly [46]. So, by judicious annealing it is possible
to minimize internal stress and the accompanying anisotropy thereby achieving improved
device characteristics. The useful lifetime of a device based on amorphous alloys ends at
T, , but for T, in the range 400 K to 800 K (found for all most all the transition metal
metalloid alloys) and AFE in the range 26eV as have been reported for transition metal
metalloid alloys in the vicinity of the eutectic [20], Tc ~ 10'° years so that amorphous

alloys are stable against homogeneous crystallization for all practical purposes.

1.4.6 Effect of Disorder

Different types of disorder are observed in disordered magnetic materials [14]. Among
them bond disorder is perhaps the simplest variety which is characterized by bonds of
different length making different angles with each other in a monatomic crystal. A much
stronger disruption of periodicity is the topological disorder where the crystal network in-
cludes different membered rings distributed at random within the solid. Chemical disorder
is found in alloys having two or more constituents where atoms of a particular constituent
have different chemical environment at different places within the solid. All these disorders
are observed in amorphous ferromagnetic alloys which affect their magnetic properties by
(i) changing the moment of an atom (ii) producing a distribution of exchange interaction
between moments and (iii) altering local energy of atoms, i.e., anisotropy energy. Each of

these effects will be discussed briefly in the following paragraphs.

Magnetic moment variations in amorphous alloys

The magnetic moment of most amorphous alloys are lower than those of the pure crys-
talline transition metals which they contain. Normally structural disorder in alloy causes
little change in average magnetic moment/atom. The moments are mainly reduced by
the change in the local chemical environment caused by the presence of metalloids.

Slater-Pauling like plots of magnetic moment variation with composition was interpreted
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earlier by charge transfer from the glass former to the 3d band [15]. From this consid-
eration the magnetic moment of transition metal atoms in the general amorphous alloy
(T'M)i—,—yF.G, can be expressed as [20],

p=ml—-z-y)fz—gyl/(1-2—y) (1.1)

or for the moment per atom of alloy as

p=m(l—-z-y)fz—gy (1.2)

where F' and G represent the metalloid or glass forming atomic species, m is the original
number of unpaired spins in the transition metal alloy and f and g are the number of
electrons transferred from F' and G atoms respectively.

Later, a more realistic understanding of compositional effects was introduced in terms of
(sp) d bonding [20], [42]. This chemical bonding are of covalent or polar bond type. In a
covalent bond, charge is delocalized from each of the atomic sites and builds up between
the atoms having similar electronegativities. Bonding and antibonding hybrid orbitals
are created. The d-states become more delocalized as a result of covalent bonding. The
delocalizatopn results in loss of d character and hence weaker intra-atomic exchange which
weakens moment formation.

Polar bonds are formed between orbitals that differ significantly in their electronegativity.
Here charge is transferred from the orbital of lower electronegativity to that of higher
electronegativity. If a polar bond is formed in a metal, the conduction electrons will
redistribute themselves to screen the charge transfer and maintain some degree of local
charge neutrality. This bond formation will affect the magnetic properties if one of the
orbitals involved contributes to the magnetism (eg. a 3d orbital).

Some models have been developed to describe trends in magnetic property variation with
alloy content. Magnetic valence model is one of them which is based on Freidels concept of
virtual bound states and generalized by Terakura and Kanamori [17]. It accounts for the
variation of average magnetic moment with alloy content by defining an atom averaged
magnetic valence

Vin = 2N, =V (1.3)

where V' is the average electronic valence V = Ny + N+ NspT + Nspl and N, is the

number of majority-spin d-electrons. Substitution of the definition for V' in the previous
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equation leads to the relation

Vm = Hav — 2N8pT (14)

which demonstrates the Slater-Pauling like behavior. (|dpa,/dx| ~ 1 with the x intercept
determined by the average number of conduction electrons). This model is applicable to
a wide range of TE-TL (early transition metal late transition metal) and T-M (transition
metal metalloid) alloy.

Coordination bonding model is developed in the local environment spirit and sheds light
on the role of co-ordination in the interesting variations of magnetic moment. According
to the model, suppression of host magnetization in a transition metal metalloid T;_, M,
alloy depends upon how strongly M is bonded with T" and the extent of p-d bonding is
assumed to be proportional to the number of T atoms surrounding an M atom. Hence,
the magnitude of the average magnetic moment p per 1" atom in the alloy is suppressed
below that in the pure host ng by an amount proportional to Z7,;, the T' co-ordination
about the metalloid:

pr = np[l — Z7 y Nay /5N7) (1.5)

where Ny, /Ny (more commonly written as z/(1 — x) is the ratio of the number of M
atoms). This model is applicable to metallic glasses as to crystalline solid solutions based
on a strongly magnetic host like cobalt and nickel.

To explain magnetic moment variation in a large number of dilute alloys, Jaccarino and
Walker [43] introduced a simple phenomenological model based on local environment ef-
fect. In this model the influence of more distant neighbours are neglected which are
thought to be unimportant by the damping of “magnetic interactions” by the finite elec-
tron mean free path. The variation in the saturation magnetization in binary Ni-Cu,
Ni-Rh alloys can be described well with this model. Buschow et. al. [44] have used this

approach to fit the moment variation in amorphous Co-Y alloys.

Ezxchange Interactions

The appearance of a magnetically ordered structure such as ferromagnetism requires an
interaction to couple the magnetic moments together. It has been found that exchange

interactions between two electronic spins usually tend to allign them parallel or antipar-
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allel. This tendency is represented by the isotropic Heisenberg interaction for a pair of

localized moments gugS [45]
Hy; = —2J;;5..5; (1.6)

J;j is the exchange constant between spins at site ¢ and site j. It is positive for ferromag-
netic coupling and negative for antiferromagnetic coupling.

The origin of exchange coupling lies in the electrostatic interaction between electrons of
different spins on different sites [46]. Various exchange mechanisms exist [47] such as direct
exchange, super exchange via ligands, indirect exchange via conduction electrons (RKKY
interaction) [48] - [50]. All these interactions depend sensitively on the distance between
interacting electrons. To a first approximation .J;; in above equation depends on inter-
atomic distances (r;;), even changes sign depending on r;;. For the 4f series, S in above
equation must be replaced by J. This equation is not directly applicable to 3d transition
metals because their magnetic moments are not due to an integral number of localized d
electrons on each atom. Nevertheless, an effective value of S can be obtained by equat-
ing the atomic moment to gupS. Other interactions exist which favour a perpendicular
configuration for the pair of spins represented by the antisymmetric Dzloshinskii-Moriya
(DM) term, which are weak in comparison with the Heisenberg interaction.

In an amorphous solid the distribution of interatomic separations leads to a distribution
of exchange interactions which may sometimes include interactions of either sign. The
same is true for other exchange mechanisms also. Superexchange is negative for a 180°
metal-ligand-metal bond, but a weaker positive for bond angles near 90° [51]. RKKY
interaction oscillates in sign as a function of r. It arises from the interaction of a localized
spin with the polarization of the conduction band induced by other localized spins. It is
the major sources of exchange coupling between 4f shells and it is also important in dilute
3d alloys where direct exchange can not operate.

The probability of finding an exchange interaction of a given magnitude and sign may
be represented on a P(J) diagram. For a crystal the diagram consists of one or more
delta functions, but the disorder in an amorphous solid will broaden the peaks even to
the extent that interactions of both sign may be included in the distribution.

Because of this distribution of exchange interaction, some alloys have competing ferro-

magnetic and antiferromagnetic exchange interactions and exhibit “re-entrant” magnetic
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behaviour. This means, upon cooling from high temperature, the system first undergoes
para to ferromagnetic transition at a temperature 7. But this ferro-phase becomes un-
stable at a much lower temperature. Infact, the ferromagnetism vanishes ata temperature
Teo (< Ter1) and the system enters into a glass-like phase. This re-entrant magnetic
behaviour is observed in transition metal based glasses eg. Fe-Mn glasses [13], crystalline
dilute alloys eg. Au-Fe, Pd-Mn [52] and in some compounds eg. Eu,Sri_,S [53] - [54].

Anisotropy Energy and Magnetization Process

The macroscopic behaviour of magnetization in a ferromagnetic material is determined
by anisotropy energy. In crystalline system, the anisotropy energy is mainly magnetocrys-
talline in origin. The structure of amorphous metal consists of random array of atoms
and is normally considered to be isotropic on a long range scale. As a result, one expects
the symmetry of the crystal field to be low enough to remove orbital degeneracy com-
pletely from the ground state of magnetic ions. So, in case of amorphous transition metal
based alloys, the magnetization vector, which is mainly due to spin degrees of freedom,
is supposed to be free from any spatial anisotropy. But during the fabrication process,
the microstructural defects are frozen-in, originating internal stress field and giving rise
to magneto-elastic anisotropy. Anisotropy energy in amorphous material is, therefore,
determined only by magneto-elastic interaction, which is normally small. This anisotropy
determines the process of magnetization. If this anisotropy energy is small, the macro-
scopic moment can be induced with a small field resulting large initial susceptibility (x;).
The coercive field (H,.) is also reduced as it is directly determined by anisotropy energy.
When the anisotropy energy is dominantly magnetoelastic in nature due to the presence
of internal stress, the macroscopic magnetic properties are found to be a sensitive func-
tion of thermal history and external stress [55]. Thermal treatment can reduce internal
stress. The removal of stress depends on the temperature and duration of annealing. The
magnetic properties of the materials improve by annealing under mechanical stress and
in presence of magnetic field. The stress relief process is related to the existence of local
minima of potential energy and occurs through thermal activation. Due to disorder, the
activation barrier forms a spectrum. The structure of this spectrum can be obtained from

the study of annealing behaviour of anisotropy. The response of magnetic properties to
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external stress facilitates to determine the nature and magnitude of anisotropy energy.
The local anisotropy also plays an important role in determining the magnetic state of
RE-TM amorphous system. In this system the local easy axis of magnetic moment is con-
sidered to be random in nature. The consequence of local random anisotropy of magnetic
system have been examined by assuming uniform exchange interaction between magnetic
moments [56]. It is found that the strong disorder in anisotropy direction results a mag-
netic state with no long range order but frozen moment.

The family of soft magnetic materials has been considerably enriched by the discovery
of nanocrystalline alloys [57], [58]. Yoshizawa, Oguma and Yamauchi reported for the
first time, a new class of iron-based alloys exhibiting excellent soft magnetic behaviour
[59]. The materials revealed an ultrafine microstructure of bee Fe-Si with grain sizes of
10-15 nm (after this named nanocrystalline) embedded in an amorphous matrix. This
particular microstructure provided excellent magnetic properties such as low losses, high
permeability and low magnetostriction achieved by permalloys and Co-based amorphous
alloys, but with a high saturation magnetization upto 1.3 T, much higher than either of
these materials [60] - [62]. These materials also known by their trade names FINEMET%
(this name derives from the combination of FINE and METAL) [63] and VITROPERM?%
[64], has great potential use as core material, magnetic components as saturable reactors,
choke coils, transformers and can also be used for superior electromagnetic noise suppres-
sion for electric and electronic devices.

The precursor of FINEMET® is amorphous ribbon (non-crystalline) obtained by rapid
quenching at ~ 1million°C/second from the molten metal consisting of Fe, Si, B and
small amounts of Cu and Nb. The soft magnetic properties of FINEM ET® result from
its two phase nanocomposite microstructure where nanocrystalline grains of an a-Fe-Si
phase is embedded in the amorphous matrix. This fine microstructure has been shown
to depend on Cu atoms (which are not soluble in bee-Fe or the derivative DO3 struc-
ture of a-Fe-Si clustering and aiding nucleation for nanocrystallization of Fe-Si grains
[65]-[67]. The alloy with composition Fer35Cu3 Nb3Sii35Be at% can be considered as a
typical FeSiB metallic glass with additions of Cu and Nb. This material produced by
rapid solidification is subsequently annealed above its crystallization temperature. An-
nealing of Fez35Cu1Nb3Siq35B9 at temperatures between ~ 500°C to 600°C leads to the



Chapter 1. 17

primary crystallization of of ultrafine bce Fe.gySiwog grains with typical grain sizes of
10-15 nm. The bce grains are randomly oriented and embedded in a residual amorphous
matrix which occupies about 20-30 % of the volume and separates the crystallites at a
distance of about 1-2 nm. This nanocrystalline structure is the basis for the excellent soft
magnetic properties indicated by the high values of initial permeability of ~ 10° and corre-
spondingly low coercivities of less than 1 A/m. The only drawback of this nanocrystalline

material is that it becomes brittle upon crystallization.

1.4.7 Giant magnetoimpedance and Magnetic Barkhausen noise

Giant magnetoimpedance (GMI) is the huge change in both the real and imaginary com-
ponents of total impedance of a metallic conductor upon the application of an external
static magnetic field. When an alternating current is applied to these conductors, their
impedance Z = R + jwlL changes sensitively with the change in biasing dc magnetic
field, where R and L are the resistance and inductance of the conductor and j = /—1.
This externally applied magnetic field induces changes in the effective complex magnetic
permeability of the material and hence on the material’s complex impedance. GMI effect
depends sensitively on the frequency of the alternating current flowing through the sample.
It is also strongly dependent on the magnetic anisotropies and domain configuration of
the sample. The common experimental method for evaluating GMI is measured through
the four-points technique by which the voltage at the ends of the sample is measured as a
function of the ac current flowing along the sample. Change in the impedance is observed
when the sample is subjected to a static magnetic field. The percentage change of MI
with applied magnetic field is calculated by using the expression,

AZ Z(H) - Z(Hmaz)] (17)

22
Z = O

whereZ(H) and Z(H,,.,) are the magnetoimpedance for any magnetic field (H) and for
the maximum applied magnetic field (H,,..) respectively.

First reports of this effect by Harrison et. al. [68], [69], attracted much attention in
1990’s until its rediscovery by Panina and Mohri and Beach and Berkowitz [70] - [73].
Since then GMI effect has been studied extensively in various materials for its wide range

of technological applications [74] - [76].
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The application of a varying magnetic field to a ferromagnetic material induces small dis-
continuous changes in the magnetization of the material. These sudden localized changes
in magnetization are produced by the abrupt motion of domain walls from one pinning
site to the next. The corresponding voltages induced in a pick-up coil on the sample
are referred to as Magnetic Barkhausen noise (MBN) [77], [78]. This effect known as
Barkhausen effect was discovered by Heinrich Barkhausen in 1919 [79]. MBN is caused
by jerky domain-wall motion in ferromagnetic materials and is a fundamental proof of
the existence of magnetic domains in these materials. The magnetization process in fer-
romagnetic materials mainly consists of the reversible and irreversible displacement of
domain walls and irreversible rotation of local domain magnetization. MBN is primarily
associated with the depinning and discontinuous motion of 180° domain walls and has
been used as a tool for the estimation of residual stress, determination of magnetic easy

axis and characterization of microstructure and particle size [80].

1.5 Summary and Organization of the Thesis

To study the magnetic properties of amorphous magnetic materials, in the form of wire,
microwire and ribbon, some experimental set up have been developed and described in
Chapter 2 of this dissertation. For generating highly homogeneous magnetic field, air-core
solenoid and Helmholtz coil has been fabricated. An experimental facility has been de-
veloped to measure the stress and temperature dependence of magnetic properties of soft
magnetic materials using fluxmetric method. For the measurement of magnetoimpedance
of amorphous wires and microwires at different values of external stress, an experimental
set-up has been assembled. Magnetic barkhausen noise from different amorphous mag-
netic materials were measured by a home-fabricated sensitive experimental set-up. An
arrangement has been made for short duration heat treatment of these samples. Here
heat treatment was performed by sending current pulses (square wave) each of duration
of ~ 12 seconds. These current pulses were generated by a 555-timer IC.

The frequency dependence of magnetoimpedance of amorphous wire with composition
Cogg15Fe4.355712.5 B15 has been studied in the presnce of various tensile stresses up to

285 MPa and the results are presented in Chapter 3. The contribution to giant magne-
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toimpedance were found to be different from different domain regions of the wire. The
external stress affects the MI of these materials to a large extent as magnetocrystalline
anisotropy is absent and magnetoelastic anisotropy is the main source of anisotropy in
these materials. At a particular frequency, a stress-induced anisotropy changes the do-
main structure, magnetization dynamics and hence the MI. Single peak MI characteristics
obtained at lower frequencies (~ a few kHz) were changed to a double-peak behaviour
with the application of a tensile stress or increase in frequency. Asymmetry between
the two peaks were also developed by sending a dc current of 5 mA. For a better un-
derstanding of the MI results, hysteresis loop measurements of the amorphous wire (by
fluxmetric method) at various frequencies and tensile stresses were performed. We have
also developed a model to investigate the stress dependent GMI effect in amorphous
Cogg.15F'eq.355119.5 B1s wire. The effect of stress was incorporated by changing the IC and
OS volume. This model qualitatively describes well the GMI response to the external
axial stress at different exciting frequencies.

The domain structure of wire-shaped amorphous magnetic material can also be predicted
from the measurements of magnetoimpedance of glass-coated amorphous microwires,
which has been described in Chapter 4. The effect of external stress and heat treat-
ment (by different forms of current annealing) in glass-coated amorphous microwires
with compositions Cogs o Mnz¢SissBss and (CogozFegor)e3NiigSii1 B are studied in
this chapter. In amorphous Cogz o Mn7SissBsz.3 microwire, GMI effect has been studied
upto a frequency, f ~ 12.85 MHz . The GMI of this sample is also very stress sen-
sitive and decreases from 53% to 24% due to the application of an axial tensile stress
of 566 MPa. Two-peak GMI characteristic observed at high frequency reduces to one
peak when sufficient high stress was applied. GMI in this microwire was increased from
66% to 129% on short duration heat treatment by passing four current pulses of ampli-
tude of 100 mA and each of 12 seconds duration. GMI effect was studied in amorphous
(Cop.93F€0.07)63Ni10S111 B1g microwire upto a frequency of 11 MHz. This sample showed
single peak GMI characteristics within the whole range of frequency. A maximum change
of 8.85% in MI of the as-quenched sample reduced to 3.92% on application of an exter-
nal stress (603 MPa), whereas heat treatment (by passing a dc current of 50 mA for 25
minutes) enhanced the MI value to 18.74%.
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In Chapter 5, we have studied the magnetization processes in ferromagnetic amorphous
magnetic materials using Magnetic Barkhausen noise technique. A theoretical model has
been developed to estimate the direction of magnetic easy axis in amorphous Fe4qNi49Bag
ribbon. We have also studied the effect of tensile stress on MBN in amorphous F'e N4 Bag
and FeyqgNigSi19B12 ribbons. Influence of heat treatment on MBN has also been done
in amorphous FeyyNiqBsg ribbon to investigate the amorphous structural changes. The
hysteresis loops of amorphous FeygNiyBsy and FezgNigSiigBi2 ribbons, measured under
different axial tensile stresses by induction method gives a better understanding of the
MBN results. MBN from the as-quenched and annealed (heated at 540°C for 1 hour)
Fez35Cu1Nb3Siq35B9 ribbon was studied to investigate the amorphous to crysatlline
phase transformation. To get a clear understanding of the domain structure and magne-
tization processes in wire-shaped amorphous magnetic materials, we have studied stress
dependent MBN on Cogg 15F'€4.355112.5815 amorphous wire.

So, from the above study, it is clear that magnetoelastic anisotropy mainly governs the
magnetic properties in ferromagnetic amorphous materials, which originates from the in-
ternal stress frozen-in during preparation. It has been found that different forms of heat
treatment can be a useful method to improve the magnetic properties of these materials
by reducing internal stresses. Relaxation of internal stress or application of external stress
causes a change in the magnetoelastic energy, a feature that has been exploited to improve

the magnetic responses, which is presented in this thesis.
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DEVELOPMENT OF EXPERIMENTAL SET-UP

2.1 Magnetization measurement set-up

2.1.1 Construction of an air-core Solenoid

For low field magnetic measurement (below 1000 G), air-core solenoid is very suitable and
can be constructed easily by winding insulated copper or aluminium wire on a cylinder
made of any insulator. The field (in Oe) produced at any point on the axis can be

calculated using the expression,
2mnl
10

where n and I are the number of turns/cm and current (in ampere) respectively. The

H—

(cosby — cosby) (2.1)

angle 6; and 0y have been shown in Fig. 2.1(a). Magnitude of the field can be increased
(a) by increasing the number of turns/cm and the layers which are limited by the power
supply available in the laboratory and

(b) by increasing the current through the wire, which is limited by the heat generated
because this can damage the insulated coating of the wire.

So, all these parameters should be optimised. On the other hand, for a solenoid of finite
length, homogeneity falls off rapidly on both sides of the centre which can be increased
by increasing length and decreasing the diameter. But longer solenoid results higher
resistance which is unwanted. So, the homogeneity of a sufficiently short solenoid (~
20 cm) can be increased by using compensating coil at the two ends of the solenoid.
Considering the above facts a solenoid along with the compensating colis at the two ends,

have been constructed by winding copper wire on an insulator as shown in the Fig. 2.2
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Figure 2.1: (a) Figure for solenoid field calculation (b) Geometry and dimensions of the
main and compensating coil of the solenoid (c¢) Magnetic field due to the main coil (green
dash and dot line), the compensating coil (blue dotted line) and the resultant of the above
two (red solid line).

with the indicated dimensions (Fig. 2.1(b)).
The magnetic field due to the main coil, the compensating coil and the resultant of the
above two have been shown in Fig. 2.1(c). A maximum of 0.2 % field inhomogeneity has

been observed within 10 cm central zone of the solenoid.
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Figure 2.2: Photograph of the constructed solenoid along with the compensating coils at
the two ends.

2.1.2 Construction of a Helmholtz coil

A Helmholtz coil has been constructed for producing a homogeneous magnetic field in its
centre as shown in Fig. 2.3 with the indicated dimensions. The magnetic field is directly
proportional to the number of turns in the coils and the current applied to them. Here
the parallel pair of identical circular coils are spaced one radius (r =25 c¢m) apart and
wound in such a manner so that the current flows through the coils in the same direction.
This winding gives a very uniform magnetic field between the coils with the primary
component parallel to the axes of the two coils. This uniform field is the resultant of the

addition of the two field components parallel to the axes of the two coils. The magnetic
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(a) (b)

Figure 2.3: (a) Geometry and (b) dimensions of the constructed Helmholtz coil.

field strength, H along the axis, generated by a given AC or DC current through the pair

of coils is given by

NI

where, H is in oersteds, IV is the number of turns per coil, I is the coil current in amperes
and R is the coil radius in centimeters. For Helmholtz coil with extended cross-section,
the dimensions & (here it is 2.15 cm) and 7 (here it is 2.0 cm) should be in the ratio
of £/m = 1.0776 for maximum field uniformity. The magnetic field generated by this
Helmholtz coil is 10.55 Oe/ampere. Only 0.1% inhomogeneity in magnetic field within
the central portion of the coils (~ 10 cm) has been observed.

The photograph of the constructed Helmholtz coil is shown in Fig. 2.4.
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Figure 2.4:

Photograph of the constructed Helmholtz coil.
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2.1.3 Experimental set up for measuring different magnetic properties of
soft magnetic materials

The magnetic properties of a material is mainly characterized by measuring the quanti-
ties like initial susceptibility, coercive field, saturation magnetization, anisotropy energy,
remanent magnetization etc. and they can be determined if we can plot the anhysteretic
or normal M vs H curve and hysteresis loop of that material. The usual methods of
measuring magnetization can be divided into three classes: (1) measurement of the force
acting on the magnetic specimen, (2) measurement of the magnetic field produced by
the sample and (3) measurement of the voltage or current induced by electromagnetic
induction. Most of the results on magnetic properties, given later in this dissertation,
have been measured by fluxmetric method which belong to the third category and is very
suitable for measuring various magnetic propertis of soft ferromagnetic materials.

The magnetization value of amorphous magnetic materials were measured as a function
of dc magnetic field H and at different external tensile stresses ¢ by fluxmetric method.
Fig.2.5 shows the block diagram of the experimental set-up for measuring both a.c. and
d.c. M-H curves. The sample is placed symmetrically in one of two identical secondary
coils which are in series opposition for the cancellation of signal in absence of any sample.
The coils were located coaxially within a long solenoid producing a homogeneous field
along the length of the sample. The flux in presence of the sample is measured with
an integrating fluxmeter (Walker Scientific MF-3D). The MF-3D is a precision electronic
integrating fluxmeter which measures the magnetic flux coupling within a coil or loop of
wire. It integrates the volt-second signals induced across a coil, by the flux coupling to
the coil. The output is representative of the change in flux coupling during the integrat-
ing period. Each magnetic line (Maxwell), in linking a conductor induces in it a 107%
volt-second impulse. For a coil of N turns, the signal input received is N¢ Maxwell-turns

or N¢10~® volt-seconds. Therefore the induced voltage in presence of the sample is

do g
V =N-—10 2.3
o (2.3)

The flux can be expressed as AB where A is the area of the coil in which a flux density B
is experienced, and the input impulse becomes, NAB10~8 volt-seconds. By virtue of the

heavy feedback employed in the integrator, its input impedance appears as the resistance
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Figure 2.5: Block diagram of the experimental set-up for measuring a.c. and d.c. hys-

teresis loops.
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Figure 2.6: Photograph of the experimental set-up for measuring hysteresis loops.

value set in on the decade dial. A current, 1\7—}’3310_8 ampere-seconds flows in this resistor
and is constrained by the feedback to flow solely into the integrating capacitor which is
free to move in voltage only at the output terminal. From the relationship, voltage equals

charge (ampere-seconds) divided by capacitance, we obtain the output voltage (in volts)

No_ o NAB_ ¢
=_"1 S —— 2.4
v RC 0 RC 0 (2:4)

The value of R (2) is 100 times the setting of the decade dial, and the value of C' (farad)
is 1077, 107% or 1075, depending on the range selected. This integrated voltage which is
proportional to the magnetization of the sample was recorded as a function of the voltage
proportional to the magnetic field produced by the uniform solenoid. These voltages
corresponding to M and H are recorded in two respective Digital Multimeters (Agilent,
34401A) and then plotted in the computer using a program in Labview. M-H curve of the
sample is finally obtained after calibrating the values of these voltages. Fig. 2.6 shows

the photograph of the experimental set-up for measuring hysteresis loops.
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Figure 2.7: Photograph of the experimental set-up for studying stress dependent magne-

tization measurements.

Stress dependent hysteresis loops were studied by applying external tensile stress, by
loading one end of the sample and keeping the other end fixed as shown in Fig.2.7. For
investigating the effect of stress in GMI and MBN study, tensile stresses were applied along
the length of the samples as shown in Fig.2.8. The magnetic properties of the sample
such as coercive field, anisotropy field, saturation magnetization, remanent magnetization

were measured from the hysteresis loop.
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Figure 2.8: Photograph of the experimental set-up for applying stress to various amor-

phous samples used in stress dependent GMI and MBN study.
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Figure 2.9: Photograph of the experimental set-up for measuring giant magne-
toimpedance.

2.2 Giant magnetoimpedance measurement set-up

The impedance of the samples were measured by a Precision Impedance Analyzer (Agilent
4294A, 40 Hz 110 MHz) as shown in Fig.2.9 The frequency of the ac current was varied
up to 12 MHz and its magnitude was kept fixed at 1 mA. A Helmholtz coil system was
used to apply a dc magnetic field (maximum value ~ 140 Oe) along the axis of the sample
during impedance measurement. The axis of the sample as well as that of the Helmholtz
coil was kept perpendicular to the direction of the earths magnetic field. Axial tensile

stresses were applied to the samples (by loading one end of the sample and keeping the
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other end fixed) for studying the effect of stress on magnetoimpedance. The percentage
change of MI with applied magnetic field was calculated from Eqn. 1.7

The asymmetry between the two peaks of GMI profile in the amorphous C'ogg 15 F'€4.355712.5B15
wire has been developed by passing a dc current I;,.=5 mA through the sample during
GMI measurement. For investigating the effect of heat treatment in presence of a circular
magnetic field in glass-coated amorphous (Cog g3 F'eg7)63 Ni10Si11 Big microwire, a dc cur-
rent with amplitude, I, = 50mA has been passed through the sample for various time
duration, Ty, starting from 5 minutes to 35 minutes. To study the effect of short duration
heat treatment, current pulses (square wave) f amplitude ~ 100 mA and each of duration

of ~ 12 seconds (generated by 555-timer IC) were sent through glass-coated amorphous

008372M7”L7,6SZ‘5,833'3 microwire.

2.3 Magnetic Barkhausen Noise set-up

Generation, detection and analysis of Barkhausen noise were accomplished using a home-
fabricated Barkhausen noise experimental set-up as shown in Fig.2.10 The instrument
consists of a Helmholtz coil for applying a time varying magnetic field to the sample to
generate Barkhausen noise. The signal to the Helmholtz coil was produced by a 15 MHz
Function/Arbitrary Waveform Generator (Agilent-33120A) and amplified by a Bipolar
Operational Power Supply/Amplifier (Kepco, BOP 72-3M). The sweep field frequency
was set at various frequencies from the waveform generator (4 Hz and 12Hz). Barkhausen
noise was detected using a pick-up coil wound around the sample located at the centre of
the Helmholtz coil, with the sample aligned parallel to the direction of the magnetic field.
The signal from the pick-up coil was amplified by the Low-noise preamplifier (Stanford
Research Systems, Model SR560), passed through a band-pass filter and then collected
to a personal computer. Fig. 2.11 shows the photograph of the experimental setup for

measuring MBN.
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Figure 2.10: Block diagram of the experimental set-up for measuring Magnetic

Barkhausen noise.
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Figure 2.11: Photograph of the experimental set-up for measuring Magnetic Barkhausen

noise.
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Figure 2.12: Block diagram of the experimental set-up for measuring surface Magnetic
Barkhausen noise.

The block diagram of the experimental setup developed for the surface MBN mea-
surement is shown in Fig. 2.12. A magnetic field, which is sufficient for the technical
saturation of the sample, is generated by passing a 4 Hz or 12 Hz sinusoidal current
through a U-shaped ferrite core. A small pick-up coil is placed between the two pole
pieces of the U-core magnet to detect the MBN signals. Fig. 2.13 shows the photograph
of a U-shaped ferrite core along with the pick-up coil placed between the pole pieces of
the core. The signal from the coil is preamplified, filtered using a bandpass filter and then

fed into a personal computer.
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Figure 2.13: Photograph of a U-shaped ferrite core with the pick-up coil placed between
the pole pieces of the U-core magnet used for measuring surface Magnetic Barkhausen
noise.

Only those voltage signals above a certain threshold were considered in the analysis. The
MBN energy denoted by Ej/pn is calculated by integrating the square of these voltages

w.r.to time i.e.,
Eypy = Z/‘/i2dt (2.5)
i=1

where the time integral is over each event and the summation is taken over all N measured
events. For this purpose, a computer program has been developed.
For investigating the effect of stress, tensile stresses were applied along the length of the

samples, where tensile stress was applied by hanging various loads from one end keeping
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the other end fixed. Angular dependent MBN measurements were performed by varying
the orientation of the magnetic field w.r.to the axis of the sample from 0° to 360° at

intervals of 10°.

2.4 Set-up for Flash annealing

The physical properties of metallic glasses are very sensitive to the thermal tratment
because of their metastable state. The extent of change in these magnetic materials
depend on both the temperature and duration of annealing. It has been observed that
a short duration heat treatment can be used more effectively than the prolonged one to
relieve the internal stress of the samples. The short duration heat treatments can be given
either by allowing an electric current of large amplitude to pass through the sample for a
very short duration of time called flash annealing or by irradiating the sample by infrared
light pulses.

The experimental set-up for flash annealing has been shown in Fig. 2.14. The one-shot
square wave pulse is generated by the 555 timer IC. It triggers itself and work as a free
run multivibrator. When power is first applied to the circuit, the external capacitor (C')
will be uncharged, therefore both the trigger and threshold inputs will be near zero volts.
The lower comprator sets the control flip-flop (built inside 555 timer IC) causing the
output to switch high. That also turns off transistor T1 (built inside 555 timer IC) This
allows the capacitor to begin charging through R; and R,. As soon as the charge on the
capacitor reaches 2/3 of the supply voltage the upper comparatorwill trigger causing the
flip-flop to reset. That causes the output to switch low. Transistor T1 also conducts. The
effect of T1 conducting causes resistor Ry to be connected across the external capacitor.
Resistor Ry is effectively connected to ground through internal transistor T1. The result
of it is that the capacitor now begins to discharge through R,. As soon as the voltage
across the capacitor reaches 1/3 of the supply voltage, the lower comparator is triggered.
That again causes the control flip-flop to set and the output to go high. Transistor T1
cuts off and again the capacitor begins to charge. This cycle continues to repeat with the
capacitor alternately charging and discharging, as the comparators cause the flip-flop to

be repeatedly set and reset. The resulting output is a continuous stream of rectangular
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Figure 2.14: Block diagram of the experimental set-up for flash annealing.
pulses.

The charging time (output high) is given by
t, = 0.693(R; + Ry)C (2.6)
and the discharging time (output low) is given by
ty = 0.693RyC (2.7)

The duration of the pulse can be varied from the fraction of a second to a few seconds by
changing the resistance R; and external capacitor C' and the amplitude can be changed by
varying the supply voltage V. The current pulse was amplified by a Bipolar Operational
Power Supply/Amplifier (Kepco, BOP 72-3M) and finally sent through the sample. Fig.
2.15 shows the photograph of the experimental set-up for flash annealing.
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Figure 2.15: Photograph of the experimental set-up for flash annealing.
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GIANT MAGNETOIMPEDANCE IN
AMORPHOUS MAGNETIC MATERIALS

3.1 Introduction

Magnetoimpedance (MI) is the change of both the real and imaginary components of
total impedance of a magnetic conductor (usually ferromagnetic) upon the application of
an external static magnetic field, Hz.. When an alternating current is applied to these
conductors, their impedance Z = R + jwL changes sensitively with the change in biasing
dc magnetic field (Hg.), where R and L are the resistance and inductance of the conduc-
tor and j = /—1. Giant magnetoimpedance (GMI) is the huge change in the material’s
complex impedance under the application of an external magnetic field. This externally
applied magnetic field induces drastic variations in the effective complex magnetic per-
meability of the material. This variation in the effective complex permeability within the
material causes variations in the internal fields and electrical current density and hence
on the material’s complex impedance. GMI effect depends sensitively on the frequency of
the alternating current flowing through the sample. It is also strongly dependent on the
magnetic anisotropies and domain configuration of the sample. The percentage change of

MI with applied magnetic field is calculated by using the expression

AZ Z(H)— Z(Hpmaz)

—— =100
A [ Z(Hmaz)

] (3.1)

whereZ(H) and Z(H,,.,) are the magnetoimpedance for any magnetic field (H) and for

the maximum applied magnetic field (H,,,.) respectively.

40
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Magnetic field dependence of the complex impedance of a ferromagnetic wire was first
observed long time back by Harrison et. al. [68], [69]. Giant magnetoresistance effect
(GMR) was observed in amorphous Cogg 1 F'eq4S%195B15 wire which was enhanced in the
presence of stress by Mandal et.al. [81]. Panina et. al. observed giant magnetoinductive
(at low frequencies, 1 -10 kHz) and giant magnetoimpedance (at high frequencies, 0.1 -
10 MHz) effects in FeCoSiB amorphous wires[70],[71]. GMI measurements as functions
of axial magnetic field and ac frequencies for Fey3C04825712.5B15 wire and ribbon were
studied extensively by Beach et. al. Panina and Mohri and Beach and Berkowitz [72],[73]
explained GMI effect using classical skin effect. Machado et. al. observed similar effect
in FeCoSiB thin films [82] during that period. Since then GMI effect has been studied ex-
tensively in amorphous wires. A maximum change in magnetoimpedance of 180% for the
former and 300% for the latter wire is reported here [83]. Vazquez et. al. have reported the
field dependence of GMI in amorphous Cogg 1 F'e44S1125B15 wire after current annealing
(1 minute, 0.5 A) under different values of stress [84]. Knobel et. al. [85]have studied the
effect of stress on GMI in positive and negative magnetostrictive amorphous wires of com-
positions Fey gCo71.8NbygSi75B15 and Cogg 1 Feq45119.5B815 respectively for two different
frequencies (f = 5 kHz and 100 kHz). Chen et. al. [86] have calculated the impedance
of a metallic soft magnetic wire with periodic circular domains related to domain-wall
displacements and compared with the classical model relevant to domain magnetization
rotations. Frequency dependence of GMI in amorphous Cogs 15F€4.355%12.5B15 wire in
presence of external stress is studied extensively by Mandal et. al. [87] to understand the
contributions to GMI from two different domain regions i.e. inner core (IC) and outer
shell (OS). Here it is shown that the OS with transversely oriented magnetization con-
tributes mainly to GMI.

Giant magnetoimpedance effect is studied extensively in microwires [88] - [91], thin films
[92] - [94], ribbons [93],[95],[96], sandwich structures [97],[98], nanocrystalline materials
[99],[100], commercial materials such as mumetal [101] among others. The study of GMI
effect in these varied materials is due to its potential technological applications in the
design of tiny magnetic recording heads and micromagnetic sensors [84],[95], [102].

The origin of GMI is different in various frequency regions of the exciting alternating

current [75],[104]. For a conductor in an external magnetic field with a varying frequency,
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w, the magnetic field penetrates into the conductor and induces in it a variable electric
field. This field creates current in the conductor known as Eddy currents. The magnetic
field penetrates into the conductor to a distance ¢, given by,

2

5:

(3.2)

2mowt
where o and p are the electrical conductivity and circumferential permeability of the
conductor . From Maxwell’s equations of electromagnetic field we can write for a varible
magnetic field with frequency w,

dmicwH
2

V2H = — (3.3)

c
For two limiting cases of penetration depth, ¢ :
(a) When § is very large (i.e. for low frequencies) then to a first approximation we can
write,

V2H =0 (3.4)

Therefore the magnetic field distribution will be same as it would be in the steady state.
(b) When ¢ is very small (i.e. for high frequencies) the magnetic field penetrates only into
a thin surface layer of the conductor. This phenomenon is known as the skin effect.
Therefore depending on the frequency of the exciting alternating current through the
samples, the origin of GMI can be broadly classified in three different regions.

(i)Low frequency region (~ kHz) :

The change in magnetoimpedance is only due to the inductive part which is known as
magnetoinductance [70]. When an alternating current [ = Ipexp (—iwt) flows through a
circular wire of length [, a circular magnetic field H, is developed within the wire which
magnetizes the wire in circular direction. This circular magnetization affects the voltage
across the wire ends. When the skin effect is negligible i.e. at low frequencies this voltage

across the ends of the wire is given by,
Vo =RI+ < E.(r) >1 (3.5)

where R is the resistance of the wire and < E,(r) > is the averaged electric field due to
the change in the circular magnetization from the circular magnetic field,

o1
Hy= " (3.6)

ca?
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The averaged electric field is given by,

B = -2 A 2r'po(r) (3.7)

c? a?

where a is the radius of the wire. p, = dBy/dH, is the circular differential permeability.
Writing V' = Z(w)I and averaging < E.(r) > [ over the cross section of the wire, Eq. 3.5
reduces to

Z(w) =R — z‘(%)Li (3.8)

where Z(w) is the the complex impedance and L; the internal inductance of the wire given
by,
r /
Li=2l< / B g > (3.9)
0 a

w is the angular frequency of the alternating current, c is the velocity of light and i = /—1.
When an additional dc magnetic field is applied along the wire axis the circular component
of magnetization and the circular permeability changes giving rise to a large change in
the total voltage and Z(w) changes accordingly. Therefore it follows from above that at
low frequencies, the field dependence of the impedance is attributed to its inductive part
which is simply proportional to the circumferential differential permeability.

(ii)High frequency region (~ MHz) :

Huge change in magnetoimpedance i.e. GMI is observed which is due to the change in
magnetic penetration depth in the sample caused by the changes in the effective magnetic
permeability in presence of an externally applied magnetic field [70], [72]. In the high
frequency region (500 kHz to a few MHz) the change in the impedance of the sample in
presence of an external magnetic field depends on its skin depth which in turn depends on
the permeability of the sample. The origin of GMI in this frequency range can be explained
with the help of classical electomagnetism. When the frequency of the alternating current
flowing through the sample is quite high (~ MHz), the cross-section through which the
current flows is reduced due to the generation of eddy current and consequently the
current flows through a thin sheath near the surface of the sample due to skin effect. From
classical Maxwell’s equations of electrodynamics, the ac impedance Z for any frequency of
a straight wire of radius a and electrical conductivity o can be obtained as follows [105].
For this linear circuit containing a variable emf, £(¢), resistance R and inductance, L the

total power can be divided into two parts. From the law of conservation of energy, the
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total power, €(t).J is equal to the change in the magnetic field energy outside the wire and
the other is the total energy consumed inside the wire (it is the total energy flux entering

the wire through its surface per unit time), where J is the current density.

d L.J? c
() + - [EH2mal] (3.10)

e(t) =

where, L., a and [ are the external part of the self inductance, radius and length of the
wire respectively. F and H are the electric and magnetic fields at the surface of the wire.

Solving above equation we get,

L, 1
eJ = —JZ—{—F —FEHcal

L. dJ 1_2J
= S+ oE
Jdt (Ca)cal

L.
= —JZ—‘] + EJI

L.dJ
e = 2 + Bl

(3.11)

putting J = Jye ™! and € = Z.J, we get
Le d —iwt
g = gE(Joe ) + El

L., .
ZJ = g(—zw)JjLEl

(3.12)

where, H = ==
Let us now calculate the electric field, E and magnetic field, H when current flows through
the wire. The electric field is parallel to the axis and the magnetic field is in a plane per-

pendicular to the axis of the wire. From Maxwell’s equations,

-1 0B. -1 0H

—(5p) = —nl5) (3.13)

VxE=
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VxH=—""= (3.14)
c c
(3.15)
Therefore, from above two equations,
- - o —pn 0, = = —u O AncE
E)y=—— H)=——
Vo (VxE) c@t(vx ) c@t( c )
Since V.E = 0, therefore
L 4mo OE
2
E—-_2(ZZ=
v c? ( ot )

Since in a variable field with frequency w, all quantities depend on time through a factor

e~ ™! therefore above equation becomes,

V2F AmiowE

2
In cylindrical polar coordinates with z-axis along the axis of the wire, the only non zero
component of E is E, which depends only on r. For a periodic field with frequency w we

can write,

10 0E. =

_ Lk _ e
where, k = ~* and § Toeos

The solution of this equation which remains finite at r = 0 is,
E=E, = AJy(kr)e ™" (3.16)

where Jj is the zero order Bessel function and A a constant.

The circumferential magnetic field, H, = H is calculated from the electric field by Eq.3.13

)

wH N OFE
= E)y=—"= 1
o = (VxE)y=—— (3.17)
since Jj(z) = —J1(z), we get
Ck —iwt
H=A—J(kr)e (3.18)
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. |4mot

H=—-Ai

» Jy(kr)e ™t (3.19)

putting these values of E' (Eq.1.16) and H (Eq.1.19) in the expression of Z we get,

—iwlL A —iwt
7= Jo(kr)e™ (3.20)
¢ — Ai\ /259 ], (kr)e—iet
solving further above equation reduces to
—wlL,
Z = = + Ryclkado(ka) /271 (ka)] (3.21)

At high frequencies where L. can be neglected the impedance of the wire is given by,
Z = Ry.|kado(ka)/2J,(ka)) (3.22)

where Ry, is the dc resistance of the wire, J; is the ith order Bessel function and ¢ is the
skin effect penetration depth.Here f and p, are the frequency and circumferential perme-
ability respectively. At a particular frequency, application of an external dc magnetic field
changes the circumferential permeability, 114 and therefore the penetration depth which
in turn changes the magnetoimpedance untill the value of § reaches the radius of the sam-
ple. In the case of strong skin effect (a/6 >> 1), the high frequency expansion of Eq.1.4
gives Z o< (fug)'/?

ignored , the impedance of the wire is proportional to the sqare root of circumferential

. Therefore in the high frequency region, when skin effect cannot be

permeability. GMI effect can be achieved when the penetration depth is very small in
absence of any external magnetic field which though can be increased with application of
a dc magnetic field. High value of current density, large circumferential permeability and
low value of resistivity gives small penetration depth in absence of any external magnetic
field and hence to a large change in MI.

(iii) Very high frequency region (~GHz) :

Noticeable change in impedance of the sample is observed because of a large increase in
circumferential permeability due to ferromagnetic resonance (FMR) [106] - [108], [110] -
[112]. FMR occurs when samples are simultaneously subjected to a longitudinal static
magnetic field and a perpendicular oscillating magnetic field. The frequency for ferro-

magnetic resonance for cylindrical (wire-shaped) samples is given as [113]

wy = Y(H + M;/2p0) (3.23)
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where v and M; are the gyromagnetic constant and saturation magnetization respectively.
Considering H = Hy + H(t) where Hy and H(t) are the static and oscillating magnetic

field, the resonant frequency for a thin ferromagnetic film can be written as [108]
Wy = Yo Ho(HO + MS) (324)

At this resonant frequency permeability increases drastically with a corresponding de-
crease in skin depth. For a particular angular frequency, w and magnetic field, H around
resonance, changing the applied magnetic field reduces the permeability resulting in a
corresponding change in GMI.

Considering the permeability to be a tensor quantity, the electric field (which determines
the voltage) and the magnetic field (which determines the current) is defined through the
surface impedance tensor. The voltage induced from a ferromagnetic sample in terms of

tangential electric field, e and magnetic field h at the surface can be written as [109],
e =<¢(h x n) (3.25)

where ¢ is the surface impedance tensor and n is a unit vector along the inward normal
to the surface. The components of the surface impedance tensor can be determined from

the above equation as [123],
e¢ = _ggpgphz + Cgpzhgp (326)
€, = _gchhz + §zzhfgp (327)

The voltage determining the GMI can be measured either across the wire ends (V) or in

the external coil wound around the wire (V,) as given below

21
Vo= el =(—Gohe + 6 ) (3.28)
92
Ve = (—Spph: + §@Z£)27mal (3.29)

where hy, = 2 is the induced field due to the alternating current, i = ipezp(—jwt) in the
wire, c¢ is the velocity of light, [ and a are the length and radius of the wire respectively
and n is the number of coil turns per unit length. The longitudinal diagonal component
¢.. defines the voltage drop along the wire and corresponds to the impedance defined in

the classical model,

Szz = (330)
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The off-diagonal components ¢,,, and ¢, and the circumferential diagonal component ¢,
arise from cross-sectional magnetization processes. The off-diagonal components <., and
Sp-» determined by measuring the coil voltage when the wire is excited by ac current or
measuring the wire voltage in presence of ac axial magnetic field are responsible for asym-
metric GMIL.

Asymmetric GMI behaviour in magnetic materials is being studied extensively because
it can be very useful in sensor devices. In principle, asymmetric GMI (AGMI) effect can
be studied by using a dc bias field or by passing a dc¢ current through the sample. Other
mechanisms of AGMI can be due to ac bias field and due to exchange bias. The resul-
tant of circular magnetic field due to the ac current and the applied dc magnetic field
generates a helical induced anisotropy giving rise to the asymmetry in GMI peaks. There
are several reports on asymmetric GMI in microwires, wires, twisted wires and ribbons
biassed by dc current [114], [87],[115],[116],[117]. The comination of the external static
magnetic field and dc biased current applied along the wire generates an effective helical
field on the sample. This leads to asymmetric GMI with respect to the sign of the static
aplied field. Panina et. al. have analyzed the mechanism of asymmetric GMI in wires
and twisted wires using surface impedance tensor[124] - [125]. They have shown that the
diagonal component of surface impedance tensor i.e. ., (responsible for GMI) becomes
asymmetric when a circumferential dc magnetic field is applied to the sample.

Soft ferromagnetic materials such as Co or Co-Fe rich amorphous or nanocrystalline alloys
have been studied in great detail for their use in GMI applications. These materials are
characterized with high permeability and low coercivity which makes them most applica-
ble for developing magnetic read heads, storage devices, magnetic sensors etc. Due to the
absence of crystal structure, magnetoelastic anisotropy is the main source of aniosotropy in
these amorphous magnetic materials. During the preparation of these materials by rapid
quenching from the molten alloy, internal stresses are generated, which in turn develop
magnetoelastic anisotropy energy. Therefore these frozen-in internal stresses developed
during their preparation or the application of an external stress affect the magnetic prop-
erties of these materials to a significant extent.

Amorphous wires produced by in-rotating-water quenching technique has an unique dis-

tribution of internal stress. When the molten alloy hits the water, the outer shell solidifies
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first as the surface layer has maximum contact with water. Later, when the inner core
solidifies, a radial tension is developed due to shrinking of the core. Due to this differential
cooling process, the radial tension thus created increases towards the center of the wire
resulting in axial tensile stress at the inner region. Thus the internal stress distribution
produces two distinct regions in the amorphous wires - one is the inner core where a tensile
stress exists and the other is an outer core where a radial directional stress is present. The
transition from longitudinal to transverse stress distribution is expected to occur gradu-
ally over a few atomic layers. the volume of the inner and outer core regions depend very
much on the magneto-elastic coupling of the sample. These two internal stresses are long
range in character and plays a predominant role in determining the domain structure.

For a positive magnetostrictive system like F'e;7 55775 B1s the axial tensile stress produces
an axial domain (inner core) whose magnetization orients almost parallel to the axis.
Similarly, the radial stress produces a domain structure where the magnetization is per-
pendicular to the axis. In order to reduce the magnetostatic energy, the domain structure
in as-quenched amorphous wire should be such that the direction of magnetization within
each domain is either parallel to the wire axis in case of positive magnetostrictive sample
or perpendicular to it in case of negative magnetostrictive sample. So, it is expected that
a wire with a very small negative magnetostrictive coefficient (C'ogs 15F'€4.355712.5B15) has
a bamboo shaped domain structure and the direction of magnetization is circumferen-
tial in each domain and opposite to each other in consecutive two domains. In case of
wire shaped samples with vanishing magnetostriction, the domain structure consists of a
single-domain core (termed as inner core, IC) having magnetization direction close to the
wire axis and a multidomain external shell (termed as outer shell, OS) with transversely
oriented magnetization (radial and circular for positive and negative magnetostrictive
samples respectively) [70], [126] - [128] . The predicted domain structures of a positive

and a negative magnetostrictive sample are shown in Fig. 3.1 and Fig. 3.2 respectively.
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Figure 3.1: Possible domain structure of a positive magnetostrictive wire-shaped amor-
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Figure 3.2: Possible domain structure of a negative magnetostrictive wire-shaped amor-
phous magnetic material.
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Interesting properties exhibited by wire-shaped amorphous materials depend on their
domain structures as well as on the volume fraction of IC and OS of these domains.
In the present chapter, we have therefore, studied the frequency dependence of magne-
toimpedance of amorphous Cogg 15F'€4 3557125 B15 wire in presence of various tensile stress

to understand the contributions to GMI from different domain regions.

3.2 Giant magnetoimpedance in amorphous Cogg 15F'€4.355%12.5 B3

wire

3.2.1 Experimental Details

The sample used in the measurement of magnetoimpedance is an amorphous wire with
composition Cogg 15F'e4.355112.5B15 having a diameter of 125 ym and length 12 cm. Fig.
3.3 shows the Scanning Electron Microscopy (SEM) image of amorphous
Cogs.15Fe4.355112.5B15 wire. The impedance of the sample was measured by Precision
Impedance Analyzer (Agilent, 4294A, 40 Hz - 110 MHz) (as described in Chapter 2) .
The frequency of the ac current was varied up to 11 MHz and its magnitude was kept fixed
at 1 mA. A Helmholtz coil system was used to apply a dc magnetic field (maximum value
~ 140 Oe) along the axis of the sample during impedance measurement. The axis of the
sample as well as that of the Helmholtz coil were kept perpendicular to the direction of
the earth’s magnetic field. Axial tensile stresses up to 285 MPa were applied to the wire
for studying the effect of stress on magnetoimpedance. The percentage change of MI with
applied magnetic field is calculated by using Eq.(1.7) and the maximum applied magnetic
field is 140 Oe. The asymmetry between the two peaks of GMI has been developed by
passing a dc current, I;. = 5 mA through the sample during GMI measurement. The
hysteresis loops of the sample have been measured under different axial tensile stresses and
at different frequencies by induction method using an integrating flux meter (as described
in Chapter 2 in detail).
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Figure 3.3: Scanning Electron Microscopy (SEM) image of amorphous
Cogs.15F'€4.355112.5B15 Wire.
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3.2.2 Results and Discussions

Stress dependence of giant magnetoimpedance (GMI) is studied for negative magnetostric-
tive amorphous wire of composition Cogg 15F'€4.355%12.5 B1s with frequencies upto 11 MHz.
Here we have reported the frequency dependent GMI of the wire in absence of any ex-
ternal stress as well as for stresses 48 MPa and 285 MPa applied along the length of the
wire.

Fig. 3.4 shows the field dependence of percentage change of magnetoimpedance of
Cogs15Fe4.355712.5 B15 amorphous wire at 0.0325, 0.1825, 0.8725, 5.05 and 11.0 MHz in
the absence of any external stress. A sharp rise in GMI is observed for Hy. close to 0

when the frequency is less than 1 MHz. Field sensitivity of GMI is given as,
s=(1/AH)(AZ/Z) (3.31)

where 2(AH) is the full width of the magnetic field at half maximum of AZ/Z(%). At
0.0325 MHz the maximum field sensitivity of GMI is 130 %/QOe, and at 0.8725 MHz, it is
70 %/QOe. For better understanding, the GMI value at low field has been taken at very
small intervals of Hy. and shown in Fig. 3.5 for the five above-mentioned frequencies. At
0.0325 MHz, only one peak is observed at Hy. ~ 0, whereas at 0.1825 MHz, two peaks
are observed at Hy. = % 0.27 Oe (termed as H,). The position of peaks shifts towards
higher values with increase in frequencies. H, increases from + 0.45 Oe to £ 0.78 Oe due
to a change in frequency from 0.8725 MHz to 5.05 MHz. At higher frequency (11 MHz),
in addition to the two broad peaks at H, ~ 50 Oe, an additional peak is observed at Hyg.
~ 0.

The GMI properties change sensitively with stress. Fig. 3.6 shows the field dependence
of percentage change of magnetoimpedance of C'ogg 15F€4.355112.5815 amorphous wire at
0.0325, 0.1825, 0.8725, 5.05 and 11.0 MHz in the presence of an external stress, o = 48
MPa. Fig. 3.7 shows the low field GMI characteristics of the wire in the presence of an
external stress, o = 48 MPa. In the presence of an external tensile stress, the peak value
of GMI decreases. Emergence of two peak characteristics in GMI are observed for a stress,
o = 48 MPa (Fig. 3.7) in contrast to the single-peak behaviour for ¢ = 0 (Fig. 3.5 ) at
a frequency of 0.0325 MHz. Fig. 3.8 shows the field dependence of percentage change of
magnetoimpedance of the wire at frequencies 0.0325, 0.1825, 0.8725, 5.05 and 11 MHz
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Figure 3.4: The variation of percentage change of magnetoimpedance AZ/Z (%) with dc
magnetic field Hy. of Cogg15F €4.355112.5815 amorphous wire in the absence of any stress
at frequencies 0.0325 MHz, 0.1825 MHz, 0.8725 MHz, 5.05MHz and 11 MHz.
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Figure 3.5: The variation of percentage change of magnetoimpedance AZ/Z(%) with low
values of dc magnetic field Hy. of Cogg 15F €4.355112.5 B15 amorphous wire in the absence of
any stress at frequencies 0.0325 MHz, 0.1825 MHz, 0.8725 MHz, 5.05MHz and 11 MHz.
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Figure 3.6: The variation of percentage change of magnetoimpedance AZ/Z (%) with dc
magnetic field Hy. of Cogg15F €4.355112.5B15 amorphous wire in the presence of 48 MPa
stress at frequencies 0.0325 MHz, 0.1825 MHz, 0.8725 MHz, 5.06MHz and 11 MHz.
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Figure 3.7: The variation of percentage change of magnetoimpedance AZ/Z (%) with low
values of dc magnetic field Hy. of Cogg 15F €4.355112.5815 amorphous wire in the presence
of 48 MPa stress at frequencies 0.0325 MHz, 0.1825 MHz, 0.8725 MHz, 5.06MHz and 11

MHz.
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Figure 3.8: The variation of percentage change of magnetoimpedance AZ/Z (%) with low
values of dc magnetic field Hy. of Cogg 15F €4.355112.5815 amorphous wire in the presence
of 285 MPa stress at frequencies 0.0325 MHz, 0.1825 MHz, 0.8725 MHz, 5.05MHz and 11
MHz.
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Figure 3.9: The variation of percentage change of magnetoimpedance AZ/Z (%) with low
values of dc magnetic field Hy. of Cogg 15F €4.355112.5815 amorphous wire in the presence
of 285 MPa stress at frequencies 0.0325 MHz, 0.1825 MHz, 0.8725 MHz, 5.05MHz and 11

MHz.
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in the presence of an external stress, ¢ = 285 MPa. Two peak behaviour in GMI is
distinctly visible for the wire under a stress of o = 285 MPa at a frequency of 0.0325 MHz
(Fig. 3.9). At 0.1825 MHz or higher frequencies, the value of H, increases due to the
application of tensile stress. The third peak observed at f = 11 MHz and in the presence
of 0 = 285 MPa is much higher than the corresponding peak for o = 0.
The frequency dependence of maximum values of percentage change in GMIL, [AZ/Z(%)] peak,
has been plotted in Fig. 3.10 for two extreme values of stresses 0 = 0 and 285 MPa. The

4001
= —0— 0 MPa
g o — 2285 MPa
PN
AN
=
S 200 § \i\
S | ¥
| .
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- \m\@f@\
o 2 4 6 8 10 12
f(MHz)

Figure 3.10: Frequency dependence of maximum values of percentage change in GMI
[AZ]Z(%)]pear for two values of stresses o = 0 and 285 MPa.

maximum value of [AZ/Z(%)]pear is observed around 1.5 MHz frequency. The difference
between the [AZ/Z(%)]pear Values at o = 0 and 285 MPa vanishes above 6 MHz. Figure
3.11 shows the position of peaks in MI curves of C'ogg.15F €4.355712.5815 amorphous wire,

H, with frequency in absence and in presence of 285 MPa stress. The effect of stress on
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Figure 3.11: The position of peaks in MI curves, H, with frequency in absence (¢ = 0)
and in presence of external stress (o = 285 MPa) of Coggs 15F€4.355112.5B15 amorphous
wire.
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Figure 3.12: The position of peaks in MI curves, H, with stress o = 0 and 285 MPa of
Cogs.15F e4.355112.5 B1s amorphous wire upto a frequency of 8 MHz.

H, is insignificant beyond 6 MHz as observed in the case of H,, versus the frequency curve
[Fig. 3.11]. For a better understanding, peak positions of GMI for the wire is shown upto
a frequency of 8M Hz (Fig. 3.12).
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Asymmetry between the two peaks in magnetoimpedance has been developed by
passing a dc, Iz = 5 mA through the length of the wire along with the ac current
I,.. Figures 3.13, 3.14, 3.15 and 3.16 show the asymmetric magnetoimpedance of the
Cogs15Fe4.355112.5 B15 amorphous wire at frequencies 0.0325 MHz, 0.1825 MHz, 0.5275
MHz and 0.8725 MHz respectively. Percentage change in the difference between the two
MI peak heights is calculated as,

Z eakl — Z ea
[A(Zpear)]% = 100[ =722 (332)
pea

where Zpeqr1 and Zpeqre represent the two MI peak heights at a particular frequency of
I,.. Fig. 3.17 shows the frequency dependence of the percentage change in the differ-
ence between the two MI peak heights. The difference between the two peak heights is
maximum at 0.0325 MHz indicating asymmetry is more prominent at the lower frequency
region.Fig. 3.18 shows the frequency dependence of the peak positions in asymmetric
GMI of Cogg.15F €4.355112.5 815 amorphous wire.

The combination of the external static magnetic field (Hg.) and the dc biassed current
applied along the wire (I;.) generates an effective helical field acts on the wire. This is
shown by a schematic of the experimental set-up in fig.3.19. This results in the asymmet-
ric GMI with regard to the sign of the static field applied [114],[124].

The magnetization of the amorphous wire at various frequencies and at different tensile
stresses have been studied to get a better insight of the domain stucture and hence in

explaining the magnetoimpedance results.
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Figure 3.13: Asymmetric GMI of Cogg 15F'e4.355112.5 B1s amorphous wire with I;. = 5 mA
at a frequency of 0.0325 MHz
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Figure 3.14: Asymmetric GMI of C'ogg 15F'€4.355712.5 B15 amorphous wire with I;. = 5 mA
at a frequency of 0.1825 MHz
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Figure 3.15: Asymmetric GMI of Cogg 15F'€4.355712.5 B15 amorphous wire with I;. = 5 mA
at a frequency of 0.5275 MHz
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Figure 3.16: Asymmetric GMI of Cogg 15F€4.355112.5815 amorphous wire with I3 = 5 mA
at a frequency of 0.8725 MHz
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Figure 3.17: Frequency dependence of the percentage change in the difference between
two MI peak heights in case of asymmetric GMI of Cogg 15F €4.355112.5 815 amorphous wire
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Figure 3.18: Frequency dependence of the peak positions in asymmetric GMI of
Cogs.15F €4.355112.5 B15 amorphous wire
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Figure 3.19: The schematic of the experimental set-up for measuring asymmetric GMI
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Figure 3.20: The dc hysteresis loops of Cogs15F€4.355112.5B815 amorphous wire in the
absence and in presence of ¢ = 240 MPa and ac hysteresis loop at a frequency of 600 Hz

The dc magnetic hysteresis loops with ¢ = 0 MPa and o = 240 MPa and ac hystere-
sis loop at a frequency of 600 Hz is shown in Fig. 3.20. It is observed from Fig. 3.20
that the coercivity as well as the anisotropy field increases with frequency. Fig. 3.21
shows the variation of coercivity with applied tensile sress of C'ogg 15F €4.355712.5B815 amor-
phous wire. This figure clearly depicts the increase of coercivity with external tensile
stress. The amorphous wire with composition Cogg 15F €4.355%12.5B15 is slightly negative
magnetostrictive in nature [83]. It consists of a cylindrical axial inner-core (IC) domain
surrounded by an outer shell (OS) with a circumferential easy axis. The impedance of

the wire is given by Eqn.(1.22). The impedance changes sensitively with magnetic field
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Figure 3.21: The variation of coercivity with applied tensile sress of C'ogg 15F'€4.355%12.5 B15
amorphous wire

when circumferential permeability (1145) and hence the skin penetration depth (0) change
significantly with magnetic field. From the relation between § and f (=w/27), we can
calculate the frequency at which the skin depth,  becomes comparable to the radius, a
of the wire. We know that (in S.I.)

1
5 = 3.33
o] (3.33)
therefore at § = a with u ~ 10® we have
1
f= (3.34)
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giving f ~ 0.06 MHz (0 ~ 1061571 /ohm-metre, u = 471077 x 103, a = 60 p metre )
where the wire started showing GMI effect around this frequency.

The magnetization processes and anisotropy fields in the IC domain and OS of the wire
are different due to the two different domain structures. As a result of it, the field depen-
dence of MI of IC and OS does not follow the same characteristics. The circumferential
permeability, 4 from the IC is due to the rotation of domain magnetization by the circu-
lar ac magnetic field generated by the ac current and reaches its maximum value when the
applied dc magnetic field nearly compensates the axial magnetic anisotropy in the IC. The
peak value of MI due to IC is observed at the anisotropy field of IC, which is very small,
a few millioersted. On the other hand, circular magnetic field changes magnetization in
OS by domain-wall displacement. As the anisotropy field of the outer shell along the wire
axis is larger compared to that of IC, the peak value of p, of OS is also developed at
higher magnetic field resulting MI peak of OS at higher Hg..

At comparatively low frequency (Fig. 3.4), the peaks of MI originated from IC and OS
are very close to Hyz. = 0 and therefore a single peak is observed with a peak around
Hy. ~ 0 as the peaks on both sides of Hy. = 0 and those from IC and OS are hardly
distinguishable. Rotational relaxation is a faster process than the domain-wall relaxation.
As the circumferential permeability of IC is originated by rotation of magnetization only,
the GMI contribution from IC is not affected much by the increase in frequency but MI
from OS is changed drastically due to the increase in frequency. Zhukov et. al. [129] have
shown that the coercivity of Cogg 1 F'eq.45112.5B15 amorphous wire increases with square
root of frequency (f'/?) for depinned domain walls due to the development of microeddy
current. The peak position of MI of OS shifts towards higher field due to the increase
in anisotropy field with frequency. As the contribution from IC is much less than due
to OS, only the two-peak GMI pattern dominated by OS is observed. In this frequency
region, the peak value of MI increases with frequency as ¢ reduces with f. At very high
frequency of the alternating current (beyond 2 MHz) the domain wall motion in OS is
strongly damped owing to eddy currents causing reduction in MI contribution from OS
as observed above 2 MHz in Fig. 3.10 [71]. The peak positions of MI from OS are also
shifted further towards the higher values of H,. reducing its contributions at low field. As
a result, the third peak at Hy. = 0 from IC is observed [Fig. 3.4].
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The application of an external tensile stress induces a transverse anisotropy in this nega-
tive magnetostrictive sample. This induced anisotropy enlarges the fractional volumes of
domains with circular magnetization. The stress anisotropy energy (which is the magne-

toelastic energy) is given as [155],
30
Egq = 5)\80 sin” 6 (3.35)

where, A\, 0 and 6 are the linear magnetostriction coefficient, applied tensile stress and
angle between saturation magnetization (M) and applied stress respectively. Fg4 will be
a minimum i.e. equal to zero when saturation magnetization and applied stress are parallel
for a positive magnetostrictive sample. Whereas for a negative magnetostrictive sample
FEg4 will be a minimum i.e. equal to —%)\50 when M, is perpendicular to o. Application
of tensile stress along the length of this sample (which is negative magnetostrictive in
nature) will cause domain walls to move in such a way so as to increase the volume of
domains magnetized at right angle to stress, thus minimizing the anisotropy energy. The
value of transverse permeability reduces as a result of which the MI value decreases with
the increase in stress at a particular frequency [Fig. 3.10]. Due to the stress-induced
transverse anisotropy, the longitudinal anisotropy field of OS is shifted towards the higher
values (since higher magnetic field is required to saturate the sample) giving rise to a
double-peak nature in the presence of a stress instead of a single-peak behavior as observed
in the absence of any stress at the same frequency [Fig. 3.4 and Fig. 3.5]. At 11 MHz,
the magnitude of central peak with o = 285 MPa is much larger compared to that in the
absence of any stress as the contribution to MI from OS around Hy. ~ 0 is much reduced
by the application of stress. It is clear from Fig. 3.4 and Fig. 3.6 that the contributions to
MI from IC is much less than that from the OS. The linear magnetostriction coefficient,
As, can be estimated from the change in anisotropy field AHp due to the change in stress,

Ao = 285 MPa, using the expression
As = (uoMsAHp/3A0) (3.36)

The estimated value is ~ —2.36 x 10~% at 0.0325 MHz with poM, ~ 0.75 T. The resultant
of circular magnetic field due to the ac current and the applied dc magnetic field generates

a helical-induced anisotropy giving rise to the asymmetry in the two GMI peaks | Fig.
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3.13 - Fig. 3.16].

The longitudinal coercivity of the sample, H,., increases with the increase in longitudinal
tensile stress [Fig. 3.21] indicating a transverse-induced anisotropy in the presence of the
stress. This induced anisotropy hinders the domain wall motion of OS due to the longitu-
dinal magnetic field resulting the decrease in transverse permeability j4 and hence the MI
and supports our earlier explanation. The coercivity and anisotropy field of the sample
also increase with frequeny, f as observed in Fig. 3.20. The coercivity of this amorphous
wire is found to increase with f'/2 due to the development of micro-eddy current and is

in agreement with the increase in AHp.

3.2.3 Model

Amorphous wires display GMI effect due to their peculiar domain structures determined
by stress distribution caused primarily by their fabrication method [118]. The domain
structure of wire-shaped sample consists of an inner core (IC) domain having a magne-
tization direction closely parallel to the wire axis and a multidomain outer shell (OS)
with transversely oriented magnetization (radial and circumferential for positive and neg-
ative magnetostrictive samples, respectively) as mentioned earlier. Magnetic properties
as well as GMI of these amorphous magnetic materials depend on their domain structure
and volume fraction of IC and OS which are best understood by studying their magne-
tization dynamics in presence of different applied stresses [[72], [83], [85]]. For a better
understanding of the experimental results and in pursuit of better GMI materials, several
theoretical models of GMI have been developed [86], [119] - [123], [131]. These models
find an expression for the circumferential permeability and hence GMI using the structure
of domains, domain wall motion and magnetization rotation etc ([120], [122]-[131]).

Magnetic hysteresis in thin ferromagnetic films has been described by Nowak [132], intro-
ducing an additional internal field (originating from the domain structure) to the existing
Stoner-Wolfarth model. A simple model has already been developed by Menard et.al.
[131] to describe GMI effects in amorphous Cogg 15F'€4.355112.5B15 wire using the concept
proposed by Nowak. In the present paper, we have used this model to investigate the

stress dependent GMI effect in amorphous Cogg 15F'€4.355712.5 B1s wire. The effect of stress
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is incorporated by changing the IC and OS volume. This model qualitatively describes
well the GMI response to the external axial stress at different exciting frequencies. For the
estimation of circumferential permeability and its field dependence, the model considers
a core-shell domain structure of the amorphus Cogg 15F€4.355712.5815 wire. An additional
internal field having two components parallel and perpendicular to the external applied
magnetic field is taken into consideration. The magnetization of the IC and OS domains

depending on the longitudinal applied magnetic field is given by [131],

M;(H) = Mjscos|v;(H) + k| (3.37)

where v;(H) is the angle between the external magnetic field and the direction of local

magnetization expressed as,

yxff)::tan_l(ffj?lg) (3.38)

Here M is the saturation magnetization and k = 0, 1 is taken to select the appropriate
argument of the cosine function. L; and T} are the components of internal field longi-
tudinal and transverse to the direction of the applied axial magnetic field. The suffix j
for L and T denotes two different domain regions i.e. IC and OS. The circumferential

permeability of the wire is given by,

oM,
pe =1+4m oI, (3.39)
where,
M,,(H) = Msin|y;(H) + k] (3.40)

The final expression of circumferential permeability used to calculate the skin depth and

hence the field dependence of the impedance of the wire is,

H+ L
(H+L)* + 177

where H is the applied external magnetic field along the axis of the wire. The parameters

pro = 1+ 4mMscos|v;(H)]|

] (3.41)

L; and Tj are estimated from the hysteresis loops of the sample at different stresses. Using

these parameters the impedance is evaluated individually for both the IC and OS regions
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of the sample. The total impedance of the wire is the sum of the contributions from the
IC and OS domains from which we finally calculate the variation of percentage change of
magnetoimpedance (MI) with applied dc magnetic field. In this model the effect of stress

is taken into account by incorporating the increase in fractional volume of the OS at the

cost of IC and the changes in the parameters L; and 7j.

Fig. 3.22 shows the dc hysteresis loops of Cogg 15F €4.355%12.5815 amorphous wire in ab-

sence and in presence of a stress (o
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Figure 3.22: The dc hysteresis loops of Cogg 15F€4.355112.5B15 amorphous wire in absence

and in presence of o = 285 MPa.

from ~12 mOe to ~16 mOe and

Lic and Tpg related respectively

Magnetic field (mOe)

anisotropy field due to 0 = 285 MPa. The parameters

to the coercive field H¢ of IC region and the anisotropy

) of 285 MPa. This figure shows an increase of coercivity
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field Hg of OS region are calculated from the hysteresis loops of the wire in absence and

in presence of various tensile stresses [131]. Fig. 3.23(a) shows the percentage change of
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Figure 3.23: (a) Experimental (Upper Panel) and (b) simulated results (Lower
Panel) of the variation of percentage change of magnetoimpedance [AZ/Z(%)] for
Cogg15Fe4.355110.5 B15 amorphous wire in absence and in presence of a stress, o =285
MPa at a frequency of 0.0325 MHz.

MI ([AZ/Z(%)]) of the wire at low values of dc magnetic field in absence and in presence
of a tensile stress, 0 = 285 MPa, at a frequency of 0.0325 MHz. A single peak is observed
at Hdc ~ 0 Oe in absence of any stress, whereas a two-peak characteristic is observed in
presence of the stress. The peak value of GMI, [AZ/Z(%)]pear decreases with the appli-

cation of an external tensile stress. In Fig. 3.23(b) we have plotted the simulated curve of
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the variation of percentage change of MI with magnetic field in absence and in presence
of a tensile stress (o = 285 MPa) using the proposed model. Here the GMI values have
been taken at low field with very small intervals of the magnetic field in order to get a
more precise picture of the GMI peaks. In the simulated curves, two-peak behaviour is
observed for the wire in absence as well as in presence of any external tensile stress. The
figure also shows a decrease in GMI peak value and a peak shift towards higher magnetic
field with stress as observed from the experimental data (Fig. 3.23(a)) also.

As the sample is negative magnetostrictive in nature, the applied longitudinal stress de-
velops an anisotropy in a direction perpendicular to the stress. As a result, the fractional
volume of OS with domains having circular magnetization, enlarges and the anisotropy
field, when measured in the longitudinal direction, shifts towards higher values of magnetic
field. The theoretical results on stress dependent GMI effect are obtained by incorporat-
ing the change in volumes of IC and OS due to stress. Relative volume of inner core is
estimated from the reduced remanent magnetization i.e. (r;c?/a?) = M,/M, where r;c
and M, represent respectively the radius and remanence of IC [14]. Application of stress
reduces the IC volume and we have calculated impedance with reduced IC radius of the
wire in presence of tensile stress as compared to that of the wire in absence of any stress.
Applied longitudinal tensile stress increases the coercive field and anisotropy field along
the length of the negative magnetostrictive wire. In the calculation, L;c (corresponding
to the coercive field He of IC region) and Tpg (corresponding to the anisotropy field H
of OS region) are increased for the wire in presence of stress for calculating its impedance.
The experimental and simulated results on MI at f = 0.8725 MHz in absence and in pres-
ence of 0 = 285 MPa is shown in Fig. 3.24(a) and Fig. 3.24(b) respectively. The figure
shows a two-peak GMI characteristic in absence and in presence of a stress from both
the experimental as well as for the theoretical data. A decrease in GMI peak value and
a peak shift towards higher magnetic field is observed for the sample under stress. Fig.
3.25(a) and Fig. 3.25(b) show respectively the experimental and theoretical curves on the

variation of percentage change of MI with and without stress at a frequency of 11 MHz.
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Figure 3.24: (a) Experimental (Upper Panel) and (b) simulated results (Lower
Panel) of the variation of percentage change of magnetoimpedance [AZ/Z(%)] for
Cogg15Fe4.355110.5 B15 amorphous wire in absence and in presence of a stress, o =285
MPa at a frequency of 0.8725 MHz.
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Figure 3.25: (a) Experimental (Upper Panel) and (b) simulated results (Lower

Panel) of the variation of percentage change of magnetoimpedance [AZ/Z(%)] for
Cogg15Fe4.355112.5 B15 amorphous wire in absence and in presence of a stress, o =285
MPa at a frequency of 11 MHz.

An additional peak around Hy. ~ 0 is observed along with the peaks at higher values
of magnetic field in absence and in presence of an external stress (Fig. 3.25(a)). Using
the model a two-peak characteristic at low field values (Hg. ~ 0 Oe) is observed due to
IC along with the peaks at higher Hy. values due to OS in absence as well as in presence
of an external stress.

From the above study, it is clearly visible that the impedance of the wire depends not

only on the frequency of the driving current and the effective permeability but also on
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the anisotropies present in the sample. The total magnetic permeability can be separated
into contributions from magnetic moment rotation and domain wall motion in IC and
OS domain regions of the wire respectively. The peak values of MI from the IC and OS
regions occur at their respective anisotropy fields. Since the anisotropy field of the OS is
larger compared to that of the IC and the contribution to MI from OS is much higher
than that from IC, the resultant peaks in MI are observed at the anisotropy field of OS.
However at low frequency and in absence of any stress, the peaks of MI originating from
IC and OS are very close to Hy. = 0 and are not distinguishable resulting in a single peak
at Hq. = 0 (Fig. 3.23(a)). Two-peak behaviour in MI could be seen experimentally by
studying GMI at very small intervals of the field as observed from the theoretical curve
derived from the model [Fig. 3.23(b)]. It is also observed from the above study that
GMI is strongly dependent on the driving frequency of the current. GMI contribution
from OS is greater than that from IC with increasing frequency. The anisotropy field and
hence MI peaks shift towards higher values with frequency. At lower frequencies (~kHz),
the peak value of MI increases with frequency as the skin penetration depth decreases
with increasing frequency. The increase in peak value and shifting of MI peaks towards
higher field values with increased frequency is also observed using the proposed model
[Fig. 3.24(b)]. But at a very high frequency region the domain wall motion is strongly
damped due to eddy currents causing a reduction in peak value of MI. The peak positions
of MI from OS are shifted towards higher values of magnetic field and therefore additional
peaks at Hy. 0 is observed [Fig. 3.25] due to the IC.

The longitudinal external tensile stress promotes the development of transverse domains
in this negative magnetostrictive sample. Due to this stress induced transverse anisotropy,
the anisotropy field is shifted towards higher values, which gives a two-peak behaviour in
presence of stress at all frequencies. Stress induced transverse anisotropy also increases
the volume of domains with circular magnetization. With the increase in stress the value
of transverse permeability reduces and hence MI peak value decreases. This explains
the stress dependent GMI behaviour as observed in Fig. 3.23(a), Fig. 3.24(a) and Fig.
3.25(a) which can be qualitatively explained using the model [Fig. 3.232(b), Fig. 3.24(b)
and Fig. 3.25(b)]. In case of positive magnetostrictive wires and microwires [20], reverse

trend is observed, i.e., the GMI peaks comes closer on application of tensile stress. These
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characteristics can also be explained using this model with proper modifications as de-

scribed above.

3.3 Conclusions

Since magnetoelastic anisotropy is the main source of anisotropy in this wire-shaped sam-
ple the stress-induced anisotropy changes the domain structure and hence the GMI effect
to a large extent. The MI contributions from IC and OS of the wire are different. MI study
at higher frequency and under the application of stress confirms much higher contribution
of MI from OS than IC. Asymmetry between the two peaks in MI can be developed by
sending a dc current through the sample. The coercivity of the sample increases with the
increase in longitudinal tensile stress applied to the sample.

Here we have described the stress dependent GMI behaviour of amorphous
Cogg.15F'es.355112.5B1s wire at various frequencies using a simple model. Due to the ab-
sence of crystal structure, the magnetization processes of amorphous ferromagnetic wires
depend on magnetoelastic anisotropy. Therefore quenched-in and applied stresses deter-
mine their domain structure. The model assumes a core-shell domain structure consisting
of an inner core and outer shell region. Considering separate contributions from these
two regions, stress dependent GMI results at various frequencies is well understood qual-
itatively. Results obtained using the model shows a two-peak behaviour in unstressed
condition of the wire even at low frequencies which is yet to be studied experimentally.
Another important aspect of this model is that we can use this simple model with re-
quired modifications to explain stress dependent GMI phenomena in case of positive

magnetostrictive wires at various frequencies.
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EFFECT OF STRESS AND HEAT TREATMENT
ON MAGNETOIMPEDANCE IN GLASS-COATED
AMORPHOUS MICROWIRES

4.1 Introduction

In the previous chapter we have studied the frequency dependent GMI in amorphous
Cogs.15Feq.355110.5 B15 wire (negative magnetostrictive) in presence of various tensile stresses
to understand the contributions to GMI from different domain regions. The MI study
at high frequency and stress confirmed much higher contribution of MI from outer shell
(OS) than inner core (IC) domains. We were interested to verify the effect of stress and
heat treatment in positive magnetostrictive wire-shaped samples, which would show the
opposite behaviour as compared to that of the negative magnetostrictive wire. There
are many experimental and theoretical studies indicating that the OS with transversely
oriented magnetization contributes mainly to GMI. Different kinds of heat treatment play
an important role in modifying the domain structure and hence the GMI values. Heat
treatments by passing dc currents is an effective method in enhancing the MI by increas-
ing the OS volume. This motivated us to conduct a study of the effect of heat treatment
(by passing short duration current pulses and dc current with various duration) on GMI
and hence to increase its value of positive magnetostrictive microwires. Therefore, in
the present chapter frequency dependent GMI of glass coated amorphous microwire with
composition CogzoMnygSissBss and glass coated amorphous microwire with composi-

tion (Cog.o3F'ep.07)63N 1105711 B1s has been studied in detail in presence of different tensile
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stress and various heat treatments (by sending current pulses of amplitude ~ 100 mA and
each of duration 12 seconds for the former microwire and a dc current with amplitude 1,

= 50 mA for various time duration for the latter respectively).

4.2 Giant magnetoimpedance in positive magnetostrictive glass
coated amorphous Cog3sMnySi58833 microwire

4.2.1 Experimental Details

Glass coated amorphous microwire with composition CogzoMny;SisgB33 were used in
the measurement of magnetoimpedance. Fig. 4.1 shows the Scanning Electron Microscopy
(SEM) image of the glass coated amorphous Cogs o Mn76Si58B3.3 microwire. The diame-
ter of the metallic part of the sample is about 18 ym and the thickness of the insulating
glass coating is approximately 6 um. Length of the sample used in the experiment is 12 cm.
The glass-coating was removed at the two ends of the microwire, by etching carefully with
a sand paper, for the impedance measurements. The impedance of the sample was mea-
sured by Precision Impedance Analyzer (Agilent, 4294A, 40 Hz - 110 MHz). Here we have
studied both the stress dependendence and effect of heat treatment (by sending square
wave current pulses of amplitude ~ 100 mA and each of duration 12 seconds through the
microwire) of GMI at various frequencies in glass coated amorphous Cogs o Mny6Sis55B3.3
microwire. The frequency of the ac current was varied up to 10.9 MHz and 12.85 MHz
respectively (with its magnitude fixed at 1 mA) for stress and heat-treated dependence
of GMI for the sample. A Helmholtz coil system was used to apply a dc magnetic field
(maximum value ~ 140 Oe) along the axis of the sample during impedance measurement.
The axis of the sample as well as that of the Helmholtz coil were kept perpendicular to
the direction of the earth’s magnetic field. Axial tensile stresses up to 566 MPa were
applied to the wire for studying the effect of stress on magnetoimpedance. To study the
effect of heat treatment, current pulses (square wave) of amplitude ~ 100 mA and each
of duration 12 seconds was sent along the length of the sample. The current pulses were
generated by a 555-timer IC. The duration of the generated pulse was fixed to ~ 12 sec-
onds by adjusting the values of external resistance and capacitance to the 555-timer IC.

The amplitude of the pulse was amplified by Kepco Bipolar Power Supply and fixed at
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Figure 4.1: Scanning Electron Microscopy (SEM) image of glass coated amorphous
0083.2M7L7.6S7:5.8Bg.3 microwire.
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~ 100 mA. The sample was heat treated by passing different number of current pulses
with amplitude ~ 100 mA and each of duration 12 seconds. The percentage change of
MI with applied magnetic field is calculated by using Eq.(1.7) and the maximum applied
magnetic field is 140 Oe.

4.2.2 Results and Discussions

Frequency dependence of giant magnetoimpedance (GMI) in absence and in the presence
of stresses 110 MPa, 221 MPa, 331 MPa, 426 MPa and 566 MPa is studied for positive
magnetostrictive glass coated amorphous Cogs s Mny7¢S15.5Bs 3 microwire with frequencies
upto 10.9 MHz. Fig. 4.2 shows the field dependence of percentage change of magne-
toimpedance of glass coated amorphous C'ogs o MnzSisgB3.3 microwire at a frequency of
1.9 MHz in absence and in the presence of stresses 110 MPa, 221 MPa, 331 MPa, 426
MPa and 566 MPa.
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Figure 4.2: The variation of percentage change of magnetoimpedance, AZ/Z(%) with dc

magnetic field H of glass coated amorphous Cogs o Mny ¢S'is.8 B3 3 microwire at a frequency
of 1.9 MHz in absence and in the presence of stresses 110 MPa, 221 MPa, 331 MPa, 426
MPa and 566 MPa.
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At this frequency the maximum value of GMI is observed at Hyz. = 0, thus giving
single-peak characteristic for the sample in absence as well as in presence of different ten-
sile stresses. The value of AZ/Z (%) decreass with increase of applied dc magnetic field.
AZ]Z(%)]pear, decreases from 23% at o = 0 MPa to 13% at 0 = 566 MPa. At a higher
frequency, f = 4.6 MHz, single peak behaviour of GMI as a function of magnetic field is
observed for the microwire in absence as well as in presence of stress (Fig. 4.3). The peak
value of AZ/Z(%) decreases from 51% at ¢ = 0 MPa to 26% at o = 566 MPa. Single
peak GMI characteristic is observed at lower frequencies i.e. upto ~ 6 MHz. Two-peak
GMI behaviour appears at a higher frequency (above 6 MHz). Fig. 4.4 shows the field
dependence of percentage change of magnetoimpedance of the microwire at a frequency
of 7.3 MHz in absence and in the presence of external tensile stress. Two peak GMI
behaviour is seen for the sample in absence of any stress as well as for 0 = 110 MPa, 221
MPa and 331 MPa. The dip at Hy. = 0 gradually diminishes with stress and finally it
vanishes at 0 = 426 MPa and 566 MPa at this frequency. At a more higher frequency, f =
10 MHz double-peak GMI is observed for the microwire in absence as well as in presence
of external stress (Fig. 4.5). The shift in GMI peak values with magnetic field is most
prominent in case of ¢ = 0 MPa, which gradually reduces with increasing stress. The
peak value of AZ/Z(%) decreases with increasing values of applied tensile stress at all
frequencies of the ac current.

The variation of maximum values of percentage change in magnetoimpedance ([AZ/Z(%)]pear)
with frequency under different axial tensile stresses is shown in Fig. 4.6. It is clear from
the figure that the peak value of GMI decreases with increasing stress. Maximum value of
[AZ]Z(%)]pear: ~ 53% is observed at a frequency of 3.7 MHz for the sample in absence of
any stress. The maximum value of [AZ/Z(%)]pear. reduces to 26% for o = 566 MPa at f
= 4.6 MHz. The frequency dependence of GMI peak positions (AH,) for different values
of axial tensile stress is studied in Fig. 4.7. Single peak GMI characteristic (AH, = 0) is
seen for the sample at various values of stress till a frequency of 5.5 MHz. With further
increase in frequency two-peak GMI with increasing peak shift is observed for the sample
in absence of any stress. Single peak GMI changes to double-peak at f = 6.4 MHz for o
= 221 MPa and at f = 7.3 MHz for ¢ = 566 MPa respectively. The stress dependence

of maximum percentage change in magnetoimpedance at different frequencies is shown in
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Fig. 4.8. From the figure it is clear that [AZ/Z(%)]pear decreases with increasing stress.
We have also verified the influence of the magnitude of the alternating current on the
value of magnetoimpedance upto a frequency of 10.9 MHz. The magnitude of the alter-
nating current sent along the length of the microwire were 0.2 mA; 1.0 mA and 5.0 mA
(Fig. 4.9). There was almost no change in the GMI values with change in magnitude of
the alternating current for the whole frequency range. We have studied the stress and
heat-treated dependence of GMI for the microwire for 1 mA ac current.

The magnetization of the sample have been measured in presence of different tensile
stresses to understand the domain structure and magnetoimpedance results. Fig. 4.10
shows the dc hysteresis loops of glass coated amorphous Cogz o Mnz6Si55B33 microwire
under 0 MPa, 220 MPa and 440 MPa axial tensile stresses. The hysteresis loops suggest
two kinds of magnetization processes corresponding to two different domain structures
within the sample. There is a sudden large change in magnetization at very low field and
a slow variation in magnetization at higher field. The magnetization reversal in the axial
inner core domain at the switching field gives rise to large jump at low field and the change
in magnetization in the outer shell is responsible for the slow variation of magnetization.
Stress dependence of the large jump in magnetization due to inner core (jumprc) and
the change in magnetization from the outer shell (jumpog) is shown in Fig. 4.11. It is
observed that jump in magnetization due to inner core (jumpjc) increases with increas-
ing tensile stress with a corresponding decrease in variation of magnetization due to outer
shell (jumpog). Stress dependence of coercivity of the microwire is shown in Fig. 4.12.
The figure clearly shows that the application of tensile stress decreases the coercivity i.e.
increases the magnetic softness of the material. The coercivity, H. decreases from ~ 70
mQOe at ¢ = 0 MPa to ~ 50 mOe at 0 = 440 MPa. Due to the application of this tensile
stress the anisotropy field, Hy reduces from ~ 3.8 Oe to ~ 2.7 Oe. An estimation of the
linear magnetostriction coefficient, A can be calculated from the change in the anisotropy
field from ~ 3.8 Oe to ~ 2.7 Oe due to the change in applied tensile stress of o = 440
MPa by using the following formula,

A = (oM, H,y/30) x (M,/AM) (4.1)

where M is the saturation magnetization and AM is the contribution to magnetization

from the outermost shell as shown in Fig. 4.10. Considering the fact that the anisotropy
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field mainly changes the magnetization in the outermost shell of the microwire an addi-
tional factor My/AM has been incuded in the usual expression of A. Taking oM ~ 0.7

T, the estimated value of A ~ 1.0 x 1077 indicating that the sample is very low positive

magnetostrictive in nature.
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Figure 4.3: The variation of percentage change of magnetoimpedance, AZ/Z(%) with dc
magnetic field H of glass coated amorphous Cogs o Mny ¢S'is.8 B3 3 microwire at a frequency
of 4.6 MHz in absence and in the presence of stresses 110 MPa, 221 MPa, 331 MPa, 426
MPa and 566 MPa.
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Figure 4.4: The variation of percentage change of magnetoimpedance, AZ/Z(%) with dc

magnetic field H of glass coated amorphous Cogs o Mny ¢S'is.8 B3 3 microwire at a frequency
of 7.3 MHz in absence and in the presence of stresses 110 MPa, 221 MPa, 331 MPa, 426
MPa and 566 MPa.
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Figure 4.5: The variation of percentage change of magnetoimpedance, AZ/Z(%) with dc
magnetic field H of glass coated amorphous Cogs o Mny ¢S'is.8 B3 3 microwire at a frequency
of 10 MHz in absence and in the presence of stresses 110 MPa, 221 MPa, 331 MPa, 426
MPa and 566 MPa.
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Figure 4.6: The variation of maximum percentage change of magnetoimpedance,
[AZ]Z(%)]pear. With frequency under different axial tensile stresses of glass coated amor-

phous Cogz o Mnr;Si55B3.3 microwire.
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Figure 4.7: The frequency dependence of the peak positions of GMI in presence of different
axial tensile stresses of glass coated amorphous Cogs o Mny;Sis8B3.3 microwire.
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Figure 4.9: The variation of maximum percentage change of magnetoimpedance,

[AZ/Z(%))pear. With frequency for different magnitudes of alternating current of glass

coated amorphous CogsoMn7.¢Si5.8B3.3 microwire.
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Magnetic field (Oe)

Figure 4.10: The dc hysteresis loops of glass coated amorphous CogzoMnz;SisgB33
microwire under 0 MPa, 220 MPa and 440 MPa axial tensile stresses.
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Figure 4.11: The variation of jump in magnetization due to inner core (jump;c) and
the change in magnetization from the outer shell (jumpog) of glass coated amorphous
Cogz o Mny ¢Sis3Bs3 microwire under different axial tensile stresses.
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Figure 4.12: The variation of coercivity as a function of applied tensile stress in glass
coated amorphous CogsoMny7.¢Si5.8B3.3 microwire.
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The variation of magnetoimpedance of the as-quenched and heat treated (annealing
done by sending one, two, three and four current pulses respectively) microwires as a
function of dc magnetic field is shown in Fig. 4.13 for 1 mA ac current with a frequency,
f = 0.95 MHz. Single peak GMI characteristics with peak value [AZ/Z(%)]pear 8t Hac
~ 0 Oe is observed for both the as-quenched and heat treated microwires. The value
of [AZ/Z(%)]pear increases drastically from ~ 4% for the as-quenched sample to ~ 47%
when the microwire is annealed by sending four pulses. Fig. 4.14 shows the variation
of [AZ/Z(%)] with Hg. of the as-quenched and heat treated microwires for 1 mA ac
current with a frequency, f = 3.5 MHz. As-quenched sample shows a single peak GMI
characteristic with a peak value, [AZ/Z(%)]pear ~ 48% at Hy. ~ 0 Oe. However, two-peak
behaviour with increasing GMI values is observed for successive current-pulse annealed
microwires at this frequency. The maximum peak value of GMI appear at Hy. = +2.12
Oe (termed as AH,) with [AZ/Z(%)]pear ~ 129% for the four pulse annealed microwire.
The magnetic field sensitivity of GMI for the four pulse annealed sample is equal to
14.7%/0Oe at f = 3.5 MHz. Fig. 4.15 and Fig. 4.16 show the field dependence of GMI
for the as-quenched and heat treated microwires for 1 mA ac current with frequencies
7.75 MHz and 12.85 MHz respectively. Two-peak GMI characteristic is observed for the
as-quenched and heat treated microwires at f = 7.75 MHz. The MI peak positions (AH,)
shift towards higher H,. for successive heat treated sample with respect to the as-quenched
one. At f = 12.85 MHz, an additional peak at Hy. ~ 0 Oe is observed along with the two
peaks at higher H,. for the heat treated sample. The frequency dependence of maximum
percentage change in magnetoimpedance is shown in Fig. 4.17 for the as-quenched and
heat treated samples. The field response of GMI increases gradually w.r.to frequency with
a maximum of ~ 66% at f = 5.2 MHz and then decreases for higher frequencies for the as-
quenched microwire. The maximum value of [AZ/Z(%)]pear. for the annealed microwires
is observed at f = 3.5 MHz. There is a negligible variation in [AZ/Z(%)]pear 8t f =
3.5 MHz for the heat treated samples, annealed with one, two and three current pulses.
There is a noticeable increase in GMI value, [AZ/Z(%)]pear ~ 129% on heat treatment of
the sample by sending four pulses of amplitude 100 mA and duration of 12 seconds. Fig.
4.18 shows the change in MI peak positions, AH, with frequency of the as-quenched and

heat treated microwires. Two peak behaviour for the as-quenched sample appears after
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6.9 MHz but heat treated microwires show two peak characteristic from a much lower
frequency. The value of AH, increases with frequency i.e. shifts toward higher values
of magnetic field for the as-quenched and annealed microwires. Heat treatment of the
sample with increasing current pulses increases the value of AH,,.

The dc hysteresis loops of the as-quenched and heat treated samples (Fig. 4.19) was
studied to understand the domain structure and magnetoimpedance of the microwire.
The as-quenched sample shows a sharp change in magnetization at low magnetic field
due to the change in magnetization in the IC with a slow rise at higher fields due to the
contribution from the OS. On gradual heat treatment with current pulses, volume of OS
increases at the cost of IC which is reflected in the hysteresis loop measurements (the

initial jump in magnetization is reduced significantly).
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Figure 4.13: The variation of percentage change of magnetoimpedance, AZ/Z(%) with
dc magnetic field H of the as quenched and heat treated glass coated amorphous
Clogs.o MnySis g B33 microwires at a frequency of 0.95 MHz.
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Figure 4.14: The variation of percentage change of magnetoimpedance, AZ/Z(%) with
dc magnetic field H of the as quenched and heat treated glass coated amorphous
Clogs.oMnySis g B33 microwires at a frequency of 3.5 MHz.
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Figure 4.15: The variation of percentage change of magnetoimpedance, AZ/Z(%) with
dc magnetic field H of the as quenched and heat treated glass coated amorphous
Clogs.o MnySis g B33 microwires at a frequency of 7.75 MHz.
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Figure 4.16: The variation of percentage change of magnetoimpedance, AZ/Z(%) with
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[AZ]Z(%)]pear. With frequency of the as quenched and heat treated glass coated amor-

phOUS 0083~2M7L7.6SZ'5.8B3.3 microwires.
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Asymmetry between the two peaks in magnetoimpedance has been developed by pass-
ing dc currents of magnitude, I;. = 1 mA and 2 mA for a duation of t,, = 25 minutes
through the length of the microwire along with the ac current I,. = 1 mA. Figures
4.20, 4.21, 4.22 and 4.23 show the asymmetric magnetoimpedance of the glass coated
amorphous Cogs o Mny;Si55B33 microwires at frequencies 0.66 MHz, 0.79 MHz, 1.8 MHz
and 3.5 MHz respectively where annealing was done with I;,. = 1mA for a duration of
tan = 25min. Percentage change in the difference between the two MI peak heights is

calculated as,

Z eakl — Z ea
[ (Zpear)]% = 100[ =222 (42)
pea

where Zpeqr1 and Zpeqre represent the two MI peak heights at a particular frequency of
I,.. Frequency dependence of the percentage change in the difference between two MI
peak heights in case of asymmetric MI of glass coated amorphous CogzoMmnySissBs.3
microwires obtained with I,. = 1mA and I;. = 1mA is shown in Fig.4.24.

Figures 4.25, and 4.26 show the asymmetric magnetoimpedance of the glass coated amor-
phous Cogz o MnzSi5.8B3.3 microwires at frequencies 0.92 MHz and 3.5 MHz respectively
where annealing was done with I;. = 2mA for a duration of t,, = 25min. Fig.4.27 show
the frequency dependence of the percentage change in the difference between two MI peak
heights in case of AGMI of glass coated amorphous C'ogsoMnygSisgB3.3 microwires ob-
tained with I,. = 1mA and I;. = 2mA. The combination of the external static magnetic
field (Hy.) and the dc biassed current applied along the microwire (I,.) generates an ef-
fective helical field that acts on the microwire resulting in asymmetric GMI (discussed in
detail in Chapter 3).
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Figure 4.20: Asymmetric magnetoimpedance of glass coated amorphous
CogzaMmnySisgBss microwires with I,, = 1mA at a frquency of 0.66 MHz. An-
nealing was done with I;. = 1mA for a duration of t,, = 25 min.
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Figure 4.21: Asymmetric magnetoimpedance of glass coated amorphous

CogzaMmnySisgBss microwires with I,, = 1mA at a frquency of 0.79 MHz. An-
nealing was done with I;. = 1mA for a duration of t,, = 25 min.
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Figure 4.22: Asymmetric magnetoimpedance of glass coated amorphous

CogzaMmnySissBss microwires with I,, = 1mA at a frquency of 1.8 MHz. An-
nealing was done with I;. = 1mA for a duration of t,, = 25 min.
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Figure 4.23: Asymmetric magnetoimpedance of glass coated amorphous

CogzaMnySissBss microwires with I,, = 1mA at a frquency of 3.5 MHz. An-
nealing was done with I;. = 1mA for a duration of t,, = 25 min.
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Figure 4.24: Frequency dependence of the percentage change in the difference between two
MI peak heights in case of asymmetric MI of glass coated amorphous Cogz o Mnz7Si58B33
microwires obtained with [,. = 1mA and I;. = 1mA.
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Figure 4.25: Asymmetric magnetoimpedance of glass coated amorphous

CogzaMnySisgBss microwires with I,, = 1mA at a frquency of 0.92 MHz. An-
nealing was done with I;. = 2mA for a duration of t,, = 25 min.
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Figure 4.26: Asymmetric magnetoimpedance of glass coated amorphous

CogzaMnySissBss microwires with I,, = 1mA at a frquency of 3.5 MHz. An-
nealing was done with I;. = 2mA for a duration of t,, = 25 min.
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Figure 4.27: Frequency dependence of the percentage change in the difference between two
MI peak heights in case of asymmetric MI of glass coated amorphous Cogz o Mnz76Si58B33

microwires obtained with I,. = 1mA and I;. = 2mA.
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The change in MI of the microwire is dependent on the penetration depth, ¢ due to
a change in transverse permeability, 4 by an externally applied dc magnetic field. The
domain structure of this wire-shaped sample consists of an inner core (IC) domain having
a magnetization direction closely parallel to the wire axis and a multi-domain outer shell
(OS) with transversely oriented (radial) magnetization. There exists two permeability
peaks against magnetic field, one at the switching field of IC and the other near the
anisotropy field of OS. These two peaks arising from two different domain regions give
two MI peaks around Hy. ~ 0 Oe. At low frequencies, the anisotopy field of these
soft magnetic materials is very close to the switching field and therefore the peaks of MI
originating from IC and OS coincide with each other and a single-peak GMI characteristic
very close to Hg. = 0 Oe, is observed. At higher frequencies, the anisotropy field of the
OS shifts more towards higher field compared to the switching field, as the domain wall
displacement in OS is more affected by increase in frequency compared to the moment
rotation in IC. As a result of it, a two-peak MI behaviour is observed at higher frequencies
for the as-quenched as well as stress and heat treated samples.
Axial tensile stress generates a uniaxial anisotropy along the axis of the microwire and
increases the inner core domain. This results in a decrease in circular permeability and
hence the value of GMI decreases with increasing stress. Two-peak GMI behaviour is
observed at higher frequencies because the switching and anisotropy field increases with
increasing frequency (as described in the previous chapter). The applied tensile stress
induces magnetoelastic anisotropy thereby increasing the magnetic softness along the
axis of the microwire. This results in a decrease in switching and anisotropy field thereby
reducing the value of AH, with increasing stress.
Annealing the microwire by sending current pulse generates a circular magnetic field. The

circular magnetic field at a distance r from the axis is given by,

Ir
H.(r)= o) (4.3)
where, [ is the annealing current and R is the radius of the microwire. This field induces
circular magnetization of the domains in OS and therefore a transverse anisotropy is
developed within the microwire. This increases the OS volume and hence the GMI value
of the annealed sample (Fig. 4.13 to Fig. 4.16). In figures 4.14, 4.15 and 4.15, two

peak GMI characteristic is observed for the annealed sample because on annealing in
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presence of a circular field, there is an increase in the anisotropy field of the OS along
the axis of the sample. This anisotropy field shifts the peak value of circumferential
permeability of OS towards higher magnetic field as a result of which the MI peaks
are observed at higher dc magnetic field. This is the reason for double-peak GMI of
annealed sample at higher frequencies. Frequency dependent [AZ/Z(%)]pear (Fig. 4.17)
shows an increase in GMI value with frequencies ( < ~ 5 MHz) as the penetration depth
reduces with f. For higher frequencies ( > ~ 5 MHz) there is a decrease in GMI peak
value with frequency. For sufficiently high frequency of the exciting alternating current,
damping in domain-wall motion is observed due to micro-eddy current, thereby reducing
the effective circular permeability so that the peak value of GMI decreases with f. The
magnetization measurements indicate two kinds of domain structure within the sample,
a single domain axial inner core and a multidomain outer shell. Heat treatment of the
microwire with current pulses increases the outer shell volume. Since the contribution to
MI from inner core is much less than that from outer shell, enhancement of GMI value
by short duration annealing is due to increase in outer shell volume. Therefore short-
duration heat-treatment by sending current pulses can be a useful tool to enhance the MI

of wire-shaped amorphous magnetic materials.

4.3 Giant magnetoimpedance in glass coated amorphous
(000.93F60.07)63Ni105i11316 microwire

4.3.1 Experimental Details

Glass coated amorphous microwires with composition (C'og g3 F'e0.07)63Ni10S111 Big of length
12cm were used in the measurement of impedance in presence of an external dc magnetic
field. Fig. 4.28 shows the Scanning Electron Microscopy (SEM) image of the glass coated
amorphous (Cog.e3F'ego7)e3Ni10S111 B1g microwire. The diameter of the metallic part of
the microwire is about 14 pm (diameter including the insulating glass coating is ~ 19um).
The impedance of the sample was measured by Precision Impedance Analyzer (Agilent,
4294A, 40 Hz - 110 MHz). The frequency of the ac current was varied from 0.6 MHz to 11
MHz with its magnitude fixed at 1 mA. A Helmholtz coil system was used to apply a dc

magnetic field (maximum value ~ 120 Oe) along the axis of the sample during impedance
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measurement. The axis of the sample as well as that of the Helmholtz coil were kept
perpendicular to the direction of the earth’s magnetic field.

Here we have studied both the stress dependendence and effect of heat treatment (by send-
ing a dc current of amplitude 50 mA for various time duration through the microwire)
on GMI at various frequencies. Axial tensile stresses, o, up to 603 MPa were applied to
the wire for studying the effect of stress on magnetoimpedance. For studying the effect of
heat treatment in presence of a circular magnetic field, a dc current with amplitude 1,,
= 50 mA has been passed through the samples for various time duration, T, starting
from 5 minutes to 35 minutes. The percentage change of MI with applied magnetic field

is calculated by using Eq.(1.7) and the maximum applied magnetic field is 120 Oe.

4.3.2 Results and Discussions

Frequency dependence of giant magnetoimpedance (GMI) in absence and in the presence
of stresses 79 MPa, 210 MPa, 431 MPa, and 603 MPa was studied for glass coated amor-
phous (Cog.g3F€0.07)63Ni105111 B1g microwire with frequencies upto 11 MHz. Fig. 4.29
shows the field dependence of percentage change of magnetoimpedance of glass coated
amorphous (Cogg3Feq.o7)63N 1105711 B1g microwire at a frequency of 2.08 MHz in absence
and in the presence of stresses 79 MPa, 210 MPa, 431 MPa, and 603 MPa. The max-
imum of GMI value is observed at H = 0 Oe, thereby showing single-peak MI profile
for the microwire in absence as well as in presence of axial tensile stresses. The value of
[AZ]Z(%)]pear. decreases from 3.95% at ¢ = 0 MPa to 1.62% at o = 603 MPa. The value
of AZ/Z (%) decreass with increase of applied dc magnetic field. For a higher frequency, f
= 5.05 MHz, single-peak GMI characteristic is observed for the sample in absence as well
as in presence of external tensile stresses (Fig. 4.30). The maximum value of AZ/Z (%)
decreases from 8.85% at 0 = 0 MPa to 3.92% at o = 603 MPa. Figures Fig. 4.31 and Fig.
4.32 show the variation of percentage change of magnetoimpedance, [AZ/Z(%)]pear With
dc magnetic field H of the microwire at frequencies 8.02 MHz and 11 MHz respectively
in absence and in the presence of stresses 79 MPa, 210 MPa, 431 MPa, and 603 MPa.
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Figure 4.28: Scanning Electron Microscopy (SEM) image of glass coated amorphous
(000.93F€0.07)63N’i105i11BlG microwire.
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Figure 4.29: The variation of percentage change of magnetoimpedance, AZ/Z(%) with
dc magnetic field H of glass coated amorphous (Cog g3 F€g.07)63Ni105711 B1g microwire at
a frequency of 2.08 MHz in absence and in the presence of stresses 79 MPa, 210 MPa, 431
MPa, and 603 MPa.



Chapter 4.

AZ/Z(%6)

] i
oo
() - DDDDDDDDDDDDDDDDDDDDDDDDDDD

iy
DDDDDDDDD@DDDDDDDDQDDDDDDDD

—B—003 MPa

I
-100 -0 0

H (Og)

50

100

124

Figure 4.30: The variation of percentage change of magnetoimpedance, AZ/Z(%) with
dc magnetic field H of glass coated amorphous (Cog g3 F€g.07)63Ni105711 B1g microwire at
a frequency of 5.05 MHz in absence and in the presence of stresses 79 MPa, 210 MPa, 431

MPa, and 603 MPa.
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Figure 4.31: The variation of percentage change of magnetoimpedance, AZ/Z(%) with
dc magnetic field H of glass coated amorphous (Cog g3 F€g.07)63Ni105711 B1g microwire at
a frequency of 8.02 MHz in absence and in the presence of stresses 79 MPa, 210 MPa, 431
MPa, and 603 MPa.
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Figure 4.32: The variation of percentage change of magnetoimpedance, AZ/Z(%) with
dc magnetic field H of glass coated amorphous (Cog g3 F€g.07)63Ni105711 B1g microwire at
a frequency of 11 MHz in absence and in the presence of stresses 79 MPa, 210 MPa, 431
MPa, and 603 MPa.
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Here also we observe single-peak GMI nature for the sample at various values of stress
for both the frequencies. The peak value of AZ/Z (%) decreases from 4.07% at ¢ = 0 MPa
to 2.8% at 0 = 603 MPa at f = 8.02 MHz whereas the reduction in [AZ/Z(%)]pear value
is from 4.0% to 2.7% on application of stress, o = 603 MPa at f = 11 MHz. The variation
of maximum values of percentage change in magnetoimpedance ([AZ/Z(%)]pear) With fre-

quency in presence of different axial tensile stresses is shown in Fig. 4.33. The peak value

10
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Figure 4.33: The variation of maximum percentage change of magnetoimpedance,
IAZ]Z(%)]pear, With frequency under different axial tensile stresses of glass coated amor-
phous (Cog.93F €p.07)63N1105%11 B1s

of GMI decreases with increasing axial stress values. Maximum value of [AZ/Z(%)]peak

= 8.85% is observed at a frequency of 5.05 MHz for the sample in absence of any stress.
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The maximum value of [AZ/Z(%)]pear reduces to 4.16% for o = 603 MPa at f = 6.04
MHz.

The variation of magnetoimpedance of the as-quenched and heat treated (annealing done
by passing dc current with amplitude I,, = 50 mA for various time duration, T,, = 5
minutes, 15 minutes, 25 minutes and 35 minutes respectively) microwires as a function of
dc magnetic field is shown in Fig. 4.34 for a frequency, f = 2.08 MHz.

Single peak GMI behaviour with maximum value [AZ/Z(%)]pear at Hae ~ 0 Oe is observed
for both the as-quenched and current annealed microwires. The value of [AZ/Z(%)]peak
increases from 3.96% for the as-quenched sample to 10.94% when the microwire is cur-
rent annealed with I, = 50 mA for T,, = 15 minutes at f = 2.08 MHz. At a higher
frequency, f = 5.05 MHz, the microwire shows single-peak GMI nature for both the as
quenched and current annealed conditions (Fig. 4.35).  Here the peak value of GMI
increases from 8.84% (as-quenched sample) to 18.74% (current annealed microwire with
I, = 50 mA for T,, = 25 minutes). Figures Fig. 4.36 and Fig. 4.37 show the variation
of percentage change of magnetoimpedance, [AZ/Z(%)]pear With dc magnetic field H of
the as-quenched and current annealed microwire at frequencies 8.02 MHz and 11 MHz re-
spectively. Single-peak GMI characteristics are observed for the as-quenched and current
annealed microwires at frequencies 8.02 MHz and 11 MHz. The peak value of AZ/Z(%)
increases from 4.14% (as-quenched sample) to 6.09% (I,, = 50 mA for T,,, = 15 minutes)
at f = 8.02 MHz, whereas the increase in [AZ/Z(%)]pear. value is from 3.98% to 5.77%
(Isn = 50 mA for T,, = 15 minutes) at f = 11 MHz. The frequency dependence of
[AZ]Z(%)]pear of the annealed microwires (annealing done with ,, = 50 mA for various
durations) is shown in Fig. 4.38. The GMI value increases upto an annealing current of
1., = 50 mA for T,,, = 25 minutes. The maximum value of [AZ/Z(%)]pear ~ 18.74% is
obtained at a frequency of 5.05 MHz when the sample is annealed for 25 minutes. The
GMI value deteriorates on further annealing, and [AZ/Z(%)]pear decreases to ~ 13.27% at
5.05 MHz when current annealed for 35 minutes. The field sensitivity of GMI is 93%/0Oe
around an applied magnetic field of 5 Oe at f = 5.05 MHz when the sample is annealed

for 25 minutes.
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Figure 4.34: The variation of percentage change of magnetoimpedance, AZ/Z(%)
with dc magnetic field H of as-quenched and heat treated glass coated amorphous
(000,93F€0_07)63N2.1052.11Bw microwire at a frequency of 2.08 MHz.
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Figure 4.35: The variation of percentage change of magnetoimpedance, AZ/Z(%)
with dc magnetic field H of as-quenched and heat treated glass coated amorphous
(Cog.o3Feg.07)63N 1105711 B1g microwire at a frequency of 5.05 MHz.
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Figure 4.36: The variation of percentage change of magnetoimpedance, AZ/Z(%) with
dc magnetic field H of as-quenched and current annealed glass coated amorphous
(000,93F€0_07)63N2.1052.11Bw microwire at a frequency of 8.02 MHz.
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Figure 4.37: The variation of percentage change of magnetoimpedance, AZ/Z(%) with
dc magnetic field H of as-quenched and current annealed glass coated amorphous
(Cog.o3Fe0.07)63N 1105711 B1g microwire at a frequency of 11 MHz.
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The variation of maximum percentage change of magnetoimpedance,

AZ]Z(%)]pear. With frequency of the as quenched and current annealed glass coated

amorphous (Cogg3Fep07)63N1105711 B1g microwires (annealed with a direct current, I,

= 50 mA for different time durations).
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The large change in MI for this low magnetostrictive amorphous microwire can be
explained using Maxwell’s equations of electrodynamics considering the change in skin
depth, 0 due to a change in transverse permeability, ;14 by an externally applied dc
magnetic field. The applied dc magnetic field nearly compensates the axial magnetic
anisotropy when it reaches the switching field of the microwire. For this sample, the
intrinsic or induced anisotropy is very small, hence most domains are large with static
domain magnetizations along the wire axis at Hy. = 0 Oe, owing to shape anisotropy. In
this case, circumferential permeability, 14 is large at the switching field which is very low
for this sample. This results in the maximum value of GMI to be observed close to Hyg.
= 0 Oe. Increasing the applied magnetic field, the circumferential permeability decreases
owing to the unidirectional magnetostatic anisotropy. This increases the penetration
depth, J resulting in a decrease in MI.

Neglecting other anisotropies for simplicity, domain magnetizations, M, should be directed
along the resultant of the axial field, H and the circular field, H.,.. For small angle
rotation of domain magnetizations, M from the axis, we can write M, /Mg ~ H;,./H or
to/ o = My /Heir = Mg/H. Thus |Z| decreases with increasing |H| as |H|_1/2 as Z
,u¢1/ 2 at high frequency, showing a typical single-peak MI. This theoretical prediction is

verified by fitting an expression,
1Z| = a+b|H|? (4.4)

where, a and b are two constants. The fitted curve to experimental data taken at a fre-
quency of 5.05 MHz in absence of any stress is shown in Fig. 4.39 with a = 48.42 and b =
9.49. At frequencies below 2 MHz the value of § ~ 12 wm which is more than the radius
of the microwire (r < §) and the peak value of GMI, [AZ/Z(%)]peak, is not very large,
as it mainly arises from the induced magnetoinductive voltage. At higher frequencies
(f > 2 MHz) r > ¢ and higher values of GMI are obtained as a consequence of skin
effect. With further increase in frequency, i.e. beyond f = 5.05 MHz, [AZ/Z(%)]pear
decreases. In this frequency region, domain wall motion is strongly damped owing to
eddy currents, and contributes less to the circumferential permeability resulting in small
MI effect. The application of an external tensile stress generates a uniaxial anisotropy
along the axis of the wire, i.e. along the axial magnetic field. This increases the volume of

the IC domain since the microwire is positive magnetostrictive in nature. This results in
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a decrease in the circumferential permeability and hence the value of GMI reduces with

increase in stress. When the sample is annealed by passing dc current along its length,

O  Experimental Data
Fitted Curve

] Z=a+bH "

Impedance, |Z| (©)

I I
0 20 40 60 80 100 120

H (Oe)

Figure 4.39: The fitting of |Z| = a + b|H|™"/? with a = 48.42 and b = 9.49 to the
impedance, |Z| versus magnetic field to experimental data taken at a frequency of 5.05
MHz in absence of any stress.

the annealing current generates a circular magnetic field during heating. As a result of
it a circumferential anisotropy is developed within the sample resulting a decrease in 1C
and increase in OS volume resulting an increase in GMI value. The peak value of GMI,
[AZ/Z(%)]pear. increases on increasing T, till 25 minutes. Annealing further for longer
periods, peak value of GMI decreases due to the formation of crystallinity of the sample.

Axial dc hysteresis loops of the as-quenched as well as the stressed and current annealed



Chapter /. 136

samples have been studied for a better explanation of the GMI results. Fig. 4.40 shows the
dc magnetic hysteresis loops of the glass coated amorphous (Cog.g3F'€.07)63N1105711 B1g
microwire in absence of any stress, in presence of a stress of 209 MPa and annealed with

I, = 50 mA for T,, = 25 minutes. The as-quenched sample shows a square-shaped hys-
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Figure 4.40: The dc magnetic hysteresis loops of the glass coated amorphous
(Cog.os3Fep.07)63Ni105711 B1g microwire in absence of any stress, in presence of a stress
of 209 MPa and annealed with I,, = 50 mA for T,,, = 25 minutes

teresis loop with coercivity, H. ~ 0.25 Oe which decreases slightly to 0.23 Oe with o 209
MPa. The change in magnetization at coercivity and remanence also increase with stress
due to the increase in volume of the IC. The coercivity of the microwire annealed with 1,

= 50 mA for Ty, = 25 minutes is higher than that of the as-quenched sample indicating
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an increase in OS as a circumferential induced anisotropy is generated due to current an-
nealing. Only a square-shaped hysteresis loop indicates that the glass coated amorphous

(Cop.93F€0.07)63Ni105111 B1g microwire mainly consists of the inner core domain.

4.4 Conclusions

Very low positive magnetostrictive glass-coated amorphous microwires with nominal com-
position C'ogs o Mnz6Si58B33 are found to show GMI effect in the range of 1-8 MHz fre-
quency. Single-peak GMI characteristics is observed when the frequency of the ac current
is below 6 MHz, beyond which double-peak behaviour is seen. GMI of this microwire is
also very stress sensitive and it decreases from 53 % to 26 % due to the application of an
axial tensile stress of 566 MPa. Two peaks of GMI observed at high frequency reduces to
a single-peak on application of high stress. The GMI value does not change with current
amplitude within the 0.2 - 5.0 mA range. On the other hand, GMI in this microwire
was increased to 129 % on short-duration heat treatment by passing four current pulses
of amplitude of 100 mA and each of 12 seconds duration. This increase in GMI value
on short-duration annealing is due to the increase in outer shell volume of the domain
structure and also inducing a transverse anisotropy.

Asymmetry in the MI peaks of the microwire was developed by passing a dc current
through the sample during impedance measurement. The magnetization measurements
indicated two kinds of domain structure within the sample, a single domain axial core
and a multidomain outer shell with transverse magnetization. The outer shell increases
on short duration heat treatment whereas the inner core domain increases when an axial
tensile stress is applied.

Glass-coated amorphous microwires of nominal composition (C'oge3F'€g.07)e3Ni105711 B1s
showed GMI effect with a maximum change of 8.85% around a frequency of 5.05 MHz.
This sample showed the GMI peaks at very low values of the applied dc field throughout
the whole range of frequency studied in this experiment. On application of an axial tensile
stress the GMI value reduces due to the increase in inner core domain and the develop-

ment of an axial anisotropy. The decrease in impedance is found to be proportional to the
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square root of the increasing applied dc magnetic field. The GMI value increases on heat
treatment of the sample by passing a dc current of 50 mA through it. A maximum change
of 18.74% in MI is observed on annealing the sample for 25 minutes. Almost single-peak
GMI characteristics can be explained considering a square-shaped hysteresis loop of the

sample.
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MAGNETIC BARKHAUSEN NOISE IN
MAGNETIC MATERIALS

5.1 Introduction

The application of an alternating magnetic field to a ferromagnetic material induces
small discontinuous changes in the magnetization of the material. These sudden local-
ized changes in magnetization are produced by the abrupt motion of domain walls from
one pinning site to the next. The corresponding voltages induced in a pick-up coil on
the sample are referred to as Magnetic Barkhausen noise (MBN) [77], [78]. This effect
known as Barkhausen effect was discovered by Heinrich Barkhausen in 1919 [79] and can
be demonstrated with the apparatus as shown in Fig.5.1(a). A pick-up coil wound on a
ferromagnetic specimen is connected through an amplifier to a an external speaker. The
ferromagnetic sample is then subjected to a smoothly increasing magnetic field by an
approaching hand-held magnet. Though the field is increased smoothly and continuously
yet a crackling noise is heard from the speaker. Fig.5.1(b) shows the irregular spikes
on the voltage time curve, which can be observed if the pick-up coil is connected to an
oscilloscope.

This crackling sound (or the irregular spikes on voltage-time curve) was the result of sud-
den step-like discontinuous changes in magnetization of the specimen as shown in Fig.5.2.
These irreversible changes occur in the steep part of the magnetization curve account-
ing for magnetic hysteresis in ferromagnetic materials [133]. Magnetic Barkhausen noise
(MBN) is named after its discoverer, Heinrich Barkhausen. It is termed as “noise” because

of the sound heard in the loudspeaker in the original experiment. The term “magnetic” is
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voltage-time curve.
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Figure 5.2: Sudden step-like discontinuous changes in magnetization.
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used to distinguish it from acoustic barkhausen noise, which is based on magnetoacoustic
emission [134], [135]. Magnetoacoustic emission (MAE) refers to the generation of elastic
waves in ferromagnetic materials being magnetized in an alternating magnetic field [136].
Since its discovery in 1919, this effect has been investigated extensively by many re-
searchers due to scientific and technological interest in the study of various ferromagnetic
domain structure and magnetization processes [137]-[142]. Like other magnetic proper-
ties, the Barkhausen effect also depends on various physical properties of the material
including the state of mechanical stress and microstructural parameters such as grain
size, composition, texture etc. [143]-[145]. MBN has been studied extensively as a tool
for non-destructive evaluation (NDE) of residual and applied stresses [146]-[150] leading
to commercial utilization of this technique for stress-related non-destructive applications.
It is also a nondestructive technique to eddy current probe sensors [151]-[152] and mag-
netic flux leakage [153]. MBN is also used as a successful tool to estimate carbon content,
pearlite colony and lamellar spacing etc. [145],[154]-[156].

Usually two types of Barkhausen noise experiments are performed for the detection of
noise [157] - [161]. In the first case, the detection coil is placed on the surface of the spec-
imen (Fig.2.12) and the corresponding pick-up signal are termed as surface Barkhausen
noise. In the other case, a pick-up coil is wrapped around the sample which detects the
encircling Barkhausen noise (Fig.2.10). Considering the skin depth, the estimated depth
for penetration of the magnetizing field is roughly 1mm, whereas the depth from which
the MBN signal originates is ~ 30um.

A ferromagnetic material consists of a large number of magnetic domains, with adjacent
domains being separated by Bloch walls. When the material is not magnetized, these
domains are randomly oriented, so that the bulk net magnetization is zero [78], [162],
[163]. Application of an external magnetic field aligns the individual magnetic moments
of the domains. The domains aligned close to the field direction grow at the expense of
those that are less aligned. The ferromagnetic sample becomes magnetized as the walls
move between adjacent domains. This movement occurs in sudden jumps as the domain
walls break away from pinning sites such as dislocations, precipitates and grain bound-
aries [164], also resulting in a change of magnetisation of the material.

Domain walls separating regions of opposite magnetic moment are called 180° walls,
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whereas walls lying at 90° to each other are termed as 90° walls. MBN is primarily due
to the 180° wall motion. The 90° domain walls have stress fields associated with them, as
their magnetizations lie at right angles on either side of the wall, causing lattice spacings
to be slightly larger in the direction of magnetization. The resulting strain impedes with
90° domain wall motion, making them less competitive than 180° domain walls that have
a higher velocity [80]. An applied stress, jut like an applied magnetic field, changes the
bulk magnetization of the sample. This is due to the fact that the magnetic domains are
influenced by stress and the resulting strain inside the material. The presence of elastic
stresses in the material causes the domain walls to find the direction of easiest orientation
to the applied magnetic field. A tensile stress increases the value of the MBN signal and
a compressive stress decreases it [165],[166].

Magnetic Barkhausen noise are characterized by several different parameters. The pa-
rameter is not limited to any particular aspect of the Barkhausen signal, but is simply a
generic parameter that is calculated from a complete cycle of the Barkhausen emission.
Some of the parameters that are frequently used for MBN analysis will be discussed in
this section. Usually, only voltages above and below a certain threshold are considered in
order to maintain the integrity of the analysis.

(i) RMS (root mean square) voltage : The RMS value of one cycle of the Barkhausen
emission is calculated.

(ii)) MBN energy (Fypn) @ Eavpn is calculated by integrating the square of these voltages

w.r.to time i.e.,
Eapy = Z/vfdt (5.1)
=1

where the time integral is over each event and the summation is taken over all N measured
events.

For angular dependent MBN measurements, MBN signals are taken at small intervals
(such as, ~ 10°) covering the entire 360° circle of the angular scan. Ej/py is calculated
for each angle and finally the resulting angular dependent Ej;py is plotted on a polar
graph. In absence of any magnetic anisotropy, the polar plot of gy is a circle. In pres-
ence of any magnetic anisotropy (such as application of stress) the circle gets elongated in
the direction of the magnetic anisotropy which is also the direction of the applied stress.

(iii) Pulse height distribution : The number of voltage pulses is plotted in a graph as a
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function of the absolute value of the amplitude of the MBN voltages.

MBN is considered as an evaluation technique of considerable importance for microstruc-
tural and mechanical characterization of steels [167] - [170]. Angular dependent MBN
measurements are very sensitive to the stress, induced in the ferromagnetic samples.
There are several reports of the development of an easy axis along the direction of tensile
stress and away from the compressive stress direction in steel, using this angular depen-
dent MBN technique [137], [158] [171] - [176]. MBN is also sensitive to various parameters
which affect the domain configurations that, in turn, are strongly influenced by the grain
size [177] - [180], composition, ferrite, pearlite and martensite phases [154], [182] - [184].
V. Moorthy et. al. have used the MBN technique to characterize the microstructures in
quenched and tempered 0.2% carbon steeland 2.25Cr — 1Mo steel under different tem-
pered conditions [180] - [181]. MBN is also studied extensively in various soft amorphous
magnetic materials, thin films, Finemet type materials etc. [185] - [190].

MBN has also been studied as a complex statistical phenomenon which depends on vari-
ous parameters such as the kind of ferromagnetic sample, character of quenched in defects
and external field driving rate [191],[192]. For an understanding of the jerky emissions
of the Barkhausen noise, a model of avalanche dynamics, known as ABBM model is well
studied [193], [194]. These two papers, one comprising of the development of the the-
ory and the other to the comparison with experiments, helps in the understanding of
barkhausen noise. Incorporating the concept of self-organized criticality (SOC) Bak et.
al. [195] showed that dissipative dynamical systems with extended degrees of freedom
can evolve towards a self-organized critical state and this concept of SOC was well sup-
ported by Meisel and Cote [197]. Critical exponents, power laws, scaling relations and
data collapsing have been well studied to understand the criticality of barkhausen noise
[191]-[202].
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5.2 Study of Magnetic Barkhausen Noise from amorphous
F€40Ni40320 and F670Ni85i10312 ribbons

5.2.1 Introduction

Amorphous magnetic materials exhibit quite interesting magnetic properties that has
made them very attractive for various technological applications. Due to the absence
of crystal structure in these materials, magnetocrystalline anisotropy energy is almost
negligible. These amorphous alloys present a magnetic domain structure that is chiefly
determined by the magnetoelastic anisotropy developed as a result of the coupling between
the magnetization and internal stresses frozen-in during the fabrication of the ribbons by
rapid quenching of the molten alloy. Therefore, application of external tensile stresses
affects the domain structure and magnetization process to a large extent and anisotropy
can be induced in these amorphous ferromagnets by annealing under the influence of me-
chanical stress or a magnetic field [203],[204]. Though these materials are isotropic in the
as-quenched state, a macroscopically magnetic easy axis is developed which changes di-
rection under various conditions. Determination of this easy axis helps us understanding
the direction of induced anisotropy and magnetization processes in these materials which
is required for various applications.

MBN measurement is used as an important non-destructive tool to characterize various
magnetic properties. In this chapter we have studied magnetization processes in ferro-
magnetic amorphous ribbons using Magnetic Barkhausen noise technique. A theoretical
model has been developed to estimate the direction of magnetic easy axis in amorphous
FeyyNigBsg ribbon. We have also studied the effect of tensile stress on MBN in amor-
phous FeyyNiyBay and FeygNigSiigBi2 ribbons by this home-fabricated Barkhausen
noise experimental set-up. The study of MBN in presence of various external stresses
helps us understanding the magnetization dynamics of amorphous magnetic materials.
The hysteresis loops of amorphous FeygNigBoy and FeygNigSiigB12 ribbons have been
measured under different axial tensile stresses by induction method which gives a better
understanding of the MBN results.

MBN is a direct consequence of domain wall interactions with microstructural defects and

hence it can give detailed information on material structure. Microstructural characteri-
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zation of materials by Non-Destructive Evaluation (NDE) techniques is essential for the
assessment of initial heat treatment and subsequent degradation in microstructure and
mechanical properties. Exposure to high temperature results in microstructural degra-
dation of the sample. MBN study has been done in amorphous FeynNigBsy ribbon to
investigate the amorphous structure changes caused by heat treatment. Here we have
studued the amorphous to crystalline phase transformation by using this non- destructive

technique.

5.2.2 Experimental Details

MBN measurements were performed on amorphous Fe gNiyBag and FeqgNigSii9Bio rib-
bons by a home-fabricated Barkhausen noise experimental set-up as shown in Fig.2.12.
Amorphous ribbons with composition FeygNiyBag and FeqgNigSiigBia with dimension
40mm x 20mm x 25um and 40mm x 2mm x 25um respectively were used for the exper-
iment. The instrument consists of a ferrite core sweep field magnet for applying a time
varying magnetic field to the sample to generate Barkhausen noise. The signal to the fer-
rite core was produced by a waveform generator and amplified by a Kepco Bipolar Power
Supply. The sweep field frequency was set at 12 Hz. Barkhausen noise was detected using
a pick-up coil which was mounted to the ferrite core. This signal from the pick-up coil was
amplified by the low-noise preamplifier (Gain = 100 and 20 for amorphous Fe40Ni4oBag
and FezgNigSiigBia ribbons respectively ), passed through a band-pass filter (3 — 300
kHz) and then collected to a personal computer. Angular dependent MBN measurements
on amorphous FeyNiygBag ribbon were performed by varying the orientation of the mag-
netic field (i.e. the ferrite core) with respect to the axis of the ribbon from 0° to 360° at
intervals of 10°. For investigating the effect of stress, tensile stresses were applied along
the length of the ribbons. The tensile stress was applied to the sample by hanging various
loads from one end of the sample keeping the other end fixed. To study the effect of heat
treatment, the amorphous Fe g Niy9Bog ribbon was isothermally annealed in presence of
nitrogen atmosphere at 300°C for various time duration.

The MBN energy denoted by Ej/py is calculated by integrating the square of these volt-
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ages with respect to time i.e.
Eypy =3 / V;2dt (5.2)
i=1

where the time integral is over each event and the summation is taken over all N mea-
sured events. The MBN signal was sampled at every 25us. Four traces were taken for
each measurement. Only those voltages above a certain threshold were considered in the
analysis.For this purpose, a computer program has been developed.

The magnetization of amorphous F'eygNisBag ribbon was measured as a function of dc
magnetic field in presence of various tensile stresses by induction method using an inte-
grating fluxmeter (Walker Scientific MF-3D).

5.2.3 Results and Discussions

To check that our experimental set-up is generating real Barkhausen noise, the MBN from
a polycrystalline ferromagnetic iron wire has been taken and the results have been shown
in Fig.5.3. The typical MBN from the iron wire consists of a large number of usual short
duration spike voltages due to 180° domain wall motion or sudden magnetization rotation
and serve as a standard while comparing the other MBN signals from the amorphous
samples. Fig.5.4 shows the characteristics of MBN signals for amorphous FeyqNigBog
ribbon under different excitation field angles and under different external stresses. It is
observed from the figure that maximum amplitude of MBN voltage increases with the
applied stress for a particular direction of magnetic field with respect to the axis of the
ribbon (here it is for 0°). However the maximum amplitude of MBN voltage decreases
when the orientation of the magnetic field with respect to the ribbon axis is changed from
0° to 90° for zero stress. The angular dependence of the gy in amorphous Fey0Ni49Bog
ribbon under different external stress is shown in Fig.5.5. These measurements were
performed by varying the orientation of the magnetic field with respect to the axis of the
ribbon from 0° to 360° at intervals of 10° considering the longitudinal axis of the ribbon
as 0°. The sweep field was sufficient to achieve the saturation of magnetization of the
sample. It is clear from Fig.5.5 that maximum FEjp;gy is generated along the length of

the ribbon. In a particular direction, E;py is observed to increase with increasing stress.
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Figure 5.3: MBN signal from a polycrystalline ferromagnetic iron wire.
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Figure 5.4: MBN signal for amorphous FesyNigBs ribbon under different excitation
field angles and under different external stresses.
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Figure 5.5: Polar plots of Ej/py from amorphous FeyyNiyBy ribbon along different
directions of applied field and under different external stresses of 0 MPa, 15 MPa and 33
MPa. The solid lines represent the fit of Eq. (5.18) to the experimental data.
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Figure 5.6: Magnetization of a positive magnetostrictive sample under tensile stress (o).

Since FeyyNigBsg ribbon is positive magnetostrictive in nature, therefore the application
of tensile stress creates more domain walls in the stress direction. MBN is associated with
the depinning of these domain walls as they move during magnetization, therefore the
MBN energy is expected to increase with the increase in tensile stress.

Longitudinal internal stresses are developed within these materials during the preparation
by rapid quenching from the melt. As a result, more 180° domains are developed along the
length of the ribbon due to the induced anisotropy generated by the internal stresses and
a bulk magnetic easy axis is developed along the length of the ribbon. The application of
external tensile stress along the length of the ribbon leads to an overall increase in Fy/gy.
This is because the applied stresses further increases 180° domains as illustrated in Fig.5.6.
Fig.5.6(a) represents a small portion of the demagnetized positive magnetostrictive sample
comprising four domains. Application of a small tensile stress (o) to the demagnetized
sample cause domain walls to move in such a way as to decrease the volume of domains

magnetized at right angles to the stress axis [Fig.5.6(b)]. The magnetoelastic energy of
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an uniaxial isotropic magnetic material is given by,
Epme = 3/2\osin?0 (5.3)

where A is the magnetostriction of the sample and 6 is the angle between magnetization
vector and o . These domains are completely eliminated by some higher value of stress
as shown in Fig.5.6(c) to minimize F,,.. Under this condition the application of a small
magnetic field (H) along stress direction saturates the specimen completely by the process
of 180° domain wall motion [Fig.5.6(d)]. Therefoe the application of a tensile stress to a
positive magnetostrictive sample increases the 180° domain walls along the direction of
stress, thus increasing Fjy gy with stress.

The direction of magnetic easy axis in amorphous ribbons can be determined if MBN
is considered to be generated mainly due to 180° domain wall displacements. MBN can
be characterized by FEj;py which is the time integral of the squared voltage signal as

described in Eq.(5.2). The velocity of 180° domain walls generating MBN is given by

voc (Hy — H,) (5.4)

where H) is the applied field component parallel to the domain wall and H. is the threshold
or coercive field that must be overcome by H) for significant domain wall movement. The
velocity v is proportional to the measured MBN voltage and domain wall dynamics in

metallic systems may therefore be described as

0G(%0) = (H ~ H) (5.5)

where o is the electrical conductivity of the material and G is a constant that can be
obtained exactly in the limit of a wide slab and single domain wall, ( %) is the rate of
change of flux which is proportional to the domain wall velocity. Therefore the measured
MBN voltage is proportional to the velocity of the domain wall. Eq.(5.5) has been modified
from that proposed by Alessandro et. al[16] by incorporating the field component parallel
to a particular domain wall. Substituting Eq.(5.4) and Eq.(5.5) in Eq. (5.2) and providing
a constant A; to absorb all the proportionality factors, the expression of Ey,gy is obtained

as,

E = A; —)*dt 5.6
MBN ; /(dt) (5.6)
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Let us consider a ferromagnetic sample having a magnetic easy axis (E.A.) at an angle
¢ with respect to a particular direction along which an external stress (o) is applied.
Magnetic fied (H,pp) is applied to the sample along a direction 6 with respect to the
externally applied stress. Then the induced anisotropy energy due to external stress, o
is,

Eopi = — K4 cos® ¢ (5.7)
The constant of uniaxial anisotropy K7 is given by (3/2) Ao, where A is the magnetostric-
tion of the sample. Therefore, we can consider an equivalent field H,, derived from the

induced anisotropy energy E,,; due to external stress (o) as
H, = Kcos®p (5.8)

where K is a constant. Therefore the components of the two magnetic fields i.e. H, and
H,,, along the easy axis of the sample are H, cos ¢ and H,y, cos(d — ¢) respectively. We
can therefore write the effective field component aligned with the domain magnetization

vector or the easy axis of the sample that induces the 180° domain wall to move as
H.rs = H, cosp + Hgpy,cos(0 — @) (5.9)

Applying Eq.(5.4) and allowing the constants to be absorbed into a constant A, Eq.(5.6)

becomes,
Expy =Y. A [(Hegy — Ho)do (5.10)
i=1

For this sample with a macroscopic magnetic easy axis, the majority of 180° domain
walls may be considered to be aligned in the easy axis direction, while the remaining
180° domain walls are isotropically oriented. Therefore, Eq.(5.10) is separable into two
components, (i) the first component is due to those domains that contribute to the net
magnetic easy axis and (ii) the second one from those domains that are isotropically
aligned and form a net angular independent background. If MBN is peaked up from an
area S, then ¢ = B.S = p.H.S | and we can write Eq.(5.10) as,

Eusy = > [Ae/ﬂe[Heeff — H¢]JdH" fy] +Z[Aj/ﬂj(Hjeff — H')dH epf] (5.11)

easyaxis 7

where A, and A; are constants that refer to those domains contributing to the net mag-

netic easy axis and to those that contribute to the background MBN, respectively. u. and
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it; are the permeability for events occuring due to the irreversible motion of domains that
contribute to the net magnetic easy axis and for those occuring due to MBN background

respectively. Integrating Eq.(5.11) we have,

Hesp)? R Hi ;)2 o
Eyvpy = Y, Aeﬂe[% — H®.H.5f] + ZAij[% — H.H s (5.12)
j

easyaxis

Substituting the expression of H.ss from Eq. (5.9) in Eq.(5.12) we have,

Actte

Eugy = Y. [H,%cos®p + 2H, cos 0 Hypp cos(0 — @) + Happcos® (0 — )]

easyaxis

—2H°.(H, cos @ + Hgppcos(6 — ¢))]

Hi 2
+Z&m¢3@—%ﬂmw] (5.13)
J
Therefore,
Eupy = acos’(0 — o) +a + 3 (5.14)

where we have set

AE e
o= Z-jimﬁ (5.15)

easyaxis

A@ e
o = Z 2'“ [H(,?cos?go—f-QHU €08 @ Hopp 08(60 — ) — 2HC (H,p 08 o + Happ c08(0 — )]

easyaxis

| (5.16)
(Hesp)?

f= ZAJMJ[T — HI.H' ] (5.17)

Considering negligible variation of the parameter o in Eq. 5.14 compared to o and [ as

observed earlier, Eq. 5.14 can be modified as,
Evpy = acos?(0 — ) + 3 (5.18)

which can be used as the final expression for fitting the experimental data of the angular
dependent Fj;pn in amorphous magnetic materials.

Here « is the MBN signal produced by the irreversible motion of 180° domain walls con-
tributing to the direction of magnetic easy axis and [ is the background MBN signal

due to the isotropically oriented 180° domains. The maximum in Fygy at an angle



Chapter 5. 155

@ obtained from angular dependent MBN measurements indicates the direction of the
macroscopic magnetic easy axis of the sample.

The variation of the direction of the magnetic easy axis with respect to the applied stress
is shown in Fig.5.7. It is evident from Fig.5.7 that the direction of magnetic easy axis is
almost constant and it is close to the direction of the length of the ribbon i.e. along the
direction of applied stress. The behaviour of the angular averaged MBN energy signal
(i.e. the energy averaged over 180°) < Eppy >= (/2 + () as a function of increasing
tensile stress is also shown in Fig.5.7. The results indicate an increase of the overall MBN
energy signal with increasing tensile stress.

As FeygNiyBsg is a positive magnetostrictive sample, the applied axial tensile stress de-
velops an anisotropy along the length of the ribbon, i.e., close to the easy axis. From
Fig.5.7 we observe that there is a negligible variation of the direction of magnetic easy
axis with applied tensile stress and it is within 10° of the direction of applied stress. In-
crease of Fy;py under applied tensile stress reflects the orientation of the magnetic easy
axis towards the direction of applied stress. The application of an external stress modifies
the direction of the easy axis by inducing a magnetoelstic anisotropy energy along the
direction of stress. The direction of easy axis is then determined by the minimization of
magnetoelstic anisotropy energy. In the case of positive magnetostrictive FeyqNiggBog
ribbon the presence of an external tensile stress increases the 180° domains along the di-
rection of stress. This reduces its magnetoelastic energy and enhances the MBN activity.
< FEypny > parameter actually reflects the change in the number of 180° domain walls
within interaction regions under condition of applied stress. Increase of < Fj;gn > value
with increasing stress indicates the increase in population of 180° domain walls i.e. an
increase of the overall MBN activity with increasing stress applied along the magnetic
easy axis of the ribbon.

Since the above results reveal that the MBN is most stress sensitive along the length of
the ribbon, we have studied the field dependence of MBN along the ribbon length in pres-
ence of various tensile stresses to understand the magnetization processes in amorphous
ribbons. MBN measurements were performed by varying the magnetic field upto 29 Oe
and in presence of tensile stresses upto 33 MPa stress. Fig.5.8 shows the field dependence

of Eypy in amorphous FeyyNigBag ribbon at different values of tensile stress. Ej/py
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Figure 5.8: Ej/pn as a function of magnetic field in amorphous FeyyNiygBag ribbon at 0
MPa, 9 MPa, 19 MPa and 33 MPa stresses.



Chapter 5. 158

0.004
O
3 5 0 4350e
~% 0,003 - O 290
>
8
20.002 -
=
&
0.001 1
0 10 20 30 40

Stress [MPa]

Figure 5.9: Stress dependence of Ej;gy in amorphous FeyNiyBsy ribbon at magnetic
fields of 4.35 Oe and 29 Oe.

initially increases with magnetic field and finally gets saturated at higher fields for both
without stress as well as in presence of 9MPa, 19MPa and 33MPa stresses. It is clear from
Fig.5.8 that there is an increase in E);px with increasing tensile stress. Fig.5.9 shows the
dependence of Fjypy on applied tensile stress for two different values of magnetic field,
H = 4.350¢e and H = 290e.

The variation of the magnetization, M of amorphous Fe nNiy9Boy ribbon as a function
of magnetic field, H is shown in Fig.5.10 for different tensile stresses, o = 0MPa, 47TMPa
and 94MPa. The magnetization increases very steeply at low field and attains a satura-
tion value around a field of ~ 100 Oe . In presence of a tensile stress the magnetization
process is enhanced and the saturation is obtained at lower field. The variation of the

coercive field H, of the ribbon with external tensile stress, o is shown in Fig.5.11. It is
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Figure 5.10: Variation of magnetization of amorphous F'e4oNiy9Bso ribbon as a function
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Figure 5.11: Variation of coercive field with tensile stress in amorphous FeyqNi49Bog
ribbon.

observed that the coercive field decreases with applied tensile stress.

From Fig.5.8 it is evident that Fjy gy initially increases sharply with magnetic field
and eventually gets saturated at higher magnetic field for both under stress and without
stress condition. As the magnetic field is increased from low values, the domain walls
overcome higher energy pinning sites, thus increasing the Barkhausen noise. Though the
atoms are oriented randomly in amorphous magnetic materials, a magnetic easy axis is
developed along the length of the ribbon as a stress induced anisotropy is generated along
the length during preparation of the samples. Fig.5.9 shows that at a particular magnetic
field Ey/py increases with increasing stress. Therefore when the stress is applied along
the length of the ribbon and as the stress is increased, more 180° domains are developed

along the direction of tensile stress which contributes more inthe magnetization process.
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Thus Fjy/py increases with increasing stress resulting in the steeper magnetization curves
and reduction in coercivity in presence of stress.

The effect of stress on MBN in amorphous Fe;qNigSi19B12 ribbon has also been studied
along its length in presence of tensile stresses up to 38 MPa. The MBN measurements
were performed by varying the magnetic field from 0.7 Oe to 29 Oe in presence of different
tensile stresses. Here the magnetic field (H) is parallel to the applied stress (o) direction.
Fig.5.12 shows the MBN signal for a magnetic field of 29 Oe at different applied stress
conditions.

Fig.5.13 shows the field dependence of Ejpy in the sample at different values of tensile
stress, 0. Fig.5.14 shows the dependence of Fjy;gn on applied tensile stress for two dif-
ferent values of magnetic field, H=5.8 Oe and H=29 Oe. It is clear from Fig.5.13 that
the Fy/py initially increases sharply with magnetic field and eventually gets saturated for
higher magnetic field. This behaviour is observed in the sample for both under stress and
without stress condition. As the magnetic field is increased from low values, the domain
walls overcome higher energy pinning sites, thus increasing the Barkhausen noise. Though
the atoms are oriented randomly in amorphous magnetic materials, a magnetic easy axis
is developed along the length of the ribbon as a stress induced anisotropy is generated
along the length during the preparation of the samples. The 180" magnetic domains are
preferentially oriented along a particular direction called the easy axis of magnetization.
Fig.5.14 shows that at a particular magnetic field the Ej,pxn increases with increasing
stress. Therefore when the stress is applied along the length of the sample, as the stress is
increased, more and more 180° domains are oriented along the direction of tensile stress,
which is the direction of the applied field also. Thus the E);gy increases with increasing

stress.

Amorphous magnetic materials gradually change from amorphous to crystalline phase
on heat treatment around their crystallization temperature. To check whether MBN can
be used to detect this structural transition, amorphous FesgNi4Bog ribbon was isother-
mally heated in a furnace at 300°C in presence of nitrogen atmosphere for various time
durations. Fig. 5.15 shows the field dependence of Ej;py in amorphous FeynNigBog

ribbon of the as-quenched and annealed samples.
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Figure 5.12: MBN from amorphous FezqNigSiioBi2 ribbon with (a) H=29 Oe , 0=0
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Figure 5.13: Ejypy as a function of magnetic field in amorphous FezqNigSi19B12 ribbon
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Figure 5.15: Variation of E)j;pny with magnetic field of the as quenched and annealed
(annealed at 300°C for 0.5 hour, 1 hour and 2 hour) amorphous F'e o NiyyBsg ribbons.

From Fig. 5.15 it is clear that F),;py initially increases sharply with magnetic field and
eventually gets saturated at higher magnetic field. It is also observed that the Ej/gy
decreases with increasing duration of heat treatment. This decrease in Ej;py with in-
creasing duration of heat treatment at 300°C has been connected with the crystallization
process that has formed crystalline grains. The gradual decrease in Fjy;gy in the amor-
phous FeyyNigBsg ribbon with increasing duration of heat treament indicates a gradual
transformation from amorphous to crystalline phase. Fig. 5.16 shows the variation of root
mean square voltage (of the MBN voltage) with time in amorphous FegyNigBgg ribbon
of the as-quenched and annealed samples (annealed in presence of nitrogen atmosphere at
300°C for different time durations). In Fig. 5.16, the as-quenched sample shows a broad

peak. After annealing for 1 hour at 300°C, two distinct peaks corresponding to amorphous
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Figure 5.16: The variation of root mean square voltage (of the MBN voltage) with time
of the as quenched and annealed (annealed at 300°C for 1 hour and 2 hour) amorphous

F640Ni40320 ribbons.
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and crystalline phase are observed. The two peaks become more prominent with the in-
crease in annealing time. On further annealing (2.0 hour) a distinct two-peak behaviour
in root mean square voltage is observed. This development of two-peak characteristics
with annealing is a consequence of amorphous to crystalline phase transformation in the

amorphous F'eyyNiy9Boy ribbon.

5.3 Study of Magnetic Barkhausen Noise in Amorphous
F€73.5CU1N[)35Z'13.5BQ nanocrystalline ribbons

5.3.1 Results and Discussions

The sample used in the present study was an amorphous ribbon (known under its commer-
cial name FINEMET) with nominal composition Fezs3 5Cu; Nb3Si13 5By having dimensions
40mm x 4mm x 25um. It is a conventional nanocrystalline material composed of ultrafine
bee FeSi grains embeded in a residual amorphous matrix. These amorphous materials
gradually change from amorphous to nanocrystalline phase on heat treatment around
their crystallization temperature. In this section we have studied this phase transforma-
tion using MBN technique. The Fer3 5Cu; Nb3Siq3.5B9 ribbon was isothermally heated in
a furnace in nitrogen atmosphere at 540°C for 1 hour. MBN was then studied from both
the as-quenched and the annealed samples.

A magnetic field is generated by passing a low frequency (4Hz) sinusoidal current through
the Helmholtz coil. A small pick-up coil with 100 turns, around the sample was used to
detect the MBN signals. The MBN signal was sampled at the intervals of 25 ps and eight
traces were taken for each measurement. The signal from the coil was amplified by 1000
times using a low-noise pre-amplifier, passed through a band-pass filter (3 kHz 300 kHz)
and then collected in a personal computer. Only those voltage signals having amplitudes
higher than a selected threshold were considered for analysis. The MBN activity was
characterized by M BNepyeiope, Which represents the locus of the absolute values of MBN
signal as a function of time. The axial hysteresis loops of the samples were measured by
a vibrating sample magnetometer (Lakeshore) up to a maximum field of 2000 Oe. The
phase structure of both as-quenched and annealed samples was verified by X-ray diffrac-
tometer (XRD, X'Pert Pro, Panalytic).
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Figure 5.17: MBN signal from the as-quenched and annealed (heated at 540°C for 1 hour)
F673b5OU1N635Z‘13b5Bg ribbon.

Fig. 5.17 shows signal from the as-quenched and annealed (heated at 540°C for 1 hour)
Fer35Cu1 Nb3Siqz5Bg ribbon. MBN envelope from the as-quenched and annealed (heated
at 540°C for 1 hour) Fer35Cu; Nb3Siy35Bg ribbons are shown in Fig. 5.18. It is observed
from the figure that the M BNcpyeiope Show a single-peak and a double-peak for the as-
quenched and annealed samples respectively. The single-peak can be attributed to the
single amorphous phase of the ribbon. On annealing at 540°C for 1 hour, nanocrys-
talline o FeSi phase is formed in the amorphous matrix. Therefore, the two-peaks of the
M BN, pyeiope (for the annealed sample) correspond to the nanocrystalline and the amor-
phous phases.

The variation of the normalized magnetization as a function of the magnetic field of
the as-quenched and annealed (heated at 540°C for 1 hour) Fez35Cu; Nb3Siiz5Bg ribbon
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Figure 5.18: MBN envelope from the as-quenched and annealed (heated at 540°C for 1
hOUI‘) F673~5CU1N63S7:13~5BQ ribbon.
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Figure 5.19: Variation of the normalized magnetization as a function of the magnetic
field of the as-quenched and annealed (heated at 540°C for 1 hour) Fe;35Cu; Nb3Siy35B9
ribbon.

are shown in Fig.5.19. On annealing the sample, there is jump in magnetization at low
magnetic field as compared to the as-quenched sample. The X-ray diffraction patterns for
the as-quenched and annealed (heated at 540°C for 1 hour) Fer35Cu; Nb3Siiz5Bg ribbon
are shown in Fig.5.20. The XRD pattern for the as-quenched ribbon exhibited only one
very broad peak around 20 = 45° (often known as diffuse halo) indicating that the ribbon
is amorphous. XRD patterns of the annealed sample show two peaks at around 26 = 45°
and 260 = 68° corresponding to a FeSi phase and F'e3S7 phase respectively. Therefore the
XRD results indicated that « FeSi phase was detected on annealing the sample at 540°C
for 1 hour and verified our MBN results.

Therefore, MBN technique was successfully employed to study the phase transforma-
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tion in amorphous Fez35Cu; Nb3Siq35B9 nanocrystalline ribbons. The amorphous as-

quenched state transformed into bce nanograins with excellent soft magnetic properties.

5.4 Effect of Tensile Stress on the Magnetic Barkhausen Noise
in Amorphous 0068.15F€4.35Sil2.5315 wire

5.4.1 Results and Discussions

The sample used in the present study was an amorphous wire with nominal composition
Cogs.15F'eq.355112.5 B1s having a diameter 125 ym and length 12 cm. MBN from this amor-
phous wire were studied in presence of various tensile stresses using a home-fabricated
sensitive experimental setup. A magnetic field, which is sufficient for the technical sat-
uration of the sample, is generated by passing a low frequency (4Hz) sinusoidal current
through the Helmholtz coil. A small pick-up coil with 10,000 turns, around the sample
is used to detect the MBN signals. The MBN signal was sampled at the intervals of 25
us and eight traces are taken for each measurement. The signal from the coil is amplified
by 1000 times using a low-noise pre-amplifier, passed through a band-pass filter (10 kHz
1 MHz) and then collected in a personal computer. Only those voltage signals having
amplitudes higher than a selected threshold are considered for analysis. We have charac-
terized MBN by MBN Energy denoted as Ej;pn which is calculated by integrating the
square of these voltages with respect to time.

To get a clear understanding of the domain structure and magnetization processes in
wire-shaped amorphous magnetic materials, we have studied stress dependent MBN on
Cogg.15F'ey.355112.5 B1s amorphous wire. Fig. 5.21 shows the MBN from Cogg 15F €4.355112.5B15
amorphous wire in the presence of 0 MPa, 23 MPa and 69 MPa tensile stress. MBN de-
creases with increasing stress applied along the length of the sample. Stress dependence
of MBN energy (Eypy) of the wire is shown in Fig.5.22. It is seen that Ej;py reduces

with increasing stress.

Increasing longitudinal tensile stress, induces a transverse anisotropy within the sam-
ple. MBN in this negative magnetostrictive sample takes place by 180° domain wall
motion in the IC. Application of stress along the length of the wire reduces the fractional

volume of IC domain as well as the differential permeability of the hysteresis loop. Since
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Figure 5.21: MBN signal from amorphous Cogg 15F'e4.355112.5B15 wire in absence and in
presence of 23 MPa and 69 MPa stress.
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Figure 5.23: MBN from amorphous Cogg 15F€4.355112.5B15 wire in the absence and in
presence of 52 MPa stress for maximum possible applied magnetic field.

the Barkhausen voltage (hence F);py) is proportional to the differential irreversible sus-
ceptibility, therefore MBN decreases with stress along the direction of applied field.

We have also studied the magnetic field dependence of MBN from amorphous
Cogg.15F'es.355112.5B15 wire. Here we have reported only the results of MBN for max-
imum magnetic field (~ 2 Oe) applied . Fig.5.23 shows the MBN from amorphous
Cogs.15F e4.355112.5 B15 wire in the absence and in presence of 52 MPa stress at the highest
magnetic field applied. The stress dependence of Ey;gn of amorphous Cogs 15F €4.355%12.5 B15
wire at highest magnetic field is shown in Fig.5.24. On application of high magnetic field,
only the inner core domain of the wire exists with a single magnetization vector nearly
parallel to the wire axis. This magnetization vector actually spirals in to equilibrium

position parallel to the magnetic field. The magnetization undergoes precession (untill it
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alligns along the wire axis), as a result of the torque exerted on the magnetization by the

external magnetic field, which is reflected in our MBN results.

5.5 Conclusions

Magnetic Barkhausen Noise (MBN) measurements were performed on amorphous

FeyNigBsoy and FeqgNigSiigBio ribbons under different tensile stress conditions. Ex-
perimental results show that there is an increase of MBN with increasing tensile stress
applied along the length of the sample. The dependence of MBN on stress is influ-
enced by the parameters such as the orientations of magnetic easy axis of the sample,
the direction and magnitude of applied stress and magnetic field. Therefore using this
technique, these parameters can be estimated. Magnetization measurement in amorphous
FeyyNigBsg ribbon reveals a decrease in coercivity with increasing tensile stress applied
along the length of the ribbon. Temperature dependent MBN study has been done in
amorphous FeygNiyyBsy ribbon. It is observed that there is a decrease of MBN with
increased duration of heat treatment at 300°C. Gradual development of a two-peak be-
haviour with increased duration of heating indicates an amorphous to crystalline phase
transformation in amorphous Fe 9 Nig9Bog ribbon. This study shows that the MBN mea-
surement could be used to evaluate the different structural phases of ferromagnetic sam-
ples. Angular dependence of MBN has been studied to estimate the magnetic easy axis in
amorphous FeygNigBsy ribbon. Angular dependent Ejy;gn was fitted by an expression
Eypn = acos?(6 — ¢) + 3. Here o and (3 are fitting parameters and ¢ and 6 are the
directions of applied magnetic field and magnetic easy axis respectively with respect to
the sample axis. MBN study from the as-quenched and annealed (heated at 540°C for 1
hour) Fers5Cu; Nb3SiissBy ribbon showed the amorphous to crysatlline phase transfor-
mation. Stress dependent MBN on Clogg 15 F'e4.355112.5B15 amorphous wire gives a better
understanding of the domain structure and magnetization processes in wire-shaped amor-

phous magnetic materials.
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