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Abstract

FenySisNby sBg s magnetic atloy has  been prepared in the fornm of ribbon by single
rofler meli-spinning technique. In order to study magnctoresistance (MR) and spin glass
behavior of the alloy the MR%  have been measured 1n different magnetic field as a
function of lemperature ; ac permeabibty have been measured at room temperaturc as a
function of frequency to investigale the {requency dependence of permeability . A
significant 1mprovemeni in magnetic properties of this alloy system has been observed
upon controlled annealing the sample closc to the crystallization {emperature . The
typical amorphous nature of the as grown alloy 1s observed by X-Ray diffraction with
the appearance of a broad peak over an scanning angular ranpe from 39 © 709
Mapnetization measuremenis on the as cast and on anncaled sumples have shown a
pradual improvement of magnetic soflness upto the highest anncaling time and
temperature hefore the bonde phase is appeared where the magnetic soliness begin to

drop. The gradual enhancement of magnetization indicales e onset of nanocrystalline

structure. The differential scanning calerimitry {(DSC) measurements have been donc on
the anncaled samples to find the formation ol nano grains . Field Cool (FC) and Zero
Ficld Cooled {ZFC) mcasuremients have been done 1o observe some possible relaxation
clfeet . U as observed [rom these measurcments that a small bat clear bifureation in the
Magnetization versus Temperature curves has laken place well below the plass transition

lemperature depicting a spin-glass like bechavior.
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- Chapter-1: Introduction
1.1 introduction

The Fe-Cu-Nb-5i-B  nanocrystalline  alloys are well known beeause of their excelleni
soll magnetic properties and this iron based nanocrystaliine oblained by crystallization of
amorphous alioys were fisl reported by Yoshizawa in 1988 and known under
contmercial name as Finemel, Finemel can be prepared by a conirolled crystailizaiion of
amarphous Fe-5i alloys with additions of Cu-Nb exhibits a very high saturation magnetic
flux density, high permeability (o the order af10%), low coercive lield {below 1 Amp/m),
low magnetostriction and this unique solt magnetc material have an enormous potential
for applications like cnergy saving, clectromagnetic noisc reduction and alse great for
size reduction. ln 1988, Yoshizawa ¢t al. {1, 2] reported that excellent permeability is
obained when the crystal grain size 1s reduced to a nanometer scale by crystallizing the
[Fe-51-B-Nb-Cu amorphous alloy. The pnuciple of magnetic soflening accompanted by
the reduction of the grain size in the nanoscale ranpge was laler explained based on the
random anisotropy theory by llerser [3, 4], According to this model, the origin of the
magnetic soltness is ascribed to the reduced magnetocrysiatling anisotropy due 1o the

rapdlom distribution of nanoscale graims.

The precursor of FINEMET is amorphous nbbon (noncrystalling) obtained by rapid
quenching at one million®Cisecond from the molten metal consisting of Fe, Si, Band small
amounts ef Cu and Nb. Amorphous magneuc metal has high permeability duc to no
crystalline magnetic anisotropy. Consequently, it has supctior solt magnetic charactenistics,
such as lower core doss, “when compared with conventional crystalline soli magnetic
materials”. However when applying heat treatment on typical amorphous metal at
temperature Ingher than its crystallization temperature, its magnetic properties will decay
tremendously due 1o rapid erystal growth up to sub p m (<1p m).It was discovered that
amerphous metais which contain certain alloy clements show supenior solt magnetic
propertics through crysiallization  These crystallized alloys have grains which are

exvtremely uniform and small, “sbout ten nanomelers 1 size™, (L was cammonly known thai
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the characteristics of solt magnetic malerials ure “larger crystal grains yield better soft
magnetic propentics”. Conlrary to this commen belief, soll magnetic material consisting of

a small, “nang-order™, crystal grams have excellent sol magnetic properlics.

The sample Fe,Cu, Nb, (ST B, 15 an oxeellent soft magnetic material due to its random

amsolropy clicel. This Fincmet consisting of vltrafine grain structures prepared by ihe
erystallization of l'e-81-D amorphous alloys with added Copper and Niobium have the
clfeet of the formation of b.c.c. crystailing nuclel and the suppression of crystal grain
arowih respectively. This amorphous alloy with nanocrystallites system transform s to the
nanocryslalling phase when annealed above the crystailization temperature giving nise 1o
the gramn size 10-15 nanometers. However their intrinsic parameters e.g. saturalion
mugnetization Ms and the ferromagnetic transition temperature ‘1% is not known to have
been affected due to this transfonmution. Bul their permcability increascs substantially
and Lhe eocreive licld hecomes too low making this kind of alloy system a very uscful
magnetic matertaf  for the fabrication of magnetic devices and sensors. The
magnetestriction constants of this soft magnetic matenial also approaches to zero as the
lemperature s ncreased closed 1o the transiton lemperature Ty Another inleresting
property of this alloy sysicm s s super paramagnetic behavior at low temperature.
With the redoction of parlicle =iz¢ [rom submicron o the nanocrystalling state, the
magnelization vectors atso luke innumerous oncnlations rather than onc single vector for
a single damain panicle. Annegaling this alloy system at a temperature closed to the
crystallization temperature causes Lhe iron paricles to form lecal scgregation. This
isolated iron crytalliles leracil very weakly with each other according to the
Rudermann-Kasuya-Yoeshida (RKKY) interaction. Although the intcraction between
these dispersed particles 1z of dipole-dipole  nature, they show single particle dynamics
ws well ol very low teniperature giving rise to the magnetic relaxation cilect which is a

charactenstie feature ol spin pglass.



1.2 Characteristics of Finemet
1) High saturation magnetic [lux density and high permeability

High saturation magnetic lux densily comparable 1o Fe-based amorphous metal. High

permeability comparable o Co-based amorphous metal.

Fig. | shows relationship betwecn saturation magnetic flux density (Bs) and relative
permeabily (p} of various solt magnétic materials, including FINEMET. Selt magnetic
materials are usually required to have high flux density and high relalive permeability at
the same time. o this figure, o material located at upper right position shows better
performance as & soll magnetic material. The dotted line represents the magnetic
propertics limit for the conventional solt magnetic materials, such as ferrite and
amorphous metai. FINEMET crosses over this boundary (dotted ling), FINEMET has
permeability as high as Ce-based amorphous metal and a saturation magnetic flux density

as htwh as Fe-based amorphous metal.
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2)

4}

t)

LLow core lass

1/5th the core loss al Fe based amorphous metal and approximately the same core

loss as Co-bascd amomphous metal.

Low magnetostriction

Less alfected by mechanical siress. Yery low audio noisc cmission,
Exccllent temperature characteristics and small aping elfects

Small permecailiy variation (less than £10%) al a temiperature range of -50°C-

150°C Unlike Co-based amorphous metals, aging ellects are very small.

Excellent high frequency characteristics (low core loss due to thin ribbon and

high electric resistivity)

High permeability and low core loss over wide frequency range, which is cquivalent

1o Co-based amarphous metal.
Flexibility to control magnetic properties, “B-H curve shape® during annealing

Three lypes of B-H curve squarencss, high, middle and low remarence ratio,

corresponding 1o vanous applications.
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1.3 Importance of Nanocrystalline alloy

FINEMET has great potential use as core material and can alse be used for supecrior
clectromagnetic noise  suppression for electric and electronic devices. FINEMET has
unique magnetic properties which will atlow a significant reduction in sizc and weight of
core mulerial and low encrgy loss which will coninbute to encrgy conservation. The
advantages of the unique charactenstics of the nanocrystalline alloys can be devcloped

the matenals technology and it is the new solution for various applications such as
Magnctic amphbfier, Pulse power cores, Surge ubsorbers, High veliage pulse iransformers
Siorable corcs, EMI filters, Common mode chokes, Magnetic shielding shects,

Electromagnetic wave absotbers, Current sensors, Magnetic sensors, High frequency
power transformers, Active fillers, Smoothing choke coils, Accelerator cavity, Energy

saving Sizefweight reduction, Noise suppression.

1.4 Review of this work

The cffects of the metalloid composition and annealing temperature (400 — 720 ") on the
magnetic propenics of Fer; sCujNbySiag 5By (x= 5.10 al %) nanocrystalline alloys has
been investigated. Crystallization products were studicd using x-ray diffractometry, The
coercive ficld, remanence, and out of nbbon axis anisotropy were determined from guasi
static hysteresis loops. U was found that the beginning of nanoerystallization causes some
magnetc hardenineg, which is manifcsied in a remarkable increase 1n coercive field for all
ultoys studied. This clfeet is aseribed (o the increase in magnetostriction. The soltest
magnetic behavior was obsened for altoys with nanocrysialline structure compesed of o
Fc {5i), FeaSt and an amorphous matrix. The very strong magnctic hardening coincides
wilh the sccond stage of crystallization and the appearance of Borides (e.g. Fe;B). The
Si-rich alloys also exhibit minor hardening after anncaling at temperatures well below the
onset lemperature of the second stage of crystallization. This eflect is aitributed to the

incrcase 1 grnn s17e and the preeipitation of copper crystals.,
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The magneuc sofincss of these nanocrystalline matenals is related o the vanishing
magnetoerystailing antsoliopy and very small magnetostriction. As was (heoretically
estimated by Herzer [ 5], the average antsotropy for randomly oriented a- Fe(Si) gTdins is
negligible small when the grain diamelter docs not exceed above 15 nm. Such an ultrafine
structure can be obtained by a conventional fumace anneahng of alloys specific
compositions, ¢.g. Fe-Cu-Nb-Si-B alloys [1, 5, 6, 7, and B]. It is beheved that the
magnelostriction constant A of two phase nanocrystalline materials is determined by the
balance between the crystallites (A < Q) and the amorphous matrix (Am < 0) [9].
However, the values of both &y and Ao depend on the Si-content. On the other hand, the
nmagnctostnction of nancerystulline materials depends strongly on the temperature of the
nanocrystallization [10, 11]. Therefore the concentrations of silicon and boron, as well as

the anocaling temperature, are umporiant {aclors influencing magnetic properics of

nanocrystaltine Fe-based alloys.

The magnelic soliemng corresponds o the nancerystalhne structure consisting of o-
Fe(S1). FeuSi and an amorphous matnix. It was obtained after anncaling the alloys at
lemperatures cxceeding ihe crystallization onset lemperature T, ¢ and below the onsel
temperature T, 7 of the 2™ stage of crystallization. This soflening is a well known result
ol decreasing magnclosinction and vanishing magnetocrystalhine anisotropy and is a
practical goal ol nanoerystallization. The soflest magnetic behavior was found only in the

nunocrystalline stute for all the alloys studied.

The most striking result of his study is the magnetic hardening 111, which is manifested
i the maxima of | observed for all the alloys studied after annealmg at temperatures
slightly exceeding the crystallization onsct temperature T, . This effect can be ascribed to
the increase 1n magnetostriction which also shows a local maximum at the same range of
Ta for the alloy conmtaiming as % boron. Similar maxima in the saturalion

nraghclostnicliion conslant were also observed for Forg sCuiNbaSiy By ribban (117 and
Feay «CugNbsSip 3 5By and wire [12].

Magnctic hardening 112 was observed only for the Si-rich alloys afier annealing at
lemperatures well below the 2" stage of crystallization. This effect can be cxplained by

the imcrease in the grain size of ¢-Fe(S1) phase. As already reported [13, 14, 15) the gramn
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diameter increases with the increasing anncaling temperatures and decreasing boron
concentralions in the amorphous altoys. This clfeet could also be related to the
appearance of an additional crystalline phase which was wdentified to the copper. The
precipitation of eopper in Si-rich alloys can be justified because they have the highest
volumie fraction of e-le(Si) amd therelore the highest relative conceniralion of copper in
the intergranular layer. However, the sigmificance of copper crystals as spinning centers

for domain wall movements can be rmmmal if the crystals are very small.

The crystallizalion process and magnetic properties of Fery5.,Co,Si15.5BeCu Nbs{x=0, 3,
I3, 29, 36, 45, 69, 73.5) melt-spun alloys are analyzed as a function of x. For x =5
ultrafine BCC a-FeSHCo) erystallites (mean grain diameter in the range ~ 13-16 nm) in
an amorphous matrix are obtained alter thermal treatments at 550°¢ (Th) while, for higher
Co contents the precipuaten of FOC 8-Co rich crysiatlites 1s observed. For x up 29, a
slow ncrease in coercivity wilh a 15 observed that can be correlated, within the
framework of the random anisolropy model, with the increase in the mean grain size of
the a-FeSi(Co) crystallites with x. However for x=36 and 43, the nanocryslalline alloys
manifcst a noticcable magnetic sefiening compared with the altoys of lower Co content,
which can be ascribed to a reduction in the magnetocrystalline anisotropy of the
precipitated o-FeSi(Co) phase. Finally beyond x=43, the coercivity of the nanocrystalline
alloys increases drastically, eventually by several orders of magnitude, reflecting the

change to 3-Co rich nanocrystallites.

For low-Co contents (x =29), we propose that the magnetocrystalline anisotropy, K, of the
precipitated o-FeSi{Co) phasc remains almosl constant, and that the main contribution to
the tnerease in coercivity with x is the variation in mean crystalling diameter (H, and d*),
A mimmum valuc of K around x=45 would explain the decrease in cocrcivity observed in
this composition region, winle the sharp increase of H, for x 269 is ascribed to the

magnetic decouphng of adjacent crystallites due to the shurp reduction of the exchange

corrclation length,

Nanocrystaltine alloys can be obtained by a preper annealing trcatment of metallic
glasses, as reported i 1988 by Yoshizawa et al. [1], The Ferich Fe-Cu-Nb-$i-B

amorphous alloys crystallize in the form of ultrafine grains of o-FeSi cmbedded in
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remaming amorphous matrix. The growth of the grains is controlled by the small
fractions of Cu and Nb atoms. Excellent soft magnetic propertics of these alloys (known
under commereial name as FINEMET) are due lo extremely low magnetic anisotropy and
nearly zero saturation magnetostriction [16,17]. The reduction of the magnetostriction
coeflicient from 2010 in amorphous state to about 1%10° in the nanocrystalline alloy
resubls front competition hetween negative magnetostriction of the grains and the positive
magnetostriction ef the amorphous malnx [17,18]. Decause of the small size of the grains
of b.e.c-Fe-5i {an average diameter of nanocrystals is beiow 20 nm), it is believed that
they arc single domain particles. According to the theoretical model of Herzer [16], an
cxchange coupling between such nanocrystalling grains can effectively suppress the
magnetoerystallline anisotropy of the ndividual grains. As a conscquence of small
clicctive amsotropy, the Fe-Cu-Nb-Si-I3 nanccrystalline alloys demonstrate huge
permeability (of the order of 107 ) and low coercivity field (below | A m™'}. The question
arises as 1o how the magnelic preperties of the amorphous matrix affect the behavier of
lhe nanocrystalling materials. The Fe-rich Fe-Cu-Nb-5i-B alloy seems to be a good object
lo study this problem. The microstructurcs of the alloys with Cr additien and of
FINEMET show great sumlaritics; however, the maximum available fractions of the
nanocrystalline phase are much larger in FINEMET. Depending on the annealing
conditions, these alloys are composcd of o-Fe(Si) grains with diameters from 10 to 40 nm
[19]. The content of 51 in the grains was estimated from Massbauver studies to be about 14
al % [20]. It was also proved that Cr does not parlicipale 1n precipitation of the b.ee-
Fe{S1) phase remaining n the amorphous matrix {20]. Increasing contents of Cr with the
cvolution of erystallization decreases the Curie temperature to Te,=403 K) as well as the
saturation magnetization of the amorphous matnix in comparison with values for the as-
quenched amorphous alioy (=415 K}, the curie point of the strongly ferromagnetic
crystalline phase at about 920 K is well separated from that of the amorphous ene. It is
worllh mentioning that supemaramagnetic behavior of (he grains was found in
FeCrCuNbSIR alloys with 18% of the crystalline phase al temperatures above 523 K
[21]. The aim of this work is to investigate the elfect of the magnetization processes in

Fe-rich nanecrystalline alloys on the basis of comparative studies of selected magnetic
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propertics of the Foqn sCuNb:Si s 57 and Feg, CryCuyNby 51138y nanocrystalline alloys at

different stapes of crystallization.

The anncaling at 500° is cfficienl in the formation of small cryslalline fraction in
FINEMET, whereas the alloy with Cr remains amorphous afler such annealing. The
maximum crystalline fraction in the FINEMET is over 2 times larger than in the atloys
with Cr. The hysteresis loops of magnetization have been measured wsing a B-H loop
tracer based on digital Fluxmeter Integrator EF4 (Maghet-Physik) and a data acquisilion
system. A coercive ligld and a maximum of the differential mapnetic permeabilily
{maximum slope of the B-H curves) have been cvaluated [rom the hysteresis loops, The
imvestigations of the reversible dynamic permeabihily have been carried out in the
alternating magnetic field at a frequency of 10k z and with a small amplitude of 5§ A m’.
A saw wavelonn of the biasing field with a frequency of (0L0! Hz has been used o
magnelize samples. A study of the Barkhausen noisc was limited to the measurements of
the intengity {rool mcan sguare, rms) of the noise in the frequency band above 60 Hz, The
peaks of the ninse intensity have been determined for cach sample. More advanced
analysis of the noise was difficult because of weak Barkhausen efleet in the samples with

high erystalline [ractions.

Inieresting resulls have Dbeen obtained in the case of hysteresis loops of the
FeaCryCuiNba 51128y nanocrystalling alloys. Representative curves of magnctization are
1n hysteresis loops have similar shapes for different fractions of the crystallhine phase. The
maximum slope of the curves changes only slightly with the evolulion of erystallization
11 companson with a dramatic increase of the cocreivity. It Is worth mentioning that
similar shapes of the hysteresis loops have been predicted by the Stoner-Wehifarth model
{or magnetization rotations in single domain pariicles wilh anisotropy axis inclined by

about 10° io the direciion of the extermal magnetic field.

it is imporant to notice that the dynamic reversible permeability demonstrates quite
different dependence on the crystalling fraction that the dillerential permeability
deternuned from the hysicresis loops. This feature can be easily understoad in the case of
a rotational mechanism ol magnetization: namely, the differential permeability is related

to the reversible rotations of the magnctization, leading to high slopes of hystercsis loops
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fas in the Stoner-Wohlfanh model). On the other hand, the reversible penncability refers
to small reversible deviations of magnetization of vectors forced by weak altermating
magnetic field and it is closely related to the magnetic anisotropy as well as cocreivity.
The Barkhausen cifcct tumns out 1o be wvery helpful in the interpretation of the
magnetization process in the nanocrystalling materials, He Barkhausen effect [22] is a
result of discontinuous changes of magnctization as a response to a smoothly changng
exlemal magnetie field. These sudden jumps of magnetization in solt magnetic arise from
mmteractions of the domam walls with mmperfections of the matenial, such as grain
boundanes, residual stresses, or magnelic and non-nagnetic precipitations. Modem
theorctical models, ¢.g. Refl. [23], assune that the Barkhausen noise depends among other
things on the saturation magnelization, magnetization rale and penneability of a magnetic
matcnal. Large Barkhausen jumps are expected in the materials with high saturation
magnctization, huge permeabilily and large coercive Dield, which rcpresents strong
pinning forces. This 18 Just the case of the Feg CrgCu Nb;Si 3184 nanocrystalline altoys, on
the contrary, a small Barkhausen elTeet should result irom either smalt magnetization and
penmeability or from weak coercivity, which is characteristic of homogenous malerials
without pinning centers, as in the case of FINEMET. The nanocrystalline grains in the
Fe-Cu-Nb-51-B alloy are considered to be too small (i.c., several times smaller than the
domain wall widih) to act as pinning centers for domain wall movements. Because of the
lack of other mhemogeneitics in these materials, they exhibit small magnetic hysieresis
and alse weak Barkhausen noise which is more than one order ol magnitude smaller (han

in the as-quenched Fory sCuyMb;Sis sBy amorphaous alloys.

in spite of similaritics in the microstructure of the FessCuNb:Siis 5By and
FeanCryCuyNb:S1 :By nanocrystaliine alloys, their magnetic propertics differ considerably
from cach other. The alloys of the FINEMET composition exhibit a tendency to magnetic
soflening wilh increasing fraction of the nanocrystalline phasc, whereas the alloys with
Cr addition become magnetically harder. The behavior of these 2 alloys 15 a resull of the
different  saturation magnetization ol the amorphous matnxes and, consequently,
diflerent magnetie couphng suppresses magnetlic anisolropy of individual grains in the
Fe-Cr-Cu-Nb-5i-R alloy. contributing to the improvement of soft magnetic properiics.

Magnetic hardening of the Fe-Cr-Cu-Nb-Si-B - alloy with the evolution of the
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crystallization process is assoctaled with the anisotropic propertics of the crystalline

urains,

Yoshizawa ¢t al [24] and Noh et al {25] studied the cffect of Cu on the crystallization
behavior in F74.3Cu0Nb3S1{3.589 They found that, the average grain size at the onset of
crystallization 1s relatively large duc to lower nuclealion rate with no addition of Cu and
anncaling of this Cu free alloy leads to the simultancous or scquential fonmation of

several crystatling phases. The cffect of Cu, in enhancing the nucleation density is

unique.

Substituting Nb by ather group ¥V or VI refraclory elements (Cr, ¥, Mo, W or Ta)} in
FINEMET, Yoshizawa ct al. [26] and Muller et al [27] showced that like Nb, the atomic
volumes of these refraclory elements are larger than that of Fe, This reduces the diffusion
coclficients and, thus, slabilizes the amorphous matrix and slows down the kinctics of
arain coarsching,

Alben, et al. [28]), Sawa et al. [29] and Suzuki et al. [30] reporied on the relation of grain
size and the domain wall width, If the grain size cxceeds the domain wall width, domains
can be fonmed within the grains and the coercive lield, He is found to depend on the grain

size, Das He oo D,

1.5 Aim of this Work

A nanocrystailineg Fe-51-B-Nb-Cu alloy, known as FINEMET, is a very attractive sofl
magnetic maicrial exhibiting excellent permeability while maintaining a high saturation
magnctization [1]. [1] Y. Yoshizawa, 5. Oguma, and K. Yamauchi, J. Appl. Phys. 64
(1988), p. 6040,

These materials are mleresting from both the fundamental and applicd vicwpoints.
Becawse of various superior mechanical, magnetic and electrical properties, in

conmiparison with thosc of the crystalline state, FINEMET-type nanocrystalline alloys
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{metaltic ghasses) form a class of icchnologicaily important materials. They have already

been put inte applications in he devices c.g., choke coils, igh frequency transformers

and the magnetic thin film heads.

The objective of this rescarch is to sludy the cifect on electrical resistivily,

magnctoresistance, hall-coefficient, impedance, frequency dependent complex magnetic

permeabtlity. The studies involved in the present work would provide uscful infermation

about 1ls poleatial applications i high frequency swilching devices. In order 1o achicve

the aforesmd objective, the following main steps are included in the present work:

1.

2.

Measurements of magneto-resistive properties in different magnetic ficlds

The zero Nield cool {(ZFC) and field cool (I7C) measurements to observe the aging
elfect (Spin-Glass)

The measurement of permeability in the high frequency range {frequency range:
EMI ~1.5 GHz) for annealed Fe73-Cul-Nb3.5-51-14B-8.5 magnetic alloy at room
[C!'H].'!C[’HELI]'C.

The measurcment of Magnectization al reom temperature by VSM( Vibrating sample

magnelomeler)



Chapter-2: Theoretical Aspects

2.1 Formation of Nanocrystalline state

Manocrystatline sofl magnetic matcrials (Mectallic gzlasscs) have been found to be
promsing for technologmcal applications since its discovery by Yoshizawa et al [1] in
1988, The hrsl class of such matenals was the melt-spun fe-5i-8 alloys containing
small amounts of Cu and Nb. The Fe-Si-B-Nb-Cu amorphous phase transforms {o a
body centered {bee) Fe-8i solid solution with the grain sices of about 10 nm during
anncaling above the crystallization (emperature. The resulting microstructure s
characterized by randomly oriented, ultra fine grains of bee Fe-51 (20 at %) with
typicad grain sive of 10-50 nn embedded in a residual amomphous matrix which
occupics about 20-30% of the volume and separates the crystalhies at a distance of

about 1-2 nm,

However, to achieve the nanocrystalline state, amorphous ribbons are obtained by a
quenching procedure followed by heat treatment at 500 - 600 Nanociystalline materials
are polycrystalline solids with very smatl erysialliles {diameters about 5 - 20nm}. These

matenals contain a large number of interfaces with random orientations and a

subsiantial [taction of atoms located in these interfaces.

The presence of Cw belps to increase the nucication rate of the hee phase while M6
retards the grain growth. These nanocrystalling materials have emerged as FINEMET
atloys. They provide low core losses (even lower than amorphous soft magnetic alloys
such as Co-f0-5i-B sysiem}, exlibit saturation induction of about 1.2 Tesla and very
good properties al high frequencics comparable 1o the best Co based amorphous alloys.
Many of the sol magnetic properties of FINEMET-type nanocrystalline alloys are
found superior, They exlnbil lower saturation induction than Fe- metalloid amerphous
alloys maindy becavse of the lower Fe content to attain ameorphizaiion and the addition

of Cir and N6 {or olher elements lo control the nucleation and growth kinctics)., The

small single-domain nanocrystalline fe paricle in the amorphous matrix gives these
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atloys their unique magnetic bebaviour; the most dramatic one is the lowest energy
losses (narrowest 13/ hysieresis loop) of any known maitcnals along with very high

permicability and nearly or exactly zero magnetosiriction.

2.2 Microstructure and effects of grain size

[t was commonly known that the characteristics of soft magnetic materials are “larger
crystul grans yield better sofl magnetic properties™. Contrary to this common belief,
soft magnelic material consisting of a small, “nano-order”, crystal grains have excellent

soft magnelic propertics.

Figure 1 shows a typical electron micrograph of Feo-13.55i-9B-3Nb-1Cu alloy
produccd by the primary crystallization process from the meit-5pun  amorphous
ribbon. This consists of the nanocrystalline bee phase with an average grin size ol
approximately 1O nm. There is no preferred orientations in the prains. In addition to
grains of ~F0 nm, smaller grains cun be recognized as indicated by arrowhcads. These
are now known 1o he fecc Cu parlicles which precipitated ont in the early slage of
crystallization. For producing such nanocrystalline microstructure, il is reported that a
combined addition of Nb and Cu is required [2], thus the rolc of Nb and Cu for
nunocrystattization was of greal research interest. Atom probe field ion MICIOSCOpY
was found to be an cxtremely cffective technique to study solute clustering,
precipitation, scprcgation and partitioning behaviors, in fact preat contribution to the

understunding of nanocrystallization mechanism were made by a conventional atom
probe [31-34],
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Figure 2.2 shows atom probe conceniration depth profiles of the Feys sSiig sBaNb;Cu;
alloy with the optimumn magnetic propertics (annealed at 550 C for 60 min.). The
prescnee of throe types of phases are clearly 1dentified. One (s enriched with Si {~20-
25 at.%) but contains little Nb, Cu and B. Complementary TEM observations
sugpested thal this region was the crystallized bee a-Fo phase conlaiming Si. In
addition to the a-Fe grains, a B and Nb enriched amomhous phase is present with
htle Cu content but containing cerlain amount of S1. In addition to these two phases,
a Cu ennched particle is observed. This phase was significantly enriched in Cu
(~060%) but still contains appreciable amounts of the other elements. Since the
concentration of Fe is only about 30%, this phasc is believed (o be nonmagnetic. In
fact, a scparalc nanebeam electron diffraction study in a transoussion electron
microscope (TEM) revealed thal the Cu enriched particles were fec Cu. This phase
appears as a prain having a drameter of approximately 3 nm as indicated by arrows in

Fig. 2.1.
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Fig. 2.3 shows the crystallization process. Al the final stage of this crystallization
process, the gratn growth is suppressed by the stabilized remaining amorphous phase
at the grain boundarics. This stabilization occurs because the crystallization
temperature of the remaining amorphous phase riscs and it becomes more stable
through the cnrichment of Kb and B, Synerpistic elfects of Cu addition, “which
ciuses the nuocleation of bee-Fe™ and Nb addition, “which suppresses the grain

vrowlh™ creates a umform and very fine nanocrystalline microstructure.

Fig. 2.4 shows the relationship between cryslai grain diameter {D) and coercive force
(He} for solt magnetic materials. In the conveniional soft magnetic malerials, “whose
grain size 1s far larger than 1pm', it was well known that soft magnetic properties
becomce worse and cocreive foree incrcascs when crysial grain size becomes smaller.
For example, coercive force 18 thoughl to be inversely proportional to D. Therelore,
main clTorts (o mmproyve Lhe sofl mapnetic propertics were dirceted 1o make the crystal
grain size larger and/or 1o make the magnetic domain size smaller by annealing and
working. However, FINEMET demaonstraled a new phenomenon; reduction of grain
size, “to a nano-mcter level”, improves the solt magnetic properties drastically. In this
nano-world, the cocreive foree is directly proportional to D on the order of D* to D®,
This 15 absolutely contrary to the conventional concepts for unproving the soft

NENCUC properiics.
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2.3 Temperature Dependence of the Magnctic Properties

The Exchange interaction between the bec graing mainly occurs via the interfacial
amorphous  minority matrix  in which the nanocrysialihine are embedded. When
measuring  lemperature approaches the Curie temperature, T of the intcrgranular
amarphous phase, whicl is much lower than T, of the bee grains, the exchange coupling
between the crystallites is largely reduced. As a result, the inlital penmeability, w; then
drops down during the initiatien of crystallization [35] and {he coercivity, He increases
correspondingly. Simultancously, the domain structure changes from wide domains to a
patieen of small, irregular domains. With inereasing measuring temperature the coercivity
reaches a maximum and, finally decreases lowards zero al lemperature below the Curie
temiperature of the bee prams, This indicates the transition to supcrperamagneiic behavior
[36]. The exchange of the coupling decrease with increasing {emperalure due to the

simultaneous decrease of the magnctization in the bee grains. Consequently, the soft
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magnelic properhes keep on degrading even above T, until thermal energy dominates
and the system gels superparamagnetic. It is very imporiant to inlubit the formation of
Ie-B compounds to guaranice the magpetic sollness of the ultrafine bee grain structure.
Thus, anncaling above cerain temperature leads lo the precipitation of the Fe-B wilh

Lypical dimensian, while the altrafline grain struciure of bee Fe-Si still persists.

The temperature dependence of the magnelic propertics demonstrates that it is imporlant
to maintain an cilicient cxchange coupling between grains by appropriate alloy design
such Lhat the Cune temperature of the residual amorphous mafrix 1s clearly higher than

application temiperatures.

2.4 High Frequency Behavior and Losses

The frequency dependence of pencatnlity and the core losses of the nanocrystalline Fe-

Cu-Nb-5i-B alloys behave advantageously compared to those of other amorphous alloys.
The use of nanocrystalline soft magnctic alloys at higher frequencies will be favorable for
small clectronic device. The magnetic properiics of initial permeability {u) may be
strongly affected by the presence of an clectric current, particularly in ac condition. The
measurcnmient of magnetic properties as a function of {roquency and its analysis by means
ol the complex permeahility formalism has recently led to the resolution of several
aspects ef the magnetization process [36,37,38]. The measurement of complex

permeabifity gives valuable information about the nature of the demain wall and their

movements.

2.5 Magnetization of Nanocrystalline Alloys

Magnetization is defined as the magnetic moment per unit velume or mass of the
specimen. A ferromagnct has a spontancous magnetic moment ¢ven in Zero magnelic
ficids. A spontancous moment supgests that electron spins and magnetic moments are
arranged in a regular manner, Below the Cune temperature, the electronic magnetic

moments ola fermomagnet are cssentially all lined up. The magnetic moment may be very

much less than the saturation moment, and the applcation of an external magnetic field
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may be required lo saturate the specimen. Aclual specimens are composed of small
regions called domains, within cach of which the local magnetization is saturated.
Domams grow or contracl in volume due (o domain boundary movements when the
malcrial 1 acled upon by a changing magneuc field. The directions of magnetization of
different domains need to be parallel. The increase in the magnelic moment of the
specumen under the action of an applied magnetic [ield takes place by two independent

ProCeiscs.

1. In weak applicd fields the volumce of domains (avorably oriented with respect to the

ficld imcreases at the expense of unfavorably oriented domains.
2. Instrong apphicd fields the magnetization rotatcs toward the direction ef the field.

From the Hysterisis loop, the coercive force iz defined as the reverse ficld needed to
reduce the induction B or magnetization M to zero, starting in a saturated condition. The
remancoce By 1s the value of B at H=0. The saturation induction B is defined as the
limiting valuc of {B-H) [or large H. The saturation magnctization M, the most sensitive
property of feromagnetic materials. which is subject to control. The domatn structure of

[erromagnetic matertals affects their practical propenties such as coercivity, permeability

cie.

Amorphous alloys arc basically mectlastable materials. When they are annealed well below
the crystailization temperature, structural relaxation can occur. It increases M, which
leads almost line Hyslensis curve. The decreasc of M; above the crystallization

lemperature cerresponds 1o the optimum nanocrystallised state with high volume fraction

of Fe (51) nanograins [34.
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2.6 Electrical Resistivity

Kesistivily, 215 actually the charaeteristic property ol metals, given as A
A
p=Rx Tohm —meter {2.2)

where, {15 the length and 4 15 the cross-scctional arca of the material. The conduction
clectrons are responsikle for the current Mow. The electron undergoes a collision only
because the lattice is not pericetly regular. We group the derivations from a perfect lattice

into lwo classes:

a. Lattice vibrations (phonons) of the ions around their cquilibrium position due to

thermal exeuation of the 1ons,
ho All static imperfections. such as foreign impurities or ¢rystal defeets.

NOwW W can write,
=t (2.3}

It is secen that o has spht into two fenns: a term p, 18 due (o scattenng by impuritics,
which is mdcependent of 'F, called restduat resistivity. Another term added to this is g,
anses from the seattering by phonons and therefore temperature dependent. This is called
ideal resistivity.

AL low temperatuve T, scattering by phonons is negligible because (he amplitudes of
osciliations arc very small; m that region py—0 and hence p = py, is a constant. As T
increases, scattering by phonons becomes more effective and pon{T} increases; this is why
p incrcases. When T becomes sufficiently farge, scattering by phonons deminates and p
= pwlT) In the high-temperature region, pph{T) increases linearly with T. Resistivity
lincarly inereasce with T up to the melting point for the case of pure clement, On the other

hand. the clectrical resistivity of metallic glass is measured to be very high due to the

disarder arrangement of the atoms The electrons sufler cnomious scattering as they pass
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througth the disorder matnix ol ons. Thus the mean fiee paths of the conduction electrons
are very shor and hence the delfl velooities of the clecirons arc very low giving the
matcerial & property of high clectrical resistivity. This resistivity may drop quite abruptly
at a cermain temperature as the temperature of the sample is increased. The increase in
temperature gives risc to the formation of small regions of ordered phases at the onset of
sceregation and thus allaiming the crystalline phase when the resistivity falls sharply at
the crystallization tcmperature. This unique property of the metallic glass 15 of very
interesting 1o the people whe arc working with the commcereial applications of melallic

glasses e.g , the power supplies, transformers, magnetic heads, magnetic shiclding elc.

2,7 Magnctoresistance of the Amorphous Alloys

The phenomenology of the magneloresistance effect is similar to that of magnetostriction.
This cffeet can be claswfled nto two categories: onc depends on the intensity of
spontancous magnelization Lhat corvesponds to the volume magnetostriction [40]). The
second 16 caused by the rolabion of spontancous magnetization corresponds te the usual
magnetostriction. N.F.Mott [41] interpreted this phenomenon m terms of the scattering
probabilily of the conducting elecirons iolo 3¢ holes. If the substance is in a
ferromagnetic state, hatf of the 3:f shell is filled up, so that the scaftenng of 45 electrons
nto the plus state of 3¢ shelt 1s forbidden. This scaticring is however, permilied in a non
magnctic state in which both the plus spin state and the minus spin state of the upper 34
levels are vacant. Mott explaincd the temperature variation of resistivity fairly well by
ihis model. T.Kasuya [42] mtapreted this phenomenon from a standpoint quite diMerent
[rom Molt theory, He considered that o clectrons arc localizved at the lattice points and
interact with conduction elecirons through the exchange interaction. At 0 K the potential
for the conduction clectrons is periodic, because the spins of 34 electrons of all the lattice
points pont in the same dircction. At {inite temperature, spins of 3d electrons are
thermally agitated and the thermal motion may break the penodicity of the potential. The
45 clectrens are scattered hy an irregulanty of the periodic potential which results in
additional resistivity. T, Kasuya postulated that the temperature dependence of the

resistivity of ferromagnetic metals is composed of 4 monotonically increasing part duc to
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tattice vibration and an anomalous part due o magnehe scittering, the magnilude of the
later being cxplained by (his theory. The magneto-resistance, therclore, refers to the
change in electneal resislance of a ¢rvsial in response to the magnetic field applied to the
specimen externatly. This cffect is due to (he fact that when the magnetic held is
mmposcd, the paths of the clecirons hecome curved and do not go exactly in the direction

of the superimposed electrie ficld.
2.8 5pin -Glass behavior of Amorphous alloy

A spim plass 15 4 magnetic malenad in which the exchange interaction, J, , between atomic
spins WY, is a random variable. as usual, a positive sign of the cxchange interaction favers

parallel alignments ol a spin pair, while a negalive sign favors an antiparallel alignment.
A conseguence of such random eachange nieractions between the moments is a
frustrated system i.e. for a representative spin there is no obvious direction relative to its
neighbors o align. The free cnerey mummization of the system hecomes a non- trival
optimizalion problem.

To deseribe a spin glass Edwards and Anderson [44] proposed the following Hamiltonian

H=) J55+H)Y S,

fal ¢

Where H, is an applicd magnetic fictd. In the Ising model an “up” spin takes the value
5=1 and accordingly 5=-1 for a "down” spin. Usually the inleraclions are picked

randomly from o symmeincal distribution fulfilhng [/, 7=0 and [J,J.2]=J2{[...] denotes an

aveorage value), but alse a nen-zero value is motivaled in some cases.

From cxperimental, numerical and theorelical studies, it 1s now pgenerally belicved that
the lower ertical dimension for a short range Ising Spin- glass 1s between 2 and 3 [46,
47,48,39] Lc. a finite spin plass phase transition temperature T, , exisis in 3 dunensions
but not in 2 dimensions. For the sotropic vector spin-glasses the situation is less clear.
Wlnle some theoretical and numerical work predicts the absenee of a spin- plass phase

(30010], other work [51.52(11,12)] gives arguments in favor of the existence of a low
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for RKKY- interacting spin-glasses is three and the universality class is expeacted to be
different from short range interacting spin-glasses.

Random interactions between moments can be observed in materials where the
Rudderman-Kittel_Kasuya-Yosida (RKKY) interaction [54] is dominant, i.e. where the
magnetic moments are coupled via the induced polarization in the electron gas of the host
material. examplas of the such metallic spin-glasses are the alloys Cu(Mn), Ag(Mn) and

Au(Fe). in the three dimensional free electron approximation, the RKKY interaction can
be written as [54]

cos(2K v}
K,y

where k is the magnitude of the wave vector at the Fermi surface. With increasing

Terwy <

distance r, berween spin pairs, the interaction falls off as r= and oscillates in s1gn,

Another way of achieving random exchange coupling is by mixing compounds such as
the insuiating ilmenties FeTiQ; and MnTi0,(55,56]. In this case the cryslal structure can
be described as a layered honeycomb structure where the magnetic ions Fe*~ or Mn?*,
are situated in planes separated by a layers of Ti*' jons. Within the planes, Fe* ions
coupled ferremagpetically but antiferromagnetically between the planes. For Mn?* ions,
both the inter- planc and intra- plane interactions are antiferromagnetic. By mixing Fe
and Mn the crystal growth process, each magnetic site becomes randomly occupied by
either a Fe™ or Mn®" ion, Consequently Frustrations appears and & spin- glass ordered
phase is formed at low temperatures for a three dimensional sysiem. By denoting the
mixed compound as Fe,Mn, . Ti0; a spin- glass phase is formed for x in the range
0.38=x<0.58, For vther values of x the system displays an entiferromagnetic phase which
additionally, for x close 1o the limits of the range Biving  pure paramagnetic- spin —glass
ITENSItiON, re-enters into a spin-glass phase as the temperature decreased. Systems with
this propeny are called re-entrant spin-glasses.

The main difference between the metallic spin glasses and FoMn, T30 is that while the RKKY
mteraction is long ranged in the former systems, the exchange interaction only extends over a fow
latice sites in the laner. Furthermore, due o the elongated cleciron orbilals of the Fe™* ions and
the dipole dipole interaction between the Mn® ions, the latier svstem 15 highly antseiropic and

therefore becomes good mode! system for Ising spin-glass,
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Chapter-3: Method of Sample Preparation

3.1 Method of Sample Preparation

The alloy composition Fer; sCuiNb; s314B15s can be considered as atypical Fe-Si-B
metallic glass composition with small addition of Nb. The alloy system has & good glass
forming al?niIity. Controlied crystallization from the amorphous stale is the only method
presently available to synthesize nanocrystalline alloys with artraclive soft magnetic
properties. To understand the properlies possessed by nanocrystalline materials,
identification and development of suilable preparation methods need serious attention.
Appiyling various methods where Lthe atomic arrangements have no long-range periodicity

can produce metallic alloys in an amorphous stete. The different methods are generally

classified into two groups:
[1] The fast cooling of the melt.

2] The atomic depesition methods
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3.1.1 The Fast Cooling of the Melt

Iy using any of the liguid quenching device ap amorphous siale can be produced where
the alloys must be cooled through the temperature range from the mclting temperalure

(T} lo the glass transition temperature (T,) very fast allowing no time lor crystailization.
The factors controlling T, and crystallization are both structural and kinetic. Atomic

arrangenien!, bonding and atomic size effect are related in the structural factors, Tumbaull
{511 discussed the kinetie factors in which the nucleation, ¢rystal growth rate and
diflusion rate are compared o the cooling rate. The methods using the principle of [ast

cooling of melt techniques are:

{11 The pun technigucs

(2] Single raller rapid quenching techniques

3] Double roller rapd quenclnng technigues

{4} Centrifuge and rolary splat quencher techniques
{5] Torsion catapult techniques

[6] Plasma-jct spray techniques

[7] Mlamentary casting techmigues

(8] Melt extrachian techniques

(9] Frec-jet spinming lechnigues

(10} The melt spinming techmiques.
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Adthough the various technigues used in preparation amorphous ribbons, enly the single

roller rapid guencling techmyue, which used to prepare the ribbons for the present work

(s discussed below:

3.1.2 Rapid Quenching Method

Duwez and his collaborators [43] first discovered this method in 1960, The apparatus of
rapid quenching technigue 1s shown in the fig. 3. 1. 1t consists oh mainly a copper roller,

anl ibduction heater and & nozzle, A variable speed motor is dnven the roller via a tooth
belt. The material of copper roller was chosen for its good conductivity and mechanical
sellness that allowed cleaning and polishing to be carried out easily. Quartz tube is

sullable for repeated use in several successiul runs and should be transparcnt to make the

melting process visible. It should withstand the sudden fast changes in temperature,

Siry'r roll enething

Annealieg for

P sl narvrcrystallezainan

s IFarsung;

FINEMETY

Fe. 5 B - Cromn diarmeter. = 1nm
+ Cu, Nb, a1z Thicknass = 18)my

Fizg.3 1 Manufaciuning procoss of "FINEMET"
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3.2 Important [Factors to Control the Thickness of Ribbons
[1] Rotating specd

Angular veloeity w = 2000 revs./min. and

Surface velocity v = 25m/s
[2] Gap between nozzle and rotating copper drem h = 100 to 150 . pm

[3] Oscillation of the rotating copper drum both static and dynamic has maximum

displaccment 1.5 to 5 um.
[4] Pressure = 0.2 to 0.3 argon atmosphere

[5] Temperature of metals T, 1500°C. The temperature did not exceed 1 800°C otherwise

quarz wbe would be mell

[] Stability was ensured for the drop in the surface of drum.

3.3 Conditions for the Formation of Nanocrystalline Materials

A basic condition For the Formation of a typical nanocrystalline material is given by-

[1] The magnetic properlics are highly dependenl on grain size; if the grain size were
longer, the magnelic anisotropy would be very high;, which in turn will have diverse

cfleet on the solt magnelic properues specially the permeability,

|2] There should be nucleation centers initiated for the erysialhzation process to be

distributed throughout the bulk of amorphous matrix.
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[3] There must be g nuclcation for stabilizing the crystallites,
MNanocrystalline materials oblained from crystallizalion musi be controlied so that
the crystallites do nol grow too big. The grain growlh should be controlled so that
the grain diameter is within 15 - 20 nm.

The size of the grains can be limited lo nanometer scale by doping group -11

(5]
mctals cic, CulhAg....}

Mb, W, Ma, Cr, Ta etc.

[6] The stability must be lower and the crystallization temperature must be higher.
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Experimental Details

3.4 Resistivity Measurement

According to the Ohnt’s law for clectrical conduction in metals,.
L%
[=— 341
T [ )

where, | is the current, V is the potential dilference, and R is the resistance. From laws of

resislance, we know that
L
R=p—
A
Here pvis the proportionalily constant called resistivily as:
A
p=R><T (1 — meler {3.4.2)

where, R s the resistance of the sample, A 15 the cross-sectionzl area, which is the

product of the width and thickness. Ilowever, to measure the resistance at different
magnelic fields (H = 0 - ¢ kCe) funchion of temperature, modified 4-probe method has
been wsed figure 3.2 wath the following cxperimental selup. Therelore using equalion

{3.4.2) we calculate the required temperature dependence of resistivity.

I I\

T
1
ld—f—r-:

[t
. |t %

Fig.2.2  Four-paint probe techiuque to measure resistivily
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3.5 1-¥ Measurcment at Room Temperature

The sample is placed between two pole picces of clectromagnet. Ficld current calibrates
the.magnctic lield. Then for various magnetic ficlds, cahibrated field current is supplied to
the ﬁ;m_cﬁTl of the electromagnet. Keeping the current constant at that value, for vanous
currents {10 to 20{} mA with an interval of 10 mA) passed through the sample from the
regutlated power supply in constant current mode; comresponding voltage across the inner

two prabes has been recorded by the dipital voltmeter.

3.6 -V Measurement at high Temperatore

Figure-3.3 shows the schematic diagram of the cxperimental selup for -V
measurement at high temperaiure (300 (o 720K). This is almost same as the room
temperature measurement procedure. The difference is that the sample in this case is
kept inside the evacuated high temperature oven, In addition to the sctup as discussed
above, Lhe lemperature s calibrated against the microvolt. In this mecasurement, 1t 15
very important that the high temperature oven must not intcract with the sample. So,
the mosi imporlant feature 1n the construction of the high temperature oven is that the
inner stainless twibe cxtends throughout the oven and ihe thermiocouple uait is inserted
{rom the bottem end with the thermocouple junclion placed immmediately below the

sample.
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i j:}--)- To Pump

o
Regulated uEs
Power Supply N in F 3 Yoltmeter
Cr t
b

Elecctromagnets

Figare-3 2 The schematic diserain of the experimental sctup for -V mepsuremient at hiph temperature

The heater 15 wound directly on the inner tube, The heater consists of Mg insulated
Chromel Conslantan couple with a stainless stecl cover (0D 1mm, length 1.3 m,
manufactured by OMEGA Crop) This thermocouple is llexible, and to obtain a finm contact
between the heater and the inner sumple tube, the themmocouple is first wound on a tube with
a somewhat smailer diameter and the resulting spirad is allerwards squeezed on to the sample
tube. The thenmal contact between the heater and the sample tbe is improved by adding
some silver pant, The lower ends ol the healer wires are electrically connected by means of
silver paml. Copper wires, connceling an cxternal power supply, are sofi soldered on the
upper ends of the heater wires. The silver paint is doed out at ordinary atmosphere by passing
some cwrent through the heater. The advanlages to usc Lhis Chromel-Conslantan
thenmocouple as a heater for this oven are that it is readily available, non-magnetic, insulated,
casity formed and gives a bifilar winding and close thennal contact with the sample tube. The
heater has a resistance of 75 ¢hms at room temperamure. Five radialion shields, consisting of
SO-micron stainless steel foils are localed outside the heater, These are tied on io the heater
using reinforced gluss fiber threads. The outer tube 1s at the bottom cnd connecled to the

nner be via a phosphor bronze below in erder to allow for the difference in length of the
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two tubes at lugher temperatures, O-ring couplings are used through to cnable easy
disassembling of (he oven in case of any faull. Both the oven and the thermocouple are
udjustable in height with respeet to sample, This gives the possibility to find a posilion of the
samiple in the warmest region of the oven, which gives a minimum temperature gradient

befween the samiple and the thermocouple junction.

The temperature gradicni over 10 mm of length in the warmest part of the oven

™

a

15 approximately (.1% and independent of the temperature.
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3.7 Magnetoresistance Measurement

Magnetoresistance 13 measured {rom the caleulation of magnetic field dependent
resislance, which discussed 1n section 3.9, By the definition of magnetoresistance, it is

given by

R, -R,
MR%z%xl{}G (3.7.1)

1]

Where, Rp is the resistance at magnetie licld H = 0 kG and Ry 1s the resistance at

magnctic nield,  H=1k3G, 2 kG, 3 kG, 4 kG.

3.8 Measurement of Magnctisation

Magnetsation 15 delined as the magnetic moment per unit volume or mass of the
specumnen. There are various ways of measuring Magnetization of a substance. In the
present thesis Magnctization has becn  deteonined by using Vibrating  Sample
Magnctometer (VEM) al room temperature applying the magnetic field from 0 kilogauss

to 6 2 kilogauss,

3.9 Working Principle of Vibrating Sample Magnetometer (VSM)

The wvibrating sample mugnelometer has become a widely used instrument [or
determiming . magnetic properties of a large varicty of malenials: diamagnetic,
paramagnetic, ferromagnctie, ferromagnetic and antiferromagnetics.lt has a flexible
design and combines high sensitivity with casy of sample mounting and exchange.
Samples may be interchange rapidly ecven at any opcrating temperature.

Measurements of magnctic moments as wnall as 107 emu are possible in magnetic

ficlds {rom O to 6.2 Tesla.
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3% 1 Principle

I a sample of any matenal is placed in a uniform magnetic field, crcated between the
poles of a eleciromagnet, a dipole moment will be induced. 1f the sample vibrates
with sinusoidal molion a sinusoidal electrical signal can be induced in suitable placed
pick-up cails. The signal has the same frequency of vibration and its amplitude will
be proportional to the magnetic moment, amplitude, and relative position with respect

lo the pick-up coils systemn. Pickup ceils work by Faradays law of induction.
£ = do/dt {3.9.1)

where, € ts the vollage mduced, o is the change in imagnetic Nux in time t. As the M

ficld is static there 15 no ¢, so 2 pickup coil cannot work. Te overcome this problem

the sample 1s vibrated using a sinusoidal oscillation. This vibration generatcs the
required chunge v [lux with respect to time and preduces a signal from the pickup

cols.

The sample 1s fixed 1o a small sample holder located at the end of a sample rod mounted
in a clectromechanical (ransducer. The transducer is driven by a power amplifier which
ttsclf s driven by an oscitlaior at a frequeney of 90 Hertz. So, the sample vibrates along
the Z axis perpendicular to the magnetizing {ield. The latter induced a signal m the pick-
up coll system that is fed w a differential amplificr. The output of the differential
amplhificr is subsequently fed wito & tuned amplifier and an intemal tock-in amplificr that
receives a relerence signal supplicd by the oscitlator. The output of this lock-in amplifier,
or the output of the magnetometer itself, is a DC signal proportional (o the magnetic
moment of the sample being studied. The eleetromechanical iransducer can meve along
X, Y and Z directions in order o find the saddle point (which Calibration of the vibrating
sample magnetometer is done by measuring the signal of a pure Ni standard of known the

saturation magnetic monent piaced in the saddle point.
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3.10 Permeability Mcasurcment

For high frequency application, the desirable property of a solt magnctic material 1s the
high permeability with low loss. The present goal of the rescarch 15 1o fulfill this

requirement. Theery and mechanisms involved in permeability are discussed below.

3.10.1 Theory of Permeability

Permeability is defined as the proportionality constant beiween the magnenic field

wnduction B and applied intensity H;

B=pH {3.10.1)
This definition needs modification when magnelic material is subjected to an ac magnetic
ficld as given below

H= 1" (3.10.2)

In such a Aeld the magnetic Mux density expericnces a delay with respect to H. The delay

is caused due to the presence of various losses and is thus cxpressed as,

B= B¢ (3.10.3)
where, is the phase angle and marks the delay of B with respect to H. The permeability is
given by

Hel-8)
B Be
u — —_—

k - I.l - H E“"l

n

1

By coss — i sing
H o

Lh) a

- it (3.10.4)

Where, ("= % Cosd (3.10.5)

[l
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and u' = l[_i“ Sind (3.10.6)

"

The real part ) of complex permeability poas expressed in eguation (4.11) represents the
componcnt of B, which is in phase wilh H, so il comesponds 1o the normal permeability.

If there are no losses we should have p = p', The imaginary part . p” corresponds to that

part of B, which is delayed by phasc angle 90° from H. The presence of such a
componeni requires a supply of energy to maintain the altgmating magnetization,

rcgardless of the origin of delay. The ratio of u" to p' gives

.\ %Sinﬁ
Lf:ﬂ“—:lanf: {3.10.7)
e T
H

a

The tan & 15 called the Loss Factor. The Q-factor or quahily factor deflined as the

reciprocal ef thus loss factor, L.e.

Q=— (3.10.8)

3.11 Permeability Mcasurcment

The test fixture (16454A) measures core shape magnctic materal. The self-inductance of

the measurement civcutf including MLUT is derived as (ollows:

L=Hads
& i m
L=”ﬁmz (3.11.1)

1 C b
L==2¢{u, —hin—+h,In—
h{(u. th Al th, na}

After modification of the equation, we get the relative permeability W, of MUT (Materjal

Under Test) as:
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— i (3.11.2)
"LIII 1-'

Where, L., i1s the self-inductance of the fixture when it (s cmpty.

L b, b (3.11.3)

* 2n i

I is the shape function of MUT, which is dccided by its dimensions only, hence it is

b -

When the magnetic field, generated owing lo fow of alternating current, is applied to the

miagnetic maicrial, the permigability is then the complex permeability and is defined as:
JLo= 0 = g {3.11.5)

Where [ is the real par, which is actualty for the cnergy slorage and u! is the

imaginary part that 1s the loss factor. Since the inductor has a loss faclor, the induclance
15 modified to complex impedance, which ineludes the loss:
L2 (3.11.6)

im

The complex relative permeabkility of the MUT can then be determined by the following

cquation:

p =202 g (31L.7)

The schematic diagram of sample holder for the measurement of complex permeability is
depicted o figure-3.¥1[a). The schematic diagram of Agilent Impedance Analyzer is

show i figure-3.11 [b]




Figure-3.11{a) The schematic diagram of sample holder

40
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Internal Interface:

CONTROLLER:21] Select Code ¥

_ G

/ - _\ L_J% u]ﬁ% T

721

Instrument
BASIC

Ti7,

Paraliel F
{Conronics Compatible)

HE-IB: Salect Code 7

aa

PRINTER

Figure-3.11{b) The schemalic diagram of Agilent Impedance Analyzer

Short Briel: Agilent impedance Analyzer has in built enormous provisions to measure the
impedance, permeability and permittivity both in room and high temperature range. It can
measuie the aforesaid parameler 1n the frequency range 1 MHz ~ 1.5 GHz. Low
nmpedance test head i used to measure permeability and high impedance test head is
uscd to mcasure the dielectric constants at room temperature. For high temperature
similar test heads are available along in-built heating systeni. Required software is also

provided to interface the system with PC for automatic data acquisition.




.
LE
- 42 |

TR

*
Chapter-4 RESULTS AND DISCUSSION
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4.1. X-ray dilfraction »

Figure 4.1 shows the X-ray diffraclion of as cast sample. The figure shows the
amorphous structure of the sample over the scanned engular range from 3° to 70,
Figurc shows the X ray diffraction of the us prepared Fez;CuyNb; 55i14By s sample. The

characteristic broad peak at low angle shows the amorphous structure of the sample.
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Figure 4.1 X-Ray DifTraction



43

4.2 Magnetic permeability :

The magnelic penneability of the samplc has been measured as a function of
frequency in the range 1-10 MHz on as cast and also on the annealed samples

I1 is observed that in the figure4.2 1 the as cast sample has an initial permeability
crders of magnitude lower (han 10 the kHz Range which is about 3000 at 1 kHz

The a.c permeahility is a measure of magnetic soltness. At low {requency the finemet
is a very usclul alloy to be used as a core material. However, the technological
mlerest does not sct any limit on the lrequency of its operation. Therefore, at higher
frequencies where usually the [errites are proved to be useful, these alloy system can

also be used for certain specific purpose.

The enhanced permeability values alse confinm the reduced magnetic anisotropy duc
to the formation of nanogruins. According o the Random anisotropy model, the
critical grain diameler T, al which the exchange length Ly becomes comparable, the

amsotropy drops to fow joutes/m? from a seale of 8 kjoule/m’® .

Figure 4.2.2 shows the ac permeabilily values of as cast and anncaled sample, There
is o remarkable incrcase n the permeabihity. From the nen zero wvalues of the
pcermncability and the asymiptotically decreasing nature shows that the sample remains

magnetically responsive even at higher lrequencies.

Figure shows the ac permeabilily measured on the as cast and also on annealed
samples Since controlled anneahng induces immidiate stress relief on the grains,
therefore anncaling for a shorier inlerval around the crystaliization temperature Ty

causes the fonmation of nanograins with the enhancement of permeability.

Fig.2 shows the frequency dependence of real parl of the a.c. permcability . Usually a
low value of the ac penmeability {a fow hundreds) is obtained around this frequency
range. However, a controlied annealing yiclds a beiter value of the penncability. This

i$ due¢ lo the formation of nano-grains and eventual reduction in the magnetic
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anisotropy. Al even higher anncaling temperatures the permeability increases rapidly

dJdue to the structural relaxation,
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4.3 Temperature dependent Magnetoresistance

The figure 4.3.1 shows the magneloreststance value 15 observed to have increased
with temperature as a typical nature of these types of Finemets.

The increased value of magnetoresistance is attributed to the presence of spin
scattering centers created with the increase of temperature.,

The possible electron-phonon scattering 15 also responsible for the enhanced values of
magnetoresisiance

Mapnctoresistance as a sccondary cffect is also a paramcter which indicates the
amount of magnetic crystallites present in the amorphous matrix. Annealing above
the crysiallization lemperature for [onger (ume would vive rise to the formation of
grain coarscning and the pradual evolulion of the non-magnetic bonde phase .
Fig.4.3.1 shows the magneto-resistance of FerCuyNhy2504Bs s as a function of field
and temperature. The curves show that the magnelo-resislance values increase rapidly
al lower magnctic ficlds . but pradually flattens off” at hipher {iclds. This nature of
magneto-resistance is typical of Finemet .The magneto-resistance show a gradual
decrcase as the temperature is incrcascd. This 13 expected as more and more nano-
grains enter 1nte the paramagnetic phasc as the temperature is increased. Magncto-
resislance which results from the deflection of magnetic ions by the magnetic lield
will reduce as the temperature is increased. However, a reducilion in magneto-
resistance s of course cxpected o influence the elecirical resistivity showing an

cnhancement 10 electricud resistivily due o the presence of spin scattering centers.
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4.4 Magnetization ¥Measurements

Figure 4.4 shows Magnetization curves for different annealed samples. The ¢urves show -
that the mageuzation for different samples increases accordingly as their anncaling time
15 ncreased. The gradual enhancement of magnetization indicales (he onset of
nangcrysialline structure.

Liig.... Shows the evolution of the microstructure and the soft magnetic properties with
anncialing temperature. The saluration magneiizations show remarkable enhancements of
magneiizalion  upon  successive  contmolled  anncaling  around  the  crystallization
temperature, Annsaling near the crystallization temperature for a shorter duration should
usually rcleasc the mechanical stress crealed dunng the growth process. The
nanocrysialling stale 1s achieved by annealing the sample at tcmperaturcs typically
between S00°C and 600°C which lcads to primary crystallization of b.c.c iron. The
resulting microstructure is charactenzed by randomly onented ultra Line grains of b.c.c.
Fe-51 with typical grnin sices of 10-15 nanemeter embedded in a residual amorphous
matrix which occupies 20-30% of the volume and s-::parat'cs the crystallites at a dislance

I-2 nm. These features arce the basis for the excellent soft magnetic properties indicated
by the high valucs of the initial permeability of about 107 and cormmespondingly low

cocreivities of less than 1 Adm.
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4.5 Differential Scanning Calorimetry (DSC)

The DSC measurecments have been done on the different annealed samples. The
observed first peak indicates the formatien of o-l'e phase of the sample. Around this
temperature Lhe process of nano-grains formation starls. The process 15 usually
compleled wilthin a nammow temperature window.

[t 15 observed that {he peak temperature shifis to the higher values with the increasing

ol anncaled temperature.

The smualler peak at a higher temperature indicates the onsct of the formalion of

baride phuse. 1n 1his phasc the magnetization drops rapidly which is attributed to the
grain-coarscning,
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Figure 4.5
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4.6 Spin-Glass

The spin-glass behavior is observed on samples with some aging eflect.
A typical spin-glass behavior is shown when Mn atoms in an antifcmomagnetic system
has trace clement of Cu atoms as ncighbors (Cu-Mn) Similar nalure 1s expected to

happen with Fe nanograins have trace clement of Cu grains as ncighbors (Fe-Cu}

50

Field Cool
———Zrro Field Cool

Magnetization Miarh.unit)

l:l | L| ]

200 350 Caon 450 500 550
Temperxure (C)
FC-ZFC Curve { H= 90 Qs}

Figurc 4.6

Figld-cool (IFCY and Zero Ficld Ceool (ZFCY measurcments have been done to observe
same possible relaxation elfect It is obscrved from these measurements that a small but
clear bifurcation has taken place well below the glass transition temperaturc depicting a

spin-glass hike behavior . In a FC-ZFC measurement the sample 1s first healed close to the



33
gluss lransion temperature Ty A small magnetic fleld about 90 Oc is applied. The

sample was then coeled uptlo the room (ecmperature and the magnetic ficld was
withdrawn, The sample was then healed again upto the same temperalure showing a

bifurcation around 400 °C .
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Chapter-5: CONCLUSION
5.1 CONCLUSIGN |

Since the development of the nanocrystalline FeqsCuNbysSijyBgs alloy many
invesligations have been performed on this misterial and in the present work a
guanlitslive mvestigation on the magneto-transport propertics of this alley have been
perlormed. The as casi and anncaled samples have shown remarkable differences in
the transporl properties. The as cast sample in the amorphous siate has a Curie
temperature much below the crystalhzation temperature, However, a conirolled
anncaling process around Ty takes the T, to 2 much higher value.

In the X-ray diffraction the broad peak represents the amorphous structure of the alloy
and in this alloy the presence of Nb stabilizes the amorphous structure and impedes
the formation of’ the correspanding erystalline bonde compounds.

A controlled anncahng of the sample around the crystallization temperature gives rise
lo the formation of nanograins, Only annealing al more elevated temperatures above
600°C leads 1o the precipitation of small fractions of boride compounds Like Fe;B or
FealR with typical dimensions of 50nm (o 1{0nm, while the uliraline grain structurc of
b c.c. Fe-5i shll persists. Further mercase of the anncaling temperature above about
700"C tinally yiclds grain coarsening. Both the formation of the borides and grain
coursening deteniorates the solt magnetic propertics significantly, The anncaled time
shauld not he for several hours and 1t was found that a typical heat treatment for th at
540"C in most cases yiclds a nonocrystalline microstructure close to the quasi-
cquilibrium siade and charactenstics for the individual atloy composition.

The magnctoresistance values have shown a sigmificant variation with the increase of
measuring temperature. A signihicant penmeability values were obtained at higher
frequency range (MHz)or as —cast sample and annealed sample and the permeabilily
decreases monolonically as the frequency is increased. In the low [requency range the

permeability is of the order of 10>, A controlled annealed sample for a shorter ime
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duration around the glass transiion lemperature T, gives rise o a larger value of
permeabtlily than the as-cast swmple and both the samples show a good response in
lower frequencies as well as high frequencies.

The relaxation elfect which is typical for a spin glass has been observed through FC
and ZFC measurcments depicling some degrec of irreversibility. Relaxation cffect has
been observed in provious works (K. Gunnarsson 1991) between Cu and Mn with Mn
being an  antifcrromagnetic element in the neighborhood of Cu. Tn the
Fe7:Cuy Ny <5158k 5 system there may be some kind of counling between Fe and Cu
when the amomphous matrix is transformed into nanocrystalling phase.

The Jormation of nano-crystalline strueture is confimied by DSC measurenients
through the obscrvation of the peak where first one represents the e-Fe(Si} phase and

later the boride phase.

5.2 Suggestions for future work;

Nanocrystalline Fe based alloys having the combination of high saturation
magnetization, high permeability, pood frequency response , low losses and the good
thermal stality gives the scope [or {urther research.

Permeability which 15 measured at room temperature i the present work can be
cxamined gl various temperaturcs with the Aglient impedance analyzer. There is a
opporiunity to measure the temperature response of complex permability, permittivity
and impedance of Nanoerystalting Fe based alloys. Morcover the magnetorstriction,

cocreilivily and magnretic anisotropy for this type of matcrial are propesed for further

rescearch work,
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Table: 1
Measurement of Temperature Dependent Magnetoresistance at
Different Fileld
MR% | MR% | MR% MR%
Field at at at at
(KG) 27°C s0°C | 100°C | 150°C

1 1.2 1.3 1.7 2.3

2 18] 1.95 22 2 58

3 2 2.1 2.5 315

4 2.2 2.3 2.65 3.75

5 23 2.5 278 4.15

5 26| 285 29 4 55

7 28| 295 315 4.85

8 29| 305 3.25 5.15

a aA iz 3.75 5.55

10 3151  3.35 3.95 6.15

-1 1.2 1.3 1.7 2.3

-2 18] 1055 2.2 2 56

-3 2 2.1 2.5 3.15

-4 2.2 2.3 2.65 3.75

-5 2.3 25| 2.78 4.15

-6 261 265 2.9 4 55

-7 28| 295 3.15 4,85

-8 29| 305 3.26 5.15

-9 3.1 3.2 3.75 5.55

10 315 3.3% 3.95 .15

39



Table: 2

Cool and Zero Field Cool

MR%
MR% for
Temperature | for Zero Field
£°C) Fietd Cool | Cool
| 300 a0 40
320 28 35
340 25 a0
360 20 23
380 15 16
400 10 10
420 7 7
440 5 5
460 2 2
480 15 1.5

| 500

1

i

60

Measurement of Temperature Dependent Magnetoresistance for Field
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Tahble:3
I-V Measurement for Different Ficld at 27°C

Current Voltage in mV
0 4 312 2.03 0.99
mA) | (KG)_|_(KG) | (KG) | (KG)_| (KG)

0 1.947 18684 2002 1.806 1.066
10 5251 5.288 5.831 5.806 G 399
20 10 089 89.506 10.403 13,192 0,218
30 13 7M1 14,984 13.765 16 B2 12.75
40 18 987 18.853 20108 2486 18.649
50| 2333 23426 | 24004 | 23672 24.251
60 29045 28,705 28 225 28,141 28,295
70 34 66 24107 32 54 33.92 32.542
20 38.324 38.05 | 35527 40.285 38 B52
ah 42 276 43707 43 408 43.6805 43 355
100 46.322 46,533 47 4B 48.062 47 698
110 31435 51637 51718 8184 51.655
120 55 498 55701 56,137 56016 57.474
130 62 368 60642 £0.906 60.611 62.313
140 B6 61 63.585 66.03 66.101 £7.032
150 65 438 649296 70.62 65.638 70.75
160 756815 74.947 75.382 74.251 75 706
170 79.5 THE3S | BO515 80.426 79,745
180 B3.918 83 57 85583 85.902 84,377
1490 88.331 84.532 85341 D0.EES 8917
200 92235 893137 85 541 95,969 94 385

61



Table: 4
[-V Measurcment for Different Field at 60°C

Current Voltage inmV
0 4 3.12 2.03 0.99
(mA) (KG} (KG} (KG) (KG) (KG)
0 2.085 1521 2.114 2123 2.135
10 6.106 5.531 7.037 7 502 5.509
Z0 | 11.378 9.53 | 10609 | 12234 | 11.089
A0 | 15908 1563 | 15819 | 16451 | 14.943
40 | 20661 | 19604 21.13 | 20109 | 19.851
50| 252340 2472 26085 | 24293 | 24423
80 | 29.124 | 29.088| 30671 | 28300| 28546
TO | 33.979| 34587 | 34704 | 33552 | 37.551
80 30.12 | 39.724 38099 | 385092 | 42237
90 | 44617 | 44205 | 43.325| 45543 | 46765
100 | 49551 | 49236 | 482354 | 50162 | 50615
110 ] 55037 5563 | 54686 | 56875 | 55200
120 | 6033 | 61677 | 60.374 | 60.043 58 89
130 | 64545 | 64773 | 63681 | 65375| 63.107
141} 68.359 68 819 54.198 63,425 69 737
150 | 72048 ) 73577 | 7v2127| 75837 | 74.532
160 | 76.808 | 77053 76004 | 79517 | 80.254
170 | 83387 | 81637 | 81501 | 83754 | 83.565
180 ] 873058 | 87861 | 88344 | 88167 ] 88173
190 9253 1 91518 | 941841 92376 | 9243
200 | 98252 97403] 99501 | 098628 | 96099
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Table: 5
[-¥ Measurement for Different Field at 90°C

Current Voltage inmV
0 4 3.12 2.03 0.99
(mA) | (KG) | (KG) | (KG} | (KG) | (KG)

a 2251 2087 2.264 2.287 2277
10 525 B8.013 8.707 7088 6.699
20 10704 12 731 11318 13.879 10.225
20 1582 16.049 17.34 16.039 15.325
40 18 877 2272 23.941 20712 21.161
S0 | 25621 25 423 25,882 25.209 25.2866
B0 [ 31038 31.064 37.543 30.85 32.709
70| 36837 37084 | 41438 36.085 38.245
80 [ d41.884 42 503 48.054 42.72 44445
g0 | 46314 47144 23,667 47 986 48.882
100 | 51,728 | 52769 | 57.357 | 52.286 52.87
110 5662 | 57.608 | 57.565 56.58 | 58.836
120 | 61.5396 63.234 g4 187 61.6V5 83.620
130 | B67.015 67.716 89,081 68.058 59.8582
140} 72636 72.571 73 538 73.554 73.24
160 | F7.304 78.663 77.8985 TB.448 7778
180 81.71 82 095 83.265 84.324 B3 837
i70 | 87191 86 7584 858.333 80.022 891283
180 | 92635 83 382 81.86 | 525838 896.585
180 | 87 302 8pg.B23 87.314 Q¥ 426 | 100.912
200 ) 103499 | 103.111 | 103.346 | 102 522 | 105.221
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Table: 6
I-V Measurcment for Different Field at 120°C

Current Veltage inmV
D 4 312 2.03 0.99
{mA) {(KG) | (KG} (KG) {KGO (KG)

0 2371 2355 2365 2 388 2.382
11 08.558 FA7Y ¥.207 8 468 7415
20 12,196 11.228 121 13,156 1157
30 17,858 16.276 17178 18.068 16.514
40 23,499 22.348 21.068 22602 21.14
S0 | 28738 282258 26,738 29.121 28840
G0 34 211 34157 31205 34.659 33.951
L] 29 661 380974 35 503 39074 40.55%
a0 | 44122 43.894 40,385 47.572 46,126
0| 48572 49.745 45 878 02.288 50.832
100 53.45 54.502 a0 772 58 437 o6.821
110 59.089 G0.058 55 8281 62,397 53 128
120 64.565 G5 1508 61 626 67,49 G8.115
130 69 438 £0.411 56.38% 72 BAG 74.078
140 73804 4,111 71.778 78.337 81.205
150 T8 755 79.808 81 004 £3.509 88.311
160 85681 86 54 B7.334 86.602 05.739
170 a0 12 93.644 93 653 81.435 84128
180 | 96.218 897 336 949,738 87.706 g9.132
180 | 100681 | 101.425 104.5 | 105.514 | 105702
200 [ 107,163 108 62 | 107,169 l 110.677 | 111.855
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Table: 7
I-V Measurement for Different Field at 150°C

Current Voltage in mV
0 4 3.12 2.03 0.99
AmA) (KG) (KG) (KG) (KG) (KG) |
0 2927 2.034 2.96 24 258
10 8.28 89.183 ¥.o38 8232 9.813
20 13215 10.815 12,816 13.065 13.587
30 17,713 15.065 19.594 18776 18 644
40 ¢ 22865 25024 | 23864 | 24508 | 25066
50| 28.764 30047 | 290231 320659 | 31487
60| 36.013 aR82 | 38833 37081 36.788
0| 42803 42 44 43277 43.02 41.015
a0 50.228 48.152 49,154 48.526 46 867
o 57 248 52 LOG &4.582 36234 55 688
1001 83811 5y, 712 58.21 62 422 61829
110 68,989 63.063 63 GBS G7.924 G7.784
120 72,885 59,005 69.63 72.349 73128
130 80.023 75004 75 357 77663 ¥9.55
140 BG 318 8806 81.45 82 218 85.354
150 81.855 86.14 B6 787 88.62 91.396
168 | 59.083 613843 | 892539 | 94049 895335
170 | 102 565 08.874 o7 858 | 101.794 880926
180 | 102.845 | 103 684 | 105.578 | 107,569 | 106,253
190 | 108,202 | 108773 | 114.386 | 114433 | 111.357
200 | 113.6895 | 115368 | 120.588 | 119357 | 116 259
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Table: 8
I-V Measurement for Different Field at 180°C

Current Voltage in mY
a 4 312 203 a.99
(mA) (KG} (KG) (KG) (KG} {KG}

0 2748 2 558 2 B25 2 _BB6 2.646
10 B 558 8.243 7635 ¥.750 9.931
20 13 11 13.558 13.965 13.415 16.5633
30 18.631 19.882 18 631 18.363 20.35
40| 26146 26 232 25913 277N 26093
501 32336 32.008) 32608| 34.406| 33.858
60| 375681 38.766 | 39.072 41.34 | 35.408
FO1 44944 | 46023 | 45852 | 47785 | 47426
80 52 14 5292 55047 54 213 5471
80 o 483 £9.427 82.654 54.46 G1.482
100 | 62.196 | _ 68.091 69 78_|_ 65167 | 68294
110 70093 74 187 75214 71242 F4.113
120 76.7TH3 81 166 78647 789 854 79837
130 84 444 85.892 85.065 &7 08 86 454
140 89574 974 021487 83.055 93 28
150 95965 | 105198 98.378 og 866 101.18
160 | 101.0868 | 110,097 | 106.042 ¢ 107.853 | 108.752
170 | 106.648 [ 116.217 | 110514 | 112137 | 114.575
180 | M4 ) 116415 | V16772 | 120,438 | 121.483
190 | 121425 | 120385 | 122251 [ 128021 | 127,825
200 | 127706 | 127 507 | 130.842 | 135071 | 135.054
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Table: 9
[-V Measurement for Different Field at 210°C

Current Voltage in mV
0 4 312 2.03 0.99
(mA) {(KG) | (KG) | (KG) | (KG) | (KG)

0] 3598 3.698 3845 3.642 3.73%
10] 010907 | 41568 | 12726 | 13.012 | 12331
20| 18748 | 19.021 | 20625 | 22149 | 22458
30| 27665 | 26889 | 27252 | 30.891| 30.885
40 3966 | 33588 | 38485 | 37.685 40.57
50 | 467141 42.551 | 47743 | 49108 | 47.958
B0 | 57884] 51.579| 54.715] 58.163 57.1
70 6759 ] 60348 | 65006 ] 64.851| &7.228
80 | 76.271 E814 | 71016 | 73.851 | 77.518
90 | 88.138) 75471 | 86087 8§1.825| B85.081
100 | 101941 85913 | 93719] 91.041| ©9.352
110 | 108,502 | 94.737 | 104.789 | 101.652 | 108,546
120 | 120131 | 103.801 | 109.368 | 118.902 | 106.728
130 | 131,545 | 111915 | 119.146 | 122.614 | 122,128
140 | 145901 | 120.775 | 127.732 | 1230992 | 131.72
150 | 142,57 | 126458 | 137.6505 | 13B.484 | 141.708
180 | 154.446 | 138.717 | 147.229 | 145835 | 153.887
170 | 164.693 | 147 861 | 150.866 | 154.051 | 162.639
180 ) 177658 | 157422 | 163.731 | 165035 | 173.332
190 | 191812 | 167.225 | 172715 | 1743256 | 176.185
200 | 199.42 | 175126} 17964 | 1B7.359 | 190.2688
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1-¥ Measurement for Different Field at 24(}{'(3

Table: 10

Current Voltage in (mV)
0 4 3.12 2.03 0.99
(mA) (KG) | (KG) | [(KG) | (KG) | {KG)
g 4.195 6 32 7.202 5.802 B.305
10 14.365 20191 24.651 20,787 18.714
20 £5.248 357N 44 1959 35775 28.132
30 43.943 46136 58.7459 47,136 42.765
40 48 427 28,018 79.466 62 389 H8.124
50 | ©4.559 76.05 046.652 78.052 75.221
60 | B82.44% 82,504 | 115.442 91 167 84.825
70| 93748 | 111.844 [ 135300 | 108258 | 112157
80 | 105.826 | 124388 [ 142,811 [ 122301 | 125.078
S0 | 118.251 | 141288 | 177.862 137.98 | 141.427
100 [ 12306841 | 148433 | 196626 | 152 B83 | 149728
110 [ 145180 1 164.566 | 207.649 | 168,466 168.8
120 | 162586 1 185115 | 226.48 | 18B.702 | 187.589
130 ¢ 180702 [ 197.626 239.55 | 196.896 | 203.25%
140 § 216993 [ 219.054 248 | 207.384 219.71
150 237 237.63 252 2236 249,62
160 | 2408 | 252.53 271 | 23812 257
170 | 26077 264.06 330 255 g8 27256
180 5.7 2757 273.4 268 22 283 5
190 3353 | 29303 | 298.59 2877 | 29578
l 200 283.3 3353 2923 285.95 355 58
Table: 11

Measurement of Temperature Dependent Magnetoresistance at
Different Fileld

MR%. | MR%. | MR%. | MR%. | MR%. | MR%. | MR%. | MR%.
Field at at at at at at at at
(KG) | 27°c | 80°C | 90°C | 120°C. | 150°C | 180°C | 210°C | 240°C
0.99 | 1.0657 | 09595{ 3205| 6.034| 02172 | 5808 307 |  6.368
203 1405| 12041 0.8037 | 3885 | 04344 | 4927 6337 | 00701
312 4174 | 0285 | 2767 | 0.2802 .52 ] 3434 7701|1347
4| ©.1285| 00B12] 0.8548 | 0.8966 | 3.175 464 1225] 3662
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