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Chapter 1

INTR ODUCTION

1.1 Ferromagnetic Disordered Allo ys

The term \disordered alloys" in generaland \amorphous alloys" in particular way include
liquid, vapour or plasmaquendied materials aswell asalloys obtained by solid state syn-
thesis,whosex-ray di raction patterns shown characteristic broad rings. Among them the
term \etallic glass"is usedto denote only liquid quended products. Amorphous mag-
netic materials mainly belongto this subcategory Thesealloys lack long-rangeatomic
order and consequetly exhibit high metallic resistivity (100 - 200 ohm cm) and no
macroscopicmagnetarystalline anisotropy due to the absenceof crystal structure. As
a result, ferromagneticmetallic glassedasedon 3d transition metals are generally good
\soft" magnetic materials with both low dc hysteresisloss and low eddy current dissi-
pation. In addition, they are characterizedby high elastic limit (i.e. they resist plastic
deformation) and for certain compositions, they shonv good corrosion resistance. Amor-
phousmagneticalloys cortaining appreciablefractions of rare earth metals shov magnetic
anisotropy and magnetostriction that can be varied almost cortinuously with composi-
tions upto very large values. These characteristics combined with the expectation that
metallic glassescan be economicallymassfabricated, hasled to a broad commercialin-
terest. To physicists, the attraction lies in seeinghow the absenceof crystal structure
modi es the collective magnetic phenomena,which are mainly governed by short-range
interactions.

Becauseof the lack of atomic orderingit wasbelieved for many yearsthat ferromagnetism
could not exist in amorphoussolids. Howewer in 1960Gubanor [1] predicted, on the basis
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of theoretical analysis,that amorphoussolidswould be ferromagnetic. This was basedon
the evidencethat the electronicband structure of crystalline solidsdid not changein any
fundamertal way on transition to the liquid state. This implies that the band structure
and henceferromagnetismdepends on short-range atomic order and should not be de-
stroyed in the correspnding amorphoussolid. In 1950,Brenner et. al. [2] rst reported
the amorphousmetallic alloy of nickel phosphoruspreparedby electro-demsition. The
presen great interest in amorphousmetal researb stemsfrom reports by Duwez et. al.
[3]in 19600n the preparation and properties of amorphousmetallic alloys. In 1967Duwez
and Lin [4] reported a liquid quented Fe-P-Calloy exhibiting a saturation magnetization
of 7 kG, low coercivity (3 Oe), rather high Curie temperature and good stability at room
temperature againstcrystallization. Luborsky et. al. [5] rst demonstratedthe reduction
of coercivity in Fe-Ni-P-B alloys down to lessthan 10 mOe by suitable annealing and
showved that the changesin properties correlatedwith the relief of internal strain.
Amorphous states for pure metals like Fe, Co, Ni etc. are obtained only at low temper-
ature whereasthis state is stable for above alloys at room temperature. The stability
increaseswith the number of componerts in alloys. Two important classeof amorphous
magnetic materials are being studied intensively in recern times. They are the transition
metal metalloid (TM-M) glassand the rare-earth transition metal glass(RE-TM) [6], [7].
TM-M glassesare stable for composition around 75-80% of TM (Fe, Ni, Co etc. or in
combination of them). Typical composition for RE-TM glassis RE3z; TMg; wherethe
RE's are heavior rare-earth metal like Gd, Th, Dy etc. and TM's are Fe, Co etc. Later
metalloids in TM-M glassesare replacedby non-magneticmetals [8] like Zr, Hf and are
being studied for the last se\eral years.

Many good reviewsof amorphousalloys are available, covering a variety of physical prop-
erties [9] - [17]. Among those, the review by Moorjani and Coey [14] preseits a wealth
of information on metallic aswell as on insulating magnetic systems. Wohlfarth [10] ex-
aminesmany aspects of magnetismin light of itinerant theory. Kaneyoshi[13] reviews
theoretical issueselatedto exchangeand momert uctuations aswell asspin- wave state.
Luborsky treats anisotropy, momert variations, coercivity and losses.O'Handley reviewed
the recent dewelopmen in the physicsof ferromagneticamorphousalloys in details [17].
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1.2 Preparation of Ferromagnetic Amorphous Alloy

The basicprinciple to preparean amorphousalloy is that the molten alloy must be cooled
very rapidly sothat it must passquickly enoughthrough the temperature range where
nucleation can occur. The cooling rate is of the order of 10° Cs ! or higher [18],[19]. A
wide variety of di erent processesvith low costproduction techniqueshave beenreported.
The most widely usedtechnique to prepare TM-M metallic glassis the liquid-quending
method [20]. In this method, a rapidly spinning copper or steelwheelis usedto conduct
the heat away rapidly and cortinuously from the melt. This method is suitable to produce
metallic glassin the form of ribbons. The typical dimensionof the ribbon is few cm in
width and 20 - 60 m in thickness. The other methods are splat cooling, sputtering,
irradiation by energetic neutron, vapour or electrodeposition [20]. RE-TM glassesare
normally preparedby sputtering or vapour deposition techniques[20.. Somenew tech-
niquesto obtain metallic glassare still under dewelopmen. Theseare laser glazing[2]],
electric eld emissionof ions from the melt [22] and spark erossiontechnique [23].
Glassymetal in the form of amorphouswires with diameter of about 100 m are fabri-
cated by in-rotating-water quending technique by squirting a jet of molten liquid into
a rotating bowl of water [14], [25]. The rst successfuimethod to produce amorphous
wires, basedon a processof liquid solidi cation into water, was deweloped by Kavesh
[26]. Further dewelopmert of quending technique into rotating water was subsequetty
achieved by Ohnaka et al. and Masumoto, Ohnaka, Inoue and Hagiwara in Japan [27),
[28].

Microwires are manufactured by meansof a modi ed Taylor-Utilo vsky processbasedon
direct castingfrom the melt [29] - [36]. Glass-coatedmicrowires are fabricated by quend-
ing and drawing method. They are composite materials formed by an amorphousmetallic
nucleus(l -20 m in diameter) coveredby Pyrex-like insulating coating (2 -20 m thick).
In this method a few grams of the master alloy with the desiredcomposition is put into
a pyrex-like glasstube and placed within a high frequencyinductor heater. The alloy
is heated up to its melting point forming a droplet. While the metal melts, the portion
of the glasstube adjacen to the melting metal softens,enveloping the metal droplet. A
glasscapillary is then drawn from the softenedglassportion and wound on a rotating coil.
At suitable drawing conditions, the molten metal lls the glasscapillary and a microwire
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Figure 1.1: In-rotating-water-quendting unit (a) and the Quending and drawing unit (b)
for the fabrication of wiresand microwiresrespectively (at the ICMM/CSIC Laboratories).

is thus formed where the metal core is completely covered by a glassshell. Fig. 1.1
shows the in-rotating-water-quending unit (a) and the quending and drawing unit for
the fabrication of wires and microwires respectively (at the ICMM/CSIC Laboratories)
[34]. During fabrication, glass-coatednicrowires undergolarge internal stressesstronger
than in the caseof in-water-quended wires due to additional stressescoming from the
coating. Thesestressesleterminetheir magnetic properties.

1.3 Magnetic prop erties of wire-shap ed amorphous magnetic
materials

Recerly, amorphouswires and microwires with a metallic nucleus covered by an insu-
lating glasscoating has attracted considerableinterest becauseof their outstanding soft
magnetic properties. Due to their amorphouscharacter, only magnetcelastic anisotropy
comingfrom frozen-in stressesasto be consideredogetherwith the shape anisotropy to
determinethe magneticbehaviour. Due to their ferromagneticbehaviour, the largesten-
ergy term amongmagneticinteractionsto be considereds exchangecoupling. Sincethey
are structurally amorphousin character, magnetcarystalline anisotropy can be neglected
sothat magneteelstic anisotropy plays the dominating role. Lastly, their cylindrical sym-
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Figure 1.2: A crosssectionof an amorphouswire shaving a schematic view of the domain
structure in the middle part (determined by the distribution of internal stresses)f wires
with (a) positive and (b) negative magnetostriction.

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

The above factors determining the magnetic behaviour of thesewire-shaped samplesare
in uenced by the rapid solidi cation method employed in the fabrication. Firstly, the
alloy composition determinesthe magnetostriction constart ( ). Secondly the quendh-
ing technique introducesunique distribution of strong internal medanical stressey ).
Thus magnetostriction and stressegdetermine the strength of magnetcelastic anisotropy.
The magnetcelastic energydensity (E e ) determinesthe magnetic behaviour i.e.,
domain structure and hysteresisloop of thesematerials. The signand value of the magne-
tostriction is decisiwe. Positive and negative magnetostrictionresult respectively in radial
and circumferertial easyaxis 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 correlatedto alloy composition. Fig. 1.2
shows the crosssectionof an amorphouswire shoving the domain structure in the middle
part with positive and negative magnetostriction [35].
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Figure 1.3: Longitudinal hysteresisloop of a 10 cm long FeSiB in-water-quendied amor-
phouswire

Magnetostrictive wires are characterizedby a single Barkhausenjump that resultsin
square-shapd hysteresisloops. 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 amongthe softest magnetic materials ever found and exhibit
giant magnetoimpedancee ect dueto their ultra-soft magneticbehaviour. Fig. 1.3shows
the longitudinal hysteresisloop of a 10 cm long FeSiB in-water-quendied amorphouswire
[34]. This bistable magnetic behaviour is a consequencef the magnetization reversal
processwhich proceedsby depinning of a single wall from the closuredomain structure
at one end and propagatestowards the other end.

As mertioned earlier, the hysteretic magnetic properties of glass-coatedmicrowires are
rather di erent from those of corvertional amorphouswires mostly becauseof additional
magnetcelasticenergyrelated with strong internal stressesnducedduring the rapid solid-
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i cation of the thin wire surroundedby the glas coating [25],[37]. Signi cant medanical
stressesappear inside the metallic nucleusand glasscoating as a result of the di erence
in thermal expansioncoe cien ts of metal and glass. The value of sud stressesdepends
on ratio betweenmetallic nucleusdiameter and total microwire diameter [36].

The magneticbehaviour of microwires canbe classi ed into the folowing groupsaccording
to their magnetostriction [24]:

(i) FeSiBalloys with large and positive magnetostriction( 1 3 10 d).

(i) CoFeSiB alloys with balancedmagnetostriction for the Fe/Co rate at around 5%.
(i) CoSiB alloys with negative and slightly reducedmagnetostriction ( 1 10 ).
Typical hysteresisloopswith di erent magnetostriction: (a) negative, (b) vanishing but
negative and (c) positive CoMnSiB microwires is showvn in Fig. 1.4 [36]. In caseof neg-
ative magnetostriction, constart medanical stressegyive rise to the easyaxis direction
perpendicular to the microwire axes. Where the negative valuesof the magnetostriction
constart are large the magnetalastic energy exceedshe magnetostatic energyand the
magnetization aligns perpendicular (circumferertially) to the microwire axis. With the
application of an axial magnetic eld the magnetization rotates from circular to axial
orientation exhibiting minimal hysteresis(Fig. 1.4(a)).

For vanishing but negative value of magnetostriction, the magnetceelastic energyis of the
sameorder as the magnetostaticenergy The magnetization processtakesplace rst by
domain wall movemen and then by magnetization orientation (Fig. 1.4(b)). In caseof
positive magnetostrictive microwire, the magnetaelastic anisotropy results in axial easy
axes, thereby reinforcing the shape anisotropy. Single or quassi-singledomain structure
is obsened typically with a singleor only few large Barkhausenjumps (Fig. 1.4(c)).

1.4 Characterization

The physical, chemicaland magneticcharacteristic of amorphousmagneticmaterials have
beenstudied by various techniques. Sincethe magnetic properties of thesematerials will
bediscussedn the following chapters, their physicaland chemicalaspectswill be discussed
in brief.
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1.4.1 Atomic Structure

X-ray, electron or neutron di raction pattern is the simplestway of deciding whether a
material is amorphousor crystalline. In cortrast to crystalline materials, the di raction
pattern consistsof di use rings which sharpenasthe material transforms, on heating, into
polycrystalline phase. The atomic position in an amorphoussolid are far from completely
random in the sensethat positions of atomsin a gasare random. The atomsin a solid,
imposessome regularity on the local ervironment of ead of them. Atomic positions
are strongly correlated in nearestneighoour shell, yet uncorrelated beyond a few inter-
atomic-spacings.This is the meaningof the statemen that amorphoussolids possess$o
long range order but short-range order that resenbles those of liquids. Methods sudh
as extended x-ray absorption ne structure and nuclear magnetic resonance[38] have
beenemployed to examine the short-range order in amorphousmetals, speci cally the
distribution of inter-atomic distancesand co-ordination numbers. The acceptedapproat
to modelling the atomic arrangemetts in metallic glassess basedon the structure formed
by the denserandom pading of hard spheregDRPHS). Sud model qualitativ ely accourts
for the major featuresin the radial distribution functions of metallic glasses.

1.4.2 Chemical Composition

Generally the percenage of the constituerts, usedduring the preparation of alloy is taken
asthe composition of the metallic glasssample.

After the preparation, chemical composition of amorphousalloys are determinedby var-
ious techniques. One of the most commonly usedmethod is the atomic absorption spec-
troscopy where the substanceis ignited to disscciate the material into its atomic con-
stituents and they are then identied by their characteristic optical absorption. This
method is appropriate for most light and heavy elemens. Other commonly employed
methods are X-ray photoelectron spectroscoy and auger spectroscopy etc.
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1.4.3 Density

The amorphousalloys are generallyabout 2 % lessdensethan their correspnding equi-
librium crystalline mixtures though materials which are upto 40 % lessdensethan the
correspnding crystalline metals have also beenreported [39]. Density of thesematerials
can be measuredeasily by measuringtheir massand volume.

Consideringthe structure of this metallic glassedormed by the denserandom pading of
hard spheres,their densitiescan be calculated. Taking the 12 coordinated Goldsdimidt
radii for the metal atoms and tetrahedral covalert radii for the metalloid atoms [40] the
calculated densitieswere found to be within 5 % of the measureddensities.

1.4.4 Resistivity

The resistivities of the amorphousalloys are generally 2 to 4 times larger than the cor-
responding transition metal crystalline alloys without the glassformers. This results
in smaller eddy current cortributions to the permeability and losses,esgecially at high
frequencies. This is one of the many advantages of the amorphousmetallic alloys for
application in devices.

The low temperature resistivity of amorphousmaterials exhibit an anomalousminimum
with a logarithmic increasebelov the minimum which, Cochrane et. al. [41] have shovn
to be nonmagneticin origin and to be assaiated with the amorphousstructure.

1.4.5 Thermal Stability

A glassystate beinga metastablestate, the metallic glassegend to transform cortinuously
towards more stable states. Two broad classesof transformation exist i.e. structural

relaxation and crystallization. During the rapid quending from the melt, someinternal

stressesare frozen-in within the sample which can be relaxed by structural relaxation
through short or long duration heattreatment. This crystallization processeslependon a
number of kinetic and thermodynamic factors. For a homogeneousrystallization process,
the time for the onsetof crystallization, . follows an Arrhenius relation, .= e BT,

where ¢ is the characteristic time and E 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 changedrastically and the devicefeaturesbasedon
these properties may deteriorate rapidly [46]. So, by judicious annealingit is possible
to minimize internal stressand the accompalying anisotropy thereby achieving improved
devicecharacteristics. The useful lifetime of a devicebasedon amorphousalloys endsat
Ty , but for T, in the range400K to 800K (found for all most all the transition metal
metalloid alloys) and E in the range 26eV as have beenreported for transition metal
metalloid alloys in the vicinity of the eutectic [20], ¢ ' 10! yearssothat amorphous
alloys are stable againsthomogeneousrystallization for all practical purposes.

1.4.6 E ect of Disorder

Di erent types of disorder are obsened in disordered magnetic materials [14]. Among
them bond disorder is perhapsthe simplest variety which is characterizedby bonds of
di erent length making di erent angleswith ead other in a monatomic crystal. A much
strongerdisruption of periodicity is the topologicaldisorderwherethe crystal network in-
cludesdi erent memnberedrings distributed at randomwithin the solid. Chemicaldisorder
is found in alloys having two or more constituerts whereatoms of a particular constituert
havedi erent chemicalernvironment at di erent placeswithin the solid. All thesedisorders
are obsened in amorphousferromagneticalloys which a ect their magnetic properties by
(i) changingthe momert of an atom (ii) producing a distribution of exdangeinteraction
betweenmomerts and (iii) altering local energyof atoms, i.e., anisotropy energy Eacd of
thesee ects will be discussedorie y in the following paragraphs.

Magnetic moment variations in amorphousalloys

The magnetic momert of most amorphousalloys are lower than those of the pure crys-
talline transition metals which they cortain. Normally structural disorderin alloy causes
little changein averagemagnetic momert/atom. The momerns are mainly reducedby
the changein the local chemical ervironment causedby the presenceof metalloids.
Slater-Pauling like plots of magneticmomert variation with composition was interpreted
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earlier by charge transfer from the glassformer to the 3d band [15. From this consid-
eration the magnetic momert of transition metal atoms in the generalamorphousalloy
(TM); , yF,Gy canbe expresseds [20],

=[m@2 z yfz gyl<1 z ) (1.1)

or for the momen per atom of alloy as

=m(l z y)fz gy (1.2)

whereF and G represeh the metalloid or glassforming atomic species,m is the original
number of unpaired spinsin the transition metal alloy and f and g are the number of
electronstransferred from F and G atoms respectively.
Later, a more realistic understandingof compositional e ects wasintroducedin terms of
(sp) d bonding [20], [42). This chemical bonding are of covalert or polar bond type. In a
covalert bond, chargeis delocalizedfrom eadt of the atomic sites and builds up between
the atoms having similar electronegativities. Bonding and antib onding hybrid orbitals
are created. The d-statesbecomemore delocalized as a result of covalent bonding. The
delocalizatopnresultsin lossof d character and hencewealer intra-atomic exchangewhich
wealensmomern formation.
Polar bondsare formed betweenorbitals that di er signi cantly 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 themselesto screenthe charge transfer and maintain somedegreeof local
charge neutrality. This bond formation will a ect the magnetic properties if one of the
orbitals involved cortributes to the magnetism(eg. a 3d orbital).
Somemaodels have beendeweloped to descrike trends in magnetic property variation with
alloy cortent. Magnetic valencemodel is oneof them which is basedon Freidelsconceptof
virtual bound statesand generalizedby Terakuraand Kanamori [17]. It accours for the
variation of averagemagnetic momert with alloy cortent by de ning an atom averaged
magnetic valence

Vim=2Ng V (1.3)

whereV is the averageelectronicvalenceV = N4 + Ng*+ Ng, + Ng,” and Ny is the
number of majorit y-spin d-electrons. Substitution of the de nition for V in the previous
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equation leadsto the relation
Vm= av 2Ngp (1.4)

which demonstratesthe Slater-Pauling like behavior. (jd ,,=dx ' 1 with the x intercept
determinedby the averagenumber of conduction electrons). This model is applicable to
awide rangeof TE-TL (early transition metal late transition metal) and T-M (transition
metal metalloid) alloy.

Coordination bonding model is deweloped in the local ervironmernt spirit and shedslight
on the role of co-ordination in the interesting variations of magneticmomert. According
to the model, suppressionof host magnetizationin a transition metal metalloid T; My
alloy dependsupon how strongly M is bondedwith T and the extert of p-d bonding is
assumedto be proportional to the number of T atoms surroundingan M atom. Hence,
the magnitude of the averagemagneticmomert  per T atom in the alloy is suppressed
below that in the pure host ng by an amourt proportional to Z Ty, the T co-ordination
about the metalloid:

r=ng[l ZTwNw=5Nq] (1.5)

where Ny =Nt (more commonly written asx=(1  x) is the ratio of the number of M

atoms). This model is applicableto metallic glassesasto crystalline solid solutionsbased
on a strongly magnetic host like cobalt and nickel.

To explain magnetic momen variation in a large number of dilute alloys, Jaccarinoand
Walker [43 introduced a simple phenomenologicamodel basedon local ervironment ef-
fect. In this model the in uence of more distant neighbours are neglectedwhich are
thought to be unimportant by the damping of \magnetic interactions” by the nite elec-
tron mean free path. The variation in the saturation magnetization in binary Ni-Cu,

Ni-Rh alloys can be descriked well with this model. Busthow et. al. [44] have usedthis
approat to t the momern variation in amorphousCo-Y alloys.

Exchangelnteractions

The appearanceof a magnetically ordered structure sud as ferromagnetismrequiresan
interaction to couplethe magnetic momerns together. It has beenfound that exctange
interactions betweentwo electronic spinsusually tend to allign them parallel or artipar-
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allel. This tendencyis represeted by the isotropic Heisemerg interaction for a pair of
localizedmomens g g S [49

Hij = 23; S:S (1.6)

J;j isthe exdhangeconstart betweenspinsat site i and sitej. It is positive for ferromag-
netic coupling and negatiwve for antiferromagnetic coupling.

The origin of exdhangecoupling lies in the electrostatic interaction betweenelectronsof
di erent spinsondi erent sites[46]. Variousexchangemedanismsexist [47] sud asdirect
exchange,super exdiangevia ligands, indirect exchangevia conduction electrons(RKKY

interaction) [48] - [50]. All theseinteractions depend sensitively on the distance between
interacting electrons. To a rst approximation Jj in above equation dependson inter-
atomic distances(r; ), even changessign dependingon r; . For the 4f series,S in above
equation must be replacedby J. This equationis not directly applicableto 3d transition

metals becausetheir magneticmomerns are not due to an integral number of localizedd
electronson eat atom. Newertheless,an e ective value of S can be obtained by equat-
ing the atomic momert to g gS. Other interactions exist which favour a perpendicular
con guration for the pair of spinsrepreseted by the antisymmetric Dzloshinskii-Moriya
(DM) term, which are weakin comparisonwith the Heiserberg interaction.

In an amorphoussolid the distribution of interatomic separationsleadsto a distribution

of exdhangeinteractions which may sometimesinclude interactions of either sign. The
sameis true for other exdhange mehanismsalso. Superexdangeis negative for a 180

metal-ligand-metal bond, but a wealer positive for bond anglesnear 90 [51]. RKKY

interaction oscillatesin signasa function of r. It arisesfrom the interaction of a localized
spin with the polarization of the conduction band induced by other localizedspins. It is
the major sourcesof exchangecoupling between4f shellsand it is alsoimportant in dilute
3d alloys wheredirect exdhangecan not operate.

The probability of nding an excdange interaction of a given magnitude and sign may
be represeted on a P(J) diagram. For a crystal the diagram consistsof one or more
delta functions, but the disorderin an amorphoussolid will broadenthe peaksewen to
the extert that interactions of both sign may be included in the distribution.

Becauseof this distribution of exdangeinteraction, somealloys have competing ferro-
magnetic and antiferromagnetic exchangeinteractions and exhibit \re-entrant” magnetic
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behaviour. This means,upon cooling from high temperature, the system rst undergaes
parato ferromagnetictransition at a temperature Tc;. But this ferro-phasebecomeaun-
stableat a much lower temperature. Infact, the ferromagnetismvanishesata temperature
Tc2 (< Tc1) and the systemerters into a glass-like phase. This re-ertrant magnetic
behaviour is obsened in transition metal basedglassesg. Fe-Mn glasseg13], crystalline
dilute alloys eg. Au-Fe, Pd-Mn [52] and in somecompoundseg. Eu,Sr; «S [53]- [54].

Anisotropy Energy and Magnetization Process

The macroscopicbehaviour of magnetizationin a ferromagnetic material is determined
by anisotropy energy In crystalline system,the anisotropy energyis mainly magnetacrys-
talline in origin. The structure of amorphousmetal consistsof random array of atoms
and is normally consideredto be isotropic on a long rangescale. As a result, one expects
the symmetry of the crystal eld to be low enoughto remove orbital degeneracycom-
pletely from the ground state of magneticions. So,in caseof amorphoustransition metal
basedalloys, the magnetization vector, which is mainly due to spin degreesof freedom,
is supposedto be free from any spatial anisotropy. But during the fabrication process,
the microstructural defectsare frozen-in, originating internal stress eld and giving rise
to magneto-elasticanisotropy. Anisotropy energyin amorphousmaterial is, therefore,
determinedonly by magneto-elastianteraction, which is normally small. This anisotropy
determinesthe processof magnetization. If this anisotropy energyis small, the macro-
scopicmomert canbe inducedwith a small eld resulting large initial susceptibility ( ;).
The coercive eld (H.) is alsoreducedasit is directly determinedby anisotropy energy
When the anisotropy energyis dominartly magnetaelasticin nature due to the presence
of internal stress,the macroscopicmagnetic properties are found to be a sensitive func-
tion of thermal history and external stress[55]. Thermal treatment can reduceinternal
stress. The removal of stressdependson the temperature and duration of annealing. The
magnetic properties of the materials improve by annealingunder medanical stressand
in presenceof magnetic eld. The stressrelief processis related to the existenceof local
minima of potential energyand occursthrough thermal activation. Due to disorder, the
activation barrier forms a spectrum. The structure of this spectrum can be obtained from
the study of annealingbehaviour of anisotropy. The responseof magnetic properties to
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external stressfacilitates 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 amorphoussystem. In this systemthe local easyaxis of magneticmomert is con-
sideredto be randomin nature. The consequencef local random anisotropy of magnetic
systemhave beenexaminedby assuminguniform excangeinteraction betweenmagnetic
momerts [56]. It is found that the strong disorderin anisotropy direction results a mag-
netic state with no long range order but frozen momer.

The family of soft magnetic materials has been considerablyenriched by the discovery
of nanocrystalline alloys [57], [58]. Yoshizava, Oguma and Yamaudi reported for the
rst time, a new classof iron-basedalloys exhibiting excelleth soft magnetic behaviour
[59]. The materials revealedan ultra ne microstructure of bcc Fe-Siwith grain sizesof
10-15nm (after this named nanccrystalline) embeddedin an amorphousmatrix. This
particular microstructure provided excellem magnetic properties suc as low losseshigh
permeability and low magnetostriction achieved by permalloys and Co-basedamorphous
alloys, but with a high saturation magnetizationupto 1.3 T, much higher than either of
thesematerials [60] - [62]. Thesematerialsalsoknown by their trade namesFINEM ETR
(this namederivesfrom the conbination of FINE and METAL) [63]andVI TROPERMR
[64], hasgreat potential useascore material, magneticcomponerts as saturablereactors,
choke coils, transformersand can alsobe usedfor superior electromagneticnoisesuppres-
sion for electric and electronic devices.

The precursorof FINEMETR is amorphousribbon (non-crystalline) obtained by rapid
guending at  1mil lion C/second from the molten metal consisting of Fe, Si, B and
small amourts of Cu and Nb. The soft magnetic propertiesof FINEM ETR result from
its two phasenanocomposite microstructure where nanocrystalline grains of an -Fe-Si
phaseis embeddedin the amorphousmatrix. This ne microstructure has beenshowvn
to depend on Cu atoms (which are not soluble in bcc-Fe or the derivative DO3 struc-
ture of -Fe-Si clustering and aiding nucleation for nanocrystallization of Fe-Si grains
[65]-[674. The alloy with composition F e;3sCu;N b;Si135B9 at% can be consideredas a
typical FeSiB metallic glasswith additions of Cu and Nb. This material produced by
rapid solidi cation is subsequetly annealedabove its crystallization temperature. An-
nealingof F e;35Cu;N b3Si;35Bg at temperaturesbetween 500 C to 600 C leadsto the
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primary crystallization of of ultrane bcc Fe gSi »o grains with typical grain sizesof
10-15nm. The bcc grains are randomly oriented and enmbeddedin a residual amorphous
matrix which occupiesabout 20-30% of the volume and separatesthe crystallites at a
distanceof about 1-2 nm. This nanocrystalline structure is the basisfor the excellen soft
magneticpropertiesindicated by the high valuesof initial permeability of 10° and corre-
spondingly low coercivities of lessthan 1 A/m. The only drawbad of this nanocrystalline
material is that it becomesorittle upon crystallization.

1.4.7 Giant magnetoimpedanceand Magnetic Barkhausennoise

Giant magnetoimpedance(GMI) is the huge changein both the real and imaginary com-
ponerts of total impedanceof a metallic conductor upon the application of an external
static magnetic eld. When an alternating current is applied to these conductors, their
impedanceZ = R + j! L changessensitiely with the changein biasing dc magnetic
eld, whereR and L are the resistanceand inductance of the conductorand j = P L
This externally applied magnetic eld induceschangesin the e ective complexmagnetic
permeability of the material and henceon the material's compleximpedance.GMI e ect

dependssensitively on the frequencyof the alternating current o wing through the sample.
It is also strongly dependert on the magnetic anisotropiesand domain con guration of
the sample. The commonexperimertal method for evaluating GMI is measuredthrough
the four-points technique by which the voltage at the endsof the sampleis measuredasa
function of the accurrent o wing alongthe sample. Changein the impedanceis obsened
when the sampleis subjected to a static magnetic eld. The perceriage change of Ml

with applied magnetic eld is calculated by using the expression,
Z Z(H)  Z(Hmax)

— = 100
" Z(Hmax)

Z
whereZ (H) and Z(Hnax) are the magnetoimpedancefor any magnetic eld (H) and for

] (1.7)

the maximum applied magnetic eld (Hmax) respectively.

First reports of this e ect by Harrison et. al. [68], [69], attracted much attention in
1990'suntil its rediscavery by Panina and Mohri and Bead and Berkowitz [7Q] - [73).
Sincethen GMI e ect hasbeenstudied extensiwely in various materials for its wide range
of technological applications [74] - [76].
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The application of a varying magnetic eld to a ferromagneticmaterial inducessmall dis-
cortinuous changesin the magnetization of the material. Thesesuddenlocalizedchanges
in magnetization are produced by the abrupt motion of domain walls from one pinning

site to the next. The correspnding voltagesinduced in a pick-up coil on the sample
are referred to as Magnetic Barkhausennoise (MBN) [77], [78]. This e ect known as
Barkhausene ect was discovered by Heinrich Barkhausenin 1919[79. MBN is caused
by jerky domain-wall motion in ferromagnetic materials and is a fundamenal proof of
the existenceof magneticdomainsin these materials. The magnetization processin fer-
romagnetic materials mainly consistsof the reversible and irreversible displacemen of
domain walls and irreversiblerotation of local domain magnetization. MBN is primarily

assaiated with the depinning and discortinuous motion of 180 domain walls and has
beenusedasa 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 amorphousmagnetic materials, in the form of wire,

microwire and ribbon, someexperimertal set up have beendeweloped and descrited in

Chapter 2 of this dissertation. For generatinghighly homogeneousnagnetic eld, air-core
solenoidand Helmholtz coil has beenfabricated. An experimertal facility has beende-
veloped to measurethe stressand temperature dependenceof magnetic properties of soft
magnetic materials using uxmetric method. For the measuremenof magnetoimpedance
of amorphouswires and microwires at di erent valuesof external stress,an experimenal

set-up has beenasserbled. Magnetic barkhausennoisefrom di erent amorphousmag-
netic materials were measuredby a home-fabricatedsensitive experimertal set-up. An

arrangemem has been made for short duration heat treatment of these samples. Here
heat treatment was performedby sendingcurrent pulses(squarewave) eat of duration

of 12seconds.Thesecurrernt pulseswere generatedby a 555-timer IC.

The frequency dependenceof magnetoimpedanceof amorphouswire with composition

Cogg15F €4:35Si125B 15 has been studied in the presnceof various tensile stressesup to

285 MPa and the results are preserted in Chapter 3. The cortribution to giant magne-
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toimpedancewere found to be di erent from di erent domain regionsof the wire. The
external stressa ects the MI of these materials to a large extert as magnetarystalline
anisotropy is absen and magnetcelastic anisotropy is the main sourceof anisotropy in
these materials. At a particular frequency a stress-inducedanisotropy changesthe do-
main structure, magnetizationdynamicsand hencethe MI. SinglepeakMI characteristics
obtained at lower frequencies( a few kHz) were changedto a double-peak behaviour
with the application of a tensile stressor increasein frequency Asymmetry between
the two peakswere also deweloped by sendinga dc currert of 5 mA. For a better un-
derstanding of the MI results, hysteresisloop measuremets of the amorphouswire (by
uxmetric method) at various frequenciesand tensile stresseswvere performed. We have
also deweloped a model to investigate the stressdependert GMI e ect in amorphous
Cogg:15F €4:35Si12:5B 15 wire. The e ect of stresswasincorporated by changingthe IC and
OS volume. This model qualitatively descrikes well the GMI responseto the external
axial stressat di erent exciting frequencies.

The domain structure of wire-shaped amorphousmagnetic material can alsobe predicted
from the measuremets of magnetoimpedance of glass-coatedamorphous microwires,
which has been descriked in Chapter 4. The e ect of external stressand heat treat-
mernt (by dierent forms of current annealing) in glass-coatedamorphous microwires
with compositions C0g3.2M N7.6Sis.gB3zz and (Cop.03F €:07)63N 110Si11B16 are studied in
this chapter. In amorphousCogs.,M n7.6Sis5.gB 3.3 microwire, GMI e ect hasbeenstudied
upto a frequency f 12.85MHz . The GMI of this sampleis also very stress sen-
sitive and decreasedrom 53% to 24% due to the application of an axial tensile stress
of 566 MPa. Two-peak GMI characteristic obsened at high frequencyreducesto one
peak when su cient high stresswas applied. GMI in this microwire was increasedfrom
66%to 129%on short duration heat treatment by passingfour current pulsesof ampli-
tude of 100mA and ead of 12 secondduration. GMI e ect was studied in amorphous
(Cop:03F €0:07)63N 110Si11B 16 microwire upto a frequencyof 11 MHz. This sampleshoved
singlepeak GMI characteristicswithin the wholerangeof frequency A maximum change
of 8:85%in MI of the as-quenbed samplereducedto 3:92% on application of an exter-
nal stress(603 MPa), whereasheat treatment (by passinga dc currert of 50 mA for 25
minutes) enhancedthe MI value to 1874%.
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In Chapter 5, we have studied the magnetization processesn ferromagneticamorphous
magnetic materials using Magnetic Barkhausennoisetechnique. A theoretical model has
beendewelopedto estimatethe direction of magneticeasyaxisin amorphousF e40N i40B 2o
ribbon. We have alsostudiedthe e ect of tensilestresson MBN in amorphousF e4oN i40B 2o
and Fe;gNigSi oB1s ribbons. In uence of heat treatment on MBN has also beendone
in amorphousF e4Ni40B 2o ribbon to investigatethe amorphousstructural changes.The
hysteresisloopsof amorphousF e;oN i40B 29 and F ;0N igSi1oB 1, ribbons, measuredunder
di erent axial tensile stressedby induction method gives a better understanding of the
MBN results. MBN from the as-quenbed and annealed(heated at 540 C for 1 hour)
FerzsCuiNbSiizsBg ribbon was studied to investigate the amorphousto crysatlline
phasetransformation. To get a clear understandingof the domain structure and magne-
tization processesn wire-shaped amorphousmagnetic materials, we have studied stress
dependert MBN on Cogg.15F €4:35Si12.5B 15 amorphouswire.

So, from the above study, it is clear that magnetaelastic anisotropy mainly governs the
magnetic properties in ferromagneticamorphousmaterials, which originatesfrom the in-
ternal stressfrozen-in during preparation. It hasbeenfound that di erent forms of heat
treatment can be a usefulmethod to improve the magnetic properties of these materials
by reducinginternal stressesRelaxation of internal stressor application of external stress
causes changein the magneteelasticenergy a featurethat hasbeenexploitedto improve
the magneticresponses,which is presered in this thesis.
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DEVELOPMENT  OF EXPERIMENT AL SET-UP

2.1 Magnetization measurement set-up

2.1.1 Construction of an air-core Solenoid

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

calculated using the expression,

H = zl—gl(cosl COS ») (2.1)
wheren and | are the number of turns/cm and current (in ampere) respectively. The
angle ; and , have beenshown in Fig. 2.1(a). Magnitude of the eld canbe increased
(a) by increasingthe number of turns/cm and the layers which are limited by the power
supply available in the laboratory and
(b) by increasingthe current through the wire, which is limited by the heat generated
becausethis can damagethe insulated coating of the wire.

So, all theseparametersshould be optimised. On the other hand, for a solenoidof nite
length, homogeneiy falls o rapidly on both sidesof the certre which can be increased
by increasinglength and decreasingthe diameter. But longer solenoid results higher
resistancewhich is unwanted. So, the homogeneiy of a su ciently short solenoid (
20 cm) can be increasedby using compensating coil at the two ends of the solenoid.
Consideringthe above facts a solenoidalongwith the compensatingcolis at the two ends,

have been constructed by winding copper wire on an insulator as shown in the Fig. 2.2

21
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Figure 2.1: (a) Figure for solenoid eld calculation (b) Geometry and dimensionsof the
main and compensatingcoil of the solenoid(c) Magnetic eld dueto the main coil (green
dashand dot line), the compensatingcoil (blue dotted line) and the resultart of the above
two (red solid line).

with the indicated dimensions(Fig. 2.1(b)).

The magnetic eld due to the main coil, the compensating coil and the resultart of the
above two have beenshown in Fig. 2.1(c). A maximum of 0.2% eld inhomogeneiy has
beenobsened within 10 cm certral zoneof the solenoid.



Chapter 2. 23

\

\\
\

i

4 A.Mﬂ

h \ " ’ \ f I ‘ it
””Mm" rl‘W..n”m;ga.onto.ut.,,.:g|}lHumm‘mnmnummh-wm,cmmw..mmm..-m‘me)«um«wm”\ﬁn]dumm ‘\ mm“)f”l it
| {1 N it {) N H
(i = U Bty |1 AL i WA ML i

Figure 2.2: Photograph of the constructed solenoidalong with the compensatingcoils at
the two ends.

2.1.2 Construction of a Helmholtz coil

A Helmholtz coil hasbeenconstructedfor producing a homogeneousnagnetic eld in its
certre asshavn in Fig. 2.3 with the indicated dimensions.The magnetic eld is directly
proportional to the number of turns in the coils and the currert applied to them. Here
the parallel pair of idertical circular coils are spacedone radius (r =25 cm) apart and
wound in sud a mannersothat the current o wsthrough the coilsin the samedirection.
This winding gives a very uniform magnetic eld between the coils with the primary
componert parallel to the axesof the two coils. This uniform eld is the resultart of the
addition of the two eld componerts parallel to the axesof the two coils. The magnetic
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(@) (b)

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

eld strength, H alongthe axis, generatedby a given AC or DC current through the pair
of coilsis given by

H = 0:899 - (2.2)

where,H isin oersteds,N is the number of turns per coil, | is the coil currernt in amperes
and R is the coil radius in certimeters. For Helmholtz coil with extendedcross-section,
the dimensions (hereit is 2.15cm) and (here it is 2.0 cm) should be in the ratio
of = = 1:.0776for maximum eld uniformity. The magnetic eld generatedby this
Helmholtz coil is 10.550e/ampere. Only 0.1% inhomogeneiy in magnetic eld within
the certral portion of the coils( 10 cm) hasbeenobsened.

The photograph of the constructed Helmholtz coil is shovn in Fig. 2.4.
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Figure 2.4: Photograph of the constructed Helmholtz coil.
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2.1.3 Experimertal setup for measuringdi erent magnetic properties of
soft magnetic materials

The magnetic properties of a material is mainly characterizedby measuringthe quarti-

ties like initial susceptibility, coercive eld, saturation magnetization, anisotropy energy
remanen magnetizationetc. and they can be determinedif we can plot the anhysteretic
or normal M vs H curve and hysteresisloop of that material. The usual methods of
measuringmagnetization can be divided into three classes(1) measuremen of the force
acting on the magnetic specimen, (2) measuremen of the magnetic eld produced by

the sampleand (3) measuremen of the voltage or currernt induced by electromagnetic
induction. Most of the results on magnetic properties, given later in this dissertation,
have beenmeasuredby uxmetric method which belongto the third categoryand is very
suitable for measuringvarious magnetic propertis of soft ferromagneticmaterials.

The magnetization value of amorphousmagnetic materials were measuredas a function

of dc magnetic eld H and at di erent external tensile stresses by uxmetric method.

Fig.2.5 shows the block diagram of the experimertal set-up for measuringboth a.c. and
d.c. M-H curves. The sampleis placed symmetrically in one of two identical secondary
coilswhich arein seriesopposition for the cancellationof signalin absenceof any sample.
The coils were located coaxially within a long solenoid producing a homogeneouseld

along the length of the sample. The ux in presenceof the sampleis measuredwith

an integrating uxmeter (Walker Scieriic MF-3D). The MF-3D is a precisionelectronic
integrating uxmeter which measureghe magnetic ux coupling within a coil or loop of
wire. It integratesthe volt-secondsignalsinduced acrossa coil, by the ux coupling to

the coil. The output is represenativ e of the changein ux coupling during the integrat-

ing period. Eadh magnetic line (Maxwell), in linking a conductor inducesin it a 10 8
volt-secondimpulse. For a coil of N turns, the signalinput receivedis N Maxwell-turns

or N 10 8 volt-seconds.Thereforethe induced voltage in presenceof the sampleis

V=N ‘;—tlo 8 (2.3)

The ux canbe expressechsAB whereA is the areaof the coil in which a ux density B
is experienced,and the input impulse becomesN AB 10 @ volt-seconds.By virtue of the
heavy feedba& employed in the integrator, its input impedanceappearsasthe resistance
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Figure 2.5: Block diagram of the experimertal set-up for measuringa.c. and d.c. hys-

teresisloops.
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Figure 2.6: Photograph of the experimertal set-up for measuringhysteresisloops.

value setin on the decadedial. A current, %10 8 ampere-secondso wsin this resistor
and is constrainedby the feedba& to ow solelyinto the integrating capacitor which is
freeto move in voltage only at the output terminal. From the relationship, voltage equals
charge (ampere-secondsilivided by capacitance,we obtain the output voltage (in volts)

N .5 NAB_

The valueof R () is 100times the setting of the decadedial, and the value of C (farad)

is10 7, 10 © or 10 5, depending on the range selected. This integrated voltage which is
proportional to the magnetization of the samplewas recordedasa function of the voltage
proportional to the magnetic eld produced by the uniform solenoid. These voltages
correspndingto M and H are recordedin two respective Digital Multimeters (Agilent,

34401A)and then plotted in the computerusinga programin Labview. M-H curve of the
sampleis nally obtained after calibrating the valuesof thesevoltages. Fig. 2.6 shovs
the photograph of the experimertal set-up for measuringhysteresisloops.
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Figure 2.7: Photograph of the experimertal set-up for studying stressdependert magne-
tization measuremets.

Stressdependert hysteresisloops were studied by applying external tensile stress,by
loading one end of the sampleand keepingthe other end xed asshawvn in Fig.2.7. For
investigatingthe e ect of stressin GMI and MBN study, tensilestressesvereappliedalong
the length of the samplesas shavn in Fig.2.8. The magnetic properties of the sample
sud ascoercive eld, anisotropy eld, saturation magnetization,remanen magnetization
were measuredfrom the hysteresisloop.
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Figure 2.8: Photograph of the experimertal set-up for applying stressto various amor-
phoussamplesusedin stressdependert GMI and MBN study.
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Figure 2.9: Photograph of the experimertal set-up for measuring giant magne-
toimpedance.

2.2 Giant magnetoimp edance measurement set-up

The impedanceof the samplesveremeasuredoy a PrecisionimpedanceAnalyzer (Agilent
4294A,40Hz 110MHz) asshown in Fig.2.9 The frequencyof the ac current was varied
up to 12 MHz and its magnitude was kept xed at 1 mA. A Helmholtz coil systemwas
usedto apply a dc magnetic eld (maximum value 1400e) alongthe axis of the sample
during impedancemeasuremetn The axis of the sampleaswell asthat of the Helmholtz
coil was kept perpendicular to the direction of the earths magnetic eld. Axial tensile
stresseswere applied to the samples(by loading one end of the sampleand keepingthe
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other end xed) for studying the e ect of stresson magnetoimpedance. The percerage
changeof MI with applied magnetic eld was calculatedfrom Egn. 1.7

The asymmetrybetweenthe two peaksof GMI pro le in the amorphousCogg.15F €4:35Si12:5B 15
wire has beendewloped by passinga dc current 14=5 mA through the sampleduring
GMI measuremen For investigatingthe e ect of heat treatment in presenceof a circular
magnetic eld in glass-coatecamorphous(Cog.93F €y.7)63N 110Si11B 16 microwire, a dc cur-
rent with amplitude, 1,, = 50mA has beenpassedthrough the samplefor various time
duration, T, starting from 5 minutesto 35 minutes. To study the e ect of short duration
heat treatment, current pulses(squarewave) f amplitude 100mA and ead of duration
of 12 secondggeneratedby 555-timer IC) were sent through glass-coatedamorphous
C0g3.2M Nn7.6Si5.gBa.3 microwire.

2.3 Magnetic Barkhausen Noise set-up

Generation, detection and analysisof Barkhausennoisewere accomplishedusing a home-
fabricated Barkhausennoise experimertal set-up as shovn in Fig.2.10 The instrument

consistsof a Helmholtz coil for applying a time varying magnetic eld to the sampleto
generateBarkhausennoise. The signalto the Helmholtz coil was producedby a 15 MHz
Function/Arbitrary Waveform Generator (Agilent-33120A) and amplied by a Bipolar
Operational Power Supply/Amplier (Kepco, BOP 72-3M). The sweep eld frequency
was set at various frequenciedrom the waveform generator(4 Hz and 12Hz). Barkhausen
noisewas detectedusing a pick-up coil wound around the samplelocated at the certre of
the Helmholtz coil, with the samplealigned parallel to the direction of the magnetic eld.

The signal from the pick-up coil was ampli ed by the Low-noise preampli er (Stanford
Researb Systems,Model SR560), passedthrough a band-pass Iter and then collected
to a personalcomputer. Fig. 2.11 shows the photograph of the experimertal setup for
measuringMBN.
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Figure 2.10: Block diagram of the experimertal set-up for measuring Magnetic
Barkhausennoise.
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Figure 2.11: Photograph of the experimertal set-up for measuringMagnetic Barkhausen
noise.
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Figure 2.12: Block diagram of the experimertal set-up for measuringsurface Magnetic
Barkhausennoise.

The block diagram of the experimertal setup deweloped for the surface MBN mea-
suremet is shavn in Fig. 2.12. A magnetic eld, which is su cient for the technical
saturation of the sample, is generatedby passinga 4 Hz or 12 Hz sinusoidal currert
through a U-shaped ferrite core. A small pick-up coil is placed betweenthe two pole
piecesof the U-core magnetto detectthe MBN signals. Fig. 2.13 shavs the photograph
of a U-shaped ferrite core along with the pick-up coil placed betweenthe pole piecesof
the core. The signalfrom the coil is preampli ed, Itered usingabandpasslter andthen
fed into a personalcomputer.
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Figure 2.13: Photograph of a U-shaped ferrite corewith the pick-up coil placed between
the pole piecesof the U-core magnet used for measuringsurface Magnetic Barkhausen
noise.

Only thosevoltage signalsabove a certain threshold were consideredn the analysis. The
MBN energydenotedby E gy is calculatedby integrating the squareof thesevoltages

w.r.to time i.e.,
Z

X0
Emen = Vi2dt (2.5)

i=1
wherethe time integral is over ead evert and the summationis takenover all N measured
ewerts. For this purpose,a computer program has beendeweloped.
For investigating the e ect of stress,tensile stressesvere applied along the length of the
samples,wheretensile stresswas applied by hanging various loads from one end keeping
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the other end xed. Angular dependern MBN measuremets were performedby varying
the orientation of the magnetic eld w.r.to the axis of the samplefrom O to 360 at
intervals of 10 .

2.4 Set-up for Flash annealing

The physical properties of metallic glassesare very sensitie to the thermal tratment

becauseof their metastable state. The extent of changein these magnetic materials
depend on both the temperature and duration of annealing. It has beenobsened that

a short duration heat treatment can be usedmore e ectively than the prolongedoneto

relieve the internal stressof the samples.The short duration heattreatments canbe given
either by allowing an electric current of large amplitude to passthrough the samplefor a
very short duration of time called ash annealingor by irradiating the sampleby infrared
light pulses.

The experimertal set-up for ash annealinghas beenshavn in Fig. 2.14. The one-shot
squarewave pulseis generatedby the 555timer IC. It triggers itself and work as a free
run multivibrator. When power is rst applied to the circuit, the external capacitor (C)

will be uncharged,thereforeboth the trigger and threshold inputs will be nearzerovolts.

The lower comprator sets the cortrol ip- op (built inside 555 timer IC) causingthe
output to switch high. That alsoturns o transistor T1 (built inside 555timer IC) This

allows the capacitorto begin charging through R; and R,. As soon asthe chargeon the
capacitor reathes2/3 of the supply voltage the upper comparatorwill trigger causingthe

ip- op to reset. That causeghe output to switch low. Transistor T1 alsoconducts. The

e ect of T1 conducting causesesistor R, to be connectedacrossthe external capacitor.
ResistorR; is e ectively connectedto ground through internal transistor T1. The result
of it is that the capacitor now beginsto discharge through R,. As soon as the voltage
acrossthe capacitor readhes1/3 of the supply voltage, the lower comparator is triggered.
That again causesthe cortrol ip-op to setand the output to go high. Transistor T1

cuts o and againthe capacitor beginsto charge. This cycle cortinuesto repeat with the

capacitor alternately charging and discharging, asthe comparatorscausethe ip-op to

be repeatedly set and reset. The resulting output is a cortinuous stream of rectangular
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Figure 2.14: Block diagram of the experimertal set-upfor ash annealing.

pulses.
The charging time (output high) is given by

t, = O693(R1 + Rz)C
and the discharging time (output low) is given by

t, = 0:69R,C

(2.6)

2.7)

The duration of the pulsecan be varied from the fraction of a secondto a few secondshy

changingthe resistanceR; and external capacitor C and the amplitude canbe changedby

varying the supply voltageVcc. The current pulsewasampli ed by a Bipolar Operational
Power Supply/Ampli er (Kepco, BOP 72-3M) and nally ser through the sample. Fig.

2.15shaws the photograph of the experimertal set-up for ash annealing.
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Figure 2.15: Photograph of the experimertal set-upfor ash annealing.
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GIANT MA GNETOIMPED ANCE IN
AMORPHOUS MA GNETIC MA TERIALS

3.1 Intro duction

Magnetoimpedance(MI) is the change of both the real and imaginary componerts of
total impedanceof a magneticconductor (usually ferromagnetic)upon the application of
an external static magnetic eld, Hq.. When an alternating current is applied to these
conductors,their impedanceZ = R+ j! L changessensitively with the changein biasing
dc magnetic eld (Hqc), whereR and L are the resistanceand inductance of the conduc-
tor andj = 1. Giant magnetoimpedance(GMI) is the huge changein the material's
compleximpedanceunder the application of an external magnetic eld. This externally
applied magnetic eld inducesdrastic variations in the e ective complex magnetic per-
meability of the material. This variation in the e ective complexpermeability within the
material causesvariations in the internal elds and electrical currernt density and hence
on the material's compleximpedance.GMI e ect dependssensitively on the frequencyof
the alternating currert o wing through the sample. It is also strongly dependert on the
magneticanisotropiesand domain con guration of the sample. The perceriage changeof
MI with applied magnetic eld is calculated by usingthe expression

Z . Z(H) Z(Hma)
Z = O

> ] (3.1)
whereZ (H) and Z(Hax) are the magnetoimpedancefor any magnetic eld (H) and for

the maximum applied magnetic eld (Hmax) respectively.

40
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Magnetic eld dependenceof the complex impedanceof a ferromagnetic wire was rst

obsened long time badk by Harrison et. al. [68], [69]. Giant magnetoresistancee ect

(GMR) wasobsened in amorphousCogg.1 F €4:4Si125B 15 wire which was enhancedin the
presenceof stressby Mandal et.al. [81]. Panina et. al. obsened giant magnetoinductive
(at low frequencies,1 -10 kHz) and giant magnetoimpedance(at high frequencies0.1 -
10 MHz) e ects in FeCoSiBamorphouswires[7Q,[71]. GMI measuremets as functions
of axial magnetic eld and ac frequenciesfor F e43C0gg:2Si125B15 wire and ribbon were
studied extensiwely by Bead et. al. Panina and Mohri and Bead and Berkowitz [72],[73]
explained GMI e ect using classicalskin e ect. Machado et. al. obsened similar e ect

in FeCoSiBthin Ims [82]during that period. Sincethen GMI e ect hasbeenstudied ex-
tensively in amorphouswires. A maximum changein magnetoimpedanceof 180%for the
former and 300%for the latter wire is reported here[83]. Vazquezet. al. havereported the
eld dependenceof GMI in amorphousCogg1F €4.4Si125B 15 wire after current annealing
(1 minute, 0.5A) underdi erent valuesof stress[84]. Knobel et. al. [85have studied the
e ect of stresson GMI in positive and negative magnetostrictive amorphouswires of com-
positions F €4.9C071:gN by:gSi7.sB 15 and Cogg.1 F €4:4Si125B 15 respectively for two di erent

frequencies(f = 5 kHz and 100kHz). Chenet. al. [86] have calculated the impedance
of a metallic soft magnetic wire with periodic circular domainsrelated to domain-wall

displacemets and comparedwith the classicalmodel relevant to domain magnetization
rotations. Frequencydependenceof GMI in amorphous Cogg.15F €4:35Si12:5B 15 wire in

presenceof external stressis studied extensiwely by Mandal et. al. [87] to understandthe
cortributions to GMI from two di erent domain regionsi.e. inner core (IC) and outer
shell (OS). Here it is shovn that the OS with transversely oriented magnetization con-
tributes mainly to GMI.

Giant magnetoimpedancee ect is studied extensiwely in microwires [88] - [91], thin Ims

[92] - [94], ribbons [93],[95],[96], sandwid structures [97],[9§, nanccrystalline materials
[99],[100, commercialmaterials sud as mumetal [L01]amongothers. The study of GMI

e ect in thesevaried materials is due to its potential technological applications in the

designof tiny magnetic recording headsand micromagneticsensorg84],[93, [102].

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

current [75],[104].For a conductorin an external magnetic eld with avarying frequency
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I, the magnetic eld penetratesinto the conductor and inducesin it a variable electric
eld. This eld createscurrernt in the conductor known as Eddy currernts. The magnetic
eld penetratesinto the conductorto a distance , given by,

= (3.2)

where and are the electrical conductivity and circumfererial permeability of the
conductor. From Maxwell's equationsof electromagnetic eld we canwrite for a varible
magnetic eld with frequency! ,

41 'H

2 —
r “H =
2

(3.3)

For two limiting casesof penetration depth,
(@) When is very large (i.e. for low frequencies)then to a rst appraximation we can
write,

red=0 (3.4)

Thereforethe magnetic eld distribution will be sameasit would be in the steady state.
(b) When isvery small (i.e. for high frequenciesthe magnetic eld penetratesonly into
a thin surfacelayer of the conductor. This phenomenonis known asthe skin e ect.
Therefore depending on the frequency of the exciting alternating current through the
samples,the origin of GMI can be broadly classi ed in three di erent regions.

() Low frequency region ( kHz) :

The changein magnetoimpedanceis only due to the inductive part which is known as
magnetoinductance[70]. When an alternating currert | = lqgexp( i! t) ows through a
circular wire of length |, a circular magnetic eld H is deweloped within the wire which
magnetizesthe wire in circular direction. This circular magnetization a ects the voltage
acrossthe wire ends. When the skin e ect is negligiblei.e. at low frequencieghis voltage
acrossthe endsof the wire is given by,

V = RI+ < E (r)> | (3.5)

whereR is the resistanceof the wire and < E,(r) > is the averagedelectric eld dueto
the changein the circular magnetization from the circular magnetic eld,

_2r

H =2

(3.6)
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The averagedelectric eld is given by,

. Z 0
E=rar r
E.(r) = ch { ) aro (3.7)
wherea is the radius of the wire. = dB =dH s the circular di erential permeability.
Writing V = Z(! )l and averaging< E,(r) > | over the crosssectionof the wire, Eq. 3.5
reducesto |
Z(')=R i('?)Li (3.8)
whereZ(! ) isthe the compleximpedanceand L; the internal inductanceof the wire given
by,
Yy Z, Lo i
Li =2 < o ?dr > (39)
I isthe angularfrequencyof the alternating currert, cisthe velocity of light andi = P 1.

When an additional dc magnetic eld is appliedalongthe wire axisthe circular componert
of magnetization and the circular permeability changesgiving rise to a large changein
the total voltage and Z(! ) changesaccordingly Thereforeit follows from above that at
low frequenciesthe eld dependenceof the impedanceis attributed to its inductive part
which is simply proportional to the circumfererial di erential permeability.

(i) High frequency region ( MH2)

Huge changein magnetoimpedancei.e. GMI is obsened which is due to the changein
magneticpenetration depth in the samplecausedby the changesin the e ective magnetic
permeability in presenceof an externally applied magnetic eld [70], [72]. In the high
frequencyregion (500 kHz to a few MHz) the changein the impedanceof the samplein
presencenf an external magnetic eld dependson its skin depth which in turn dependson
the permeability of the sample. The origin of GMI in this frequencyrangecanbe explained
with the help of classicalelectomagnetism.When the frequencyof the alternating current
o wing through the sampleis quite high (  MHz), the cross-sectiorthrough which the
current ows is reduced due to the generation of eddy current and consequetly the
current owsthrough a thin sheathnearthe surfaceof the sampledueto skine ect. From
classicalMaxwell's equationsof electradynamics,the acimpedanceZ for any frequencyof
a straight wire of radius a and electrical conductivity can be obtained as follows [105.
For this linear circuit cortaining a variable emf, " (t), resistanceR and inductance, L the
total power can be divided into two parts. From the law of conseration of energy the
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total power, "(t)J is equalto the changein the magnetic eld energyoutsidethe wire and
the other is the total energyconsumedinside the wire (it is the total energy ux ernering
the wire through its surfaceper unit time), whereJ is the current density.

d Led?
dt* 2c?
where, Le, a and | are the external part of the selfinductance, radius and length of the
wire respectively. E and H are the electric and magnetic elds at the surfaceof the wire.

"(1)J = )+ 4£[EH2 all (3.10)

Solving above equation we get,

Le,dJ 1

n = < _+_
J Cszt 2EHcaI
Le,dJ 1
= ) — 4+ —
chdt 2

= LeJd—J+ EJI
dt

2J
E(—)cal
( Ca)

3
Lodd

—— + EI
c2 dt

(3.11)

putting J = Jee "tand" = ZJ, we get

L i
"= C—f%uoe ")+ El

L .
ZJ C—;( il )JJ + El

1
|
+
|

Z

1
|
+

(3.12)

where,H = 2.

Let usnow calculatethe electric eld, E and magnetic eld, H whencurrent o wsthrough
the wire. The electric eld is parallel to the axis and the magnetic eld isin a plane per-
pendicular to the axis of the wire. From Maxwell's equations,

r E=—(g)=—< (F) (3.13)
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r o r=27-%F (3.14)
c Cc
(3.15)
Therefore,from above two equations,
I @ _ @4 E
E)= ——= H)= —=
ro(F B)= gf =g
Sincef :E = 0, therefore
4 @
2 = —_— —_—
r e = 2 (@

Sincein a variable eld with frequency! , all quartities depend on time through a factor
e "t therefore above equation becomes,

4i1E
c?

In cylindrical polar coordinates with z-axis along the axis of the wire, the only non zero

r °e =

componert of E is E, which dependsonly onr. For a periodic eld with frequency! we
can write,

SR
9/R

g(r )+ k’E =0

where,k = ¥ and = p~£—.
The solution of this equation which remains nite atr = 0 s,

E=E,=Algkre"! (3.16)

where Jy is the zeroorder Besselfunction and A a constar.
The circumfereriial magnetic eld, H = H is calculatedfrom the electric eld by Eq.3.13

”TH:(r £y = %Z (3.17)

sincedJ(x) = J1(x), we get

H = Aicl:—le(kr)e "t (3.18)
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s
H= Ai

4 i

Ji(kr)e "t (3.19)

putting thesevaluesof E (Eq.1.16)and H (Eq.1.19)in the expressionof Z we get,

il it t
z= Vle, g fJolke " (3.20)
c? A 4 13i(kr)e tt
solving further above equation reducesto
il
Z = lcizl‘e + Ryc[kado(ka)=2J,(ka)] (3.21)

At high frequenciesvhereL . can be neglectedthe impedanceof the wire is given by,
Z = Ryc[kado(ka)=2J,(ka)] (3.22)

where Ry is the dc resistanceof the wire, J; is the ith order Besselfunction and is the
skin e ect penetration depth.Heref and arethe frequencyand circumfereriial perme-
ability respectively. At a particular frequency application of an external dc magnetic eld

changesthe circumfereriial permeability, and therefore the penetration depth which
in turn changesthe magnetoimpedanceuntill the valueof readesthe radius of the sam-
ple. In the caseof strong skin e ect (a= >> 1), the high frequencyexpansionof Eq.1.4
givesZ / (f )¥2. Thereforein the high frequencyregion, when skin e ect cannot be
ignored , the impedanceof the wire is proportional to the sgareroot of circumfererial

permeability. GMI e ect can be adcieved when the penetration depth is very small in
absenceof any external magnetic eld which though can be increasedwith application of
a dc magnetic eld. High value of current density, large circumfererial permeability and
low value of resistivity givessmall penetration depth in absenceof any external magnetic
eld and henceto a large changein M.

(i) Very high frequency region ( GHz) :

Noticeable changein impedanceof the sampleis obsened becauseof a large increasein
circumfererial permeability due to ferromagneticresonancg FMR) [10§ - [10§, [11(Q -
[112]. FMR occurs when samplesare simultaneously subjected to a longitudinal static
magnetic eld and a perpendicular oscillating magnetic eld. The frequencyfor ferro-
magnetic resonancefor cylindrical (wire-shaped) samplesis givenas[113

= (H+ Mo=2 o) (3.23)
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where and Mg arethe gyromagneticconstarnt and saturation magnetizationrespectively.
ConsideringH = Hg + H(t) whereHq and H (t) are the static and oscillating magnetic

eld, the resonan frequencyfor a thin ferromagnetic Im can be written as[10§
q

' = o Ho(Ho+ My) (3.24)
At this resonan frequency permeability increasesdrastically with a correspnding de-
creasein skin depth. For a particular angular frequency ! and magnetic eld, H around
resonance,changing the applied magnetic eld reducesthe permeability resulting in a
correspnding changein GMI.
Consideringthe permeability to be a tensor quartity, the electric eld (which determines
the voltage) and the magnetic eld (which determinesthe currert) is de ned through the
surfaceimpedancetensor. The voltage induced from a ferromagneticsamplein terms of
tangertial electric eld, e and magnetic eld h at the surfacecan be written as[109,

e=&h n) (3.25)

where &is the surfaceimpedancetensor and n is a unit vector along the inward normal
to the surface. The componerts of the surfaceimpedancetensor can be determinedfrom
the above equationas[123,
e = & h,+&h (3.26)
&= & h,+ &h (3.27)

The voltage determining the GMI can be measuredeither acrossthe wire ends(V,) or in
the external coil wound around the wire (V.) as given below

2i
VZ = ezl = ( &' hz + &Zc_a)l (3.28)
Ve=( & h,+ & %)2 nal (3.29)
whereh. = 5—; is the induced eld dueto the alternating currernt, i = igexp( j!t) 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 componert
&, de nes the voltage drop along the wire and correspndsto the impedancede ned in
the classicalmodel,

_ Vy(ca)
& = 2il

(3.30)
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The o -diagonal componerts & and & and the circumferertial diagonalcomponen &
arise from cross-sectionamagnetization processesThe o -diagonal componerns & and
& determined by measuringthe coil voltage when the wire is excited by ac currert or
measuringthe wire voltagein presenceof ac axial magnetic eld areresponsiblefor asym-
metric GMI.

Asymmetric GMI behaviour in magnetic materials is being studied extensiwely because
it can be very usefulin sensordevices.In principle, asymmetric GMI (AGMI) e ect can
be studied by using a dc bias eld or by passinga dc current through the sample. Other
medanismsof AGMI can be due to ac bias eld and due to exchangebias. The resul-
tant of circular magnetic eld due to the ac current and the applied dc magnetic eld
generatesa helical induced anisotropy giving rise to the asymmetryin GMI peaks. There
are se\eral reports on asymmetric GMI in microwires, wires, twisted wires and ribbons
biassedby dc current [114],[87],[119,[116],[11T. The comination of the external static
magnetic eld and dc biasedcurrent applied alongthe wire generatesan e ective helical
eld on the sample. This leadsto asymmetric GMI with respect to the sign of the static
aplied eld. Panina et. al. have analyzedthe medanism of asymmetric GMI in wires
and twisted wires using surfaceimpedancetensor[124]- [125]. They have shown that the
diagonal componert of surfaceimpedancetensori.e. &, (responsible for GMI) becomes
asymmetric when a circumferertial dc magnetic eld is applied to the sample.

Soft ferromagneticmaterials suc asCo or Co-Ferich amorphousor nanaocrystalline alloys
have beenstudied in great detail for their usein GMI applications. Thesematerials are
characterizedwith high permeability and low coercivity which makesthem most applica-
ble for deweloping magneticread heads,storagedevices,magneticsensorsetc. Due to the
absencef crystal structure, magnetaelasticanisotropy is the main sourceof aniosotropy in
theseamorphousmagnetic materials. During the preparation of thesematerials by rapid
guending from the molten alloy, internal stressesare generated,which in turn dewelop
magnetcelastic anisotropy energy Therefore these frozen-in internal stressesdeweloped
during their preparation or the application of an external stressa ect the magnetic prop-
erties of thesematerials to a signi cant extert.

Amorphous wires producedby in-rotating-water quending technique has an unique dis-
tribution of internal stress. When the molten alloy hits the water, the outer shellsolidi es
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rst asthe surfacelayer has maximum cortact with water. Later, when the inner core
solidi es, aradial tensionis deweloped dueto shrinking of the core. Due to this di erential
cooling process,the radial tension thus createdincreasesowards the certer of the wire
resulting in axial tensile stressat the inner region. Thus the internal stressdistribution
producestwo distinct regionsin the amorphouswires- oneis the inner corewherea tensile
stressexistsand the other is an outer corewherea radial directional stressis presern. The
transition from longitudinal to transversestressdistribution is expectedto occur gradu-
ally over a few atomic layers. the volume of the inner and outer coreregionsdepend very
much on the magneto-elasticcoupling of the sample. Thesetwo internal stressesre long
rangein character and plays a predominart role in determining the domain structure.
For a positive magnetostrictive systemlike F e;7.5Si7.5B 15 the axial tensile stressproduces
an axial domain (inner core) whose magnetization orients almost parallel to the axis.
Similarly, the radial stressproducesa domain structure wherethe magnetizationis per-
pendicularto the axis. In orderto reducethe magnetostaticenergy the domain structure
in as-quenbed amorphouswire shouldbe sud that the direction of magnetizationwithin
eat domainis either parallel to the wire axisin caseof positive magnetostrictive sample
or perpendicularto it in caseof negative magnetostrictive sample. So, it is expectedthat
a wire with a very small negative magnetostrictive coe cient (Co0gg.15F €4:35Si125B 15) has
a bamboo shaped domain structure and the direction of magnetization is circumferen-
tial in eatc domain and opposite to eat other in consecutie two domains. In caseof
wire shaped sampleswith vanishing magnetostriction, the domain structure consistsof a
single-domaincore (termed asinner core, IC) having magnetizationdirection closeto 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
samplesrespectively) [70], [126]- [12§ . The predicted domain structures of a positive
and a negative magnetostrictive sampleare shovn in Fig. 3.1 and Fig. 3.2 respectively.
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Figure 3.1: Possibledomain structure of a positive magnetostrictive wire-shaped amor-
phous magnetic material.
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Figure 3.2: Possibledomain structure of a negative magnetostrictive wire-shaped amor-
phous magnetic material.
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Interesting properties exhibited by wire-shaped amorphousmaterials depend on their
domain structures as well as on the volume fraction of IC and OS of these domains.
In the presen chapter, we have therefore, studied the frequencydependenceof magne-
toimpedanceof amorphousCogg.15F €4:35Si12.5B 15 wire in presenceof varioustensile stress
to understandthe cortributions to GMI from di erent domain regions.

3.2 Giant magnetoimp edance in amorphous Cogg1sF €4:355i125B15
wire

3.2.1 Experimenal Details

The sampleusedin the measuremen of magnetoimpedanceis an amorphouswire with
composition Cogg.15F €4:35Si12:5B 15 having a diameter of 125 m and length 12 cm. Fig.
3.3 shows the ScanningElectron Microscopy (SEM) image of amorphous
Cogg.15F €4:35Si125B 15 wire. The impedanceof the sample was measuredby Precision
ImpedanceAnalyzer (Agilent, 4294A, 40 Hz - 110 MHz) (as descriked in Chapter 2) .
The frequencyof the ac current wasvaried up to 11 MHz and its magnitudewaskept xed
at 1 mA. A Helmholtz coil systemwasusedto apply a dc magnetic eld (maximum value
140 Oe) along the axis of the sampleduring impedancemeasuremen The axis of the
sampleas well asthat of the Helmholtz coil were kept perpendicular to the direction of
the earth's magnetic eld. Axial tensile stresseaup to 285MPa were applied to the wire
for studying the e ect of stresson magnetoimpedance.The percerage changeof Ml with
applied magnetic eld is calculatedby using Eq.(1.7) and the maximum applied magnetic
eld is 140 Oe. The asymmetry betweenthe two peaksof GMI has beendewloped by
passinga dc current, 14 = 5 mA through the sampleduring GMI measuremen The
hysteresidoopsof the samplehave beenmeasuredunder di erent axial tensilestressesand
at di erent frequenciedy induction method using an integrating ux meter (as descriked
in Chapter 2 in detail).
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Figure 3.3: Scanning Electron Microscoy (SEM) image of amorphous
Cogg.15F €4:355112:5B 15 wire.
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3.2.2 Resultsand Discussions

Stressdependenceof giant magnetoimpedance(GMI) is studied for negative magnetostric-
tive amorphouswire of composition C0gg.15F €4:35S1125B 15 with frequenciesupto 11 MHz.
Here we have reported the frequencydependert GMI of the wire in absenceof any ex-
ternal stressaswell asfor stresses8 MPa and 285 MPa applied along the length of the
wire.

Fig. 3.4 shaws the eld dependenceof percertage change of magnetoimpedance of
CO0gg:15F €4:35Si12:5B 15 amorphouswire at 0.0325,0.1825,0.8725,5.05and 11.0 MHz in
the absenceof any external stress. A sharp rise in GMI is obsened for Hy. closeto O
when the frequencyis lessthan 1 MHz. Field sensitivity of GMI is given as,

s= (1= H)( Z=2) (3.31)

where2( H) is the full width of the magnetic eld at half maximum of Z=2(%). At
0.0325MHz the maximum eld sensitivity of GMI is 130%/Oe, and at 0.8725MHz, it is
70 %/Oe. For better understanding,the GMI value at low eld hasbeentaken at very
small intervals of Hy. and shown in Fig. 3.5for the v e above-merioned frequencies.At
0.0325MHz, only one peakis obsened at Hg. 0, whereasat 0.1825MHz, two peaks
are obsened at Hyc =  0.27 Oe (termed as Hp). The position of peaksshifts towards
higher valueswith increasein frequencies.H, increasedfrom 0.450eto 0.780edue
to a changein frequencyfrom 0.8725MHz to 5.05MHz. At higher frequency(11 MHz),
in addition to the two broad peaksat H, 50 Oe, an additional peakis obsened at H 4
0.
The GMI properties changesensitively with stress. Fig. 3.6 shavs the eld dependence
of percentage change of magnetoimpedanceof Cogg.15F €4:35Si12:5B 15 amorphouswire at
0.0325,0.1825,0.8725,5.05and 11.0 MHz in the presenceof an external stress, = 48
MPa. Fig. 3.7 shavs the low eld GMI characteristics of the wire in the presenceof an
external stress, = 48 MPa. In the presenceof an external tensile stress,the peakvalue
of GMI decreasesEmergenceof two peakcharacteristicsin GMI are obsened for a stress,
= 48 MPa (Fig. 3.7) in cortrast to the single-peak behaviour for = 0 (Fig. 3.5) at
a frequencyof 0.0325MHz. Fig. 3.8 shonvsthe eld dependenceof perceriage changeof
magnetoimpedanceof the wire at frequencied.0325,0.1825,0.8725,5.05and 11 MHz
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Figure 3.4: The variation of percerniage changeof magnetoimpedance Z=Z(%) with dc
magnetic eld Hg. of Cogg15F €4:35Si125B15 amorphouswire in the absenceof any stress

at frequencie0.0325MHz, 0.1825MHz, 0.8725MHz, 5.05MHz and 11 MHz.



Chapter 3. 55

M —
804 5=0MPs Fy —x—{=0,0325 MIIz
] /j i\ﬁ
40 7 ot A o *\3 Fhgy,
0 Tt st i W*’*‘*’*-ﬁ*‘w-w-w-w-w-w-ww-
: I I I I I ;ﬂ -_I,D‘ I I I I - I
2001 L —o—{=(). 1805 MHz
D’DD D\Du
DD,DD'DD’D oy
0 oo
~ 100 N o n-oo-a0-20 aju po-ao e f000g P0-000g., 00-00-gg
Q
o\ 36() ] L) I L) I L) iQ©§ I @\O L) I L) I L)
N # j %, | o~ [08725 MHz
o 0
, 00° ’ %0y,
~ 24 - 5000 0 0%° %00 -
§ 00-00°0° 000 %6-00:00.¢ 0
T T T T T . T T T T T
gt
e www %MW%
75 o {=5.05 MHz
r i I I I I I I I I I
-48 _‘AAAAA ) ’MAAA
Hoapy, pa
34 AAAAAAAAAA /jx AAAAAA -
b A A » .
-6() - AA“AA(AA/ et —s—{=]1.0 MHz
T | T I : I ' I ' I !

H (Oe)
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Figure 3.6: The variation of perceniage changeof magnetoimpedance Z=Z(%) with dc
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in the presenceof an external stress, = 285MPa. Two peak behaviour in GMI is
distinctly visible for the wire under a stressof = 285MPa at a frequencyof 0.0325MHz
(Fig. 3.9). At 0.1825MHz or higher frequencies,the value of H, increasesdue to the
application of tensile stress. The third peakobsenedat f = 11 MHz and in the presence
of = 285MPa is much higher than the correspnding peakfor = 0.
The frequencydependenceof maximum valuesof percernage changein GMI, [ Z=Z(%)]peak.
hasbeenplotted in Fig. 3.10for two extremevaluesof stresses = 0 and 285MPa. The

400 1
= —o— 0 MPa
4B — 4285 MPa
Lo\,
i %/A/ \A\
=
S 200 § \i\
S | ¢ N
| .
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- \m\@f@\
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Figure 3.10: Frequencydependenceof maximum values of percerage changein GMI
[ Z=Z(%)]peax for two valuesof stresses = 0 and 285MPa.

maximum value of [ Z=Z(%)]peax is obsened around 1.5 MHz frequency The di erence
betweenthe [ Z=Z(%)]peak Valuesat = 0 and 285MPa vanishesabove 6 MHz. Figure
3.11 shaws the position of peaksin Ml curves of Cogg.15F €4:35S112.5B 15 amorphouswire,
H, with frequencyin absenceand in presenceof 285 MPa stress. The e ect of stresson
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Figure 3.11: The position of peaksin MI curves, H, with frequencyin absence( = 0)
and in presenceof external stress(

wire.

= 285 MPa) of Cogg15F €4:35Si125B15 amorphous
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Figure 3.12: The position of peaksin MI curves,H, with stress = 0 and 285 MPa of
C0gg:15F €4:35S1125B 15 amorphouswire upto a frequencyof 8 MHz.

H, is insigni cant beyond 6 MHz asobsened in the caseof H,, versusthe frequencycurve
[Fig. 3.11]. For a better understanding, peak positions of GMI for the wire is shovn upto
a frequencyof 8M Hz (Fig. 3.12).
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Asymmetry between the two peaksin magnetoimpedance has been deweloped by
passinga dc, l¢c = 5 mA through the length of the wire along with the ac current
lac. Figures 3.13, 3.14, 3.15 and 3.16 shov the asymmetric magnetoimpedanceof the
CO0gg:15F €4:35Si12:5B 15 amorphouswire at frequencies0.0325MHz, 0.1825MHz, 0.5275
MHz and 0.8725MHz respectively. Perceriage changein the di erence betweenthe two
MI peak heights is calculated as,

[( Zpew)]% = 100f2e2kL_ Zpeaiey (3.32)
Zpeak2

where Z,ea1 and Zyeako represem the two Ml peak heiglts at a particular frequency of
lac. Fig. 3.17 shows the frequencydependenceof the perceriage changein the dier-

encebetweenthe two M| peak heights. The di erence betweenthe two peak heights is
maximum at 0.0325MHz indicating asymmetry is more prominert at the lower frequency
region.Fig. 3.18 shows the frequency dependenceof the peak positions in asymmetric
GMI of Cogg.15F €4:35Si12.5B 15 amorphouswire.

The combination of the external static magnetic eld (H4:) and the dc biassedcurrent
applied along the wire (l4) generatesan e ective helical eld acts on the wire. This is
showvn by a schematic of the experimertal set-upin g.3.19. This resultsin the asymmet-
ric GMI with regardto the sign of the static eld applied [114],[124].

The magnetization of the amorphouswire at various frequenciesand at di erent tensile
stresseshave beenstudied to get a better insight of the domain stucture and hencein
explaining the magnetoimpedanceresults.
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Figure 3.13: Asymmetric GMI of C0gg.15F €4:35Si12.5B 15 amorphouswire with 4. = 5 mA
at a frequencyof 0.0325MHz
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Figure 3.14: Asymmetric GMI of C0gg.15F €4:35Si12:5B 15 amorphouswire with
at a frequencyof 0.1825MHz
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Figure 3.15: Asymmetric GMI of Cogg.15F €4:35Si12.5B 15 amorphouswire with 14 = 5 mA
at a frequencyof 0.5275MHz
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Figure 3.16: Asymmetric GMI of Cogg.15F €4:35Si12.5B 15 amorphouswire with 14 = 5 mA
at a frequencyof 0.8725MHz
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Figure 3.17: Frequencydependenceof the perceriage changein the di erence between
two MI peakheighs in caseof asymmetric GMI of Cogg.15F €4:35Si12:5B 15 amorphouswire
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Figure 3.18: Frequency dependence of the peak positions in asymmetric GMI of

Cogs15F e4;35Si 125B15 amorphouswire
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Figure 3.19: The sthematic of the experimertal set-up for measuringasymmetric GMI
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Figure 3.20: The dc hysteresisloops of Cogg.15F €4:35Si125B15 amorphouswire in the
absenceand in presenceof = 240MPa and ac hysteresisloop at a frequencyof 600 Hz

The dc magnetic hysteresisloopswith = 0 MPaand = 240MPa and ac hystere-
sis loop at a frequencyof 600 Hz is shavn in Fig. 3.20. It is obsened from Fig. 3.20
that the coercivity as well as the anisotropy eld increaseswith frequency Fig. 3.21
shows the variation of coercivity with applied tensile sressof C0gg.15F €4:35Si12.5B 15 amor-
phous wire. This gure clearly depicts the increaseof coercivity with external tensile
stress. The amorphouswire with composition Cogg.15F €4.35Si105B 15 is slightly negative
magnetostrictive in nature [83]. It consistsof a cylindrical axial inner-core (IC) domain
surrounded by an outer shell (OS) with a circumfererial easyaxis. The impedanceof
the wire is given by Eqn.(1.22). The impedancechangessensitively with magnetic eld



Chapter 3. 71

20

Coercivity (mQOe)
= o o
| | |
|

o
N
|

10 I ! I ! I ! I ! I ! I
0 60 120 180 240 300

Stress (MPa)

Figure 3.21: The variation of coercivity with appliedtensile sressof C0gg.15F €4:35Si12:5B 15
amorphouswire

when circumferertial permeability ( ) and hencethe skin penetration depth ( ) change
signi cantly with magnetic eld. From the relation between andf (=! =2 ), we can
calculate the frequencyat which the skin depth, becomescomparableto the radius, a
of the wire. We know that (in S.I.)

thereforeat = a with 10® we have

f =

= (3.34)
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giving f  0.06 MHz ( 1061571/ohm-metre, = 4 107 10°, a= 60 metre)

wherethe wire started shoving GMI e ect around this frequency

The magnetization processesand anisotropy elds in the IC domain and OS of the wire

are di erent dueto the two di erent domain structures. As aresult of it, the eld depen-
denceof Ml of IC and OS doesnot follow the samecharacteristics. The circumfereriial

permeability,  from the IC is dueto the rotation of domain magnetizationby the circu-
lar ac magnetic eld generatedby the ac current and readesits maximum value whenthe

applieddc magnetic eld nearly compensateghe axial magneticanisotropy in the IC. The

peakvalue of Ml dueto IC is obsened at the anisotropy eld of IC, which is very small,
a few millio ersted. On the other hand, circular magnetic eld changesmagnetizationin

OS by domain-wall displacemehn As the anisotropy eld of the outer shellalongthe wire

axis is larger comparedto that of IC, the peak value of  of OS is also dewloped at

higher magnetic eld resulting MI peak of OS at higher H 4.

At comparatively low frequency(Fig. 3.4), the peaksof MI originated from IC and OS
are very closeto Hg. = 0 and therefore a single peak is obsened with a peak around
Hge. 0 asthe peakson both sidesof Hg. = 0 and those from IC and OS are hardly

distinguishable. Rotational relaxation is a faster processhan the domain-wall relaxation.

As the circumferertial permeability of IC is originated by rotation of magnetizationonly,

the GMI cortribution from IC is not a ected much by the increasein frequencybut Mi

from OSis changeddrastically dueto the increasein frequency Zhukov et. al. [129 have
shown that the coercivity of Cogg.1F €44Si12:5B15 amorphouswire increaseswith square
root of frequency(f 1) for depinneddomain walls due to the dewelopmen of microeddy
currernt. The peak position of Ml of OS shifts towards higher eld due to the increase
in anisotropy eld with frequency As the cortribution from IC is much lessthan due
to OS, only the two-peak GMI pattern dominated by OS is obsened. In this frequency
region, the peak value of Ml increaseswith frequencyas reduceswith f. At very high

frequency of the alternating currert (beyond 2 MHz) the domain wall motion in OS is
strongly damped owing to eddy currerts causingreduction in Ml cortribution from OS
as obsened above 2 MHz in Fig. 3.10[71]. The peak positions of Ml from OS are also
shifted further towardsthe higher valuesof H . reducingits cortributions at low eld. As
a result, the third peakat Hy. = 0 from IC is obsened [Fig. 3.4].
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The application of an external tensile stressinducesa transverseanisotropy in this nega-
tive magnetostrictive sample. This induced anisotropy enlargesthe fractional volumesof
domainswith circular magnetization. The stressanisotropy energy(which is the magne-
toelastic energy)is given as[155],

Ega = g s Sin? (3.35)

where, , and are the linear magnetostriction coe cient, applied tensile stressand
anglebetweensaturation magnetization (M) and applied stressrespectively. Esa will be
aminimum i.e. equalto zerowhensaturation magnetizationand applied stressare parallel

for a positive magnetostrictive sample. Whereasfor a negative magnetostrictive sample
s
of tensile stressalong the length of this sample (which is negative magnetostrictive in

Esa will be a minimum i.e. equalto when Mg is perpendicularto . Application
nature) will causedomain walls to move in sud a way so asto increasethe volume of
domainsmagnetizedat right angleto stress,thus minimizing the anisotropy energy The
value of transversepermeability reducesas a result of which the Ml value decreasesvith
the increasein stressat a particular frequency[Fig. 3.10]. Due to the stress-induced
transverseanisotropy, the longitudinal anisotropy eld of OSis shifted towards the higher
values (since higher magnetic eld is required to saturate the sample) giving rise to a
double-peaknature in the presenceof a stressinsteadof a single-peakbehavior asobsened
in the absenceof any stressat the samefrequency[Fig. 3.4 and Fig. 3.5]. At 11 MHz,
the magnitude of certral peakwith = 285MPa is much larger comparedto that in the
absenceof any stressasthe cortribution to MI from OSaroundHy. 0 is much reduced
by the application of stress. |t is clearfrom Fig. 3.4and Fig. 3.6that the cortributions to
MI from IC is much lessthan that from the OS. The linear magnetostriction coe cien t,
s, canbe estimatedfrom the changein anisotropy eld Hp dueto the changein stress,
= 285MPa, using the expression

s=( oMs Hp=3 ) (3.36)

The estimatedvalueis 2:36 10 8 at 0.0325MHz with oM 0.75T. The resultant
of circular magnetic eld dueto the accurrernt and the applied dc magnetic eld generates
a helical-inducedanisotropy 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, increaseswith the increasein longitudinal
tensile stress[Fig. 3.21]indicating a transverse-inducedanisotropy in the presenceof the
stress. This induced anisotropy hindersthe domain wall motion of OS dueto the longitu-
dinal magnetic eld resulting the decreasen transversepermeability  and hencethe Mi
and supports our earlier explanation. The coercivity and anisotropy eld of the sample
alsoincreasewith frequery, f asobsenedin Fig. 3.20. The coercivity of this amorphous
wire is found to increasewith f ¥*? due to the dewelopmen of micro-eddy currert and is
in agreemeh with the increasein  Hp.

3.2.3 Model

Amorphouswires display GMI e ect due to their peculiar domain structures determined
by stressdistribution causedprimarily by their fabrication method [118]. The domain
structure of wire-shaped sample consistsof an inner core (IC) domain having a magne-
tization direction closely parallel to the wire axis and a multidomain outer shell (OS)
with transverselyoriented magnetization (radial and circumferertial for positive and neg-
ative magnetostrictive samples,respectively) as mertioned earlier. Magnetic properties
aswell asGMI of theseamorphousmagnetic materials depend on their domain structure
and volume fraction of IC and OS which are best understood by studying their magne-
tization dynamicsin presenceof di erent applied stressed[72], [83], [85]]. For a better
understandingof the experimertal resultsand in pursuit of better GMI materials, seeral
theoretical models of GMI have beendewloped [86], [119 - [123], [131]. These models
nd an expressiorfor the circumfereriial permeability and henceGMI usingthe structure
of domains,domain wall motion and magnetizationrotation etc ([120], [122]-[13]).

Magnetic hysteresisin thin ferromagnetic Ims hasbeendescrited by Nowak [133, intro-
ducing an additional internal eld (originating from the domain structure) to the existing
Stoner-Wblfarth model. A simple model has already been deweloped by Menard et.al.
[131]to descrile GMI e ects in amorphousCogg.15F €4:35Si12.5B 15 wire using the concept
proposedby Nowak. In the presen paper, we have usedthis model to investigate the
stressdependert GMI e ect in amorphousCogg.15F €4:35Si12:5B 15 wire. The e ect of stress
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is incorporated by changing the IC and OS volume. This model qualitatively descrikes
well the GMI responseto the external axial stressat di erent exciting frequencies.For the
estimation of circumfererial permeability and its eld dependencethe model considers
a core-shelldomain structure of the amorphus Cogg.15F €4:35Si12:5B 15 wire. An additional
internal eld having two components parallel and perpendicular to the external applied
magnetic eld is taken into consideration. The magnetization of the IC and OS domains
depending on the longitudinal applied magnetic eld is given by [131],

M;(H) = Mscod j(H) + k ] (3.37)

where (H) is the angle betweenthe external magnetic eld and the direction of local
magnetization expresseds,

i(H) = tan (ot Ij o) (3.38)

Here Mg is the saturation magnetizationand k = 0, 1 is taken to selectthe appropriate
argumert of the cosinefunction. L; and T; are the componerts of internal eld longi-
tudinal and transverseto the direction of the applied axial magnetic eld. The sux j
for L and T denotestwo di erent domain regionsi.e. IC and OS. The circumfereriial
permeability of the wire is given by,

=1+4

% (3.39)

where,

M, (H) = Mgsin[ j(H) + k ] (3.40)

The nal expressionof circumfererial permeability usedto calculatethe skin depth and
hencethe eld dependenceof the impedanceof the wire is,

H+ L
(H+ L2+ T,
whereH is the applied external magnetic eld alongthe axis of the wire. The parameters
L; andT; areestimatedfrom the hysteresisloopsof the sampleat di erent stresses.Using

= 1+ 4 Mscod (H)II 5] (3.41)

theseparametersthe impedanceis evaluated individually for both the IC and OS regions
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of the sample. The total impedanceof the wire is the sum of the cortributions from the
IC and OS domainsfrom which we nally calculatethe variation of percenage changeof
magnetoimpedance(MI) with applied dc magnetic eld. In this model the e ect of stress
is taken into accoun by incorporating the increasein fractional volume of the OS at the
costof IC and the changesin the parametersL; and T;.

Fig. 3.22shows the dc hysteresisloops of Cogg.15F €4:35Si125B 15 amorphouswire in ab-
senceandin presencef a stress( ) of 2856MPa. This gure shavsan increaseof coercivity
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Figure 3.22: The dc hysteresisloops of Cogg.15F €4:35Si12:5B 15 amorphouswire in absence
and in presenceof = 285MPa.

from 12mOeto 16 mOe and anisotropy eld dueto = 285MPa. The parameters
L,c and Tos related respectively to the coercive eld Hc of IC regionand the anisotropy
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eld Hx of OSregionare calculatedfrom the hysteresisloops of the wire in absenceand
in presenceof various tensile stresseqd131]. Fig. 3.23(a) shaws the percenage change of

100

(a') ‘ﬁ: o/g?o .;::\
- ; ’ "~
75 7 >\< \\,,.\
4 / /o * s.
= /‘ o \' \
DO —/l o/ .>< o\o \‘
] — ..
/O/O I ~
=~ 254 f=0.0325 MHz o=
= —o—c=0MPa
N —e— =285 MPa
ﬁ () L) I T I L) - I N T I L) I T
-1.5 -1.0 0.5 700 . 05 1.0 1]5
00107 (b) g \ £0.0325 Mz
------- c =0 MPa
& =285 MPa

0.003 1

T T T T T T T T T T T T T T T
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04
Magnetic field (Oe)

Figure 3.23: (a) Experimertal (Upper Panel) and (b) simulated results (Lower
Panel) of the variation of perceriage change of magnetoimpedance|[ Z=Z(%)] for
Cogg:15F €4:35Si125B 15 amorphouswire in absenceand in presenceof a stress, =285
MPa at a frequencyof 0:0325MHz.

MI ([ Z=Z(%)]) of the wire at low valuesof dc magnetic eld in absenceand in presence
of atensilestress, = 285MPa, at a frequencyof 0.0325MHz. A singlepeakis obsened
at Hdc 0 Oein absenceof any stress,whereasa two-peak characteristic is obsened in
presenceof the stress. The peak value of GMI, [ Z=Z(%)]pcax decreasesvith the appli-
cation of an externaltensile stress. In Fig. 3.23(b) we have plotted the simulated curve of
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the variation of percenage changeof Ml with magnetic eld in absenceand in presence
of a tensile stress( = 285MPa) using the proposedmodel. Here the GMI valueshave
beentaken at low eld with very small intervals of the magnetic eld in orderto get a
more precisepicture of the GMI peaks. In the simulated curves, two-peak behaviour is
obsened for the wire in absenceaswell asin presenceof any external tensile stress. The
gure alsoshaws a decreasen GMI peakvalue and a peak shift towards higher magnetic
eld with stressasobsened from the experimertal data (Fig. 3.23(a)) also.

As the sampleis negative magnetostrictive in nature, the applied longitudinal stressde-
velopsan anisotropy in a direction perpendicularto the stress. As a result, the fractional
volume of OS with domains having circular magnetization, enlargesand the anisotropy
eld, whenmeasuredn the longitudinal direction, shifts towards higher valuesof magnetic
eld. The theoretical results on stressdependen GMI e ect are obtained by incorporat-
ing the changein volumesof IC and OS due to stress. Relative volume of inner coreis
estimated from the reducedremanen magnetizationi.e. (r,c?=&) = M,=Ms wherer, ¢
and M, represen respectively the radius and remanenceof IC [14]. Application of stress
reducesthe IC volume and we have calculated impedancewith reducedIC radius of the
wire in presenceof tensile stressas comparedto that of the wire in absenceof any stress.
Applied longitudinal tensile stressincreaseghe coercive eld and anisotropy eld along
the length of the negative magnetostrictive wire. In the calculation, L, ¢ (correspnding
to the coercive eld H¢ of IC region) and Tos (corresponding to the anisotropy eld Hg
of OSregion) are increasedfor the wire in presenceof stressfor calculating its impedance.
The experimertal and simulated resultson Ml at f = 0.8725MHz in absenceand in pres-
enceof = 285MPa is shovn in Fig. 3.24(a)and Fig. 3.24(b) respectively. The gure
shows a two-peak GMI characteristic in absenceand in presenceof a stressfrom both
the experimertal aswell asfor the theoretical data. A decreasan GMI peak value and
a peak shift towards higher magnetic eld is obsened for the sampleunder stress. Fig.
3.25(a)and Fig. 3.25(b) shawv respectively the experimertal and theoretical curveson the
variation of percenage changeof Ml with and without stressat a frequencyof 11 MHz.
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Figure 3.24: (a) Experimertal (Upper Panel) and (b) simulated results (Lower
Panel) of the variation of perceriage change of magnetoimpedance|[ Z=Z(%)] for
Cogg:15F €4:35Si125B 15 amorphouswire in absenceand in presenceof a stress, =285
MPa at a frequencyof 0:8725MHz.
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Figure 3.25: (a) Experimertal (Upper Panel) and (b) simulated results (Lower
Panel) of the variation of perceriage change of magnetoimpedance|[ Z=Z(%)] for
Cogg:15F €4:35Si125B 15 amorphouswire in absenceand in presenceof a stress, =285
MPa at a frequencyof 11 MHz.

An additional peakaroundHgy. 0 is obsened alongwith the peaksat higher values
of magnetic eld in absenceand in presenceof an external stress(Fig. 3.25(a)). Using
the model a two-peak characteristic at low eld values(Hg. 0 Oe) is obsened due to
IC alongwith the peaksat higher Hy. valuesdueto OSin absenceaswell asin presence
of an external stress.

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

only on the frequencyof the driving currert and the e ective permeability but alsoon
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the anisotropiespreset in the sample. The total magneticpermeability can be separated
into cortributions from magnetic momern rotation and domain wall motion in IC and
OS domain regionsof the wire respectively. The peak valuesof Ml from the IC and OS
regionsoccur at their respective anisotropy elds. Sincethe anisotropy eld of the OSis
larger comparedto that of the IC and the cortribution to MI from OS is much higher
than that from IC, the resultant peaksin M| are obsened at the anisotropy eld of OS.
Howeer at low frequencyand in absenceof any stress,the peaksof Ml originating from
IC and OS are very closeto Hy. = 0 and are not distinguishableresulting in a singlepeak
at Hyc = 0 (Fig. 3.23(a)). Two-peak behaviour in Ml could be seenexperimertally by
studying GMI at very small intervals of the eld asobsened from the theoretical curve
derived from the model [Fig. 3.23(b)]. It is also obsened from the above study that
GMI is strongly dependert on the driving frequencyof the currert. GMI cortribution
from OSis greaterthan that from IC with increasingfrequency The anisotropy eld and
henceMI peaksshift towards higher valueswith frequency At lower frequencieq kHz),
the peak value of Ml increaseswith frequencyas the skin penetration depth decreases
with increasingfrequency The increasein peak value and shifting of Ml peakstowards
higher eld valueswith increasedfrequencyis also obsened using the proposedmodel
[Fig. 3.24(b)]. But at a very high frequencyregion the domain wall motion is strongly
damped dueto eddy currents causinga reduction in peakvalue of MIl. The peakpositions
of MI from OS are shifted towards higher valuesof magnetic eld and thereforeadditional
peaksat Hq. 0 is obsened [Fig. 3.25]dueto the IC.

The longitudinal external tensile stresspromotesthe dewelopmer of transversedomains
in this negative magnetostrictive sample. Due to this stressinducedtransverseanisotropy,
the anisotropy eld is shifted towards higher values,which givesa two-peak behaviour in
presenceof stressat all frequencies. Stressinduced transverseanisotropy also increases
the volume of domainswith circular magnetization. With the increasein stressthe value
of transverse permeability reducesand hence Ml peak value decreases. This explains
the stressdependert GMI behaviour as obsened in Fig. 3.23(a), Fig. 3.24(a) and Fig.
3.25(a) which can be qualitativ ely explainedusing the model [Fig. 3.232(b), Fig. 3.24(b)
and Fig. 3.25(b)]. In caseof positive magnetostrictive wires and microwires [20], reverse
trend is obsened, i.e., the GMI peakscomescloseron application of tensile stress. These
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characteristics can also be explained using this model with proper modi cations as de-
scribed above.

3.3 Conclusions

Sincemagnetaelasticanisotropy is the main sourceof anisotropy in this wire-shaped sam-
ple the stress-inducedanisotropy changesthe domain structure and hencethe GMI e ect
to alargeextert. The MI cortributions from IC and OS of the wire aredi erent. Ml study
at higher frequencyand under the application of stresscon rms much higher cortribution
of Ml from OS than IC. Asymmetry betweenthe two peaksin Ml can be deweloped by
sendinga dc currert through the sample. The coercivity of the sampleincreaseswith the
increasein longitudinal tensile stressapplied to the sample.

Here we have descriked the stressdependert GMI behaviour of amorphous

Cogg:15F €4:35Si12:5B 15 wire at various frequenciesusing a simple model. Due to the ab-
senceof crystal structure, the magnetization processe®f amorphousferromagneticwires
depend on magneteelastic anisotropy. Therefore quented-in and applied stressedeter-
mine their domain structure. The model assumes core-shelldomain structure consisting
of an inner core and outer shell region. Considering separatecortributions from these
two regions,stressdependert GMI results at various frequenciess well understood qual-
itativ ely. Results obtained using the model showns a two-peak behaviour in unstressed
condition of the wire even at low frequencieswhich is yet to be studied experimertally.
Another important aspect of this model is that we can use this simple model with re-
quired modi cations to explain stress dependert GMI phenomenain caseof positive
magnetostrictive wires at various frequencies.
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EFFECT OF STRESS AND HEA T TREA TMENT
ON MA GNETOIMPED ANCE IN GLASS-CO ATED
AMORPHOUS MICR OWIRES

4.1 Intro duction

In the previous chapter we have studied the frequency dependert GMI in amorphous
Cogg:15F €4:35Si12:5B 15 Wire (negative magnetostrictive) in presencef varioustensilestresses
to understand the cortributions to GMI from di erent domain regions. The MI study
at high frequencyand stresscon rmed much higher cortribution of Ml from outer shell
(OS) than inner core (IC) domains. We were interestedto verify the e ect of stressand
heat treatment in positive magnetostrictive wire-shaped samples,which would show the
opposite behaviour as comparedto that of the negative magnetostrictive wire. There
are many experimertal and theoretical studiesindicating that the OS with transversely
oriented magnetizationcortributes mainly to GMI. Di erent kinds of heat treatment play
an important role in modifying the domain structure and hencethe GMI values. Heat
treatments by passingdc currerts is an e ective method in enhancingthe MI by increas-
ing the OS volume. This motivated us to conduct a study of the e ect of heat treatment
(by passingshort duration currernt pulsesand dc current with various duration) on GMI
and henceto increaseits value of positive magnetostrictive microwires. Therefore, in
the presen chapter frequencydependent GMI of glasscoatedamorphousmicrowire with
composition Cogs.2M n7.5Sis.gB3.3 and glasscoated amorphousmicrowire with composi-
tion (Cog.03F €0:07)63N 110Si11B 16 hasbeenstudied in detail in presenceof di erent tensile

83
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stressand various heat treatments (by sendingcurrent pulsesof amplitude 100mA and
ead of duration 12 seconddor the former microwire and a dc current with amplitude | 4,
= 50 mA for varioustime duration for the latter respectively).

4.2 Giant magnetoimp edance in positiv e magnetostrictiv e glass
coated amorphous Cogz>M n7.6SisgB3.3 micro wire

4.2.1 Experimenal Details

Glass coated amorphousmicrowire with composition CogzoM N7.6Sis.gBs.3 were usedin
the measuremenof magnetoimpedance.Fig. 4.1shovsthe ScanningElectron Microscogy
(SEM) imageof the glasscoatedamorphousCogs.,M n7.¢Sis.gB 3.3 microwire. The diame-
ter of the metallic part of the sampleis about 18 m and the thicknessof the insulating
glasscoatingis approximately 6 m. Length of the sampleusedin the experimert is 12cm.
The glass-coatingvasremoved at the two endsof the microwire, by etching carefully with
a sand paper, for the impedancemeasuremets. The impedanceof the samplewas mea-
suredby PrecisionlmpedanceAnalyzer (Agilent, 4294A,40Hz - 110MHz). Herewe have
studied both the stressdependendenceand e ect of heat treatment (by sendingsquare
wave currert pulsesof amplitude 100mA and ead of duration 12 secondghrough the
microwire) of GMI at variousfrequenciesn glasscoatedamorphousCogs.2M n7.6Sis.gB3:3
microwire. The frequencyof the ac current was varied up to 10.9 MHz and 12.85MHz
respectively (with its magnitude xed at 1 mA) for stressand heat-treated dependence
of GMI for the sample. A Helmholtz coil systemwas usedto apply a dc magnetic eld
(maximum value 1400e) alongthe axis of the sampleduring impedancemeasuremen
The axis of the sampleas well asthat of the Helmholtz coil were kept perpendicular to
the direction of the earth's magnetic eld. Axial tensile stressesup to 566 MPa were
applied to the wire for studying the e ect of stresson magnetoimpedance.To study the
e ect of heat treatment, currernt pulses(squarewave) of amplitude 100 mA and eadh
of duration 12 secondswvas sernt along the length of the sample. The current pulseswere
generatedby a 555-timer IC. The duration of the generatedpulsewas xed to 12 sec-
onds by adjusting the valuesof external resistanceand capacitanceto the 555-timer IC.
The amplitude of the pulse was ampli ed by Kepco Bipolar Power Supply and xed at
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Figure 4.1: Scanning Electron Microscopy (SEM) image of glass coated amorphous
C083;2M n7;6Si5;8Bg;3 microwire.
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100 mA. The samplewas heat treated by passingdi erent number of currernt pulses
with amplitude  100mA and ead of duration 12 seconds. The percenage change of
MI with applied magnetic eld is calculatedby using Eq.(1.7) and the maximum applied
magnetic eld is 140 Oe.

4.2.2 Resultsand Discussions

Frequencydependenceof giant magnetoimpedance(GMI) in absenceand in the presence
of stressesl10 MPa, 221 MPa, 331 MPa, 426 MPa and 566 MPa is studied for positive

magnetostrictive glasscoatedamorphousCogz.»M n7.¢Sis.gB 3.3 microwire with frequencies
upto 10.9 MHz. Fig. 4.2 shaws the eld dependenceof perceriage change of magne-
toimpedanceof glasscoatedamorphousCogz»,M n7.¢SisgB3z.3 microwire at a frequencyof

1.9 MHz in absenceand in the presenceof stressesl10 MPa, 221 MPa, 331 MPa, 426

MPa and 566 MPa.
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Figure 4.2: The variation of percerage changeof magnetoimpedance, Z=2Z(%) with dc
magnetic eld H of glasscoatedamorphousCog3,M n+.6Sis.gBs.3 microwire at a frequency
of 1.9 MHz in absenceand in the presenceof stressesl10 MPa, 221 MPa, 331 MPa, 426
MPa and 566 MPa.
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At this frequencythe maximum value of GMI is obsened at Hy. = O, thus giving
single-peak characteristic for the samplein absenceaswell asin presenceof di erent ten-
sile stresses.The value of Z=Z(%) decreasswith increaseof applied dc magnetic eld.
[ Z=Z(%)]peak decreasedrom 23%at = 0 MPato 13%at = 566 MPa. At a higher
frequency f = 4.6 MHz, single peak behaviour of GMI asa function of magnetic eld is
obsened for the microwire in absenceaswell asin presenceof stress(Fig. 4.3). The peak
value of Z=Z(%) decreasegrom 51%at = 0 MPato 26%at = 566 MPa. Single
peak GMI characteristic is obsened at lower frequencies.e. upto 6 MHz. Two-peak
GMI behaviour appearsat a higher frequency(above 6 MHz). Fig. 4.4 shows the eld
dependenceof perceniage changeof magnetoimpedanceof the microwire at a frequency
of 7.3 MHz in absenceand in the presenceof external tensile stress. Two peak GMI
behaviour is seenfor the samplein absenceof any stressaswell asfor = 110MPa, 221
MPa and 331 MPa. The dip at Hq. = 0 gradually diminisheswith stressand nally it
vanishesat = 426MPaand 566MPa at this frequency At a morehigherfrequencyf =
10 MHz double-peak GMI is obsened for the microwire in absenceaswell asin presence
of external stress(Fig. 4.5). The shift in GMI peak valueswith magnetic eld is most
prominernt in caseof = 0 MPa, which gradually reduceswith increasingstress. The
peak value of Z=Z(%) decreasesvith increasingvalues of applied tensile stressat all
frequenciesof the ac curren.

The variation of maximum valuesof percenage changein magnetoimpedance([ Z=Z(%)]peak)
with frequencyunder di erent axial tensile stressess shown in Fig. 4.6. It is clear from
the gure that the peakvalue of GMI decreasesvith increasingstress. Maximum value of
[ Z=Z(%)]peak 53%is obsened at a frequencyof 3.7 MHz for the samplein absenceof
any stress. The maximum value of [ Z=Z(%)]peax reducesto 26%for = 566 MPa at f
= 4.6 MHz. The frequencydependenceof GMI peakpositions( Hp) for di erent values
of axial tensile stressis studied in Fig. 4.7. Singlepeak GMI characteristic( H, = 0) is
seenfor the sampleat various valuesof stresstill a frequencyof 5.5 MHz. With further
increasein frequencytwo-peak GMI with increasingpeak shift is obsened for the sample
in absenceof any stress. Singlepeak GMI changesto double-peakat f = 6.4 MHz for

= 221MPaandat f = 7.3MHz for = 566 MPa respectively. The stressdependence
of maximum percenage changein magnetoimpedanceat di erent frequenciedss showvn in
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Fig. 4.8. From the gure it is clearthat [ Z=Z(%)]pcax decreasesvith increasingstress.
We have also veri ed the in uence of the magnitude of the alternating current on the

value of magnetoimpedanceupto a frequencyof 10.9 MHz. The magnitude of the alter-

nating currert sent alongthe length of the microwire were 0.2 mA, 1.0 mA and 5.0 mA

(Fig. 4.9). There was almost no changein the GMI valueswith changein magnitude of
the alternating current for the whole frequencyrange. We have studied the stressand

heat-treated dependenceof GMI for the microwire for 1 mA ac currert.

The magnetization of the sample have been measuredin presenceof di erent tensile
stresseqo understand the domain structure and magnetoimpedanceresults. Fig. 4.10
shows the dc hysteresisloops of glasscoated amorphousCogs.»M n7.6Sis.gB3.3 microwire

under 0 MPa, 220 MPa and 440 MPa axial tensile stresses.The hysteresisloops suggest
two kinds of magnetization processesorrespnding to two di erent domain structures
within the sample. There is a suddenlarge changein magnetizationat very low eld and

a slow variation in magnetizationat higher eld. The magnetizationreversalin the axial

inner coredomain at the switching eld givesriseto largejump at low eld andthe change
in magnetizationin the outer shellis responsiblefor the slow variation of magnetization.
Stressdependenceof the large jump in magnetization due to inner core (jump,¢) and
the changein magnetization from the outer shell (j umpgs) is showvn in Fig. 4.11. It is
obsened that jump in magnetization due to inner core (jump, ¢) increaseswith increas-
ing tensile stresswith a correspnding decreasen variation of magnetizationdueto outer
shell (jumpos). Stressdependenceof coercivity of the microwire is shavn in Fig. 4.12.
The gure clearly shows that the application of tensile stressdecreaseshe coercivity i.e.

increaseshe magnetic softnessof the material. The coercivity, H. decreasegrom 70
mOeat = 0MPato 50mOeat = 440MPa. Due to the application of this tensile
stressthe anisotropy eld, Hy reducesfrom 3.80eto 2.7 Oe. An estimation of the

linear magnetostrictioncoe cient, can be calculatedfrom the changein the anisotropy

eld from 3.80eto 2.7 Oedue to the changein applied tensile stressof = 440
MPa by using the following formula,

= ( oMsH=3') (Ms= M) (4.1)

where My is the saturation magnetizationand M is the cortribution to magnetization
from the outermost shellasshowvn in Fig. 4.10. Consideringthe fact that the anisotropy
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eld mainly changesthe magnetizationin the outermost shell of the microwire an addi-
tional factor M= M hasbeenincudedin the usual expressionof . Taking (Mg 0.7
T, the estimated value of 1:0 10 7 indicating that the sampleis very low positive
magnetostrictive in nature.
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Figure 4.3: The variation of percernage changeof magnetoimpedance, Z=Z(%) with dc
magnetic eld H of glasscoatedamorphousCog3,M n+.6Sis.gBs.3 microwire at a frequency
of 4.6 MHz in absenceand in the presenceof stressesl10 MPa, 221 MPa, 331 MPa, 426
MPa and 566 MPa.
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Figure 4.4: The variation of percernage changeof magnetoimpedance, Z=2Z(%) with dc
magnetic eld H of glasscoatedamorphousCog3,M n+.6Sis.gBs.3 microwire at a frequency
of 7.3 MHz in absenceand in the presenceof stressesl10 MPa, 221 MPa, 331 MPa, 426
MPa and 566 MPa.
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Figure 4.5: The variation of percernage changeof magnetoimpedance, Z=Z(%) with dc
magnetic eld H of glasscoatedamorphousCog3,M n+.6Sis.gBs.3 microwire at a frequency
of 10 MHz in absenceand in the presenceof stressesl10 MPa, 221 MPa, 331 MPa, 426
MPa and 566 MPa.
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Figure 4.6: The variation of maximum percenage change of magnetoimpedance,
[ Z=Z(%)]peak With frequencyunder di erent axial tensile stressesof glasscoated amor-
phous Cogz oM n7.6Sis.gBa.z microwire.
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Figure 4.7: The frequencydependenceof the peakpositionsof GMI in presencef di erent
axial tensile stresseof glasscoatedamorphousCogsz.»M N7.6Sis.gB3.3 microwire.
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Figure 4.8: The stressdependenceof maximum perceriage changein magnetoimpedance
at di erent frequenciesof glasscoatedamorphousCogs.,M n7.¢Sis.gB3.3 microwire.
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Figure 4.9: The variation of maximum percenage change of magnetoimpedance,
[ Z=Z(%)]peak With frequency for di erent magnitudes of alternating currert of glass
coatedamorphousCogs.,M n7.6Sis.gB3.3 microwire.
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Figure 4.10: The dc hysteresisloops of glass coated amorphous Cogs.2M n7.6Sis.gB3:3
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,¢) and
the changein magnetization from the outer shell (j umpos) of glasscoated amorphous
Cogz2M n76SisgB3.3 microwire under di erent axial tensile stresses.
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Figure 4.12: The variation of coercivity as a function of applied tensile stressin glass
coatedamorphousCogs.»M n7.6Sis.gB3.3 microwire.
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The variation of magnetoimpedanceof the as-quenbed and heat treated (annealing
done by sendingone, two, three and four current pulsesrespectively) microwires as a
function of dc magnetic eld is shovn in Fig. 4.13for 1 mA ac current with a frequency
f = 0.95MHz. Single peak GMI characteristicswith peak value [ Z=Z(%)]peak at Hgc

0 Oe is obsened for both the as-quenbed and heat treated microwires. The value
of [ Z=Z(%)]peax iNncreaseddrastically from 4% for the as-quenbed sampleto  47%
when the microwire is annealedby sendingfour pulses. Fig. 4.14 shaws the variation
of [ Z=Z(%)] with Hq4. of the as-quenbed and heat treated microwires for 1 mA ac
current with a frequency f = 3.5 MHz. As-quendied sampleshaws a single peak GMI
characteristicwith apeakvalue,[ Z=Z(%)]peax 48%at Hyc 0 Oe. However, two-peak
behaviour with increasingGMI valuesis obsened for successig currert-pulse annealed
microwires at this frequency The maximum peak value of GMI appearat Hg. = 2.12
Oe (termed as Hy) with [ Z=Z(%)]peax  129%for the four pulse annealedmicrowire.
The magnetic eld sensitivity of GMI for the four pulse annealedsampleis equal to
147%=0Oe at f = 3.5MHz. Fig. 4.15and Fig. 4.16shav the eld dependenceof GMI
for the as-quenbed and heat treated microwires for 1 mA ac currernt with frequencies
7.75MHz and 12.85MHz respectively. Two-peak GMI characteristic is obsened for the
as-quenbed and heat treated microwiresat f = 7.75MHz. The MI peakpositions( H,)
shift towardshigher H 4. for successig heattreated samplewith respectto the as-quenbed
one. At f = 12.85MHz, an additional peakat Hyc 0 Oeis obsened alongwith the two
peaksat higher H g for the heat treated sample. The frequencydependenceof maximum
percenage changein magnetoimpedanceis shovn in Fig. 4.17 for the as-quenbed and
heattreated samples.The eld responseof GMI increasegradually w.r.to frequencywith
amaximum of 66%atf = 5.2MHz and then decrease$or higher frequenciedor the as-
quendied microwire. The maximum value of [ Z=Z(%)]peax for the annealedmicrowires
is obsened at f = 3.5 MHz. There is a negligible variation in [ Z=Z(%)]peax at f =
3.5 MHz for the heat treated samples,annealedwith one, two and three currernt pulses.
There is a noticeableincreasein GMI value,[ Z=Z(%)]peak 129%o0n heat treatment of
the sampleby sendingfour pulsesof amplitude 100mA and duration of 12 seconds.Fig.
4.18shaws the changein MI peakpositions, H, with frequencyof the as-quenbed and
heat treated microwires. Two peak behaviour for the as-quenbed sampleappears after
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6.9 MHz but heat treated microwires shov two peak characteristic from a much lower
frequency The value of H, increaseswith frequencyi.e. shifts toward higher values
of magnetic eld for the as-quenbed and annealedmicrowires. Heat treatment of the
samplewith increasingcurrert pulsesincreaseghe value of H,.

The dc hysteresisloops of the as-quenbed and heat treated samples(Fig. 4.19) was
studied to understand the domain structure and magnetoimpedanceof the microwire.
The as-quenbed sample shavs a sharp change in magnetization at low magnetic eld
due to the changein magnetizationin the IC with a slow rise at higher elds dueto the
cortribution from the OS. On gradual heat treatment with current pulses,volume of OS
increasesat the cost of IC which is re ected in the hysteresisloop measuremets (the
initial jump in magnetizationis reducedsigni cantly).
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Figure 4.13: The variation of percenage change of magnetoimpedance, Z=Z(%) with
dc magnetic eld H of the as quendhed and heat treated glass coated amorphous
Co0g3:2M n76Sis.gBs.z microwires at a frequencyof 0.95 MHz.
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Figure 4.14: The variation of percenage change of magnetoimpedance, Z=Z(%) with
dc magnetic eld H of the as quendhed and heat treated glass coated amorphous
Cog3:2M n7.6Sis5gBs.3 microwires at a frequencyof 3.5 MHz.
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Figure 4.15: The variation of percenage change of magnetoimpedance, Z=Z(%) with
dc magnetic eld H of the as quendhed and heat treated glass coated amorphous
Co0g3:2M n76Sis.gBs.z microwires at a frequencyof 7.75MHz.
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Figure 4.16: The variation of percenage change of magnetoimpedance, Z=2Z(%) with
dc magnetic eld H of the as quendhed and heat treated glass coated amorphous
Co0g3:2M n76Sis5gBs.3 microwires at a frequencyof 12.85MHz.
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Figure 4.17: The variation of maximum perceriage change of magnetoimpedance,
[ Z=Z(%)]peak With frequency of the as quended and heat treated glasscoated amor-
phous Cogz»M n7.6Sis.gBs.3 microwires.
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Figure 4.18: Frequencydependenceof the peak positions of GMI of the asquentied and
heat treated glasscoatedamorphousCogz.,M Nn7.6Sis.gB 3.3 microwires.
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Figure 4.19: Axial hysteresisloops of the as-quenbed and heat treated glass coated
amorphousCogz»,M n7.¢Sis.gB3.3 microwires.
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Asymmetry betweenthe two peaksin magnetoimpedancehasbeendeweloped by pass-
ing dc currents of magnitude, 14 = 1 mA and 2 mA for a duation of t,, = 25 minutes
through the length of the microwire along with the ac currert 1,0 = 1 mA. Figures
4.20,4.21, 4.22 and 4.23 shav the asymmetric magnetoimpedanceof the glasscoated
amorphousCogs.2M Nn7.4Sis.gB 3.3 microwires at frequencie€0.66 MHz, 0.79MHz, 1.8 MHz
and 3.5 MHz respectively where annealingwas done with 14 = 1mA for a duration of
tan = 25min. Percenage changein the di erence betweenthe two MI peak heights is
calculatedas,

[( Zpem]% = 1002k Zpeaiey 4.2)
Zpeak2

where Z,ea1 and Zpeako represem the two Ml peak heiglts at a particular frequency of

lac. Frequencydependenceof the percenage changein the di erence betweentwo Ml
peak heights in caseof asymmetric Ml of glasscoated amorphousCogz.2M N7.6Sis5.gB3:3
microwires obtained with |1, = 1ImA and | 4. = 1mA is showvn in Fig.4.24.
Figures4.25,and 4.26 shov the asymmetric magnetoimpedanceof the glasscoatedamor-
phousCos3.2M n7.6Sis.gB 3.3 microwires at frequencied).92MHz and 3.5 MHz respectively
where annealingwas donewith |4 = 2mA for a duration of t,, = 25min. Fig.4.27 show
the frequencydependenceof the percertiage changein the di erence betweentwo M| peak
heights in caseof AGMI of glasscoated amorphousCogs.2M n7.6Sis.gB3.3 microwires ob-
tained with 1, = 1mA and I 4. = 2mA. The conbination of the external static magnetic
eld (Hgy) and the dc biassedcurrert applied along the microwire (I 4c) generatesan ef-
fective helical eld that acts on the microwire resulting in asymmetric GMI (discussedn
detail in Chapter 3).
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Figure 4.20: Asymmetric magnetoimpedance of glass coated amorphous
Co0g3.2M n76Sis.gB3.z microwires with 1, = 1mA at a frquency of 0.66 MHz. An-
nealingwas donewith |4 = 1mA for a duration of t, = 25 min.
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Figure 4.21: Asymmetric magnetoimpedance of glass coated amorphous
Co0g3.2M n76Sis.gB3s.z microwires with 1, = 1mA at a frquency of 0.79 MHz. An-
nealingwas donewith |4 = 1mA for a duration of t, = 25 min.
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Figure 4.22: Asymmetric magnetoimpedance of glass coated amorphous
Co0g3.2M n76Sis.gB3.z microwires with 1, = 1ImA at a frquency of 1.8 MHz. An-
nealingwas donewith |4 = 1mA for a duration of ty, = 25 min.
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Figure 4.23: Asymmetric magnetoimpedance of glass coated amorphous
Co0g32M n76Sis.gB3.z microwires with 1, = 1mA at a frquency of 3.5 MHz. An-
nealingwas donewith |4 = 1mA for a duration of ty, = 25 min.
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Figure 4.24: Frequencydependenceof the percenage changein the di erence betweentwo
MI peakheighs in caseof asymmetricMI of glasscoatedamorphousCogs.,M n7.Sis.gB3:3
microwires obtained with |, = 1ImA and l 4 = 1ImA.
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Figure 4.25: Asymmetric magnetoimpedance of glass coated amorphous
Co0g3.2M n76Sis.gB3s.z microwires with 1, = 1mA at a frquency of 0.92 MHz. An-
nealingwas donewith |4 = 2mA for a duration of ty, = 25 min.
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Figure 4.26: Asymmetric magnetoimpedance of glass coated amorphous
Co0g32M n76Sis.gB3.z microwires with 1, = 1mA at a frquency of 3.5 MHz. An-
nealingwas donewith |4 = 2mA for a duration of ty, = 25 min.
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Figure 4.27: Frequencydependenceof the percenage changein the di erence betweentwo
MI peakheighs in caseof asymmetricMI of glasscoatedamorphousCogs.,M n7.Sis.gB3:3
microwires obtained with |1, = 1ImA and |l 4 = 2mA.
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The changein MI of the microwire is dependernt on the penetration depth, due to
a changein transversepermeability, by an externally applied dc magnetic eld. The
domain structure of this wire-shaped sampleconsistsof an inner core (IC) domain having
a magnetization direction closelyparallel to the wire axis and a multi-domain outer shell
(OS) with transversely oriented (radial) magnetization. There exists two permeability
peaks against magnetic eld, one at the switching eld of IC and the other near the
anisotropy eld of OS. Thesetwo peaksarising from two di erent domain regionsgive
two Ml peaksaround Hye 0 Oe. At low frequencies,the anisotop/ eld of these
soft magnetic materials is very closeto the switching eld and thereforethe peaksof Mi
originating from IC and OS coincidewith ead other and a single-peak GMI characteristic
very closeto Hy. = 0 Oe, is obsened. At higher frequenciesthe anisotropy eld of the
OS shifts more towards higher eld comparedto the switching eld, asthe domain wall
displacemen in OS is more a ected by increasein frequencycomparedto the momen
rotation in IC. As aresult of it, atwo-peakMI behaviour is obsened at higher frequencies
for the as-quenbed aswell as stressand heat treated samples.
Axial tensile stressgeneratesa uniaxial anisotropy along the axis of the microwire and
increasesthe inner core domain. This results in a decreasdn circular permeability and
hencethe value of GMI decreasewith increasingstress. Two-peak GMI behaviour is
obsened at higher frequenciesbecausethe switching and anisotropy eld increaseswith
increasingfrequency (as descriked in the previous chapter). The applied tensile stress
induces magnetaelastic anisotropy thereby increasingthe magnetic softnessalong the
axis of the microwire. This resultsin a decreasen switching and anisotropy eld thereby
reducingthe value of H, with increasingstress.
Annealing the microwire by sendingcurren pulsegeneratesa circular magnetic eld. The
circular magnetic eld at a distancer from the axis is given by,

I'r

2 R?
where,| is the annealingcurrernt and R is the radius of the microwire. This eld induces

He(r) = (4.3)

circular magnetization of the domainsin OS and therefore a transverse anisotropy is
deweloped within the microwire. This increaseghe OS volume and hencethe GMI value
of the annealedsample (Fig. 4.13to Fig. 4.16). In gures 4.14, 4.15 and 4.15, two
peak GMI characteristic is obsened for the annealedsample becauseon annealing in
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presenceof a circular eld, there is an increasein the anisotropy eld of the OS along
the axis of the sample. This anisotropy eld shifts the peak value of circumferertial
permeability of OS towards higher magnetic eld as a result of which the Ml peaks
are obsened at higher dc magnetic eld. This is the reasonfor double-peak GMI of
annealedsampleat higher frequencies.Frequencydependent [ Z=Z(%)]peax (Fig. 4.17)
shows an increasein GMI value with frequencieg < 5 MHz) asthe penetration depth
reduceswith f. For higher frequencies( > 5 MHz) there is a decreasen GMI peak
value with frequency For su cien tly high frequencyof the exciting alternating currert,
dampingin domain-wall motion is obsened due to micro-eddy currert, thereby reducing
the e ective circular permeability sothat the peakvalue of GMI decreasesvith f. The
magnetization measuremets 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 pulsesincreaseghe outer shell volume. Sincethe cortribution to
MI from inner coreis much lessthan that from outer shell, enhancemen of GMI value
by short duration annealingis due to increasein outer shell volume. Therefore short-
duration heat-treatmert by sendingcurrernt pulsescan be a usefultool to enhancethe Ml
of wire-shaped amorphousmagnetic materials.

4.3 Giant magnetoimp edance in glass coated amorphous
(C00:93F €0:07)63N 110S111B 16 Micro wire

4.3.1 Experimenal Details

Glasscoatedamorphousmicrowireswith composition (Coq.93F €:07)63N 110Si11B 16 0f length
12cmwere usedin the measuremenof impedancein presenceof an external dc magnetic
eld. Fig. 4.28shownsthe ScanningElectron Microscopy (SEM) imageof the glasscoated
amorphous(Cog.93F €y:07)63N 110Si11B 16 microwire. The diameter of the metallic part of
the microwire is about 14 m (diameter including the insulating glasscoatingis 19 m).
The impedanceof the samplewas measuredby PrecisionimpedanceAnalyzer (Agilent,
4294A,40Hz - 110MHz). The frequencyof the ac current wasvaried from 0.6 MHz to 11
MHz with its magnitude xed at 1 mA. A Helmholtz coil systemwas usedto apply a dc
magnetic eld (maximum value 1200e) alongthe axis of the sampleduring impedance
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measuremen The axis of the sampleas well as that of the Helmholtz coil were kept
perpendicular to the direction of the earth's magnetic eld.

Herewe have studied both the stressdependendencend e ect of heattreatment (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, , up to 603 MPa were applied to
the wire for studying the e ect of stresson magnetoimpedance.For studying the e ect of
heat treatment in presenceof a circular magnetic eld, a dc current with amplitude 1 4,

= 50 mA has beenpassedthrough the samplesfor various time duration, T,,, Starting
from 5 minutes to 35 minutes. The perceriage changeof MI with applied magnetic eld

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

4.3.2 Resultsand Discussions

Frequencydependenceof giant magnetoimpedance(GMI) in absenceand in the presence
of stresses/9 MPa, 210MPa, 431 MPa, and 603 MPa was studied for glasscoatedamor-
phous (Cog.93F €0:07)63N 110Si11B 1 microwire with frequenciesupto 11 MHz. Fig. 4.29
shows the eld dependenceof perceriage change of magnetoimpedanceof glasscoated
amorphous(Coq.93F €:07)63N 110Si11B 16 Microwire at a frequencyof 2.08 MHz in absence
and in the presenceof stresses’9 MPa, 210 MPa, 431 MPa, and 603 MPa. The max-
imum of GMI value is obsened at H = 0 Oe, thereby showing single-peak Ml pro le
for the microwire in absenceaswell asin presenceof axial tensile stresses.The value of
[ Z=Z(%)]peak decreasesrom 3:95%at = 0 MPato 1:.62%at = 603MPa. The value
of Z=Z(%) decreaswith increaseof applied dc magnetic eld. For a higherfrequency f
= 5.05MHz, single-pak GMI characteristic is obsened for the samplein absenceaswell
asin presenceof external tensile stresseqFig. 4.30). The maximum value of Z=Z(%)
decreasefrom 8:85%at = 0MPato 3:92%at = 603MPa. FiguresFig. 4.31and Fig.
4.32show the variation of percertage changeof magnetoimpedance,[ Z=Z(%)]peak With
dc magnetic eld H of the microwire at frequencies8.02 MHz and 11 MHz respectively
in absenceand in the presenceof stresses’9 MPa, 210 MPa, 431 MPa, and 603 MPa.
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Figure 4.28: Scanning Electron Microscopy (SEM) image of glass coated amorphous
(Coo.03F €0:07)63N 110Si11B 16 microwire.
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Figure 4.29: The variation of percenage change of magnetoimpedance, Z=2Z(%) with
dc magnetic eld H of glasscoatedamorphous(Co0g.g3F €:07)63N 110Si11B 16 microwire at
a frequencyof 2.08 MHz in absenceand in the presenceof stresses9 MPa, 210MPa, 431

MPa, and 603 MPa.
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Figure 4.30: The variation of percenage change of magnetoimpedance, Z=Z(%) with
dc magnetic eld H of glasscoatedamorphous(Co0g.g3F €:07)63N 110Si11B 16 microwire at
a frequencyof 5.05MHz in absenceand in the presenceof stresses9 MPa, 210MPa, 431

MPa, and 603 MPa.
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Figure 4.31: The variation of percenage change of magnetoimpedance, Z=Z(%) with
dc magnetic eld H of glasscoatedamorphous(Co0g.g3F €:07)63N 110Si11B 16 microwire at
a frequencyof 8.02MHz in absenceand in the presenceof stresses9 MPa, 210MPa, 431

MPa, and 603 MPa.
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Figure 4.32: The variation of percenage change of magnetoimpedance, Z=2Z(%) with
dc magnetic eld H of glasscoatedamorphous(Co0g.g3F €:07)63N 110Si11B 16 microwire at
a frequencyof 11 MHz in absenceand in the presenceof stresses’9 MPa, 210 MPa, 431

MPa, and 603 MPa.
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Herealsowe obsene single-peak GMI nature for the sampleat various valuesof stress
for both the frequencies.The peakvalueof Z=Z(%) decreasefrom 4:.07%at = 0MPa
to 2.8%at = 603MPaatf = 8.02MHz whereasthe reductionin [ Z=Z(%)]peax Value
is from 4:0%to 2:7% on application of stress, = 603MPaat f = 11 MHz. The variation
of maximum valuesof perceniage changein magnetoimpedance([ Z=Z(%)]peax) With fre-
guencyin presenceof di erent axial tensile stressess shavn in Fig. 4.33. The peakvalue

Figure 4.33: The variation of maximum percenage change of magnetoimpedance,
[ Z=Z(%)]peak With frequencyunder di erent axial tensile stressesf glasscoated amor-

phous (C0p.03F €:07)63N 110Si11B 16

of GMI decreasewith increasingaxial stressvalues. Maximum value of [ Z=Z(%)]eak
= 8:85%is obsened at a frequencyof 5.05MHz for the samplein absenceof any stress.
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The maximum value of [ Z=Z(%)]peax reducesto 4:16%for = 603MPa at f = 6.04
MHz.

The variation of magnetoimpedanceof the as-quenbed and heat treated (annealingdone
by passingdc currernt with amplitude 1,, = 50 mA for various time duration, T, = 5
minutes, 15 minutes, 25 minutes and 35 minutes respectively) microwires asa function of
dc magnetic eld is shavn in Fig. 4.34for a frequency f = 2.08 MHz.

SinglepeakGMI behaviour with maximum value[ Z=Z(%)]peak at Hoc 0 Oeis obsened
for both the as-quenbed and current annealedmicrowires. The value of [ Z=Z(%)]peax
increasesfrom 3:96% for the as-quenbed sampleto 10:94% when the microwire is cur-
rent annealedwith I, = 50 mA for Ty, = 15 minutesat f = 2.08 MHz. At a higher
frequency f = 5.05MHz, the microwire shavs single-peak GMI nature for both the as
guented and current annealedconditions (Fig. 4.35). Here the peak value of GMI

increasedrom 8:84% (as-quenbed sample)to 18:74% (current annealedmicrowire with

lan = 50 MA for T, = 25 minutes). FiguresFig. 4.36and Fig. 4.37 show the variation

of percertage changeof magnetoimpedance,[ Z=Z(%)]peak With dc magnetic eld H of
the as-quenbed and current annealedmicrowire at frequencies3.02MHz and 11 MHz re-
spectively. Single-peak GMI characteristicsare obsened for the as-quenbed and currert

annealedmicrowires at frequencies3.02MHz and 11 MHz. The peakvalue of Z=Z(%)

increasedrom 4:14% (as-quenbed sample)to 6:09%(l ,, = 50mA for Ty, = 15 minutes)
at f = 8.02MHz, whereasthe increasein [ Z=Z(%)]peax Value is from 3:98%to 5:77%
(Ian = 50 mA for T,, = 15 minutes) at f = 11 MHz. The frequency dependenceof
[ Z=Z(%)]peax Of the annealedmicrowires (annealingdonewith 1,, = 50 mA for various
durations) is shavn in Fig. 4.38. The GMI value increasesupto an annealingcurrent of
lan = 50 MA for Ty = 25 minutes. The maximum value of [ Z=Z(%)]peax  18.74%is
obtained at a frequencyof 5.05 MHz when the sampleis annealedfor 25 minutes. The
GMI valuedeteriorateson further annealing,and|[ Z=Z(%)]eak decreaseto  13:27%at
5.05MHz when current annealedfor 35 minutes. The eld sensitivity of GMI is 93%/Oe
around an applied magnetic eld of 5 Oeat f = 5.05MHz whenthe sampleis annealed
for 25 minutes.
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Figure 4.34: The variation of percenage change of magnetoimpedance, Z=Z(%)
with dc magnetic eld H of as-quenbed and heat treated glass coated amorphous
(Coo:93F €0:07)63N 110Si11B 16 microwire at a frequencyof 2.08 MHz.
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Figure 4.35: The variation of percenage change of magnetoimpedance, Z=Z(%)
with dc magnetic eld H of as-quenbed and heat treated glass coated amorphous
(Coo:93F €0:07)63N 110Si11B 16 microwire at a frequencyof 5.05 MHz.
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Figure 4.36: The variation of percenage change of magnetoimpedance, Z=2Z(%) with
dc magnetic eld H of as-quenbed and current annealed glass coated amorphous
(Coo.93F €0.07)63N 110Si11B 16 microwire at a frequencyof 8.02 MHz.
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Figure 4.37: The variation of percenage change of magnetoimpedance, Z=2Z(%) with
dc magnetic eld H of as-quenbed and current annealed glass coated amorphous
(Coo:93F €0:07)63N 110Si11B 16 Microwire at a frequencyof 11 MHz.
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Figure 4.38: The variation of maximum percenage change of magnetoimpedance,
[ Z=Z(%)]peak With frequency of the as quendied and currert annealed glass coated
amorphous (Cog.93F €:07)63N 110Si11B1s microwires (annealedwith a direct currert, |,
= 50 mA for di erent time durations).
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The large changein MI for this low magnetostrictive amorphousmicrowire can be
explained using Maxwell's equations of electradynamics consideringthe changein skin
depth, due to a changein transverse permeability, by an externally applied dc
magnetic eld. The applied dc magnetic eld nearly compensatesthe axial magnetic
anisotropy when it readesthe switching eld of the microwire. For this sample, the
intrinsic or induced anisotropy is very small, hencemost domains are large with static
domain magnetizationsalong the wire axis at Hq. = 0 Oe, owing to shape anisotropy. In
this case,circumferertial permeability, is large at the switching eld which is very low
for this sample. This results in the maximum value of GMI to be obsened closeto H g
= 0 Oe. Increasingthe applied magnetic eld, the circumfererial permeability decreases
owing to the unidirectional magnetostatic anisotropy. This increasesthe penetration
depth, resulting in a decreasen M.

Neglectingother anisotropiesfor simplicity, domain magnetizations,M s shouldbe directed

along the resultart of the axial eld, H and the circular eld, Hg, . For small angle

rotation of domain magnetizations,M¢ from the axis, we canwrite M, =Mgs H¢,=H or
=9 Me=Hs Ms=H. ThusjZj decreasewith increasingjHj asjHj 2 asZ /

122 at high frequency shaving a typical single-peak MI. This theoretical prediction is
veried by tting an expression,

jzj= a+ gHj 7 (4.4)

where,a and b are two constarts. The tted curve to experimertal data taken at a fre-
guencyof 5.05MHz in absenceof any stressis shown in Fig. 4.39with a = 48.42and b=
9.49. At frequenciesbelonv 2 MHz the value of 12 m which is more than the radius
of the microwire (r < ) and the peakvalue of GMI, [ Z=Z(%)]peax, is NOt very large,
as it mainly arisesfrom the induced magnetoinductive voltage. At higher frequencies
(f > 2MH2z) r and higher valuesof GMI are obtained as a consequencef skin
e ect. With further increasein frequency i.e. beyond f = 5.05MHz, [ Z=Z(%)]peax
decreases.In this frequencyregion, domain wall motion is strongly damped owing to
eddy currents, and cortributes lessto the circumfererial permeability resulting in small
MI e ect. The application of an external tensile stressgeneratesa uniaxial anisotropy
alongthe axis of the wire, i.e. alongthe axial magnetic eld. This increaseghe volume of
the IC domain sincethe microwire is positive magnetostrictive in nature. This resultsin
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a decreasean the circumferertial permeability and hencethe value of GMI reduceswith
increasein stress. When the sampleis annealedby passingdc currert alongits length,

Figure 4.39: The tting of jZj = a + bHj ™ with a = 48.42and b = 9.49to the
impedance,jZj versusmagnetic eld to experimertal data taken at a frequencyof 5.05
MHz in absenceof any stress.

the annealingcurrent generatesa circular magnetic eld during heating. As a result of
it a circumfererial anisotropy is deweloped within the sampleresulting a decreasan IC
and increasein OS volume resulting an increasein GMI value. The peak value of GMI,
[ Z=Z(%)]peax iNCreaseson increasingTa, till 25 minutes. Annealing further for longer
periods, peak value of GMI decreaseslue to the formation of crystallinity of the sample.
Axial dc hysteresisloops of the as-quenbed aswell asthe stressedand current annealed
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sampleshave beenstudiedfor a better explanationof the GMI results. Fig. 4.40shovsthe
dc magnetic hysteresisloops of the glasscoated amorphous(Co0g.93F €:07)63N 110Si11B 16
microwire in absenceof any stress,in presenceof a stressof 209 MPa and annealedwith
lan = 50 mMA for Ty, = 25 minutes. The as-quenbed sampleshows a square-shapd hys-

Figure 4.40: The dc magnetic hysteresis loops of the glass coated amorphous
(Coo.93F €0.07)63N 110Si11B 16 microwire in absenceof any stress, in presenceof a stress
of 209 MPa and annealedwith |5, = 50 mA for T,, = 25 minutes

teresisloop with coercivity, H.  0.250e which decreaseslightly to 0.230ewith 209
MPa. The changein magnetizationat coercivity and remanencealsoincreasewith stress
dueto the increasein volume of the IC. The coercivity of the microwire annealedwith 1 5,
= 50 mA for T, = 25 minutes s higher than that of the as-quenbed sampleindicating
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an increasein OS asa circumferertial inducedanisotropy is generateddue to current an-
nealing. Only a square-shapd hysteresisloop indicatesthat the glasscoatedamorphous
(Coo:93F €0:07)63N 110Si11B 16 microwire mainly consistsof the inner core domain.

4.4 Conclusions

Very low positive magnetostrictive glass-coatecamorphousmicrowires with nominal com-
position Cogz»M n7.¢SisgB3.3 are found to shov GMI e ect in the range of 1-8 MHz fre-
guency Single-peak GMI characteristicsis obsened whenthe frequencyof the ac current
is below 6 MHz, beyond which double-peak behaviour is seen. GMI of this microwire is
alsovery stresssensitive and it decrease$rom 53 % to 26 % due to the application of an
axial tensile stressof 566 MPa. Two peaksof GMI obsened at high frequencyreducesto
a single-peak on application of high stress. The GMI value doesnot changewith current
amplitude within the 0.2 - 5.0 mA range. On the other hand, GMI in this microwire
was increasedto 129 % on short-duration heat treatment by passingfour current pulses
of amplitude of 100 mA and ead of 12 secondsduration. This increasein GMI value
on short-duration annealingis due to the increasein outer shell volume of the domain
structure and alsoinducing a transverseanisotropy.

Asymmetry in the MI peaksof the microwire was deweloped by passinga dc current
through the sampleduring impedancemeasuremen The magnetization measuremets
indicated two kinds of domain structure within the sample, a single domain axial core
and a multidomain outer shell with transversemagnetization. The outer shell increases
on short duration heat treatment whereasthe inner coredomain increasesvhen an axial
tensile stressis applied.

Glass-coatedamorphousmicrowires of nominal composition (Co0g.93F €:07)63N 110Si11B 16
shoved GMI e ect with a maximum change of 8.85%around a frequencyof 5.05 MHz.
This sampleshoved the GMI peaksat very low valuesof the applied dc eld throughout
the wholerangeof frequencystudiedin this experimert. On application of an axial tensile
stressthe GMI value reducesdue to the increasein inner core domain and the dewelop-
mert of an axial anisotropy. The decreasen impedanceis found to be proportional to the
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squareroot of the increasingapplied dc magnetic eld. The GMI value increaseson heat
treatment of the sampleby passinga dc current of 50 mA through it. A maximum change
of 18.74%in MI is obsened on annealingthe samplefor 25 minutes. Almost single-peak
GMI characteristics can be explained consideringa square-shapd hysteresisloop of the
sample.
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MA GNETIC BARKHA USEN NOISE IN
MA GNETIC MA TERIALS

5.1 Intro duction

The application of an alternating magnetic eld to a ferromagnetic material induces
small discortinuous changesin the magnetization of the material. These suddenlocal-
ized changesin magnetization are produced by the abrupt motion of domain walls from
one pinning site to the next. The correspnding voltagesinduced in a pick-up coil on
the sampleare referredto as Magnetic Barkhausennoise (MBN) [77], [7§. This e ect
known as Barkhausene ect was discovered by Heinrich Barkhausenin 1919[79] and can
be demonstratedwith the apparatus as shown in Fig.5.1(a). A pick-up coil wound on a
ferromagneticspecimenis connectedthrough an ampli er to a an external speaker. The
ferromagnetic sampleis then subjected to a smoothly increasingmagnetic eld by an
approading hand-held magnet. Though the eld is increasedsmaothly and cortinuously
yet a crackling noiseis heard from the spealer. Fig.5.1(b) shows the irregular spikes
on the voltage time curve, which can be obsened if the pick-up coil is connectedto an
oscillosco.

This cradling sound(or the irregular spikeson voltage-time curve) wasthe result of sud-
den step-like discortinuous changesin magnetizationof the specimenasshown in Fig.5.2.
Theseirreversible changesoccur in the steep part of the magnetization curve accourt-
ing for magnetic hysteresisin ferromagneticmaterials [133]. Magnetic Barkhausennoise
(MBN) is namedafter its discoverer, Heinrich Barkhausen. It is termedas\noise" because
of the soundheardin the loudspealer in the original experimert. The term \magnetic" is

139
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Figure 5.1: (a) Apparatus demonstrating Barkhausene ect (b) Barkhausen noise on
voltage-time curve.
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Figure 5.2: Suddenstep-like discortinuous changesin magnetization.
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usedto distinguish it from acousticbarkhausennoise,which is basedon magnetoacoustic
emission[134],[135. Magnetoacousticemission(MAE) refersto the generationof elastic
wavesin ferromagneticmaterials being magnetizedin an alternating magnetic eld [134.

Sinceits discorery in 1919, this e ect has been investigated extensiwely by many re-

searbersdueto scierti ¢ and technologicalinterestin the study of various ferromagnetic
domain structure and magnetization processeg137-[144. Like other magnetic proper-

ties, the Barkhausene ect also depends on various physical properties of the material

including the state of medanical stressand microstructural parameterssud as grain

size, composition, texture etc. [143]-[14% MBN has beenstudied extensiwely as a tool

for non-destructive evaluation (NDE) of residual and applied stresseq146]-[150 leading
to commercialutilization of this technique for stress-relatednon-destructive applications.
It is alsoa nondestructive technique to eddy currernt probe sensorg151-[153 and mag-
netic ux leakage[153. MBN is alsousedasa successfutool to estimate carbon cortent,

pearlite colory and lamellar spacingetc. [149,[154]-[156.

Usually two types of Barkhausennoise experimerts are performed for the detection of
noise[157]- [161. In the rst case,the detection coil is placedon the surfaceof the spec-
imen (Fig.2.12) and the correspnding pick-up signal are termed as surfaceBarkhausen
noise. In the other case,a pick-up coil is wrapped around the samplewhich detectsthe

encircling Barkhausennoise (Fig.2.10). Consideringthe skin depth, the estimated depth

for penetration of the magnetizing eld is roughly Imm, whereasthe depth from which

the MBN signal originatesis 30m .

A ferromagneticmaterial consistsof a large number of magnetic domains,with adjacen

domains being separatedby Bloch walls. When the material is not magnetized,these
domains are randomly oriented, so that the bulk net magnetization is zero [78], [163,

[163]. Application of an external magnetic eld aligns the individual magnetic momerts

of the domains. The domainsaligned closeto the eld direction grow at the expenseof
thosethat are lessaligned. The ferromagnetic sample becomesmagnetizedas the walls
move betweenadjacert domains. This movemen occursin suddenjumps asthe domain
walls break away from pinning sites sud as dislocations, precipitates and grain bound-
aries[164],alsoresulting in a changeof magnetisationof the material.

Domain walls separating regions of opposite magnetic momert are called 180 walls,
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whereaswalls lying at 90 to ead other are termed as90 walls. MBN is primarily due
to the 180 wall motion. The 90 domainwalls have stress elds asseiated with them, as
their magnetizationslie at right angleson either side of the wall, causinglattice spacings
to be slightly larger in the direction of magnetization. The resulting strain impedeswith

90 domainwall motion, making them lesscompetitive than 180 domainwalls that have
a higher velocity [80]. An applied stress,jut like an applied magnetic eld, changesthe
bulk magnetization of the sample. This is due to the fact that the magneticdomainsare
in uenced by stressand the resulting strain inside the material. The presenceof elastic
stressesn the material causeghe domainwallsto nd the direction of easiestorientation

to the applied magnetic eld. A tensile stressincreaseghe value of the MBN signal and
a compressie stressdecreases [165,[166].

Magnetic Barkhausennoise are characterizedby se\eral di erent parameters. The pa-
rameter is not limited to any particular aspect of the Barkhausensignal, but is simply a
genericparameterthat is calculated from a complete cycle of the Barkhausenemission.
Someof the parametersthat are frequertlly usedfor MBN analysiswill be discussedn

this section. Usually, only voltagesabove and below a certain threshold are consideredn

order to maintain the integrity of the analysis.

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

(i) MBN energy(Even) : Emen is calculatedby integrating the squareof thesevoltages

w.r.to time i.e., 7

X
Emen = V;2dt (5.1)

i=1

wherethe time integral is over ead event and the summationis takenover all N measured
ewerts.

For angular dependet MBN measuremets, MBN signals are taken at small intervals
(such as, 10) covering the ertire 360 circle of the angular scan. Ey gy IS calculated
for eath angle and nally the resulting angular dependent Eygn IS plotted on a polar
graph. In absenceof any magneticanisotropy, the polar plot of Ey gy iS acircle. In pres-
enceof any magneticanisotropy (suc asapplication of stress)the circle getselongatedin

the direction of the magneticanisotropy which is alsothe direction of the applied stress.
(i) Pulse height distribution : The number of voltage pulsesis plotted in a graph as a
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function of the absolutevalue of the amplitude of the MBN voltages.

MBN is consideredas an ewvaluation technique of considerablemportance for microstruc-
tural and medanical characterization of steels[167]- [170]. Angular dependert MBN

measuremets are very sensitive to the stress, induced in the ferromagnetic samples.
There are se\eral reports of the dewelopmer of an easyaxis alongthe direction of tensile
stressand away from the compressie stressdirection in steel, using this angular depen-
dert MBN technique[137, [158 [17]] - [176. MBN is alsosensiti\e to various parameters
which a ect the domain con gurations that, in turn, are strongly in uenced by the grain

size[177 - [180], composition, ferrite, pearlite and martensite phases[154],[187 - [184.

V. Moorthy et. al. have usedthe MBN technique to characterizethe microstructuresin

guendied and tempered 0:2% carbon steeland2:25Cr 1M o steel under di erent tem-

peredconditions[18( - [18]. MBN is alsostudied extensiwely in various soft amorphous
magnetic materials, thin Ims, Finemet type materials etc. [185 - [190.

MBN hasalsobeenstudied as a complexstatistical phenomenornwhich dependson vari-

ousparameterssud asthe kind of ferromagneticsample,character of quentedin defects
and external eld driving rate [191],[192]. For an understanding of the jerky emissions
of the Barkhausennoise,a model of avalanche dynamics, known as ABBM model is well

studied [193, [194. Thesetwo papers, one comprising of the dewelopmen of the the-

ory and the other to the comparisonwith experimerts, helpsin the understanding of

barkhausennoise. Incorporating the conceptof self-organizedcriticality (SOC) Bak et.

al. [193 showed that dissipative dynamical systemswith extended degreesof freedom
can ewlve towards a self-organizedcritical state and this conceptof SOC was well sup-
ported by Meisel and Cote [197. Critical exponerts, power laws, scaling relations and

data collapsing have beenwell studied to understandthe criticality of barkhausennoise
[191]-[202
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5.2 Study of Magnetic Barkhausen Noise from amorphous
F esoN i4oBzo and Fe;oN i88i10812 ribb ons

5.2.1 Introduction

Amorphous magnetic materials exhibit quite interesting magnetic properties that has
made them very attractiv e for various technological applications. Due to the absence
of crystal structure in these materials, magnetcacrystalline anisotropy energy is almost
negligible. Theseamorphousalloys presen a magnetic domain structure that is chiey
determinedby the magnetcelasticanisotropy deweloped asa result of the couplingbetween
the magnetizationand internal stressedrozen-in during the fabrication of the ribbons by
rapid quending of the molten alloy. Therefore, application of external tensile stresses
a ects the domain structure and magnetization processto a large extert and anisotropy
canbe inducedin theseamorphousferromagnetsby annealingunder the in uence of me-
chanical stressor a magnetic eld [203],[204 Though thesematerials are isotropic in the
as-quenbed state, a macroscopicallymagnetic easyaxis is deweloped which changesdi-
rection under various conditions. Determination of this easyaxis helpsus understanding
the direction of induced anisotropy and magnetization processesn thesematerials which
is required for various applications.

MBN measuremenis usedas an important non-destructive tool to characterizevarious
magnetic properties. In this chapter we have studied magnetization processesn ferro-
magnetic amorphousribbons using Magnetic Barkhausennoisetechnique. A theoretical
model has beendeweloped to estimate the direction of magnetic easyaxis in amorphous
F esoNis 0B, ribbon. We have also studied the e ect of tensile stresson MBN in amor-
phous F e, Ni40B2 and Fe;gNigSi;oB1, ribbons by this home-fabricated Barkhausen
noise experimertal set-up. The study of MBN in presenceof various external stresses
helps us understanding the magnetization dynamics of amorphous magnetic materials.
The hysteresisloops of amorphousF e;Ni40B2 and Fe;gNigSigB 1, ribbonshave been
measuredunder di erent axial tensile stressedy induction method which givesa better
understandingof the MBN results.

MBN is a direct consequencef domainwall interactions with microstructural defectsand
henceit can give detailed information on material structure. Microstructural characteri-
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zation of materials by Non-Destructive Evaluation (NDE) techniquesis essetial for the
assessménof initial heat treatment and subsequeh degradationin microstructure and
medanical properties. Exposureto high temperature results in microstructural degra-
dation of the sample. MBN study has beendone in amorphousF e;N i4B2g ribbon to
investigate the amorphousstructure changescausedby heat treatment. Here we have
studuedthe amorphousto crystalline phasetransformation by using this non- destructive
technique.

5.2.2 Experimenal Details

MBN measuremets were performedon amorphousF e4oN i40B 20 and F e,oN igSi1oB 15 rib-
bons by a home-fabricatedBarkhausennoise experimertal set-up as showvn in Fig.2.12.
Amorphous ribbonswith composition F e;gNi4B2 and Fe;gNigSioB1, with dimension
40mm 20mm 25m and 40mm 2mm 25m respectively were usedfor the exper-
iment. The instrument consistsof a ferrite core sweep eld magnetfor applying a time
varying magnetic eld to the sampleto generateBarkhausennoise. The signalto the fer-
rite corewas producedby a waveform generatorand ampli ed by a Kepco Bipolar Power
Supply. The sweep eld frequencywassetat 12 Hz. Barkhausennoisewas detectedusing
a pick-up coil which wasmounted to the ferrite core. This signalfrom the pick-up coil was
ampli ed by the low-noisepreampli er (Gain = 100and 20 for amorphousF ;N i49B g
and Fe;gNigSioB1, ribbons respectively ), passedthrough a band-pass lter (3 300
kHz) and then collectedto a personalcomputer. Angular dependent MBN measuremets
on amorphousF e;N i40B 2 ribb on were performedby varying the orientation of the mag-
netic eld (i.e. the ferrite core) with respect to the axis of the ribbon from 0 to 360 at
intervals of 10 . For investigating the e ect of stress,tensile stresseswvere applied along
the length of the ribbons. The tensile stresswas applied to the sampleby hangingvarious
loadsfrom oneend of the samplekeepingthe other end xed. To study the e ect of heat
treatment, the amorphousF e;oNi4B 2o ribbon was isothermally annealedin presenceof
nitrogen atmosphereat 300 C for varioustime duration.

The MBN energydenotedby Ey gn is calculatedby integrating the squareof thesevolt-
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ageswith respect to time i.e. ,

X
Even = Vi2dt (5.2)

i=1

where the time integral is over ead evert and the summation is taken over all N mea-
sured everts. The MBN signal was sampledat ewery 25 s. Four traces were taken for
eath measuremen Only those voltagesabove a certain threshold were consideredin the
analysis.for this purpose,a computer program has beendeweloped.

The magnetization of amorphousF e;oNi4B 2o ribbon was measuredas a function of dc
magnetic eld in presenceof various tensile stressedy induction method using an inte-
grating uxmeter (Walker Sciertic MF-3D).

5.2.3 Resultsand Discussions

To ched that our experimertal set-upis generatingreal Barkhausennoise,the MBN from
a polycrystalline ferromagneticiron wire hasbeentaken and the results have beenshown
in Fig.5.3. The typical MBN from the iron wire consistsof a large number of usual short
duration spike voltagesdueto 180 domainwall motion or suddenmagnetizationrotation
and sene as a standard while comparing the other MBN signals from the amorphous
samples. Fig.5.4 shows the characteristics of MBN signalsfor amorphousF e;oNi49B2g
ribbon under di erent excitation eld anglesand under di erent external stresses.lIt is
obsened from the gure that maximum amplitude of MBN voltage increaseswith the
applied stressfor a particular direction of magnetic eld with respect to the axis of the
ribbon (hereit is for 0 ). Howewer the maximum amplitude of MBN voltage decreases
whenthe orientation of the magnetic eld with respectto the ribbon axis is changedfrom
0 to 90 for zerostress. The angulardependenceof the Ey gn in amorphousF e;oN i40B 2
ribbon under di erent external stressis shovn in Fig.5.5. These measuremets were
performedby varying the orientation of the magnetic eld with respect to the axis of the
ribbon from O to 360 at intervals of 10 consideringthe longitudinal axis of the ribbon
as0. The sweep eld was sucient to adieve the saturation of magnetization of the
sample. It is clear from Fig.5.5 that maximum Eygn iS generatedalong the length of
the ribbon. In a particular direction, Ey gn IS Obsenedto increasewith increasingstress.
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Figure 5.3: MBN signal from a polycrystalline ferromagneticiron wire.
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Figure 5.4: MBN signal for amorphousF e4Ni4B,o ribbon under di erent excitation
eld anglesand under di erent external stresses.
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Figure 5.5: Polar plots of Eygn from amorphousF ey N iz B2 ribbon along di erent
directions of applied eld and under di erent external stressesof 0 MPa, 15 MPa and 33
MPa. The solid lines represeh the t of Eq. (5.18) to the experimertal data.
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Figure 5.6: Magnetization of a positive magnetostrictive sampleunder tensile stress( ).

SinceF e;N i40B 5o ribbon is positive magnetostrictive in nature, thereforethe application

of tensile stresscreatesmore domain walls in the stressdirection. MBN is assaiated with

the depinning of these domain walls as they move during magnetization, therefore the

MBN energyis expectedto increasewith the increasein tensile stress.

Longitudinal internal stressesre deweloped within thesematerials during the preparation
by rapid quending from the melt. As aresult, more180 domainsaredewelopedalongthe

length of the ribbon due to the inducedanisotropy generatedby the internal stressesand

a bulk magneticeasyaxis is deweloped along the length of the ribbon. The application of

external tensile stressalongthe length of the ribbon leadsto an overall increasein Ey gy .

This is becausédhe applied stressegurther increased80 domainsasillustrated in Fig.5.6.
Fig.5.6(a) represeis a small portion of the demagnetizedpositive magnetostrictive sample
comprising four domains. Application of a small tensile stress( ) to the demagnetized
samplecausedomain walls to move in sucd a way asto decreasdhe volume of domains
magnetizedat right anglesto the stressaxis [Fig.5.6(b)]. The magnetcelastic energy of
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an uniaxial isotropic magnetic material is given by,
Eme = 322 sir? (5.3)

where is the magnetostriction of the sampleand is the angle between magnetization
vector and . Thesedomainsare completely eliminated by somehigher value of stress
as shown in Fig.5.6(c) to minimize E.. Under this condition the application of a small
magnetic eld (H) alongstressdirection saturatesthe specimencompletelyby the process
of 180 domain wall motion [Fig.5.6(d)]. Therefoe the application of a tensile stressto a
positive magnetostrictive sampleincreaseshe 180 domain walls along the direction of
stress,thus increasingEy gy With stress.

The direction of magnetic easy axis in amorphousribbons can be determined if MBN

is consideredto be generatedmainly due to 180 domain wall displacemets. MBN can
be characterizedby Ey gy Which is the time integral of the squaredvoltage signal as
descriked in EQ.(5.2). The velocity of 180 domain walls generatingMBN is given by

v/ (Hx Hy) (5.4)

whereH isthe applied eld componert parallelto the domainwall and H. is the threshold
or coercive eld that must be overcomeby Hy for signi cant domainwall movemen. The
velocity v is proportional to the measuredMBN voltage and domain wall dynamicsin
metallic systemsmay thereforebe described as

G(5) = (Hi Ho) 55)

where is the electrical conductivity of the material and G is a constart that can be
obtained exactly in the limit of a wide slab and single domain wall, (?j—t) is the rate of
changeof ux which is proportional to the domainwall velocity. Thereforethe measured
MBN voltageis proportional to the velocity of the domainwall. Eq.(5.5) hasbeenmodi ed
from that proposedby Alessandroet. al[16]by incorporating the eld componert parallel
to a particular domainwall. Substituting Eq.(5.4) and Eq.(5.5) in Eq. (5.2) and providing
aconstart A; to absorball the proportionality factors, the expressiorof Ey gy IS Obtained

as, 7

X d
Even = A; (a 2dt (5.6)

i=1
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Let us considera ferromagneticsamplehaving a magnetic easyaxis (E.A.) at an angle
' with respect to a particular direction along which an external stress( ) is applied.
Magnetic ed (Happ) is applied to the samplealong a direction  with respect to the
externally applied stress. Then the induced anisotropy energydue to external stress,
is,

Eai = Kicog' (5.7)

The constart of uniaxial anisotropy K is givenby (3/2) , where is the magnetostric-
tion of the sample. Therefore, we can consideran equivalent eld H , derived from the
induced anisotropy energyE ., dueto external stress( ) as

H = K cog' (5.8)

whereK is a constart. Thereforethe componerts of the two magnetic elds i.e. H and
Happ alongthe easyaxis of the sampleareH cos' and Hapocog ') respectively. We
can thereforewrite the e ective eld componert aligned with the domain magnetization
vector or the easyaxis of the samplethat inducesthe 180 domain wall to move as

Hert = H cos' + Hgpp COY ") (5.9

Applying Eqg.(5.4) and allowing the constaris to be absorbed into a constart A, Eq.(5.6)

becomes, .

Buon = A (Har HOC (5.10)
i=

For this sample with a macroscopicmagnetic easy axis, the majority of 180 domain
walls may be consideredto be aligned in the easyaxis direction, while the remaining
180 domain walls are isotropically oriented. Therefore, Eq.(5.10) is separableinto two
componerts, (i) the rst componert is due to those domainsthat cortribute to the net
magnetic easy axis and (i) the secondone from those domains that are isotropically
aligned and form a net angular independen badkground. If MBN is peaked up from an

areaS, then = B:S= :H :S, and we canwrite Eq.(5.10) as,
X z x £ . . .
EM BN — [Ae e[H eeff Hec]dHeeff]+ [Aj j(HJeff HJC)dHJeff] (5-11)
easyaxis j

where A and A; are constarts that refer to those domainscortributing to the net mag-
netic easyaxis and to thosethat cortribute to the badkground MBN, respectively. . and
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; arethe permeability for evernts occuring dueto the irreversible motion of domainsthat
cortribute to the net magneticeasyaxis and for thoseoccuring dueto MBN badground
respectively. Integrating Eq.(5.11) we have,

X He..)2 X
Even = Ac e[% HeH 1+ A I

easyaxis j

(Hlgf1)?

2 Hchjeff] (5-12)

Substituting the expressionof Hees from Eq. (5.9) in EQ.(5.12) we have,

X A
Even = | %[H 2cog" + 2H cosH gpco ')+ Hgpp?cod( ')
easyaxis
2H®(H cos' + Hgpcos( ' ))]
X Hi 2 o
$ oy e ;”) HicH g1 (5.13)
j
Therefore,
Even = COSZ( I )+ Ot (514)
wherewe have set
X Ae e 2
= > Happ (5.15)
easyaxis
0 X Ae € 2 e
= —°[H %co$" +2H cosH gppcos( ') 2HS(H cos + Hgpcos( ')
easyaxis
(5.16)
X Hi 2 o
= Aj J[( eff) HJCHJeff] (5.17)

, 2
j
Consideringnegligible variation of the parameter °in Eqg. 5.14comparedto and as
obsened earlier, Eq. 5.14canbe modi ed as,

Even = cos( ')+ (5.18)

which canbe usedasthe nal expressiorfor tting the experimertal data of the angular
dependent Eygn In @amorphousmagnetic materials.

Here isthe MBN signal producedby the irreversible motion of 180 domain walls con-
tributing to the direction of magnetic easyaxis and is the badkground MBN signal
due to the isotropically oriented 180 domains. The maximum in Eygyn at an angle
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obtained from angular dependert MBN measuremets indicates the direction of the

macroscopicmagnetic easyaxis of the sample.

The variation of the direction of the magneticeasyaxis with respect to the applied stress
is shavn in Fig.5.7. It is evident from Fig.5.7 that the direction of magnetic easyaxis is
almost constart and it is closeto the direction of the length of the ribbon i.e. alongthe

direction of applied stress. The behaviour of the angular averagedMBN energy signal
(i.e. the energyaveragedover 180) < Eygn >= ( =2+ ) asa function of increasing
tensile stressis alsoshavn in Fig.5.7. The resultsindicate an increaseof the overall MBN

energysignal with increasingtensile stress.

As F ey 0N i40B 20 is a positive magnetostrictive sample,the applied axial tensile stressde-
velops an anisotropy along the length of the ribbon, i.e., closeto the easyaxis. From

Fig.5.7 we obsene that there is a negligible variation of the direction of magnetic easy
axis with applied tensile stressand it is within 10 of the direction of applied stress. In-

creaseof Ey gy under applied tensile stressre ects the orientation of the magnetic easy
axis towards the direction of applied stress. The application of an external stressmodi es

the direction of the easyaxis by inducing a magnetcaelstic anisotropy energy along the

direction of stress. The direction of easyaxis is then determinedby the minimization of
magnetcelstic anisotropy energy In the caseof positive magnetostrictive F e4oN i40B 2o

ribbon the presenceof an external tensile stressincreaseshe 180 domainsalong the di-

rection of stress. This reducesits magnetcelastic energyand enhancegshe MBN activity.

< Emgn > parameteractually re ects the changein the number of 180 domain walls
within interaction regionsunder condition of applied stress. Increaseof < Eygn > value
with increasingstressindicates the increasein population of 180 domain walls i.e. an
increaseof the overall MBN activity with increasingstressapplied along the magnetic
easyaxis of the ribbon.

Sincethe above results reveal that the MBN is most stresssensitive along the length of
the ribbon, we have studiedthe eld dependenceof MBN alongthe ribbon length in pres-
enceof various tensile stressedo understandthe magnetization processesn amorphous
ribbons. MBN measuremets were performed by varying the magnetic eld upto 29 Oe
and in presenceof tensile stresseaipto 33 MPa stress. Fig.5.8 shavsthe eld dependence
of Emgn IN amorphousF e, N i40B 5o ribbon at di erent valuesof tensile stress. Eygn
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Figure 5.7: Variation of the average MBN energy < Energy > and the direction of
magneticeasyaxis (solid line is a guideto the eye) with respectto the tensilestressapplied
along the length of the amorphousF e;Ni40B2o ribbon. Inset shavs the magnetic easy
axis (E.A.) at an angle' with respect to a particular direction along which an external
stress( ) is applied and it also makesan angle ( ") with the applied magnetic eld,

Happ.
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Figure 5.8: Ey gy asa function of magnetic eld in amorphousF e;Ni40B 2o ribbon at 0
MPa, 9 MPa, 19 MPa and 33 MPa stresses.
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Figure 5.9: Stressdependenceof Ey gy iIn amorphousF e,Ni4B 5o ribbon at magnetic
elds of 4.350e and 29 Oe.

initially increaseswith magnetic eld and nally getssaturated at higher elds for both
without stressaswell asin presenceof 9MPa, 19MPa and 33MPa stresseslt is clearfrom
Fig.5.8that thereis anincreasein Ey gy With increasingtensile stress. Fig.5.9 shavs the
dependenceof Ey gy ON applied tensile stressfor two di erent valuesof magnetic eld,
H = 4:350eand H = 2%0e.

The variation of the magnetization, M of amorphousF e;N i40B 5 ribbon asa function
of magnetic eld, H is shaovn in Fig.5.10for di erent tensile stresses, = OMPa, 47MPa
and 94MPa. The magnetizationincreasesvery steeplyat low eld and attains a satura-
tion valuearounda eld of 1000e. In presenceof a tensile stressthe magnetization
processis enhancedand the saturation is obtained at lower eld. The variation of the
coercive eld H. of the ribbon with external tensile stress, is shovn in Fig.5.11. It is
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Figure 5.10: Variation of magnetization of amorphousF e4oN i4B o ribbon asa function
of magnetic eld under di erent tensile stresses.
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Figure 5.11: Variation of coercive eld with tensile stressin amorphousF e N i4B 2
ribbon.

obsened that the coercive eld decreasesvith applied tensile stress.
From Fig.5.8 it is evidert that Ey gy initially increasessharply with magnetic eld

and eventually getssaturated at higher magnetic eld for both under stressand without
stresscondition. As the magnetic eld is increasedfrom low values, the domain walls
overcomehigher energypinning sites, thus increasingthe Barkhausennoise. Though the
atoms are oriented randomly in amorphousmagnetic materials, a magnetic easyaxis is
deweloped alongthe length of the ribbon asa stressinducedanisotropy is generatedalong
the length during preparation of the samples.Fig.5.9 shons that at a particular magnetic
eld Eygn increaseswith increasingstress. Therefore when the stressis applied along
the length of the ribbon and asthe stressis increased,more 180 domainsare deweloped
along the direction of tensile stresswhich cortributes more inthe magnetization process.
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ThusEy gn increaseswith increasingstressresulting in the steeper magnetization curves
and reduction in coercivity in presenceof stress.

The e ect of stresson MBN in amorphousF e;gNigSi1oB 1, ribbon hasalsobeenstudied
along its length in presenceof tensile stressesup to 38 MPa. The MBN measuremets
were performedby varying the magnetic eld from 0.7 Oeto 29 Oein presenceof di erent
tensile stresses Herethe magnetic eld (H) is parallel to the applied stress( ) direction.
Fig.5.12 shawvs the MBN signal for a magnetic eld of 29 Oe at di erent applied stress
conditions.

Fig.5.13shavs the eld dependenceof Ey gy in the sampleat di erent valuesof tensile
stress, . Fig.5.14 shows the dependenceof Ey, gy 0N applied tensile stressfor two dif-
ferert valuesof magnetic eld, H=5.8 Oe and H=29 Oe. It is clear from Fig.5.13 that
the Ey gn initially increasesharply with magnetic eld and evertually getssaturated for
higher magnetic eld. This behaviour is obsenedin the samplefor both under stressand
without stresscondition. As the magnetic eld is increasedfrom low values,the domain
walls overcomehigher energypinning sites,thusincreasingthe Barkhausennoise. Though
the atoms are oriented randomly in amorphousmagnetic materials, a magnetic easyaxis
is deweloped along the length of the ribbon as a stressinduced anisotropy is generated
along the length during the preparation of the samples.The 180 magnetic domainsare
preferenially oriented along a particular direction called the easyaxis of magnetization.
Fig.5.14 shows that at a particular magnetic eld the Eygn increaseswith increasing
stress. Thereforewhenthe stressis applied alongthe length of the sample,asthe stressis
increased,more and more 180 domainsare oriented along the direction of tensile stress,
which is the direction of the applied eld also. Thusthe Ey gy increaseswith increasing
stress.

Amorphous magnetic materials gradually changefrom amorphousto crystalline phase
on heat treatment around their crystallization temperature. To chek whether MBN can
be usedto detect this structural transition, amorphousF e4N i4B 5o ribbon was isother-
mally heatedin a furnace at 300 C in presenceof nitrogen atmospherefor various time
durations. Fig. 5.15shows the eld dependenceof Ey gy in amorphousF e, N i40B 2
ribbon of the as-quenbed and annealedsamples.
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Figure 5.12: MBN from amorphousF e;oNigSi1 0B, ribbon with (a) H=29 Oe, =0
MPa,(b) H=29 Oe, =26 MPa,(c) H=29 Oe, =38 MPa.
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Figure 5.13: Eygn asa function of magnetic eld in amorphousF e;gNigSiqoB1, ribbon
at 0 MPa, 11 MPa, 26 MPa and 38 MPa stresses.
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Figure 5.14: Stressdependenceof Ey gn in amorphousF e;oNigSiioB1, ribbon at mag-
netic elds of 5.8 Oe and 29 Oe.



Chapter 5. 165

Figure 5.15: Variation of Ey gy With magnetic eld of the as quended and annealed
(annealedat 300 C for 0.5 hour, 1 hour and 2 hour) amorphousF e4oN i40B 2o ribbons.

From Fig. 5.15it is clearthat E\ gy initially increasessharply with magnetic eld and
ewertually gets saturated at higher magnetic eld. It is also obsened that the Eygn
decreasesvith increasingduration of heat treatment. This decreasen Eygn With in-
creasingduration of heat treatment at 300 C hasbeenconnectedwith the crystallization
processthat hasformed crystalline grains. The gradual decreasdn Ey gy in the amor-
phousF e, N i4 B2 ribbon with increasingduration of heat treamert indicatesa gradual
transformation from amorphousto crystalline phase.Fig. 5.16shawsthe variation of root
mean squarevoltage (of the MBN voltage) with time in amorphousF e;Ni49B 5 ribbon
of the as-quenbed and annealedsamples(annealedin presenceof nitrogen atmosphereat
300 C for di erent time durations). In Fig. 5.16,the as-quenbed sampleshows a broad
peak. After annealingfor 1 hour at 300 C, two distinct peakscorrespndingto amorphous
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Figure 5.16: The variation of root mean squarevoltage (of the MBN voltage) with time
of the as quented and annealed(annealedat 300 C for 1 hour and 2 hour) amorphous
F esoN i4oBzo ribbons.
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and crystalline phaseare obsened. The two peaksbecomemore prominert with the in-
creasein annealingtime. On further annealing(2:0 hour) a distinct two-peak behaviour
in root mean squarevoltage is obsened. This dewlopmen of two-peak characteristics
with annealingis a consequencef amorphousto crystalline phasetransformation in the
amorphousF e, N i 4B, ribbon.

5.3 Study of Magnetic Barkhausen Noise in Amorphous
F e;35CuiN b3Si135Bg nano crystalline ribb ons

5.3.1 Resultsand Discussions

The sampleusedin the presen study wasan amorphousribbon (known underits commer-
cialnameFINEMET) with nominal composition F e;3.5Cu;N b;Si135B 4 having dimensions
40mm x 4mm x 25m . It is a corvertional nanocrystalline material composedof ultra ne
bcc FeSigrains embededin a residual amorphousmatrix. These amorphous materials
gradually change from amorphousto nanocrystalline phaseon heat treatment around
their crystallization temperature. In this sectionwe have studied this phasetransforma-
tion using MBN technique. The F e;35Cu;N b;Si13.5B4 ribbon wasisothermally heatedin
a furnacein nitrogen atmosphereat 540 C for 1 hour. MBN was then studied from both
the as-quenbed and the annealedsamples.

A magnetic eld is generatedby passinga low frequency(4Hz) sinusoidal currert through
the Helmholtz coil. A small pick-up coil with 100turns, around the samplewas usedto
detectthe MBN signals. The MBN signalwas sampledat the intervals of 25 s and eight
traceswere taken for each measuremen The signal from the coil wasampli ed by 1000
times using a low-noisepre-ampli er, passedthrough a band-passlter (3 kHz 300kHz)
and then collectedin a personalcomputer. Only thosevoltage signalshaving amplitudes
higher than a selectedthreshold were consideredfor analysis. The MBN activity was
characterizedby M B Nenveiope, Which represets the locus of the absolute valuesof MBN
signal as a function of time. The axial hysteresisloops of the sampleswere measuredby
a vibrating sample magnetometer(Lakeshore)up to a maximum eld of 20000e. The
phasestructure of both as-quenbed and annealedsampleswas veri ed by X-ray di rac-
tometer (XRD, X'Pert Pro, Panalytic).
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Figure 5.17: MBN signalfrom the as-quenbed and annealed(heatedat 540 C for 1 hour)
F 873;5CU1N @SI 135B9g ribbon.

Fig. 5.17 shows signal from the as-quenbed and annealed(heated at 540 C for 1 hour)
Fe;35CuiN b Si35Bg ribbon. MBN envelope from the as-quenbed and annealed(heated
at 540 C for 1 hour) Fe;3sCui;N b;Siq3.5B9 ribbonsare shovn in Fig. 5.18. It is obsened
from the gure that the M B Nenyeiope ShOV a single-peak and a double-peak for the as-
guented and annealedsamplesrespectively. The single-peak can be attributed to the
single amorphous phase of the ribbon. On annealing at 540 C for 1 hour, nanocrys-
talline FeSiphaseis formed in the amorphousmatrix. Therefore,the two-peaksof the
M B Nenvelope (for the annealedsample)correspnd to the nanocrystalline and the amor-
phousphases.

The variation of the normalized magnetization as a function of the magnetic eld of
the as-quenbed and annealed(heatedat 540 C for 1 hour) F e;35Cu;N b;Si 35B4 ribbon
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Figure 5.18: MBN envelope from the as-quenbed and annealed(heated at 540 C for 1
hour) Fe;35sCuiN b;Siq35B49 ribbon.
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Figure 5.19: Variation of the normalized magnetization as a function of the magnetic
eld of the as-quenbed and annealed(heatedat 540 C for 1 hour) F e;3.5Cu;N 3Si135Bg
ribbon.

are shown in Fig.5.19. On annealingthe sample,there is jump in magnetization at low
magnetic eld ascomparedto the as-quenbed sample. The X-ray di raction patterns for
the as-quenbed and annealed(heatedat 540 C for 1 hour) F e;35Cu;N b;Si 3.5B4 ribbon
are showvn in Fig.5.20. The XRD pattern for the as-quenbed ribbon exhibited only one
very broad peakaround2 = 45 (often known asdi use halo) indicating that the ribbon
is amorphous. XRD patterns of the annealedsampleshowv two peaksat around2 = 45
and2 = 68 correspndingto FeSiphaseand F e;Si phaserespectively. Thereforethe
XRD resultsindicated that FeSiphasewas detectedon annealingthe sampleat 540 C
for 1 hour and veri ed our MBN results.

Therefore, MBN technique was successfullyemployed to study the phasetransforma-
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Figure 5.20: X-ray di raction patterns for the as-quenbed and annealed(heatedat 540 C
for 1 hour) F e;3.5Cu;N3Siiz5Bg ribbon.
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tion in amorphousF e;35Cu;N ;Si35Bg nanocrystalline ribbons. The amorphous as-
guended state transformedinto bcc nanograinswith excellen soft magnetic properties.

54 Eect of Tensile Stress on the Magnetic Barkhausen Noise
in Amorphous C068;15Fe4;355i12;5815 wire

5.4.1 Resultsand Discussions

The sampleusedin the presen study was an amorphouswire with nominal composition
Co0gg:15F €4:35S1125B 15 having a diameter 125 m and length 12cm. MBN from this amor-
phous wire were studied in presenceof various tensile stressesusing a home-fabricated
sensitive experimertal setup. A magnetic eld, which is su cient for the technical sat-
uration of the sample,is generatedby passinga low frequency(4Hz) sinusoidal current
through the Helmholtz coil. A small pick-up coil with 10,000turns, around the sample
is usedto detect the MBN signals. The MBN signal was sampledat the intervals of 25
s and eight tracesare taken for eatcy measuremen The signal from the coil is ampli ed
by 1000times using a low-noisepre-ampli er, passedthrough a band-passlter (10 kHz
1 MHz) and then collectedin a personalcomputer. Only those voltage signals having
amplitudes higher than a selectedthreshold are consideredfor analysis. We have charac-
terized MBN by MBN Energy denotedas Ey gy Which is calculated by integrating the
squareof thesevoltageswith respect to time.

To get a clear understanding of the domain structure and magnetization processesn
wire-shaped amorphousmagnetic materials, we have studied stressdependet MBN on
CO0gg:15F €4:35Si12:5B 15 amorphouswire. Fig. 5.21shovsthe MBN from CoOgg.15F €4:35Si125B 15
amorphouswire in the presenceof 0 MPa, 23 MPa and 69 MPa tensile stress. MBN de-
creaseswith increasingstressapplied along the length of the sample. Stressdependence
of MBN energy(Emgn) Of the wire is showvn in Fig.5.22. It is seenthat Ey gn reduces
with increasingstress.

Increasinglongitudinal tensile stress,inducesa transverseanisotropy within the sam-
ple. MBN in this negative magnetostrictive sample takes place by 180 domain wall
motion in the IC. Application of stressalongthe length of the wire reducesthe fractional
volume of IC domain aswell asthe di erential permeability of the hysteresisloop. Since
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Figure 5.21: MBN signal from amorphousCogg.15F €4:35Si12:5B 15 wire in absenceand in
presenceof 23 MPa and 69 MPa stress.
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Figure 5.22: Stressdependenceof MBN energyof amorphousCogg.15F €4:35Si12:5B 15 Wire.
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Figure 5.23: MBN from amorphous Cogg.15F €4:35Si125B 15 wire in the absenceand in
presenceof 52 MPa stressfor maximum possibleapplied magnetic eld.

the Barkhausenvoltage (henceEy gn ) is proportional to the di erential irreversible sus-
ceptibility, therefore MBN decreasesvith stressalongthe direction of applied eld.

We have also studied the magnetic eld dependenceof MBN from amorphous

Co0gg:15F €4:35Si125B 15 wire. Here we have reported only the results of MBN for max-
imum magnetic eld ( 2 Oe) applied . Fig.5.23 shavs the MBN from amorphous
Cogg.15F €4:35S1125B 15 wire in the absenceand in presenceof 52 MPa stressat the highest
magnetic eld applied. The stressdependenceof E\ gn Of amorphousCogg.15F €4:35Si12:5B 15
wire at highestmagnetic eld is shovn in Fig.5.24. On application of high magnetic eld,
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 eld. The magnetization undergces precession(untill it
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Figure 5.24: Stressdependenceof Eygn Of amorphous Cogg1s5F €4:35Si125B 15 wire for
maximum possibleapplied magnetic eld.
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alligns alongthe wire axis), as a result of the torque exerted on the magnetization by the
external magnetic eld, which is re ected in our MBN results.

5.5 Conclusions

Magnetic BarkhausenNoise (MBN) measuremets were performedon amorphous
FesNileB,o and Fe,gNigSiigB1, ribbons under di erent tensile stressconditions. Ex-
perimertal results showv that there is an increaseof MBN with increasingtensile stress
applied along the length of the sample. The dependenceof MBN on stressis in u-
encedby the parameterssud as the orientations of magnetic easy axis of the sample,
the direction and magnitude of applied stressand magnetic eld. Therefore using this
technique, theseparameterscan be estimated. Magnetization measuremenin amorphous
FesoN 4B, ribbon revealsa decreasen coercivity with increasingtensile stressapplied
along the length of the ribbon. Temperature dependert MBN study has beendone in
amorphousF ey N iz B, ribbon. It is obsened that there is a decreaseof MBN with
increasedduration of heat treatment at 300 C. Gradual dewelopmen of a two-peak be-
haviour with increasedduration of heating indicates an amorphousto crystalline phase
transformation in amorphousF e;Ni49B 5o ribbon. This study shavs that the MBN mea-
suremem could be usedto evaluate the di erent structural phasesof ferromagneticsam-
ples. Angular dependenceof MBN hasbeenstudied to estimatethe magneticeasyaxisin
amorphousF e, Ni4Bog ribbon. Angular dependent Eygn Was tted by an expression
Even = co( ')+ . Here and are tting parametersand' and are the
directions of applied magnetic eld and magnetic easyaxis respectively with respect to
the sampleaxis. MBN study from the as-quenbed and annealed(heated at 540 C for 1
hour) Fe;3sCuiN b;Siq3:5B9 ribbon shaved the amorphousto crysatlline phasetransfor-
mation. Stressdependert MBN on Cogg.15F €4:35Si12:5B 15 amorphouswire givesa better
understandingof the domain structure and magnetization processe#n wire-shaped amor-
phous magnetic materials.



Bibliograph vy

[1] A. I. Gubanoy, Fiz. Tver. Tel. 2, 502 (1960).

[2] A. Brenner,D. E. Couch and E. K. Williams, J. Res.Nat. Bureau Standards44, 109
(1950).

[3] P. Duwez, R. H. Willens and W. Klemert Jr., J. Appl. Phys. 31, 1136(1960).
[4] P. Duwezand S. C. H. Lin, J. Appl. Phys. 38, 4096(1967).

[5] F. E. Luborsky, J. J. Beker and R. O. McCary, IEEE Trans. Mag. MAG-11, 1644
(1975).

[6] T. Mizogudhi, IBM Researb report RC, 6054(1976).

[7] G. S. Cargill 111, Solid State Physics, Vol. 30 Ed. Ehrenreid et. al. AcademicPress.
New York (1975).

[8] T. Masumoto, S. Ohnuma, K. Shirakawa, M. Noseand K. Kobeyshi, Int. Conf. on
liquid and amorphousmetals, Grenoble, France (1980).

[9] J. J. Gilman and H. J. Leany, eds.,Metallic Glasse§ASM, Metals Prak, OH, 1978).
[10] F. E. Luborsky, ed., Amorphous Metallic alloys (Butterw orths, London, 1983).
[11] H. J. Guntherodt and H. Bed, ed. GlassyMetals, Vol-1 (Springer, Berlin, 1981).
[12] H. Bedk and H. J. Guntherodt, ed. GlassyMetals, Vol-11 (Springer, Berlin, 1983).

[13] R. Hasegaa, ed., Metallic Glasses. Magnetic Chemical and Structural Properties
(CRC, BocaRatan, FL, 1983).

178



Chapter 5. 179
[14] K. Moorjani and J. M. D. Coey, Magnetic GlassegElsevier, Amsterdam, 1984).

[15] H. O. Hooper and A. M. de Graaf, eds.AmorphousMagnetism| (Plenum, New York,
1973).

[16] R. Hasegava and R. A. Levy, eds. Amorphous Magnetism Il (Plenum, New York,
1977).

[17] R. C. O'Handley, J. Appl. Phys. 62, R15 (1987).
[18] R. Roy, B. C. Giessenand N. J. Grant, Scripta Met. 2, 357 (1968).
[19] H. A. Daviesand B. G. Lewis, Scripta Met. 9, 1107(1975).

[20] F. E. Luborsky, FerromagnetismVol. I, ed. by E. P. Wohlfarth (North Holland,
Amsterdam, 1980)p. 451.

[21] E. M. Breinan, B. H. Kear and C. M. Banas, Phys. Today 29 45 (1976).

[22] R. Clampitt, M. G. Scott, K. L. Aithen, L. Gowland, Rapidly Quended Metals I11,
ed. by B. Cantor (The Metals Scciety, London, 1978).

[23] A. E. Berkowitz and J. L. Walter, Rapid Solidi cation Proc. |1, ed. R. Mehraban, B.
H. Kear and M. Cohen(Claitor's Pub. Div. Louisiana, 1980)p. 294.

[24] Manuel Vazquez,Handbook of Magnetism and Advanced Magnetic Materials, Ed.
Helmut Kronmuller and Stuart Perkin, John Wiley and Sons.Ltd. 2007,p.2193.

[25] A. Zhukov, J. Gonzalezand M. Vazquez Encyclopediaof Nanoscienceand Nanoted-
nology, Ed. H. S. Nalwa, American Scieri ¢ Publishers2003,Vol. X p. 1.

[26] S. Kavesh, Apparatus for liquid quending of free jet spun metal. US Patent 3 960
200(1976).

[27] I. Ohnaka, T. Fukusalo, T. Ohmichi et al., Proceedingsof the 4th International
ConferenceRapidly Quendied Metals, Ed. T. Masumotoand K. Suzuki: The Japan
Institute of Metals, Sendai,p. 31 (1982).



Chapter 5. 180

[28] T. Masumoto, I. Ohnaka, A. Inoue and M. Hagiwara, Scripta Materialia 15 293
(1981).

[29] G. F. Taylor, Phys. Rev. 23 655(1924).

[30] G. F. Taylor, Processand apparatus for making laments, Patented February 24,
1931,United StatesPatent O ce, 1, 793,529.

[31] A. V. Ulitovsky, Micro-Tednology in Design of Electric Devices,Vol. 7, Leningrad,
p. 6 (1951).

[32] A. V. Ulitovsky and N. M. Avernin, Method of fabrication of metallic microwire,
Patent No. 161325(USSR) 19.03.64 Bulletin No. 7, p. 14.

[33] A. V. Ulitovsky, I. M. Maianski and A. I. Avramenco, Method of cortinuous casting
of glasscoated microwire, Patent No. 128427(USSR), 15.05.60,Bulletin No. 10, p.
14.

[34] M. Vazquez,PhysicaB, 299 302 (2001).
[35] M. Vazquezand A. Hernando,J. Phys. D : Appl. Phys. 29, 939(1996).

[36] V. S. Larin, A. V. Torcunov, A. Zhukov, J. Gonzalez,M. Vazquezand L. Panina, J.
Magn. Magn. Mater. 249, 39 (2002).

[37] A. Zhukov, M. Ipatov, J. Gonzalez,J. M. Blanco and V. Zhukova, J. Magn. Magn.
Mater. 321, 822(2009).

[38] J. Durand, J. Physique 41 c8-609(1980).
[39] A. Lienard, Thesis, Grenoble(1981).
[40] G. S. Cargill 11, Solid State Phys. 30 227 (1975).

[41] R. W. Cochrane, R. Hatrris, J. O. Strom Olson and M. J. Zudkermann, Phys. Rev.
Lett. 35676(1975).

[42] R. C. O'Handley and D. S. Boudreaux, Phys. Status Solidi A 45 607 (1978).



Chapter 5. 181

[43] V. Jaccarinoand L. R. Walker, Phys. Rev. Lett. 15, 259 (1965).

[44] K. H. J. Buschow, M. Brouha, J. W. M. Biesterbos, A. G. Dirks, PhysicaB 91, 261
(1977).

[45] W. Heisetberg, Z. Phys. 49, 619 (1928).
[46] D. C. Mattis, Theory of Magnetism, Harper and Row, New York (1965).

[47] G. T. Rado and H. Suhl (Eds.), Magnetism, 5 Vols., (Academic Press,New York,
1963).

[48] M. A. Rudermanand C. Kittel, Phys. Rev. 96, 99 (1954).
[49] T. Kasuya, Prog. Theo. Phys. 16, 45 (1956).
[50] K. Yosida, Phys. Rev. 106, 893 (1957).

[51] C. Herring, Magnetism Vol. IV ed. by G. T. Rado and H. Suhl, (Academic Press,
New York, 1963).

[52] S. Crane and H. Claus, Phys. Rev. Lett. 46 1693(1981).
[53] G. J. Nieuwenltyys, B. H. Verbee& and J. A. Mydosh, J. Appl. Phys. 50, 1685(1979).

[54] G. J. Nieuwenhyys, H. Stocker, B. H. Verbee& and J. A. Mydosh, Solid State Comm.
27 197 (1978).

[55] M. Vazquez,W. FernegelandH. Kronmuller, Phys. Stat. Solidi 80 513(1983).
[56] A. Ogudi, Progressof Theoretical Phys. 56 1442(1976).

[57] Giselher Herzer, Handbook of Magnetism and Advanced Magnetic Materials, Ed.
Helmut Kronmuller and Stuart Perkin, John Wiley and Sons.Ltd. 2007,p.1882.

[58] Akihisa Inoue, Akihiro Makino and Teruo Bitoh, Handbook of Magnetism and Ad-
vancedMagnetic Materials, Ed. Helmut Kronmuller and Stuart Perkin, John Wiley
and Sons.Ltd. 2007,p.1909.



Chapter 5. 182

[59] Y. Yoshizava, S. Ogumaand K. Yamaudi, J. Appl. Phys. em646044(1988).
[60] G. Herzer,IEEE Trans. Magn. 25 3327(1989).

[61] G. Herzer,IEEE Trans. Magn. 26 1397(1990).

[62] B. Hofmann and H. Kronmuller, J. Magn. Magn. Mater. 15291 (1996).

[63] FINEMETR, (2006). www.hitachi-metals.co.jp.

[64] VITROPERMR, (2006). www.vacuumstimelze.de.

[65] K. Hono, K. Hiraga, Q. Wang, A. Inoue and T. Sakurai, Acta Metall. Mater. 40(9)
2137(1992).

[66] J. D. Ayers, V. G. Harris, J. A. Sprague,W. T. Elam and H. N. Jones,Acta Mater.
46(6) 1861(1998).

[67] A. C. Hsiao,M. E. McHenry, D. E. Laughlin, M. R. Tamoriaand V. G. Harris, IEEE
Trans. Magn. 37(4) 2236(2001).

[68] E. P. Harrison, G. L. Turney and H. Rowe, Nature 135 961 (1935).

[69] E. P. Harrison, G. L. Turney, H. Rowe and H. Gallop, Proc. Royal Scc. 157, 651
(1937).

[70] L. V. Panina, K. Mohri, K. Bushidaand M. Noda, J. Appl. Phys. 76, 6198(1994).
[71] L. V. Panina and K. Mohri, Appl. Phys. Lett. 65, 1189(1994).

[72] R. S. Bead and A. E. Berkowitz, J. Appl. Phys. 76, 6209(1994).

[73] R. S. Bead and A. E. Berkowitz, Appl. Phys. Lett. 64, 3652(1994).

[74] M. Vazquez,J. Magn. Magn. Mater. 226, 693 (2001).

[75] M. Knobel and K. R. Pirota, J. Magn. Magn. Mater. 242, 33 (2002).

[76] M. Knobel, M. Vazquezand L. Krauss, Handbook of Magnetic Materials, Ed. K. H.
J. Buschow (Elsevier, 2003) Vol. 15, p. 497.



Chapter 5. 183

[77] S. Chikazumi, Physics of ferromagnetism,(Oxford University Press,1997)p. 387.

[78] B. D. Cullity, Introduction to Magnetic Materials (Addison-WesleyPublishing Com-
pany, 1972)p. 287.

[79] H. Barkhausen,Phys. Z 20 401 (1919).
[80] C.-G. Stefanita, From Bulk to Nano: The Many Sidesof Magnetism, 2008.
[81] K. Mandal and S. K. Ghatak, Phys. Rev. B 47, 233(1993).

[82] F. L. Machado, B. L. da Silva, S. M. Rezendeand C. S. Martins, J. Appl. Phys. 75,
6563(1994).

[83] M. Knobel, M. L. Sanchez,J. Velazquezand M. Vazquez,J. Phys.: Condens.Matter
7, L115(1995).

[84] M. Vazquez,M. Knobel, M. L. Santez, R. Valenzuelaand A. P. Zhukov, Sens.Act.
A 59, 20(1997).

[85] M. Knobel,M. Vazquez,M. L. Sanchez, and A. Hernando, J. Magn. Magn. Mater.
169 89 (1997).

[86] D. X. Chen, J. L. Munoz, A. Hernando and M. Vazquez,Phys. Rev. B 57, 10699
(1998).

[87] K. Mandal, S. Sinhaand P. Anil Kumar, J. Appl. Phys. 99, 033901(2006).

[88] K. Mandal, S. Pan Mandal, M. Vazquez,S. Puerta and A. Hernando, Phys. Rev. B
65, 064402(2002).

[89] S. Sinha, K. Mandal and M. Vazquez,J. Magn. Magn. Mater. 302 223(2006).
[90] S. Sinha, B. Dasand K. Mandal, J. Appl. Phys. 10507A311(2009).

[91] V. Zhukova, M. Ipatov, J. Gonzalez,J. M. Blanco and A. Zhukov, J. Appl. Phys.
103 07E714(2008).

[92] L. V. Panina and K. Mohri, J. Magn. Magn. Mater. 157, 137 (1996).



Chapter 5. 184

[93] R. L. Sommerand C. L. Chien, Appl. Phys. Lett. 67, 3346(1995).

[94] K. C. Mendes,F. L. A. Machado, L. G. Pereira, S. M. RezendeF. C. Montenegro,
M. V. P. Altoe and F. P. Missell, J. Appl. Phys. 79, 6555(1996).

[95] F. L. A. Machado, C. S. Martins and S. M. Rezende Phys. Rev. B 51, 3926(1995).

[96] A. N. Medina, M. Knobel, S. Salem-Suguilr. and F. G. Gandra, J. Appl. Phys. 79,
5462(1996).

[97] S.Q. Xiao, Y. H. Liu, Y. Y. Dai, L. Zhang, S. X. Zhouand G. D. Liu, J. Appl. Phys.
85, 4127(1999).

[98] Y. Zhou, J. Yu, X. Zhao and B. Cai, IEEE Trans. Magn. 36, 2960(2000).

[99] M. Knobel, M. L. Santez,C. GomezPolo, A. Hernando,P. Marin and M. Vazquez,
J. Appl. Phys. 79, 1646(1995).

[100] H. Q. Guo, H. Kronmuller, T. Dragon, Z. H. Chengand B. G. Shen,J. Appl. Phys.
89, 514 (2001).

[101] H. B. Nie, A. B. Pakhomas, X. Yan, X. X. Zhang and M. Knobel, Solid State
Commun. 112, 285(1999).

[102] J. Velazquez M. Vazquez,D. X. Chen and A. Hernando, Phys. Rev. B 50, 16737
(1994).

[103] R. L. Sommerand C. L. Chien, J. Appl. Phys. 79, 5139(1996).
[104] K. Mandal, S. Puerta, M. Vazquezand A. Hernando,Phys. Rev. B 62, 6598(2000).

[105] L. D. Landau, E. M. Lifshitz and L. P. Pitaevskii, Electrodynamics of Continuous
Media (PergamonPress,1984)p. 210.

[106] A. Yelon,D. Menard, M. Britel and P. Ciurearu, Appl. Phys. Lett. 69, 3084(1996).

[107] M. R. Britel, D. Menard, L. G. Melo, P. Ciurearu, A. Yelon, R. W. Cochrane, M.
Rouabhi and B. Cornut, Appl. Phys. Lett. 77, 2737(2000).



Chapter 5. 185

[108] P. Ciurearu, M. Britel, D. Menard, A. Yelon, C. Akyel, M. Rouabhi, R. W.
Cochrane, P. Rudkowski and J. O. Strom-Olsen,J. Appl. Phys. 83, 6563(1998).

[109] L. D. Landau, E. M. Lifshitz and L. P. Pitaevskii, Electrodynamics of Continuous
Media (PergamonPress,1984)p. 300.

[110] S. E. Loand, S. M. Bhagat, M. Dominguez,J. M. garcia Beneytez, F. Guerrero
and M. VazquezJ. Appl. Phys. 85, 4442(1999).

[111] C. Chiriac, C. N. Colesniic and A. T. Ovari, IEEE Trans. Magn. 35, 3841(1999).
[112] F. Vinai, M. Coissonand P. Tiberto, J. Magn. Magn. Mater. 300, e82(2006).

[113] S. Chikazumiand S. H. Charap, Physicsof Magnetism (Krieger, Malabar, FL, 1978)
p. 50.

[114] Manh-Huong Phan, Seong-ChoYu, Cheol Gi Kim and M. Vazquez,Appl. Phys.
Lett. 83, 2871(2003).

[115] T. Kitoh, K. Mohri and T. Ushiyama, IEEE Trans. Magn. 31, 3137(1995).
[116] C. Gomez-Plo, M. Vazquezand M. Knobel, Appl. Phys. Lett. 78, 246(2001).

[117] S. H. Song, K. S. Kim, S. C. Yu, C. G. Kim and M. Vazquez,J. Magn. Magn.
Mater. 215 532(2000).

[118] J. Velazquez M. Vazquezand A. P. Zhukov, J. Mater. Res. 11, 2499(1996).

[119] D. Atkinson and P. T. Squire,J. Appl. Phys. 83, 6569(1998).

[120] F. L. A. Machadoand S. M. RezendeJ. Appl. Phys. 79, 6558(1996).

[121] N. Usov, J. Magn. Magn. Mater. 185, 159 (1998).

[122] C. Gomez-Pvlo, M. Knobel, K. R. Pirota and M. Vzquez,PhysicaB 299, 322(2001).
[123] D.P. Makhnovskiy, L.V. Panina and D.J. Mapps, Phys. Rev. B 63, 144424(2001).

[124] L. V. Panina, K. Mohri and D. P. Makhnovskiy, J. Appl. Phys. 85, 5444(1999).



Chapter 5. 186

[125] D. P. Makhnovskiy, L. V. PaninaandD. J. Mapps, Appl. Phys. Lett. 77, 121(2000).
[126] A. Mitra, M. Vazquez K. Mandal and S.K. Ghatak, J. Appl. Phys. 70, 4455(1991).

[127] A. Zhukov, M. Vazquez,J. Velazquez A. Hernandoand V. Larin, J. Magn. Magn.
Mater. 170, 323(1997).

[128] D. C. Jiles, Acta Mater. 51, 5907 (2003).

[129] A. Zhukov, M. Vazquez,J. Velazquez,C. Garcia R. Valenzuelaand B. Ponomarev,
Mater. Sci. Eng., A 226-228 753(1997).

[130] B. D. Cullity, Introduction to Magnetic Materials (Addison-WesleyPublishing Com-
pany, 1972)p. 248.

[131] D. Menard, D. Frankland, P. Ciurearu, A. Yelon, M. Rouabhi, R. W. Cochrane, H.
Chiriac and T. A. Ovari, J. Appl. Phys. 83, 6566(1998).

[132] J. Nowak, J. Appl. Phys. 72, 1490(1992).
[133] R. Bedkerand W. Dering, Ferromagnetisnus, (Springer Verlag, Berlin, 1939).

[134] A. E. Lord, Acoustic Emission, ed. by W. P. Masonand R. N. Thurston, Physics
Acoustics,vol. 9 (Academic Press,New York, 1975).

[135] Y. H. Xu, L. Ma, F. M. Du, X. Y. Ma and D. H. L. Ng, J. Magn. Magn. Mater. 219
166 (2000).

[136] K. Ono, Progressin Acoustic Emission I1l, The JapaneseScciety of NDT p.200
(1986).

[137] T. W. Krause, L. Clapham, A. Pattantyus and D. L. Atherton, J. Appl. Phys. 79
4242(1996).

[138] S. Sinha, K. Mandal and B. Das, J. Phys. D : Appl. Phys. 40 2710(2007).

[139] T. W. Krause, K. Mandal and D. L. Atherton, J. Magn. Magn. Mater. 195 193
(1999).



Chapter 5. 187

[140] M. Birsan, J. A. Szpunar,T. W. Krause, and D. L. Atherton, IEEE Trans. Magn.
32(2) 527 (1996).

[141] Onuttom Narayan, Phys. Rev. Lett. 77(18) 3855(1996).

[142] Pierre Cizeau, Stefano Zapperi, Gianfranco Durin and H. Eugene Stanley, Phys.
Rev. Lett. 79(23) 4669(1997).

[143] H. Kwun, J. Magn. Magn. Mater. 49 235(1985).

[144] T. W. Krause, N. Pulfer, PWeymanand D. L. Atherton, IEEE Trans.Magn. 32(5)
4764(1996).

[145] A. Dhar and D. L. Atherton, Nondestr. Test. Eval. 10 287 (1993).

[146] C. G. Gardner, G. A. Matzkanin and D. L. Davidson, Int. J. Nondes.Test. 3 131
(1971).

[147] S. Sinha and K. Mandal, Journal of Nondestructive Testing and Evaluation 5 49
(2006).

[148] S. Sinhaand K. Mandal, Indian Journal of Physics 79 991 (2005).
[149] R. Rautioaho, P. Karjalainen and M. Moilanen, J. Magn. Magn. Mater. 7396(1988).
[150] K. Tiitto, Nondest.Test. 26 36 (1989).

[151] S. Nath, B. Wincheski, J. P. Fulton and M. Namkung, IEEE Trans. Magn. 30(6)
4644(1994).

[152] B. Wincheski, J. P. Fulton, S. Nath, M. Namkung and J. W. Simpson,Mat. Eval.
52(1) 22 (1994).

[153] V. Babbar, B. Shiari and L. Clapham, IEEE Trans. Magn. 40(1) 43 (2004).

[154] L. Clapham, C. Jagadishand D. L. Atherton, Acta. Metal. Mater. 39(7) 1555
(1991).



Chapter 5. 188

[155] B. D. Cullity, Introduction to Magnetic Materials (Addison-WesleyPublishing Com-
pany, 1972)p. 207.

[156] D. C. Jiles, Acta. Mater. 51 5907 (2003).

[157] Thomas W. Krause, J. M. Makar and D. L. Atherton, J. Magn. Magn. Mater. 137
25 (1994).

[158] L. Clapham, C. Heald, T. Krause,andD. L. Atherton, J. Appl. Phys. 86(3) 1574
(1999).

[159] C.-G. Stefanita, D. L. Atherton and L. Clapham, Acta. Mater. 48 3545(2000).

[160] K. Tiito, Nondestructive Evaluation : Application to Materials Processing,Ed. by
O. Buck and S. M. Wolf (ASM, Materials Park, Ohio, 1984)p. 161.

[161] X. Kleber and A. Vincent, NDT&E Int. 37 439(2004).
[162] S. Chikazumi, Physics of Magnetism, (Wiley, New York, 1964).

[163] D. C. Jiles, Introduction to Magnetism and Magnetic Materials, (Chapman and
Hall, New York, 1991).

[164] D. M. Stewart, K. J. Stevensand A. B. Kaiser, Current Applied Physics 4 308
(2004).

[165] H. K. Tonsho, B. Karpuschewskiand I. Oberbed-Spirtig, 1st International Con-
ferenceon Barkhausenand Micromagnetic Testing (1998), Hannover . Stressteb
Oy., p. 141.

[166] B. Karpusdhewski, 1st International Conferenceon Barkhausenand Micromagnetic
Testing (1998), Hannover : Stresstet Oy., p. 85.

[167] D. G. Hwangand H. C. Kim, J. Phys. D : Appl. Phys. 21 1807(1988).
[168] K. Mandal, Th. Cramerand D. L. Atherton, J. Magn. Magn. Mater. 212231(2000).

[169] K. Mandal, T. W. Krauseand D. L. Atherton, Indian J. Phys. 77A(2) 93 (2003).



Chapter 5. 189

[170] O. Stupakov, J. Pal'a, V. Yurchenlko, I. Tomasand J. Bydzovsky, J. Magn. Magn.
Mater. 320204 (2008).

[171] C. Jagadish,L. Clapham, D. L. Atherton, IEEE Trans. Magn. 25(5) 3452(1989).
[172] C. Jagadish,L. Clapham, D. L. Atherton, NDT Int. 22(5) 297 (1989).

[173] C. Jagadish,L. Clapham, D. L. Atherton, IEEE Trans. Magn. 26(1) 262 (1990).
[174] C. Jagadish,L. Clapham, D. L. Atherton, J. Phys. D : Appl. Phys. 23 443(1990).

[175] K. Mandal, D. Dufour, R. Sabket-Sharghi, B. Sijgers,D. Micke, T. W. Krause, L.
Claphamand D. L. Atherton, J. Appl. Phys. 80(11) 6391(1996).

[176] T. W. Krause, K. Mandal, C. Hauge, P. Weyman, B. Sijgers, D. L. Atherton, J.
Magn. Magn. Mater. 169 207 (1997).

[177] R. Ranjan, D. C. Jilesand P. K. Rastogi, IEEE Trans.Magn. MAG. 231869(1987).

[178] C. Gatelier-Rothea, J. Chiocio, R. Fougeres,P. Fleischman, Acta mater. 46 4873
(1998).

[179] J. Anglada-Rivera, L. R. Padoveseand J. Capo-Santez, J. Magn. Magn. Mater.
231299(2001).

[180] V. Moorthy, S. Vaidyanathan, T. Jayakumar and Baldev Raj, J. Magn. Magn.
Mater. 171179(1997).

[181] V. Moorthy, S. Vaidyanathan, T. Jayakumar, B. Raj and B. P. Kashyap, Acta
Mater. 47(6) 1869(1999).

[182] O. Saquet,J. Chicoisand A. Vincent, Mater. Sci. Eng. A 26973 (1999).
[183] J. Kamedaand R. Ranjan, Acta Metall. 351515(1987).
[184] J. Kamedaand R. Ranjan, Acta Metall. 35 1527(1987).

[185] G. Durin, A. Magni and G. Bertotti, J. Magn. Magn. Mater. 160 299 (1996).



Chapter 5. 190

[186] Gianfranco Durin and StefanoZapperi, J. Appl. Phys. 85(8) 5196(1999).

[187] Maurizio Zani and Ezio Puppin, J. Appl. Phys. 94(9) 5901(2003).

[188] Ezio Puppin and Maurizio Zani, J. Phys.: CondensMatter. 16 1183(2004).

[189] Luca Callegaro,Ezio Puppin and SimonaRicci, J. Appl. Phys. 90(5) 2416(2001).

[190] L. Sari, A. D. C. Viegas,A. M. H. deandrade,R. L. Sommer,R. Grossingerand
R. Sato Turtelli, J. Magn. Magn. Mater. 226 1484(2001).

[191] E. Puppin, Phys. Rev. Lett. 84 5415(2000).
[192] G. Durin and S. Zapperi, Phys. Rev. Lett. 84 4705(2000).

[193] B. Alessandro,C. Beatrice, G. Bertotti and A. Montorsi, J. Appl. Phys. 68 2901
(1990).

[194] B. Alessandro,C. Beatrice, G. Bertotti and A. Montorsi, J. Appl. Phys. 68 2908
(1990).

[195] P. Bak, C. Tang and K. Wiesenfeld,Phys. Rev. Lett. 59 381(1987).
[196] P. Bak, C. Tang and K. Wiesenfeld,Phys. Rev. A 38 364 (1998).
[197] L. V. Meiseland P. J. Cote, Phys. Rev. B 46 10822(1992).

[198] D. Spasgevic, S. Bukvic, S. Milosevic and H. E. Stanley Phys. Rev. E 54 2531
(1996).

[199] E. Vives,J. Goicoedhea,J. Ortin and A. Planes,Phys. Rev. E 52 R5 (1995).

[200] Olga Perkovic, Karin Dahmenand JamesP. Sethna, Phys. Rev. Lett. 75(24) 4528
(1995).

[201] Amit P. Mehta, Andrea C. Mills, Karin A. Dahmen and JamesP. Sethna, Phys.
Rev. E 65 046139(2002).

[202] B. Tadic, Phys. Rev. Lett. 77 3843(1996).



Chapter 5. 191

[203] M. Vazquez,E. Ascasibar,A. Hernandoand O. V. Nielsen,J. Magn. Magn. Mater.
66 37 (1987).

[204] B. Hofmann and H. Kronmuller, J. Magn. Magn. Mater. 152 91 (1996).



