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ABSTRACT

Ferromagnetic amorphous ribbons of Fe-Si-B, Ni-Fe-B and Co-Fe-B-Si series
have been prepared by rapid quenching technique and the amorphousity of the samples
has been confirmed by X-ray diffraction technique. The kinetics of glass formation and
crystallization as affected by a slight change in composition is studied by differential
thermal analysis (DTA). It is observed that the thermodynamics of the amorphous
ribbons in respect of the formation of glassy state and its stability is affected by the
complexity of the composition. Thc magnctic ordcring of Fc-based, Ni-based and Co-
based amorphous ribbous is studied by measuring A.C. and D.C. magnetization as
functions of temperature. D.C. measurements are made by using a vibrating sample
magnetometer and A.C. initial permeability is measured, using a furnace in which the

heating wire is wound in accordance with the bifiller technique.

Coercivity, remanence, saturation magnetization and maximum permeability
have been determined as static magnetic propertics for Fe-bascd, Ni-based and Co-
based specimens from the hysteresis loops obtained by Ballistic method. The dynamic
characteristic such as the real and imaginary components of the complex permeability
in A.C. conditions have been measured as a function of the instantaneous value of a
sine wave core current density by means of an adapted LCR bridge method. Initial
permeability, frequency dependence of complex permeability and relative quality factor
have been measured in the frequency range 0.5KHz to 13MHz for all the different

compositions and for annealing effect of initial permeability.

The measurements of saturation specific magnetization of Fe-based, Ni-based

and Co-based amorphous ribbons have been measured by V.S.M. We have corrclated’)

the behaviour of magnetic moment in amorphous alloys containing 3d transition metals

on the basis of rigid band model, assuming that the metalloid atoms contribute some of -
their S electrons and P electrons to fill the d band of the transition metal. This accounts
for the reduction of magnetization of all the amorphous ribbons with increasing

metalloid content. The temperature dependence of magnetization, of amorphous

system decreases faster with increasing temperature as compared to crystalline |

materials . According to the mean field approximation, reduced magnetization versus
reduced temperature graphs for different Fe-based, Ni-based and Co-based amorphous
ribbons leads to fluctuation in the exchange interaction giving rise to a structural

disorder.
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Induced magnetic anisotropy of amorphous ribbons having Fe-based, Ni-based
and Co-based system have been measured for temperature and field dependence using
torque magnetometer with propurtional integrating differentiating compensation. The
results of compositional dependence of initial permeability, coercive force and induced
anisotropy are found to be mutually consistent for all the samples. The origin the
uniaxial anisotropy in these amorphous materials is assumed Lo be the stress, induced
during the preparation. The temperature dependence of uniaxial anisotropy is caused
by stress, relieving and decreases with the increase of temperature. The corresponding

curves of [n K,(0) versus in J“(O) in amorphous ribbons with Fe-based, Ni-based
K.(T) a,(T)

and Co-based system follow straight lines arising from the disorder caused by
randomly oriented easy axes. The values of the exponents arc different for the different

samples.

- All amorphous ribbons have been investigated using Méssbauer spectroscopy.
The Massbauer measurements were performed with a conventional constant
acceleration spectrometer at room temperaturc in transmission geometry, using “Co in
a rhodium matrix. The velocity scale of a thin “'Fe sample and the isomer shifts are
given relative to the centroid of the spectrum. The isomer shifts of Fe-atoms in all the
Fe, Ni and Co-based samples behave as trivalent ions. The spectrum for the as

prepared samples consists of six lines which are broadened as compgred with the

Méssbauer spectrum of a pure *’Fe sample in the form of a thin foil. The curve for the

experimental spectrum is obtained by using the best fit of the distribution of hyperfine
fields. The consistency between the average magnetization measured by V.S.M. and
~ the magnetic moment of the Fe-atom as estimated from the hyperfine field distribution

confirms the collinearity of the magnetic ordering of the sample.
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1.0. Introduction
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Amorphous metallic alloy is a 1 %ﬂktab]e‘gagt_e: of _g\,agter,
configurations of the liquid state of the 2t oy )Ag-t-lulo long ra _,uge’ of'ﬁ
state is created by fast cooling the mel® er%r%‘SH"ﬁe Tl igation and growth of

ere the random

A . A
“is frozen in. This

crystallites arc inhibited. The present great intercst i amoq)hous metals stems from the
works of Duwez et. al.(1-1) on the preparation and propertics of amorphous metallic
alloys. Simpson and Brambley (1.2) appear to have been the first to point out that the
amorphous alloys are expected to have no magnetocrystalling anisotropy and should
have very low coercivity. Amorphous alloys of Fe-Ni-P-B prepared by the melt-
spinning technique in the form of ribbons by solidification of the melt on the surface of
a rapidly rotating drum exhibit even lower coercivities, of the order of 8A/m. Luborsky
et. al.(1.3) first demonstrated the reduction of coercivity in these alloys, down to less
than 0.8A/m by suitable annealing and showed that the changes in their properties are
correlated with the relief of internal strains. At about the same time Egami er. al.(1.4)
showed that annealing under tensile stress reduced the coercivity of an Fe-Ni-P-B-Si
alloy to 0.3A/m.

Amorphous states for pure metals like Fe, Co , Ni etc. are obtained only at
extremely low temperatures. The disorder in the amorphous state can be classified into
two types. one is the structural disorder which is lack of periodicity in the atomic
arrangements and the other is chemical disorder in which the chemical composition
looses its periodicity. In metallic glass the macroscopic quantities which are the
averages of properties in the atomic scale are perturbed by structural disorder. It is
apparent that the chemical and structural disorders interfere with each other and the

effects of each kind on the physical properties are difficult to isolate.

The studies of the effects of maguetic annealing on stability and magnetic
properties have led to the prediction and preparation of alloy compositions thiat have
greatly improved stability. By suitably annealing these amorphous alloys, ribbons with
varying compositions have been demonstrated to have different dynamic losses,
permeabilities and magnetizations which make them competitive in quality to existing
crystalline magnetic materials. The magnetic and structural stability has been evaluated

at higher temperatures and are found to be adequate for most foreseeable applications.

There is no satisfactory theory developed yet to explain the temperature
irreversible behaviour of magnetization in amorphous magnetic alloys. Recently. sofi

magnetic amorphous alloys have been developed, and they are used for the magnetic



cores of switched-mode power supplies, magnetic recording heads and other devices by
T.Miyazaki et. al(1.5) and O.Komoto ef. al.(1.6) Most of the amorphous materials
uscful for these applications are manufactured from Co-based amorphous ribbons as
reported by H.Fujimon et. al (1.7) with nearly zero magnetostriction. On the other
hand, Fe-based amorphous ribbons as rcported by H.Warliment ez al {1.8) are excellent
in their high saturation flux density, but they are inferior in the soft magnetic properties
in comparison with Co-based amorphous ribbons. For Fe- and Fe-Ni based amorphous
ribbons, the change of magnetostriction is relatively small, but this change is remarkablc

in the Co-based amorphous ribbons.

Increased attention is being given to the production of wide ribbons and the
preparation of amorphous ribbons for particular applications and for understanding the
origin of their extrinsic and intrinsic properties. In a qualitative sense, the intrinsic
properties are magnetization, Curie temperature, glass transition temperature, induced
anisotropy, magnetostriction and hyperfine field and the extrinsic properties are
coercive force, remanence to saturation ratio, permeability, relative quality factor and
the loss factor as a function of frequency. These are important for practical applications
of magnetic materials and for evaluating and understanding, the magnetic properties and

‘long-term stability of these amorphous ribbons.

Present research involves the preparation of Fe, Ni and Co-based amorphous
ribbons. In Fe-based samplcs Si and B have been used as glass forming matcrials, where
Fc have becn partially replaced by Si keeping the B percentage fixed, the general
composition being Fey,, Si B, [ x = 6, 8, 10, 12 and 14 ] In Ni-based amorphous
ribbons Ni have been replaced by Fe, whilc the percentage of B has been kept fixed, the
general composition being Nig, FeB;, [ x = 20, 30, 40 and 50 ]. In Co-bascd
amorphous ribbons Co have been slightly replaced by Fe, keeping the glass forming
materials Si and B fixed, the general composition being Cogy Fe,B,oSijo [x=0,2,4,6
and 8 ]. The melt-spinning technique has been used for the preparation of the ribbons
and fhc amorphousity of the 'samples has been - confirmed by X-ray diffraction
technique. The preparation procedure, conditions for fonming amorphous material and
factors controlling the thickness of the ribbons are discussed in chapter-2, A short
account of other methods of preparing amorphous ribbon arc also given in these

chapter along with a short review of others.

The class of amorphous TM-M alloys with TM = Fe, Co or Niand M =B, P,
C, Al or Si have received much attention in respect of their favourable properties and

various commercial applications such as power generator, transformers, magnetic



hcads, and magnetic shielding. The study of the magnetic parameters of amorphous
ribbons are generally significant for a variety of applications. These applications may be
determined cither by static or dc properties, or by dynamic or ac properties of the

ribbons.

In addition to the magnetic properties, their temperature dependence and the
stability and cost of materials must bc considered. The properties available in the
amorphous ribbons cover a wide range when the alloy composition is changed and heat
treated, as has been presented. The properties can also be varied by changing the
induced anisotropy. The wide range of dc and ac properties provide characteristics
suitable for different types of applications, Generally amorphous rnbbons are
characterized by a high electrical resistivity, high mechanical strength, good corrosion
resistance, absence of crystalline anisotropy, structural defects and grain boundaries.
The magnetic properties such as saturation flux density, Curme temperature,
magnetostriction and induced anisotropy can be controlled by the alloy composition
and a subsequent heat treatment. The Fe-based amorphous ribbon exhibit the highest
saturation flux density and the Co-based amorphous ribbons are characterized by low

magnetostriction, very high permeabilities and low magnetic losses.

7 Amorphous ribbons with high B;/Bg are practically suited to devices such as

switch cores, high gain magnetic amplifiers and low frequency inverters or transformers
where minimum losses are important. The high electrical resistivity and the small
thickness of the melt-quenched ribbons lead to low eddy current losses. The low
hysteresis losses, results in very low core losses which is of interest for power
electronics at high frequencies. For application in small electronic devices, the
amorphous ribbons have somewhat poorer losses and permeabilities than the
conventional Fe-Ni-B ribbon but have better performance than the Fe-Co-B-Si and Fe-
B-Si ribbons. The design optimization requires lower cost of amorphous ribbons,
higher induction compared to the Fe-Ni-B ribbons or lower losses compared to the Fe-
Co-B-8i, Fe-Si-B and the Fe-Ni-B ribbons at higher frequencies. Co-based amorphous
ribbons are also suitable as soft-magnetic materials for magnetic shiclding due to their
high permeability. Amorphous ribbon has many refined applications like development of

magnetic bubbles for computer memory, amorphous supper conductors etc.

Research in the theoretical understanding and development and application of

amorphous ribbon can thus be profitable, specially at its present new phase.

Y
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Important thermodynamic parameters of amorphous ribbons like glass transition
temperature (Tg) and crystallization temperature (Tx) have been studied by differential
thernal analysis (DTA). The DTA technique was first suggested by Le Chatelier (1.9)
in 1887 and was applied to the study of clays and ceramics. The study of thermal
behaviour of carbonising materials by DTA was first introduced at the 4th Carbon
Conference by Nakamura and Altas(1.10) _ DTA is the process of estimating the hcat
capacity of a specimen by measuring the difference in the temperature between a

thermo-couple embedded in the sample and a thermocouple in a standard inert material
such as aluminium oxide while both are being heated at a uniform rate. The study of T,

and T, of amorphous ribbons has been made by Naka es. al(1.11} for the series Fe,,
M.P,,C,. Luborsky (1.12) yged the series Feg, Ni P,,B,. Calorimetric measurements

were made at the heating rates of 5°C / min. and 40" C / min. respectively to determine
T, and T, _the temperature of the beginning of the exothermic peak.

There is no direct relation between the cause of formation and the resultant
stability of amorphous ribbons. Cohen and Tumbull(1-13) noted that the comnposition
which is most favourable for glass formation is near the eutectic; the deeper the eutectic
the better is the glass forming ability. Using the same principle we looked for the glass
transition temperature and crystallization phase transition. Zhu e? al.(1.14) and J. Bigot
et. afl1.15) found that the first DTA peaks corresponds to the precipitation of an
aordered bee o-FeSi solid solution embedded in an amorphous phase and the second to
the crystallization of Fe-B-Si compounds. DTA trace of iron-boron ribbons with

composition Fey,B , and FeyB,, showed two exothermic peaks in temperature VS
time curve. The first peak corresponds to T, and second peak to the T, by S.S.Sikder

el. a!.(l- 16).

The theoretical basis of the stability of the amorphous ribbons has been
discussed in chapter-3 and experimental arrangements for DTA is described in chapter-
4. The results of DTA for different compositions are presented in respective chapters
on Fe-based, Ni-based and Co-based ribbons, i.e in chapter-5, chapter-6 and chapter-7

respectively.

Important magnetic characteristics of the ribbons that have been studied are
Curic temperature (Tc'), coercive force (Hu), remanence (Br), initial permeability ( ,ui),

saturation specific magnetization (Us), induced anisotropy (Ku) and hyperfine field
(H,). It is important to study T, at which thermal excitation of structural relaxations
and stress relief take place. The relaxation of local atomic configurations perturb both

the magnetic and chemical environment, and as such, the moment distribution changes



as obscrved by J.Wl.Cab]e(l'”) . Consequently, as temperature is raised towards T,
substantial irreversible changes in moment distribution and reordering of paramagnetic
* inclusions is expected. Thus, although the samples can prescrve the amorphous state,
they are structurally different on a local scale as compared to the as-quenched system.
Therefore, T has to be considered as the spin order-disorder transition temperature of
a relaxed system that preserves the amorphous state as explained by E. Figueroa er.
al(1.18) and R.Malmhall et. al(1.19)

The optimal, soft magnetic propcrties of amorphous ribbons can be devcloped

through a variety of thermal treatments. A significant increase of magnetic permeability
can usually be induced by thermal treatment at a temperature above the Curie point T,

of the material, as well as by field anneal at T < T, when the magnetic field is applied

along the longitudinal axis of the tibbon.

When the thermal treatment was performed in zero field at T < T, a

degradation of the magnetic properties of the material was observed by R.Valenzuela
et. al{1.20) K Shiiki et af121) and T.Sasaki er. a/{1.22). This decrease in
perineability in binary magnetic alloys has been interpreted by H.Fujimori et. al(1.23)
on the basis of a directional ordering of atom pairs in the domains, which leads to an-
enhanced domain wall pinning. Thermal treatments at temperatures higher than the
Curie point result in a significant increase in the permeability value. This effect is
explained as follows: The Curic temperature is determined by the volume average of
local magnetic interactions and any iucrease in T, in a single magnetic ion alloy
suggests that change in topological short range order occurs, resulting in changes in Fe-
Fe correlations within the first peak of the radial distribution function as observed by
K.Doi er.al.(1.24).

The dependence of T. on the composition and the nature of the metalloids is not
very systematic. T, of Fe-based metallic glasses increase while that of Co-bascd as well
as Ni-based amorphous alloys decrease with the increase of metalloid concentration.
Curie temperatures of alloys witli boron as glass forming material are higher compered
to there alloys with phosphorus as glass forming material. T,'s of Fey,Gy glass
decreases in the order G = Si, B, C, P, which shows no correlation either with ma gnetic
moment of Fe or with the valence of the metalloid as reported by H.S.Chen ef.

a1 (1.25) . Addition of Ni or Co in Fe-based glass with fixed metalloid concentration
increases T, for low concentration but at higher coucentration T, falls sharply.



The Curic temperature of most TM-M glasscs increases by annealing at
temperature well below the crystalization temperature. The change in T, depends on
the anncaling time and temperature and also on the naturc of metalloid cogent such
variation is caused by the relaxation of micro structural quantities like long-range
internal stress. Topological and chemical short-range order is observed by C.L.Chen
and R.S.Hasegawa(LZG) .

The present work involves the measurements of permeability as a function of
temperature and the finding of Curie temperaturc from the sharp fall of the dM/dt
curve. The different experimental technique for determination of T, has been described
in chapter-4. The results for the Fe-based, Ni-based and Co-based samples are

discussed in chapter-5, chapter-6 and chapter-7 respectively.

A dc current flowing in a ferromagnetic amorphous ‘ribbon reduccs the
coercivity and the Barkhausen noise of B-H longitudinal loops which is reported by R.
N. G. Dalpadodo et. af1.27) and G. Buttino et. al1.28) | The 'as-quenched' TM-M

glasses always have anisotropy due to stress produced during the quenching process.
As part of it is averaged out, the coercive fields (H,) is much reduced in glassy state.

By relieving the stress by anmealing, H_ can be reduced. This makes amorphous

ferromagnet a magnetically soft material.

But at the same time the saturation moment (Bs) and the remanance (Br) are
much reduced. The remanance B, =0.45B, and H_ = 0.0loe have been observed in
TM-M glasses by F. E. Lubrosky e/, all1.29). The RE-TM glass except Gd-Tm are

magnetically hard material with large coercive fields as reported by J. J. Rhyne et.
al(1.30). The value of ‘%_ is then determined. In the Fe,Ni, P, B, amorphous alloy

'%_ depends on the magnetic field and heat treatment used, for example, Luborsky ef.
al1.31) reported values of '%_ up to about 0.9.

Our measurements involve the determination of coercive foree, remanance, the
ratio ‘%‘ and maximum permeability from initial magnetization curves of the samples
chosen. The theoretical origin of coercive force is given chapter-3 and the experimental
technique is described in chapter-4. The resuits are discussed in the respective chapter

of the different amorphous systems.

The low-field behaviour corresponds to the reversible initial permeability of
domain walls which are pinned due to inhomogeneities of the sample as reported by E.
Amano ef. af132) and J. T. S. lrvine(1-33) . The measurement of complex



permeability gives us valuable information about the domain wall movcments.
Theoretical models have been proposed for describing the motion of 180° Bloch walls
as described by K. M. Polivanov et af(1.34) R H. Pry er. afl1.35) 1 E. L.
Bishop(]-36) and G. Ban ef. af1.37) | Earlier complex permeability measurements by
G. Ban ef. af(1.38) performed on polycrystalline permalloy and perminvar materials
could be fitted as developed by Polivanov et al(1.34} The real and imaginary
components of the complex permeability in ac condition have been mecasured as a
function of the instantancous value of a sinc wave core current density by means of an
adapted ac bridge method as described by G. Buttino e, al(1.39). Actually under ac
condition the number of domain walls increascs and more deeply pinned walls begin to

move as the frequency is increased as explained by S. D. Washko ez. al (1.40),

The amorphous ribbon specimens of ring-shaped cores with outside/mmside
diameter = 34/30 were made from the as-cast ribbons. At room temperature the
frequency and field dependence of the complex permeability p = /- ipn” and the core
loss of the tape wound core were measured by impedance bridge up to the MHz range
and by a core loss measuring equipment for Sine wave induction in the frequency range
f= 1-300KHz by G. Lehmann et. aK1.41} and M. Schaefer e. al (1.42)

The magnetic permeability relaxation is of great importance to practical
applications, The experiments have shown that the total penneability relaxation consists
of ordinary disaccommodetion (DA) and a continuous permeability decay of Fey,B ¢
C, and Feg,B , Si, metallic glasses occurs as reported by Zhang Yan Zhong e,
al{1.43) Y. Z. Zhang et. at(1.44-45) and K. Ohta et. al{1-46) Thc measurements of
permeability with increasing field were used for this purposc by Mizoguch, T. ef.
al {1.47) the pcmleability, which gradually decreases with time after demagnetization
undergoes a sudden drop with a certain time period which depends on the applied field

amplitude and frequency as well as temperature as measured by Jagiclinski e?. al (1.48)

Our measurements involve the determination of initial permeability, real part of
the complex permeability, imaginary part of the complex permeability, loss factor and
relative quality factor and their anncal effects on our samples. Theoretical aspects ol
initial pcrmeability is described in chapter-3 and the experimental set-up in chapter-4.

The results for different amorphous systems are discussed in the respective chapters.

Magnetization is the most common parameter of a magnetic material. A briel’
discussion of amorphous alloys is reported by Alben e, al (149} which follows from

the ideas of local chemical bonding. Thc atomic states of high spin have low electron-



clectron coulomb repulsion energies. The behaviour of the amorphous Fe-based ribbon
is very different from Co-based ribbons. Apparently a small amount of impurity is
necessary to stabilize the strong ferromagnetism in the amorphous' FeSi alloy as
reported by Felsch(1:50} but this is not confirmed by the results of Shimada and
Kojimal1.31) Wright(!-32) has rceently reviewed the status of the information
available on "purc” amorphous elements. In all cases it appears that the saturation
moment is the same or less than its value in the crysialline state, which shows that no

effective clectron transfer occurs from the magnetic atoms to the matrix.

Becker ef. af.{1.33) showed that the rigid band model as above is some what
more satisfying to the data as obtained by using individual moments varying with
composition. This is described by Kouvel(1-54) in his analysis of crystallinc alloys. The
individual atomic moments of Fe and Ni are then given by

L, = 2.20 + 0.80(]-x) and

iy = 0.57 +0.20x in Fe Ni
Becker(1-33) studied the moment and Curie temperature of amorphous ribbons of (Fe-
Ni)y,(P-B),. The room temperature saturation magnetizations are of more practical

importance.

The Barkhausen jumps occurring during the magnetization of the amorphous
Fe-Ni-B-Si alloys have been studied by the measurements of the derivative of
magnetization with respect to time (dM/dt). The peaks in dM/dt VS. applied field (H)
arc reproducible after averaging over some fifly cycles of magnetization as obscrved by
). Horvat ef. al.{1.55). The derivative of magnetization with time (dM/dt) in respect to
M,,, can provide a more direct justification of the use of the model for the explanation

of the processes of magnetization in soft magnetic materials as suggested by J.. Horvat
et. al.{1.56),

The temperature dependence of thc magnetization was measured with a
vibrating sample magnetometer and the spin-wave measurements were carryout using

inelastic neutron scattering techniques. The magnetization is found to obey the usual
law M (T) = MS(O)[I ~BT* -CT#~........... ] This dependence has been observed over

an unusually wide range of temperature in the present amorphous metal system, as well
as in many other amorphous ferromagnets by J. H. Lynn et al(1.57) and S. C. Yu
er.al{1.58) Fe-based ferromagnetic amorphous ribbons are mostly soft magnctic
matcrials. Fe-Cu-Nb-Si-B amorphous ribbon shows cxcellent soft magnctic properties
after annealing at a relatively high temperature, where partial crystallization take placc
as measured by Lu Bang el. a1£1.59) and Y. Yoshizawa et. a1-60).



The experimental temperature dependence of magnetization [M(T)curves] of

the Coy, By,Si, [ x 2 2 to 12 | amorphous ribbons is presented. The magnetization
changes anomalously at the crystallization temperature. The Curnie temperature
decreases and crystallization temperature increase with the increasing of Si content as
observed by Le Minh et. al(1.61)_ The magnetization process of Fey, B, ribbons have
becn measured as a function of field and the saturation magnetization for these ribbons

have slightly higher values for higher percentage of iron as reported by S. S. Sikder ct.
al.(1.16),

The theorics of magnetization in amorphous system as distinct from crystalline
materials are discussed in chapter-3 and the experimental technique used is described in
chapter-4. The results and discussions for the Fe-based, Ni-based and Co-based

samples are includes in the respective chapters (i.e chapter-3, chapter-6 and chapter-7).

Although amorphous materials are not likely to have magnetocrystalline
anisotropy, it is an experimentally observed fact that there is usually an induced
anisotropy technically produced due to the asymmetry of the preparation condition.
The kinetics of formation of the field-induced anisotropy has been investigated in the
past by Kay-Yuan Ho et al(1.62) 1D, Livestigated et. at(1.63) and J. De wit et
al(1.64) Some works have been done by G. Herzer et.al{1.65) with composition
Co, Fe,B,:Si,,. However, little quantitative information has so far been gained on the
ensuing nature of the magnetization processes and their role on the power losses,
whose control is basic to optimum applications of the Co-based amorphous ribbons.
The induced anisotropy and its changes with time are taken as a basis for the
explanation of magnetic after etfects in amorphous systems by Allia, P. et.al (1.66),
The existence of induced anisotropy in various metallic glasses was experimentally
shown by Allia, p.et. al.(1.67) Miyazaki, T. ef. al (1.68) and Ohta, K. et. al{1.69) on

the ficld-anncaled samples from direct torque measurements

Kronmuller et. al(1.70) and Bourrous et. al{1.71) have shown that it is
possible to obtain important information about the nature of the amorphous statc
through studies of the induced anisotropy and the magnetic after-effect. Quantitative
discussions of the influence of reversible and irreversible relaxation processes on the
induced anisotropy and the coercive field have been reported for the amorphous ribbon
CoNi,FesSi, B, by Krommuller ez. ol (1.70) [, Krommulled1.72) and A. M.
Severino er. al.(1-73) obtained spectra of activation cnergies using a micromagnetic

theory of the induced anisotropy for the amorphous ribbon Co, sFe, s5i;5B .



Magnetic anisotropic behaviour reflects the existence of short-range order in the
amorphous ribbon. It has become commonly known that in an ideal amorphous ribbon
the atomic scale anisotropy would be averaged away so that there would be no
anisotropy effects visible. Chi and Alben(!.74) have shown from a simple model
calculation that when the local random anisotropy is small the coercivity induced is
small but high coercivities are abruptly obtained as the local anisotropy increases and
dominates the behaviour. Fujimori ef. af(1.75) gtudied the magnetically induced
anisotropy in (Fe,Co,_).351,,B;, amorphous ribbons. Their results for the maximum
values of K obtained by anneahng in a field for 15min. at increasing temperatures are
shown by the solid circles. Sherwood et al(1.76) found for ferromagnetic-
antiferromagnetic "exchange anisotropy” in the amorphous alloy Fe,; sMn,, (P, B.Al,.
This appears to be the first demonstrated example of exchange amisotropy in an

amorphous transition metal-metalloid alloy.

Our measurements involves compositional dependence of stress induced
anisotropy and temperature dependence of the induced anisotropy up to ferromagnetic
transition temperature. Theoretical aspects of induced anisotropy is discussed in
chapter-3 and the experimental details are presented in chapter-4. The results of Fe, Ni
an Co-based amorphous ribbons are discussed in chapter-5, chapter-6 and chapter-7
respectively.

Moéssbauer spectroscopy is a very powerful method to study the hyperfine field
in amorphous materials which is affected by the nature and distribution of the
neighbouring atoms of the magnetic ions. From the study of the Méssbauer spectrum as
affected by the hyperfine field valuable information regarding the distribution and
nature of the constituent atoms can be obtained. Mdssbauer spectroscopy studies of the
annealed amorphous Fe,,B,. ribbon shows that the width of the magnetic hyperfine
field distribution decreases for annealing temperature below 100K as observed by S®
ren Lideroth(1-77), and leads to a narrowing of the absorption lines and the magnetic
hyperfine field distribution as measured by “'Fe. The distribution and dynamics of the
magnetic moment in {Co, 4, Ni Fe,7);551 5B, amorphous Pseudobinary alloys have
been studied mainly by means of magnetometric and Méssbauer techniques by L.
Dobrzynski et al(1.78) This amorphous alloy jis a ribbon with very low

magnetostriction and very high magnetic permeability as reported by K.I. Arai et
al(1.79)
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Maéssbauer measurcment for standard magnctic moment cstablishes only the
average moment of metal atoms, due to inequivalency of sites. It is not true that each
atom carrics the same average momeat. In fact, there is a distribution in the magnitude
of moments. The distribution width is expected to be largest for 3d-ions and narrowest
in rarc-carth's as 4f shell are well shiclded from its environments. Moment distribution
is best demonstrated by Mgssbauer by T. E Sharon er. al.(1.80) ang by NMR
experiments by K. Raj er. af.(1.81). Méssbauer spectrum of ferromagnetic Fe, P, C,,
measured by T. E. Sharon e al.(1.80) are fitted with asymmetrical distribution of
hyperfine fields. This means that a considerable portion of Fe-nuclei are in zero
hyperfine (h.f)) field by K. Raj er. a/.{1.81) Information about the distribution of h.f. |
field from NMR are more direct and are free from fitting procedure which is important
for Mossbauer analysis. Assutning the proportionality between h.f. field and magnetic

moment, the moment is found to decreasc with metalloid concentration in TM-M glass.

At Curic temperature the typical Mdéssbauer spectra for amorphous
ferromagnctic alloys such as Fe, P,,C,, show two peaks characteristic of quadrupole
splitting. Below the Curie temperature the spectra consist of six peaks symmetric with
respect to their centre, but very broad compared to corresponding crystallinc alloys.
The broadening is attributed to the random nature of the structure. Thus amorphous
Fey,B,, reported by Chien and Hasegawa(1-82) has a narrower distribution of hyperfine
ficlds than Fe, P, C,, as reported by Tsuei and Lilenthal(1-83) and in Fe,,NiP,,B, as
reportcd by Chien and Hasegawa(|-34).

Maossbauer spectoscopy, because of the influence of the local environment on
the iron moment, is directly reflected in the hyperfine field distribution studied by
Rodmarcq et. al (1.85) Chappert et. al (1.86) and Chien ef. al.(1.87). The moment
variation can be directly derived from the hyperfine field distribution, because the
proportionality between hyperfine field and magnetic moment was established from
crystalline by Gubbens ez. al.(1.88)

Our studics involves the finding of how the iron moment is directly reflected in
the hyperfine field distribution measurenents by Massbauer spectroscopy, because of
the influence of the local environment. We have measured the Isomer shift (iS),
Quadrupole splitting (EQ), Hyperfine field (Hhr), Full Width Half Maximum (FWFM)
and absorption percentage. The principle of these measurements are given in the
chapter-3 and description of experimental sct-up and computer analysis are presented in
chapter-4. The results and discussion for the different systems arc given in their

respective chapters.
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2.0. Preparation of amorphous ribbons by rapid quenching method

2.1. Introduction

Since the discovery of metallic glass by Dewez ef. al(2.1) in the same year
Gobonov(2-2) predicted the possible existence of ferromagnetic ordering in non
crystalline solids on the basis of theoretical analysis. The interest in amorphous
materials 1is increasing steadily for technological application and scientific
understanding. A real technological interest developed after Pond and Maddin(2-3)
reported on the preparation of continuous ribbons of amorphous alloys. The
theoretically expected retention of ferromagnetic behaviour in amorphous solids was
first demonstrated by Mader and Nowick(2-4) in theirs work on vacuum deposited Co-
Au alloys and soon there after by Tsuei and Duwez(2-5) in their works on split-cooled
Pd-20at.% Si contaming some ferromagnetic element partially substituted for the Pd.

Amorphous states of pure metals like Fe, Co, Ni etc can be obtained only at a
very low temperature. Alloys of the thesé metals with glass forming materials can be
obtained in the amorphous state by cooling the melt at a relatively lower rate of million
degrees per second which can remain in the metastable state over an extended range of
temperature. Two important classes of amorphous magnetic materials are being studied
mtensively in recent time. They are the transition metal-metalloid (TM-M) glass and the
rare-earth transition metal glass (RE-TM) reported by T.I\/Ijzoguchi(z-é), R.Alben er.
al (2.7), EM.Gyorgy (2-8)and G.S.Cargill(29). TM-M glasses are stable for
composition around 75-80% of TM (Fe, Co, Ni etc or in their combinations) and 25-
20% of the metalloid (P, C, Si, B or in their combinations). Typical composition for
RE-TM glass 1s RE33-TMg7 where RE is one of the hieavier rare-earth metals like Gd,
Tb, Dy, Y etc and TM is one of the 3d transition metals like Fe, Co or Ni. Recently the
metalloids in TM-M glass are replaced by non-magnetic metals like Zr, Hf etc by
T .Masumoto ez. al.(2-10). The new amorphous and metastable alloys prepared by such
techniques were used in the early works to explore the many possibilitics opened up by
these new rapid quenching techniques.

2.2. The structure of an amorphous alloy

The structures of amorphous alloys have been given by Cargill(2.11-2.12) and
also a detail discussion is given by Asgar(2.13). An amorphous material has no long

range order and the co-relations that exist must be of short range order in the sense that
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certain values of the interatomic distance r are more common than others. The stability
increases with the number of components in an amorphous ribbon. The disorder can be
classified into two types following Alben et. al.(1977)(2-14)

{1). Structural disorder -- lack of periodicity in atomic arrangement and

(2). Chemical disorder -- lack of periodicity in chemical environment.

The chemical species and relative positions of the nearest neighbours of an atom
are thus randomly altered in a chemically disordered solid. The structural arrangement
of the atoms in amorphous solids can be given in terms of a radial distribution function.
For identical atoms this describes the average number of atoms at distance between r
and r+dr from some chosen atom as origin. This is averaged by taking each atom in
turn as the origin. The average number of atoms between spheres of radii r and r+dr is
then given by 4xr? p(r)dr, where p(r) is the atomic density.

The distribution function is sometimes presented in slightly different form

F(r) = 4nt?p(r) 2.1)
as G(r):4nr[ plr) -p, | (2.2)
If we consider the density p, as constant, then F(r) = 4np,r’
Since the density is constant so F(r) follows the parabolic distribution.
F(r) _ 4nPdr)

dmip, dnrp,

W(r) =

w(r)==+% (2.3)

when p(r) = constant, then W(r) = 1
Theoretical curve of the radial distribution function as a function r is shown in Fig-2.1
4
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Fig;- 2.1 Short range order as a function of radial distance =2
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The structure of an amorphous solid can be discussed on many levels. For
example, interms of the external size and shape of the solid, interms of cracks, voids.
inclusions, composition gradients and other hetcrogeneetics resolvable by optical

microscopy or other technique.

Amorphous solids can be considered as a supercooled liquid. A metallic glass is
distinct from a liquid or a solid, because of its deviation from thermodynamic
cquilibrium while both a melt and its corresponding crystalline phase have minimum
frce cnergy. an amorphous materials because of its non equilibrium state is at a higher
values of frec energy. Free energy as a function of temperature for a crystalline solid, an
amorphous solid and a liquid is shown in Fig-2.2.

w Amorphous

- solid

Nl -

hrd -

= .

o - -

- //’/

| T |
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Crystaling
solid 1

Tm

Temperature (T) ———

Fig:- 2.2 Free energy versus temperature curve

Fig-2.3 shows the reduced glass transition temperature © = To/Ty, for
amorphous solids compered to crystalline solids. it is to be noted that for higher values
of T only glass formation is possible.

When a melt is cooled too rapidly, its viscosity and relaxation time increase to
the point where the intemal equilibrium can no longer be maintained and the
cquilibrium configuration become imaccessible.

Two ways of solidification
(1). Crystalization Process and

(2). By increasing Viscosity.

5
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Fig:-2.3. Glass formation as a function of reduced glass transition temperature

Mechanical heardness of the condensed mater is dependent on the viscosity
such that although amorphous materials structurally resemble a liquid state, their
viscosity become comparable to that of a solid and this determines the stability of
amorphous materials. Fig-2.4 represents (he variation of viscosity of amorphous

matcrials with temperature.
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Fig:-2.4 Viscosity versus Temperature curve
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2.3. Conditions for forming amorphous material

It is very difficult to get pure mctals in the amorphous state. It is necessary to
add glass forming materials to purc metals or alloys to get the amorphous statec and to
bring the cooling rate within a reasonable rate. Usually around 20% of glass forming
materials like B, Si, P, C etc which have atomic radii relatively small compare to these
of metallic atoms and the glass forming atoms occupy the voids left between the bigger
atoms of metals when they are closely packed. It can be showed that when there is
random closc packing of hard spheres there is about 20% voids created between thesc
atoms. The glass forming materials which have smaller atoms occupy these voids which
explain the importance of the glass forming material in the preparation of an amorphous
ribbons. The glass forming material also reduces the melting point of the alloys and
there by the separation between the glass forming temperature and the crystallization

temperature is reduced. In fact T, /T, which is called the reduced glass transition

temperature is an important parameter determining the glass forming tendency of an

alloy.
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The more complex an alloy is greater is the possibility of forming the
amorphous state. This is becausc the arrangement of the atoms in the crystalline form
of complex system takes more time which mcans a greater relaxation time. The
presence ol glass forming materials contributes to this complexity and there by
increases the relaxation time. The stability of a metallic glass is also increased duc to
the presence of the glass forming material. Since a metallic glass is in a mctastable state
the stability with respect to temperature is determine by the local potential barrier
produced by the disordered state of the amorphous material. When T, /T, is large the
cooling rate nceded for glass formation may be reduced, this mean that critical velocity
of the copper disk can be reduced. The dependence of reduced glass transition
temperature and the phasc diagram indicating the dependence of melting point on

composition of the melt is shown in Fig-2.5.

To incrcase the stability it is necessary to introduce some atoms of B, Si or P
(i.c atoms with smaller radius) in the matrix. From statistics we know that the
amorphous matcerial has a porosity of 20% on the average therefore TM M, (M = B,
P, Si, C etc = 20% at atomic) is gencrally introduced to form a good amorphous
material. From Fig-2.6 it is observed that the minimum linear velocity of the drum is

around 10m/min for preparation of an amorphous ribbon by melt spinning technique.
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2.4. Conditions necessary for preparing amorphous materials

Interms of viscosity and diffusion co-efficient we can find the condition

for formation of glass

[1] For metals atomic bonding is metallic and the viscosity is lower than
the diffusion co-efficient and moility is high.

[2] 1o the case of amorphous materials viscosity is very high and the
mobility and the diffusion co-efficient is low. Atomic bonds tends to be covalent as m

the case of silicate (SiOp).
2.5. Preparation technique of amorphous ribbon

There are various techniques in use to produce a metallic alloy in an amorphous
state where the atomic arrangements have no long range periodicity. The diflerent
experimental techniques developed to-produce amorphous metallic glass can be

classified into two groups

| [1] The atomic deposition methods. and
[2] The fast cooling of the melt.

2.5.1. The atomic deposition methods

Deposition can be described in terms of whether the added atom is
prevented from diffusing more then an atomic distance before it is fixed in position due
to cooling and increased viscosity. The atomic deposition methods include

condensation of a vapour on a cooled substrate by
[a] Vacuum deposition
[b] Sputter deposition
[c] Electro deposition and
[d] Chemical deposition
2.5.2. The fast cooling of the melt
For producing an amorphous state by any of the liquid quenchimg O

devices, the alloy must be cooled through the temperature range from the melting
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tempcerature (Tm) to the glass transition temperature (Tg) very fast allowing no time for
crystallization. The factors controlling T, and crystallization are both structural and

kinetic. The structural factors are concemed with atomic arrangement, bonding and
atomic size effects. The kinetic factors as discussed by Turnbuli(2-15) are the
nucleation, crystal growth rate and diffusion rate compered to the cooling ratc. The
interest in this method stems from the wide variety of alloys that can be madc as well as
from the potential fow cost of preparation. In the pioneering work of Duwez e/ al
(2.16) _ 4 pumber of devices have been reported for obtaining the neccssary high
quenching rates and for producing continuous filaments. The mcthods using the
principle of fast cooling of melt techniqucs are

[1] The gun techniques

[2] Single roller rapid quenching techniques

[3] Double roller rapid quenching techniques

[4] Centrifuge and rotary splat quencher techniques

[5] Torsion catapult techniques

[6] Plasmat-jet spray techniques

[7] Filamentary casting techniques

[8] Melt extraction techniques

[91 Free jet spinning techniques and

[10] The melt spinning techniques

Although the different methods used in preparing amorphous metallic ribbons
arc mentioned here, only the single roller rapid quenching technique which was used o

prepare the specimens for the present work will be discussed.
2.5.3. Rapid quenching method

As shown in a schematic diagram in Fig-2.7, the rapid quenching technique
apparatus consists mainly of a copper roller, an induction heater and a nozzle. The
rolier was driven by a variable speed motor via a tooth belt. The angular velocity was
2000 rev./min.. Use of log wheel rotation enable us to very the surface velocity in the
range 20 to 30m/s. The diameter of the copper roller was 10cm. The use of copper for
the roller material was chosen for its good conductivity and mechanical softness, which
allowed cleaning and polishing to be carricd out easily. For room temperature work, it
showed no contamination of the ribbon from the roller material and the careful

preparation of the surface was more important than the material of the roller.

19



In this process one has to consider that vibration of the roller should be well
below the high frequency vibration of the melt puddle to avoid any influcnce of it on
the geometry and uniformity of the ribbon. One has to be careful and sce that the ribbon
docs not remain in contact with the surface of the roller for a whole revelution and be
hit, from the back. A bigger diameter is thus preferred for the roller. The induction
hcater coil is made of hollow copper tubing which is cooled simultancously by
circulating water through its inner hole. The shape and diameter of the induction heater
as also its winding is to be adjusted to produce proper temperature gradicat. This is to
avoid, sudden cooling of the melt in its way out of the crucible and blocking the nozzle.
the quartz (ubing having outer diameter 20mm which is narrowed down conically to

[nim with a hole for the nozzle 0.1 to 0.2mm.

-Pressure of
To motor T 46/ Argon Gaos

Induchion

- t I
heater —\11:“_'9 | High Freguency
1 | Generatfor
i

Ribbon of amorphous
mefol

Cold Copper disk

[fig:-2.7 Thin layer of melten alloy intimate contract with the outer surface of

metallic rotor is quenched in to amorphous
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The nozzle geometry is selected to minimize the contraction in the cross-
sectional area of the molten zet as it leaves the nozzle orifice. Quartz tube is suitable for
repeated use in several successful runs and should be transparent to make the melting
process visible. It should withstand the sudden fast changes in temperature.

2.6. Experimental details of the preparation of amorphous ribbon

The amorphous ribbons are prepared in a furnace in an argon atmosphere (0.2
to 0.3 atms.). The buttons prepared are about 50 grams each. Care is taken to ensure
through mixing and homogeneity of the alloy composition, by turning over and
remelting each button few times. The mother alloys which are formed in the form of
buttons in a furmace by sudden cooling and is then cut into small pieces and is
introduced in the quartz tube. The quartz tube is connected from the top by rubber 'O’

rings and metal rings to the argon cylinder through a valve and a pressure gauge.

After proper cleaning of the roller surface and adjusting its speed to the desired
value, as measured by stroboscope the induction fumace is powered using high
frequency generator. When the melting temperature is reached as observed through a
protective spectacle, the injection pressure is applied by opening the pressure valve. To
avoid the turbulence of the wind,.aﬁsing from the high speed of the roller in disturbing
the melt puddle, cotton pad and metallic shield are usually used just beneath the roller.
To avoid oxidation of the ribbon during its formation an inert atmosphere can be

created around the roller by a slow stream of helium gas.

The speed of the roller, the volumetric flow rate, the orifice diameter, the
substrate orifice distance, the injection angle etc. are adjusted by trial and error to get
the best result in respect of the guality and the geometry of the ribbons.

2.6.1. Important factors to control the thickness of ribbons are:

[1] Rotating speed
(a) Angular velocity » = 2000 rev./min. and
(b) Surface velocity v = 20m/s
[2] Gap between nozzle and rotating copper drum h = 100 to 150pm
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3] Oscillation of the rotating copper drum both static and dynamic have
maximum displaccment 1.5 to Sum.,
[4] Pressure = 0.2 to 0.3 argon atmosphere
[5] Temperature of metals T_ ~ 1500°C
The temperature did not exceed 1800°C otherwise quartz tube would be melt.
[6] Stability was ensured for the drop in the surface of drum.

2.7. Factors contributing to glass formation

There are three interrelated factors that determine glass forming tendency.
These are thermodynamic conditions that favour the liquid phase relative to the
crystalline phase, the kinetic conditions that inhibit crystallization and the process

factors that arisc due to expcrimental conditions.

The thermodynamic factors for glass formation are liquidus temperature T, at
which the alloy melts, the heat of vaporization and the free energy of all the phases that

arisc or could potentially arise during solidification process. Viscosity of the melt. the
glass transition temperature T, and the homogeneous nucleation rate belongs to kinetic

parameters. The glass transition temperature is defined as the temperature at which the
supercooled liquid takes on the rigidity of a solid or more specifically at which the

viscosity approaches 15 poise.

Processing parameters are the cooling rate, the heterogeneous nucleation rate
and the supper cooling temperature interval. The temperature of the glass transition is
slightly dependent on the cooling rate. At each cooling rate the glass will freeze in a

different state of internal energy is shown in Fig-2.8

At the melting point T_, the enthalpy H of a crystal includes latent heat of
fuston due to long range order. In the case of rapid cooling of the melt the free eneigy
decreases since long range order do not take place, thus leaving the system at a higher
encrgy statc. Heal treatinent, relaxation and stability are thus important considerations
in metallic glass. The glass forming tendency also arises from as size difference between
the constituent clements. It appears that appreciable size difference between the

components in the glassy alloy is a necessary condition for ready glass formation.

A single parameter that expresses glass forming tendency is the ratio of the

glass transition temperature to the melting temperature defined as
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(2.4)

Higher values of T obviously favour glass formation. For metallic glass to be formed by
rapid cooling, T should be greater than 0.45 by H. S. Chen(3:17). Based on alloy
composition there are two major groups that rapidly form glasses. In one of these
groups the metal is form Fe, Cb, Ni, Pd or Pt and the metalloid is B, C, Si, Ge or P.
these metallic glasses constitute soft amorphous magnetic materials. Our working

sample prepared shown by table-1

H, Enthalpy

G 7

*‘ﬁ:::F‘ AQ
~i—— Enthalpy change;E due to

tong range order

Faster
, cooling

G

S/

:Enthulpy change;E due to
short range order.

Temperaturg ———m

Fig:-2.8 Temperature dependence of enthalpy H. G and (/ correspond to glass
transition and S corresponds to the transition to the crystalline state

Table-1

Fe-based Thickness | Co-based Thickness | Ni-based Thickness
ribbons ribbons nbbons

Fe,.Si,,B, | 24um Co,,Fe,Si,,B), | 24pum NiFe,.B,, | 22um
Fe,.51,,B,, | 22um Co-Fe S1,,B,, | 26um Nig Fei B, | 20um
Feg,S1i,,B1, | 26pm Co,.Fe,Si,,B,, | 26um NiyFe, Boy [ 23pm
Feg,8i:B,, 34um CogFe,51,,B,, | 28um Niy Fe, B,y | 19um
Fe..SiB,, 18pum Cog,S1,,B 1, 21um
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2.8. Examining the amorphousity

The amorphousity of all the ribbons have been confirmed by X-ray
diffraction using Cu-K radiation. All the ribbons were found to be amorphous as

shown i Fig-2.9,

Cps — o= 600.00

/—CovaFezBmSim

/—Fesoﬁm Sivp

0.00

i T 1 1 T | T T T 1 I | T T | T
20 25 30 35 40 45 S0 S5 60 65 70 75 60 85 90 95

Angle (20-scaole) o — o
Fig- 2.9. X-ray diffraction from the top surface of some amorphous ribbon

The ribbons showed broad diffraction maximum and no low angle scattering,
These ribbons were also ductile and those cases for which low angle scattering appear
and the broad diffraction peak are subdued there is some presence of micro crystalline
phase. These could be removed if the speed of the rofter was increased. The thickness
of an amorphous is controlled by the lincar speed of the roller, the gap between the
nozzle and the rotating drum which was about 1.5 to 5pun, oscillation of the drum, both
static and dynamic. pressure and temperature of the melt and the stability of the drop
on the surface of the drum. The naturc of the broad diffraction peak as obscrved is

shown in fig-2.9 for some of the samples.
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3.0. Theoretical Aspects

3.1. Stability of Amorphous Alloys

Amorphous alloys represent metastable states and tend to transform into stable
crystalline phases. At temperatures below the crystallization temperature, structural
rclaxation effects take place and are causcd by atomic rearrangements. The formation
and resultant stability of amorphous alloys are important topics both theoretically and
technologically. Which has been treated by turnbull(3-1). and Takayama(3-2) from
thermodynamic view point. The ability of an alloy to be quenched into glassy state is

generally measured by the magnitude of the quantity.
AT, =T, -T, ' (3.1

where T, and T, are the melting and glass transition temperaturcs respectively. In a

similar manner the stability of the glass after formation is generally measured by the

magnitude of the quantity

AT, =T, -T, . (3.2)

where T, is the temperature for the onset of crystallization. As the temperature

decreases from T_, the rate of crystallization will increase rapidly but then fall as the
temperature decrease below T,. Thus by quenching a molten alloy rapidly enough to a

temperature below T, a quasi-equilibrium amorphous phase can be obtained. There is

no direct relation between the case of formation and the resultant stability of an

amorphous alloy. The amorphous alloy composition most favourable for glass'
formation is near the eutectic; the deeper the eutectic the better is the glass forming
ability as noted by Cohen and Tumbull(3-3). At cutectic point the liquid is particularly
stable against crystallization. The crystallization is associated with nucleation and
growth processes. Since the formation of an amorphous alloy depends on the abscnce
of long range order, Change of composition is expected to affect T, and T . This is
because, the long range ordering of atoms depends on the free energy difference
between the crystalline state and the amorphous state. The change of composition
affects the growth kinetics in a complicated way which can only the determined

experimentally.



The transition to the glassy statc and the crystalline statc is accompanicd by an
exothermic heat effect giving rise to a'sharp peak in the temperature dependence of the
cxothermic heat. Therefore, differential thermal analysis (DTA) 1s a widely used

technique to study thermally induced transforinations in amorphous alloys and to
determine T, and T,. The magnitude of T, and T, arc very different for amorphous

matcrials and depend strongly on composition. The activation energy ranges typically
between 2 and 6ev(3-4),

The dependence of T, on the heating rate S = dT/dt can be used to determine
the activation cnergy of crystallizati011(3-5). Considering the fraction x of amorphous

material transformed into the crystalline state in time t and at temperaturc T, onc

obtains for the first order rate process
(8 x/3 t), = K(1-x). (3.3)

For thermally activated process, the rate constant K obeys an Arrhenius type of

equations

K= Koexp(%), (3.4)

where K, is a constaat and AE is the activation energy. Combining eq"(3.3) and

¢q"(3.4) and using dX= (6 x/3 t),dt + (8 x/5 t)dT with (6 x/5 t)dt = O, one obtains

d -AE
'(f:K[,(l—X)CXp[ RT J (3.3)

' . . d*x .
At the peak of the exothermic heat, the change of the reaction rate pve is equal
%

to zero, yiclding, with T="T, ,

—AE AE
K(,exp( RT. ] = ( RT? )S. {3.6)

AT, for the stability of amorphous alloys as given by eq™(3.2) and is obtaincd from

DTA. The values of AE also appear to correlate well with the number of atomic

species in the alloy; the more complex the alloy the greater is AE. Similar correlation
between thermal stability as measured by AT, .and AE appears to small.
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3.2. Magnetization of the Amorphous Ribbons

The saturation magnetization of material at a temperature of 0°K is one of its

basic properties. Measurements are usually expressed as average moment per magnetic
atom in units of the Bhor magneton, y,, or as specific saturation magnetization for the

amorphous alloy, o, in units of AmZ/Kg. The moments of most amorphous alloys are
lower than those of the crystalline transition metals which they contain. However, the
direct effect of the structural disorder on the moments is very small. This points out the
importance of chemical instead of structural disorder. The reduction is least in B-based
glass and highest in P-based glass. The observed moments on TM-M glasses can

approximately fitted to a formula(3-6),

H= (Pmcm =Gy ~2C, _3Cl’)/c'l‘M’ (3.7)

Where u,,, is the magnetic moment of TM-M atoms, taken as 2.6, 1.6 and 0.6
respectively in Bohr magneton for Fé, Co and Ni. C's are respective concentrations.
This clearly demonstrates the change transfer from metalloid to d-band of transition
metal and seems to suggest that 1, 2 or 3 electrons are transferred from each of B, Si
(C, Ge) or P atom. The relative number of electrons donated can be listed as
—P.C,)~S,sB,o )~ PeBsAlL )~ P, B > —Si;B,,) — B,, based on the relative magnitudes
of M_.

Amorphous alloys are rather poor conductors, but their 3d-electrons are just as
“itinerant" as in crystalline transition metal alloys. Only itinerant exchange between 3d
moments is of importance in the transition metal-metalloid alloys. Itinerant exchange
arises because the single site exchange taken together with the intersite electron
hopping terms produce a correlation between moments on different sites. This
mechanism depends on the band structure and can lead to ferromagnetism,
antiferromagnetism or complex spin arrangements. The theoretical treatment of spin
ordering in amorphous solids is a much more difficult problem than in regular
crystalline lattices and has not been satisfactorily solved. If the molecular field
approximation (MFA) is used, even though its use is doubtful, the paramaguetic Curic

temperature can be expresscd as

jj

T, =[28(S+1) /3K ][> 1, (3.8)
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where S is the spin number, K is Boltzmann's constant and J. is the exchange

interaction between atoms at the position r, and r;, and can be expressed interms of the

radial distribution function.

In the first, a unique constant exchange interaction between the magnetic atoms
is assumed and the amorphous nature of the alloy is taken into account by calculating a
random distribution of the local anisotropy field(3-7). In the second approach to
treating this problem, a distribution of exchange integrals is assumed in order to reflect
the structural fluctuation in the amorphous alloy(3-8). Both app-roaches predict that the
M Vs T curve will flat below that for the crystalline counter part. The first model
however predicts that amorphous alloys should exhibit a structureless Mdossbauer
spectrum, contrary to the observed spectra. Thus the second approach is preferred of

the various theories the molecular field approach (MFA) and mean field theories.

3.2.1. Molecular Field Theory of Ferromagnetic Amorphous
Materials

The simplest theory which can explain the phase transition from the ordercd
ferromagnetic phase (for T < T, ) to the disordered paramagnetic phase ( for T > T )
is thc molecular field approximation (MFA). The original treatment as given by
Weiss(3-9) was purely phenomenological, but in our discussion here, the
approximation as applicd to the Heisenberg exchange interaction for crystallinc
ferromagnets will be considered. This will help us to understand the changes that must

be incorporated in MFA for its application to amorphous ferromagnets.

The Heisenberg Hamiltonian in the presence of an external field H is

H= _Z Aydid; - Zgjﬂnj?HZ’ (3:9)
ij )

where g is the lande 'g'-factor, ., is the Bhor magneton and describe the interaction of
spin J; on the i-th site with the spin Jj on the j-th site via the exchange interaction

~

A= A(ﬁi -R j), A is a random variable with some distribution function law. In the
simplest case where only one kind of magnetic atoms g, =g and any sign J, = | are

used, we have
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+H gj,u“.l’ (3.10)
g]#]l

Yor ], — <]> quantum statistical average,

—_ ( ) g#“y (3.11)
Bty

Thus eq(3.11) can be written as

I:IM,; N = -Z( ot H)gjpnj * where exchange field Hi = Z—ﬁ—z

i i Bty

= ZHingjJul!j; (3.12)
J

where the effective field H! = H! . + H. The energy of a magnetic atom at the j-th

cxch

site in the effective field H,, is
E; = —Higy(J7). o 3a3)

where the Brackets represents a thermodynamic average. But we can write

_ JBJ[iﬂ“J Hin} (3.14)

gty [ =8l 5 +H
cxch
K,T K,T Biy
— J A <J ) g/”n-l H
K T K,T

By introducing high temperature expansion (paramagnetic region), we geot
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I+
B (x)=
i(x)= BT

Thus we eq™(3.14) can be written as

()= 20 L i) ],

where (j f} represents upper bar mean. Configuration average with random distribution

function can be written as

(5) =204 L ss () )
) 3] | K, TS K,T

B

After random approximation the value of J; does not depend one site, thus <j §

|
e
"
/\.
G ¥
N
e

JU+1)pg
and <§J7> 1~ 10+1) ZK] = MH, and <§z> 3K, T
K, T 50| 3K,T 1 10 +1) Z
3K, T

From the quantum theory of paramagnetism we can write the equation for
spontaneous magnetism as

M(T) = Ngas,(77)

10 +1)mg
3K, T

g +Dz

3KT

Ng*u2J(1+1)
3K, T

= - 3.15
“J0+0ZA " (-13)

1
K, T

where A is mean value of A, and Z is the number of nearest neighbours of the Pseudo

crystal. After annealing amorphous materials become crystalline, and approximated.
eqB(3.15) can be written as Curie Weiss law for amorphous material as
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C (3.16)

TToT
Here, < MUY JUHDZA
3K, 3K,

T, is the Curie temperature at which the susceptibility tends to infinity. This

means that M has a finite value when H is zero, which is an cvidence of spontancous

magnctization. This spontaneous magnetization below the Curie temperature is shown
in fig.-3.1, where the magnetization decreases from a saturated value M = MS(O) at

T=0 10 zero at T = T.

Ms(0)

Fig-3.1. Spontaneous magnetization below the Curic temperature.

Now magnetization

. gl ZA“(J',>
(Ir)=1.B,| B , when H=0 (3.17)
' K,T  guy
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Without external field, A;;= mean value part + fluctuating part
= A+ AA,
Eq®(3.17) can be written as

% JZA /% I =
J-?>=JB <JZ>+ <J> AA.,
<’ J[KDT K,T 2,84,

1

= JB,[X+YZAAU} (3.18)

where X = JZA <§’> and Y = —J—<§’>
KT K,T

Expanding by Taylor series,

B,{X + YZAAU} =B(X)+

BIEIX) YZAAU + EZ(TX—)-YZ[Z AAEJZ-!— ...................

The distribution functions for probability are

P(Z‘AAU] %{5[;,5% - ZA}HS[ZE“AAU +ZAH,

{gam)-fezen Jo{zon f{zon)
Bj(x + YZAA.U.]= jd(ZAAU].P[Zi:AAU)BJ(X + YZE:AAU),

and we have neglected the higher order correlations by assuming that the fluctuation in
A are symmetric about A. Thus

(24

But(ZAAﬂ): %{(ZA)2 +(—ZA)2} =(zA) .

0 forn oddie n=2k+1.

(ZzA)n fornevenie n=2k

jj
and we can wrte eql(3.18) as
<f">=J%{BJ(X+YZA)~BJ(X-—YZA)}, (3.19)

e

which can be solved for the reduced magnetization m. A simpler closed expression
results, if we expand it in a Taylor series in the absence of the external field. Thus
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m= =
=l B, ZI°A 4+ ZIAg g, m | +B, ZI°A - ZlAp, m
2 K,T K,T K,T K,T
= 1. 3] m 3] m
=—{B|———(1+8)|+B,| ——(1-9) |¢, 3.20
2{ ][J+1 T( )} JI:J+1 r( )}} { )

where 0= 9— and t = l
A T

c

The temperature dependence of m as obtained from eq(3.20) is shown i fig-

(3.2). A finite value of 8 depresses the reduced mnagnetization curve compared to the

. curve for 8 = 0 over the entire temperature range, as was later observed
,1"— experimentally. No m(T) curve fits experimental data for a single value of 3.
E - 1.0
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Fig-3.2. Reduced maguetization curves with (5= 0) and without (§=0)

fluctuations in the exchange interaction.
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Considering that ‘MFA does not accurately reproduce the m(T) curves for
crystalline ferromagnets, this could hardly be expected. Given the above restriction on
the applicability of the MFA, it is of value to investigate the effect of disorder within
the framework of other effective field methods based on clusters of atoms. Such
methods for crystalline magnets are well known(3-10) and here we will explore their
applications to amorphous ferromagnets.

3.2.2. Mean-Field Theory for Temperature Dependence of the
Magnetization.

The lack of a general analytic expression to predict the temperature
dependence of M, had led to the use of simple approximations allowing at a least a

qualitative interpretation of the experimental data. The mean-field theory is based on
the Heisenberg model by assigning to the i-th atom a magnetic moment

p#(T) = {0 m,), 321

I
where 2,(0) =g.u,J. and (m,)= %; g, and ], are, respectively, the gyromagnetic
factor and the total angular momentum of the i-th atom, where the leter is compoSed of
the spin and orbital angular momenta. (mi> represents the time averaged projection of

the total angular momentum along the quantization axis and is defined by

(m,)=2= G2

where E, = -u(0)(H+H ,)m,. (3.23)

Here K, denotes the Boltzmann constant. In the molecular field approximation the

exchange field can be written in the form

) I.
HE (T) =Y —-u(T), (3.24)
" Zj:g,-gju% '
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where the I, represent the exchange constants and the summation in ¢q"(3.24) can be

performed leading to the Brillouin function

(mi)zB_,i(Zi)z2J"+lcoth 2Ji“zi —lJicoth L) (3.25)
21, 21, 2 21,
where Z, = &@(H + Hfmh).

1}

Assuming all moments of the same atomic species to be equal, the sublattice
magnetization M i(T) is defined by

M.(T) = Nx2,(T), (3.26)

1

where N is the total number of magnetic atons per unit volume and x; is the {raction

of the i-th species in the alloy. The saturation magnetization is given by

M(T) = (3.27)

iMi(T)

where r is the number of subnet works.

k)

Structural disorder causes fluctuations of the exchange interaction reported by
Handrich(3-11) and Jéiger(3-12-). Restricting to nearest neighber exchange, eq"(3.24)

can be written as

: R
Howen = 2 { ">(1+AU)M5(T), (3.28)
Ngitty 571 8ty '
where i and j now denote the subnetworks and n, are the number of ncarest

neighbours.

Assuming the exchange fluctuation A; to be small (Ai‘i((l), the Brillouin

function can be expanded in a Taylor series, yiélding in the absence of an extemal ficld

for one-subnet work alloy by Handrich and Kaneyoshi(3- 13)

M. (T) = %MS(O){BJ[Z(I +4)]+B,[Z(1-4)]} (3.29)

and for a two -subnet work by Jiiger(3- 12)



M) = L M, (o){ B, [ AL MY+ A M ()] + B, [ 46, (1) + 23, M 1))+ B[4 M 1)+ DM ATY B, [A M, (100 2,00, (_'r)]}

7 L — .
wherc A __—WNﬂﬁ;’,igj <Ji_i>(liAij). : (3.31)

A corresponding cquation applies to MZ(T), The average valucs Z\_.. are
obtained from (AlnAéz): AL AL . The mixed terms (AA,,) vanish because the
fluctuations of J,, and J,, are independent. For A—u= 0, these equations correspond to
the molecular field equations applied to crystalline ferrimagnets. In this case (Aij = 0)

and the Curie temperature can be expressed in terms of the A, by

1
T = E{Tn +T, +\/(T11 - Tzz)z +4T,, T, }’ (3.32)

where the T, are related to the & by
N(J, + 1) (0)x,

T;= 3K, Ay (3.33)

The relations given in eq"(3.29) and eq"(3.30) are used to calculate the
sublattice magnetizations regarding the exchange constants as adjustable parameters.
The calculations reveal an increasing flattening exchange fluctuation parameter A and
a pronounced shift of the compensation temperature towards lower temperatures. The
mean field theory does not account for spin-wave excitations at low temperatures and

docs not account for exchange {luctuations in the range of the Curic temperature.
3.2.2.1, Transition-Metal based Alloys.

The temperature dependence and the Curic temperature reflect the strength of

the exchange coupling. The structural disorder in amorphous alloys induces an
exchange fluctuation that causes a pronounced flattening of the Mx(T) curves. The

temperature curve for the amorphous alloy lics substantially below that for the
crystalline compound. This reduction of M, was explained interms of the mean ficld-

theory eq™(3.29) using an exchange fluctuation parameter

(3.39)
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which is defined according to the A introduced m cq(3.28) and adapts values in the
range 0.4 < A <0.6. The experimental data lye typically below the theorctical curve at
low temperature and above it at high temperatures. The calculated curve representing
an overall fit was explained by Kaul(3-13) and Pan er. a/f3-14). This inadcquate
description of the experimental data corresponds to the situation for crystalline alloys
and has to be attributed to the mean-field approximations and the temperaturc
independent treatment of A. In general, A is a function of temperaturc. Using the

empirical relation(3-15).

2
T
A=A 1-|— 3.35
0 [TJ (3.35)

c

deviation from the calculated line occur for T2 0.2T, to 0.4T, due to the neglect of

critical fluctuations or the temperature dependence of the spin-wave stiffness constant.

In the corresponding crystalline compounds, deviations from the T* law occur for
T 20.15T,. However, not all amorphous ferromagnets obey the T* dependence. In

the case of Ni-based alloys, the weak itinerant ferromagnetism leads to a temperature
dependence of M_ as given by

M""(T)--: M:(0) 1—(1)” ' (3.36)

Amorphous alloys containing Co exhibit significantly higher T, values due to the

stronger Fe-Co exchange as compered to the Fe-Fe exchange. Amorphous Fe-Ni
alloys show sharper fall of m(T) around T, indicating non local exchange interaction

and long range co-operative phenomena. It should be noted that the pronounced
sensitivity of the exchange interaction on the structural disorder gives rise to a

dependence of T, on the preparation conditions.
3.2.2.2. Low Temperature behaviour of M_-of Amorphous Ribbons

The mean field theories do not account for local magnetic excitations and thus
cannot provide an accurate description of the low temperature behaviour of the
magnetic properties. In the quasicrystalline approximation and the long wavelength

limit, the spin-wave energy can be expressed by Keffer(3.16),

E,=E,+DK*+FK"'+........... , (3.37)
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where K is the wave vector of the spin-wave and D and F arc the spin stiffness
constants. The presence of spin-waves gives rise to a reduction of the average

magnetization, lcading to a temperature dependence of the form

M,(T) = M (O)]1-BT% -CT*-..], (3.38)
where MS(U) is the saturation moment. The coefficients B and C are rclated to the

spin-wave stiffness constant D by

B =£( %)[%J [%’g)%and C= %ﬂ(rl)&.(%)[%)(%-)%,

where g is the g-factor {(~2.1), p is the Bohr magneton, g(%):z.()lz and &
( %) =1.341 are the zeta functions and <r2> represents the average mean-square range

of the exchange interaction. D is directly proportional to the exchange constants. The

T" terms comes from quadratic dependence of spin-wave on wave vector. With
increasing exchange strength, the slope of MS(T) versus T” decreases are expected

from experimental results of alloys with increasing T, .

3.2.2.3. High Temperature behaviour of M, of Amorphous Ribbons

M, (T)

The over all temperature behaviour of reduced maguetization m = — ) in

TM-M glass goes to zero quite sharply at critical temperature T, and in many glasses
the phasc transition is as sharp an in crystalline system. Near 1T, M (T)=(T -1
where the B is a critical exponent. At intermediate temperature there is flattening,
which is found in almost all TM-M glasses studied. The effect of high temperature has
been trcated in two different approaches. The first approach as given by Harns et
al.(3-17) considers a constant exchange interaction between are magnetic atoms and a
random distribution of the local anisotropy field is considered which changes with
temperature. The other approach is to consider a distribution of exchange integral is
assumed in order to take into account the fluctuation in the amorphous ailoys as taken
by Handrich(3-18) . Both the approaches are unrealistic and infact no rigorous theory
of the high temperature behaviour for amorphous materials has been developed. We
have determined the experimental power low from the temperature variation of

magnetization in the high temperature range.

38



3.3. Cocercive force

There arc several approaches to calculating the coercive force, H,, in terms of
the amorphous material parameters. The B-H curve for the as-quenched material will
be a combination of two components, There will be a square part that arises from the
180° wall present near the centre of the ribbon. The remanence, B, will be reduced duc
to the regions where the local anisotropy is not parallel to the applied ficld. For 180"

walls, the coercive force can be written from dimensional analysis, as

%

I

¢ Mﬂd -
where S 15 a constant determined by inclusion size and density surface roughness,
fluctuations in anisotropy or other factors; A is the exchange constant, K is the
anisotropy, d is the ribbon thickness and M_ is the saturation magnetization.

The most significant point of the preceding discussion is that it has becn
possible to describe the B-H curve and derive reasonable values of H, without
considering the amorphous nature of the material. Essentially all of the intcresting
magnetic properties can be examined in terms of simple models and domain
configurations that do not differ in a fundamental way from similar explanations

developed for magnetically soft crystalline materiais.

In another approach Hasegawa(3-]9) wrote

2K,
M

s

H f (3.40)

AX
we assuine reversal by domain wall motion where f = ZX . Here AX stands for the

fluctuation in X within a region corresponding to the domain wall width.

Fujimori ef. a/.(3-20) assumed that the major contribution to the H, arose from

the strain-magnetostriction anisotropy fluctuations so that

H, oc 2t (3.41)
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3.3.1. Remanence-to- Saturation induction ratio

As in crystalline materials the remanence-to-Saturation ratio of a magnetic
material is important theoretically and technologically. Its values is determined by the
magnitudes and directions of anisotropies present. In-amorphous alloys of the TM-M
type the anisotropies in the as-quenched ribbons appear to be dominated by the strain
magnctostriction interaction. Since the magnitude and the direction of the strain may
vary with the details of the quenching the resultant anisotropy and thus "4 . would be
expected to magnetically soften the amorphous ribbons. The maximum dc
permeability, are often calculated as ]VH:: for a number of amorphous alloys in the as-
cast state. Sample with high F%_ are particularly suited to devices such as switch cores,
high-gain magnetic amplitudes and low-frequency inverters, where the square loop

characteristic is needed.
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3.4. Initial Permeability of Amorphous Ribbons

For application in small clectronic device, the amorphous alloys have some
what poorer losses and permeabilities than the conventional Fe-Ni alloys. but have
better performance than the Fe-Co and Fe-Si alloys in other respects. Where the design
optimization requires the lower cost of the amorphous alloys, their higher induction
compared to the Fe-Ni alloys or their lower losses compered to the Fe-Co, Fe-Si and
the Fe-Ni at higher frequencices, the use of the amorphous alloys will be favoured. The
complex magnetic properties of initial permeability ( ;:,.) may be strongly aflected by
the presence of an clectric current, particularly in ac condition. Morcover, the effects
are rather different in as-quenched amorphous ribbons. The measurement of magnetic
propertics as a function of frequency and its analysis by means of thc complex
permeability formalism has recently led to the resolution of several aspects of the
magnctizations process(3-2]'3-23)_ The measurecment of complex permeability gives us

valuable information about the nature of the domain wall and their movements.

In dynamic measurements the eddy current loss is very important which occurs
due to irreversible domain wall movements that are frequency dependent. A large
number of possible mechanisms can contribute to the magnetic loss such as local
variation of ecxchange energy, surface defects, compositional inhomogencitics.
anisotropy and magnetostrction (3.24-3.25) whose relative values are determined by
grain size, grain orientation and thickness of the sample. The present goal of most of
the recent amorphous ribbons researches is to fulfil this requirement. Before going into
the complexity of initial permeability measurement, we discuss in shott the theorics and

mechanism involved in frequeney spectrum of initial permeability.

3.4.1. Theories of Permeability

“The primary requirement is the highest possible permeability, together with low
losses in the frequency range of interest. The initial permeability s, is defined as the

derivative of induction B with respect to the intemal field H in the demagnetization
state
dB

j.L.i=ﬁ,H—>O,B—>O (342)

At microwave frequencies, and also in low anisotropic amorphous matcrials. dB and

dH may be in different directions, the permeability then has a tensor character. lu the
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case of amorphous materials containing a large number of randomly oriented magnetic
atoms the permeability will be scalar, at low frequencies with

Bzyo(H-i-M) (3.43)

and the susceptibility y = M _d 1 (B—H)

dH dH g,
1
=—(u-1) (3.44)
Hy
The magnetic energy density
E=in.dB (3.45)
Hy

For time harmonic fields H = Hsinwt , the dissipation can be described by a
phase difference & between H and B. In the case of permeability is namely defined as
the proportional its comstant between the magnetic field induction B and applied
intensity H;

B=uH (3.46)
This naive definition needs further sophistication's. If a magnetic material is

subjected to an ac magnetic field as given below

B=B,", (3.47)
then it is observed that the magnetic flux density B experiences a delay. The delay is
caused due to the presence of various losses and is thus expressed as

B=B.e'™, (3.48)
where & is the phase angle and marks the delay of B with respect to H. The
permeability is then given by

#_Eh_ Bnei(m—s)
H Hge™
—id
= Bye” = icos&— iE—”—siné
HO HO HG
=u =iy, (3.49)
where ' = E‘LcoscS and p¥ = E"hsiné (3.50)
H, H, 20
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The real part g of complex permeability p as expressed in cql(3.49)
represents the component of B which is in phase with H, so it corresponds to the
normal permcability. If there are no losses, we should have = 4. The imaginary part
4" corresponds (o that part of B which is delayed by phase anglic 90" from H. The
presence of such a component requircs a supply of energy to maintain the alternating
magnetization, rcgardless of the origin of delay.

It is useful to introduce the loss factor or loss tangent (tands). The ratio of z”

to 4. as is evident from cq"(3.50), gives

B(] ) TN
" Sino
}u_,z———-m( H“ ( = tand (3.51)
H [B"/ )cos& '
/H

0

This tand is called the LOSS FACTOR. The Q-factor or quality factor is

dehned as the reciprocal of this loss factor, i.e.

1
=— 3.52
tand ( )
and the relative quality factor = Wl {3.53)

tan &

The behaviour of i and " versus frequency ts called the pcrmeability

spectrum. The initial permeability of a ferromagnetic or ferromagnetic substance is the
combined cffect of the wall permeability and rotational permeability mcchanisms.

3.4.2. Wall Permeability

The mechanism of wall permeability arises from the displacement of the domain
walls in small fields. Let us consider a piece of material in the demagnetized statc.
divided into weiss domains with equal thickness L by means of 180" Bloch walls
shown in fig-3.5. The walls are parallel to the Y, Z plane. The magnetization M_ in the
domains is oriented alternately in the +Z or -Z direction. When field H with a
component i the +Z direction is applied, the magnetization in this direction will be

favoured. A displacement dx of the walls in the direction shown by the dotted lines will

. 2M_H_ dx )
decrease the energy density by an amount: —“L’— ' . '?i-*
TR
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This can be described as a pressure 2M _H_ cexerted on each wall. The pressure

will be counteracted by restoring forces, which for small deviations may by assumed to

be kdx per unit wall surface. The new cquilibrium position is than given by

\
AY

b
1
T
T
1

- DR —
-

=
0

g

Fig.-3.5. Magnetization by wall motion and spin rotation

From the change in the magnetization

AM = 2Md

L
the wall susceptibility y may be calculated. Let H make the angle 0 with Z divection.

The magnetization in the direction becomes

(AM), = 2hl/ljd cosd, and with H_ = Heosd and d = 2MI£HZ_

We obiain

(AM), _ 4MZcos* 8
H KL

Yo = (3.54)

3.4.3. Rotational Permeability

o
The rotational permeability mechamsm arises from rotation of the

magnetization in each domain. The direction of M can be found by minimizing the
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magnetic cnergy E as a function of the orientation. Major contrtbution to I comes
from the crystal anisotropy cnergy. Other contributions may be due to the stress and
shapc anisotropy. The stress may influence the magnetic cnergy Via the
magnetostriction. The shape anisotropy is causes by the boundaries of thc samplc as

well as pores, nonmagnetic inclusions and inhomogenetics. For small angular
deviations o, and @, or M, where

Y

. =
8 5

from the cquilibrium Z-directton may be expresscd as

E= E+laE Lt aE

2 2)’)")"’

where it is assumed that x and y are the principal axes of the energy minimum. Instead
of £ and E , the anisotropy field H? and H;‘ are often introduced. Their magnitude
is given by

E
H? = L HY = 2L
2M 2M_. 7

E1

where H} and HJ represent the stiffness with which the magnetization is bound to the

equilibrtum direction for deviations in the x and y directions, respectively. The
rotational susceptibilities . and y  for fields applied along x and y directions,

respectively are

— MS
H;

Krx =

For cubic materials it is often found that HY and H} are cqual TFor

Hy = Hy = H* and a field H which makes an angle 8 with the Z direction as shown in

fig-3.5 the rotational susceptibility, 7, in one crystailite becones

(3.55)

xr.c =

A polycrystalline material consisting of a large number of randomly oriented
grains of different shapes, with each grain divided into domains in a certain way, the
rotational susceptibility y, of the material has to be obtained as a weighted average of
%, of cach crystallite, where the mutual influence of neighbouring crystallites has to

be taken into account. If the crystal anisotropy dominates other anisotropies, then H"‘

will be constant throughout the material, so only the factor sin” ¢ from eq“(3.55) has
to be averaged. Snoek(3.26) assuming a linear averaging of %, and found

“



M
=i 3.56
ST (3:30)
The total internal susceptibility

4Mlcos'6 2M,
_4M +2M,

. 3.57
KL 3H" ( )

r=X.tx,

If the shape and stress anisotropies can not be neglected, H" will be larger.
Any estimatc of g, will then be rather uncertain as long as the domain structure, and

the pore distribution in the material arc not known. A similar estimate of y, would
require knowledge of the stiffiess parameter k and the domain width L. These
parameters are ifluenced by such factors as imperfection, porosity and crystallite

shape and distribution which are essentially unknown.
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3.5. Physical Origin of Uniaxial Anisotropy of Amorphous Ribbons

The theories that have been proposed to explain the magnetic anisotropy of the
amorphous ribbons are basically the extension of the idea proposed for the origin of
anisotropy in crystalline and disordered solids. In amorphous Fe, Ni and Co-based
magnetic alloys we can assume the existence of disordered 3d shells where the Intra-
atomic dipole-dipole interaction between the spin magnetic moments may depend on
the direction of magnetization. The effect is similar to free elongated single domain
particles giving rise to anisotropy energy(3-27). Since anisotropy can be induced by
spin orbit interaction, in an amorphous material this can happen by the excitation of the
additional orbital states which depends on the direction of the magnetization in a

disordered 3d shell.

The effect of magnetic anmealing on anisotropy was first proposed by
Bozorth(3-28) as due to magnetostrictive deformation which at high temperature gets
relaxed through the plastic flow of boundaries and of inclusion, but when cooled gets
locked up giving rise to elastic energy and hence magnetic anisotropy when this
dowmnains are rotated by the external field out of the original direction. Using this
argument magnetostrictive anisotropy of K, =-%A.c has been proposed for
amorphous magnetic materials(3-29), Chikazumi(3-30) proposed directional ordering
due to distribution of atom pairs during the process of magnetic annealing, thus
bringing about change in magnetoelastic energy. Kaya(3-3|) on the other hand

proposed shape anisotropy due to elongated ordered phase.

Another theory was proposed by Neel(3:32) and C. Kettel et. al.(3-33) for the
mechanism of induced anisotropy by magnetic annealing, where due to precipitation of
elongated particles in the matrix of spontaneous magnetization, surface density of “ﬁ“ccﬁ
poles appear which gives anisotropy energy when magnetization vector is rotated |
perpendicular to the long axis. The anisotropy in amorphous magnetic materials is thus
explained often as pair ordenng(3 34) local co- -ordination(3.35), shape amsotropy and
shaped void formation(3-30) etc. However, if several kinds of anisotropy arc mlxcd up
in the magnetic specimen it is very difficult to give a quantitative analysis of its origm.
In the light of the experimental evidence of positive magnetostriction Jinﬂ\rs’—-B

amorphous ribbons and also the reduction of this magnctostriction duc"
VL
h:
>

"

annealmg(3 37) We consider that our observed amsotropy 15 assocntc.d'*

R
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casy direction of magnetization is the length of the ribbon which is also the dircction of

strain for positive magnetostrictive materials.

3.5.1. Theories Based on the Localized Electron Model

In order to understand the origin of magnetic anisotropy in amorphous solids.
we will first look at the theories developed for magnetic anisotropy of crystalline solids
based on the localized electron model. Akulov(3-38) is the pioncer to dn'vcithc first
theoretical expression for the temperature dependence of magnetic anisotropy ‘constant
K,. Using a simple classical argument and assuming a system of independent spins,
Akulov assumed that each spin had a free energy of the form

={a?? + 2 + d2a?), where the dircction cosines @, refer to a particular spin. A

simple statistical calculation gives the relationship

k(1) [M(1)]" |
K,(0) “[M(O)} (3.58)

between K, and the spontaneous magnetization M.

The number 10 arises from the structural combination of the direction cosincs
in the usual expression for the anisotropy energy, a combination dictated solcly by the

asymmetry of the crystal. The power law holds well for many insulators and r:|1rc-canh

metals, for which the localized electron model is particularly applicable. But agreement
with the experimental data for nickel and iron is not satisfactory; for cxample, in nickel
the temperature variation of K, exhibits a dependence of the 50th power of the

magnctization(3-39)_

In a further classical treatment of magnetic anisotropy Zencr(3-40)_ pencraliscd

n . . .
the 10th power law to an ~2~(n +1) law assuming a system of independent spins. Zener

showed that, if the anisotropy encrgy E, is written in terms of spherical harmonics,

E, = Zk TYMa | (3.i59)
kn(T) ) M(T) 2 a+1) | ;
then kn(O) -[M(O]] : /\i

48



— K, (T)+........ and k(T)=K,(T) (3.60)

The two assumptions basic to Zener's derivation are:
(i) the existence of regions of sort-range order of spins around cach atom, inside which
the anisotropy constants are temperature independent. Thus the only effect of raising
the temperature is to introduce small perturbations in the dircction of the local
magnetization.
(i) the distribution of spins within each region is random so that the local anisotropy

energy may be avceraged over all directions.

3.5.2. Pair Model of Magnetic Anisotropy

Magnetic anisotropy describes the circumstance that the energy of a system
changes with a rotation of magnctization. The relation between the change in energy of
a system with the change in energy of atomic pairs is called the pair model of
anisotropy. Van Vleck(3-41) first developed this theory. The most important
interaction between the atomic magnetic moments is the exchange interaction. This
cnergy is only dependent on the angle between the neighbouring atomic moments.
independently of their orientation relative to their bond direction. In a view to cxplain
magnetic anisotropy we may assume that the pair energy is dependent on the direction
of the magnetic moment, ¢, as measured from the bond direction. In general we

express the pair energy by expanding it in Legendre polynomials,

wl(cos®) =g + I(cosgf‘b - %) + g(cos“cb - gcosz(b + %)+ .......... (3.61)

The first term is independent of ¢; hence the exchange energy is to be included in this

termi. The second term is called the dipole-dipole interaction.

If the pair energy were due exclusively to magnetic dipolar interaction. it

should follow that '

2
I = 3M (3.62)

- 4 0’

The actual value of I can be evaluated from the uniaxial crystal anisotropy. In most
cases the estimated value is 10% to 10° times larger than that given by eq'(3.62). The
origin of this strong interaction is believed to be the combined effect of spin-orbit
interaction and exchange or coulomb interaction between the neighbouring orblits. That

is if there are small amounts of orbital magnetic moment remaining unquenched by the
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crystalline field, a part of the orbit will rotate with a rotation of the spin magnetic
moment because of a magnetic interaction between the two, and the rotation of the -
orbit will, in turn, change the overlap of the wave function between the two atoms.
giving rise to a change in the clectrostatic or exchange energy. This type of intcraction
is termed as the anisotropic exchange. It should be notcd hiere that the dipolar term ol
cq(3.61) does not contribute to the interaction energy E_, since the spins are perfectly
parallel. The dipolc terms between the atomic pairs with different bond dircctions
cancel out as long as their distribution maintains cubic symmetry. If. however, the
crystal has a lower symmetry than the cubic crystal, as in a hexagonal crystal, the

dipole-dipolc interaction gives rise to magnetic anisotropy.

Van Vlcck pointed out that the dipole-dipole interaction does give rise to cubic
anisotropy since the perfect parallelism of the spin system is distributed by the dipolar

interaction itself. Thus if 1<0 and all the spins are parallel, the dipole-dipole interaction

. . . F/a .
gives rise to a large pair energy for ® = 7 In such a case, a more stablc configuration

of the spin pair will be an antiparallel alignment. Some of the spins will therefore take

the anti parallel direction in an equilibrium state.

According to Van Vleck's ealculation, the cubic anisotropy constants for an

fc.c. system due to dipole-dipole interaction are

Kﬁ-i at T=0"K, (3.03)
8SMH _

where S is the total spin quantum number, M the atomic magnetic moment, and H |

the molecular ficld. In the classical picture, K, should vanish by letting S —oc.

Now, since NMH_ =~ {0°J /m™ and Nl=10"]/m’, the order of magnitude of

K, due to dipole-dipole interaction is

2z ]07‘ 2
K, = (ND z( 9) =10°) /m*
NMH 10

m

This is sufficient to explain the magnitude of the observed anisotropy cnergy.

Judging from the origin of anisotropy, it would be practical to suppose that the
anisotropy constant decreases with increasinig temperature and disappears at the Curic
point. Actually this does happen, and the temperature dependence is morc drastic than
that of spontaneous magnetization. Zener treated this problem in a simple way and

explained the temperature dependence fairly well. He assumed that the pair cnergy -is



given by eqM(3.61) even for the thermally perturbed spin system, since the
neighbouring spins maintain approximately in parallel alignment upto the Curie point,
where, because of the strong exchange interaction, parallel spin clusters prevail in the
spin system. Carr followed this method to calculate the crystal anisotropy constant for
iron, nickel and cobalt(3-42),

Let (al,az,a3) denote the direction cosines of the average magnetization, and

(8,,B3,.5,) the direction cosines of the local magnétization. Since we assume local
parallelism in the spin system, the anisotropy energy should be given by the average of

the local anisotropy energies, so that

E.(T) =K (0}(B5 + 55 + B, (3.64)
where K,(O) is the anisotropy constant at T = 0°K and ( ) denotes the average over

all possible orientations of local magnetization. Using the polar co-ordinates (6,D),

where 0 is the angle between the local spin and the average magnetization, and @ the

azimuthal angle around the magnetization direction, we have

f {[El;rﬁ(ﬁfﬁi + B, +ﬂ§ﬁ?)}n(9)d6ﬁ®

(3.65)

b

fn(e)de

where n(0)d9 is the number of spins which point in the solid angle between 0
and (0+d0). Since

I(ﬁ’ﬂ’+ﬂ2ﬁ+ﬂ’ﬂ“) [ (os@)]+P(cose)(afa§+a§a§fa§af), (3.66)

whele P4(cos g) is the fourth order Legendre polynomial. Thus eq™(3.66) becomes

E(T)= K1(0)< ((:056’))(::1?::192 +ddd +dad?), (3.67)
IP (cos@)n(H)dé
where<P4(0059)>= L — (3.68)
jn( 6)de b
Q
. . . .o kT . &
This can be expressed in a polynomial senes m — = MH where H_ is the molecular
«
field.
5
<P4(cosG)>zl—%+§—%+ ......... (3.69)
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On the other hand

M(T) = M(O)(cotha~ i) ~ M(O)(l - l) (3.70)

so that
10 :
M(T) 10 45 120
——— | ml-— -
M(0) a & a

comparing eq"(3.69) and eq"(3.71) we get

[Kl(T)} =[M(T)]m (3.72)

K,(0) | [ M(0)

cq"(3.72) holds good for the temperature dependence of K, of iron. Carr also

(3.71)

explained the temperature dependence of K, for nickel and cobalt by taking into
considcration the effect of thermal expansion of the crystal lattice. But, in constant to
zener's theory, Van Vleck obtained a much more gentle temperaturc dependence of
magnetic anisotropy. Keffer (3.43) investigated this point and showed that the Zener's
theory is valid at least at low temperature, while Van Vleck's theory is valid at high

temperature.
3.5.3. Single-Ion Model of Magnetic Anisotropy

The orbital state of magnetic ions plays an important role in detecrmining the
magnctic anisotropy. The orbital state of the magnetic ion is influcneed by a given
erystalline field and the resultant orbital state gives rise to magnetic anisotropy. This
phenomenon is described by the single-ion model of magnetic anisotropy. This modcl
has been successful in interpreting the magnetic anisotropy of various anti-

ferromagnetic and ferromagnetic crystals.

In free atomic states, every 3d electronic state has the same encrgy. In other
words, their energy levels are degenerate. When the atom is placed in a cubic ficld, the
orbital states of 3d electrons are split into two groups. One is the triply degenerate dg
orbits, the spatial distributions of which arc expressed by xy, yz or zx. The other is the
doubly degenerate dy orbits whose distributions are expressed by 2z’ —x* —y’ aud
x? —y°. Fig.-3.3 explains that the de orbits extends to (] 10) directions, while the dy
orbits extend along the co-ordinate axes. In octahedral sites, the surrounding anions
are found on the three co-ordmate axes, so the dy orbits, which extend towards the
anions, have a much higher energy than de orbits, because of the electrostatic repulsion
between anions and orbits. For tetrahedral sites dy orbits are morc stable than de orbits
(Fig-3.4).



Fig-3.3. Spatial distribution of de and dy orbits

dy | de
L—Q L—C
de dy
(a) {b)

Fig-3.4 Encrgy levels of de and dy electrons in (a) octahedral and (b)

tetrahedral sites.
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Lct us consider the casc of the d electrons occupying the 3d energy levels, First
let us assumc that the magnetic ion only 3d electron. This electron will naturally
occupy the lowest encrgy level. Now as the three de levels have the same energy, the
lowest orbital state is triply degencrate (triplet). Such an orbital degencracy plays an
impontant role in determining the magnetic anisotropy. If there are additional 3d
clectrons, they should occupy exclusively the plus spin levels. because the exchange
interaction between these 3d clectrons is much larger than the cncfgy separation
between the dy and dg levels. In the case of (3d)3, the threc electrons occupy the three

de levels, so that the ground state is non-degenerate (singlet). For (3d)4, three

clectrons occupy the de levels and remaining one occupies one of the two dy levels,
thus the state is doubly degenerate (doublet). In the case of (3d)5, all clectrons occupy

plus spin levels, so that the ground state is a singlet. When there are more than five

clectrons, first five fill up the plus spin levels while the remaining clectrons occupy the

minus spin levels in the same way as for the plus spin levels.

As for the Fe’" ion, the sixth electron should occupy the lowest singlet state.
so that the ground state is non-degenerate. On the other hand, the Co‘2+ {on has scven
clectrons, so that thc last onc should occupy the doublet. In such a case the orbit has
the freecdom to change its state in the plane which is normal to the trigonal axis, so that
it has an angular momentum parallel to the trigonal axis. Now since the angular
momentum is fixed in direction, it tends to align the spin magnetic moment parailel to
the trigonal axis through the spin-orbit interaction. The energy of this interaction can
be cxpressed as —ALS|Cosq, where A is the spin-orbit parameter, L and S arc the
orbital and spin-angular momentum and 6 is the anglc between the magnetization and
the trigonal axis. This model was first proposcd by Slonczewski(3-44), who explained
the magnctic annealing effect in Co ferrite by this model. He also explained the
temperature dependence of the anisotropy constant of cobalt-substituted magnetite. In
the normal, or non-magnetically annealed state, Co™" ions should be distributed cqually

among the four kinds of octahedral sites each of which has its trigonal axis parallel to
onc of the four (] 1 1) directions, so that the cubic anisotropy can be obtained by

averaging the anisbtropy energy —zlLSlcos 95' over four direction of trigonal axcs.

If the ground orbital state is non-degenerate, we cannot expect any orbital
angular momentum so long as the atom stays in the ground state; in other words, the
orbital angular momentum is quenched by the crystalline field. In such a case we
cannot cxpect an anisotropy as large as that of the Co™ ion in an octahedral site.
There are, however, various sources which result in a fairly small maguetic anisotropy.

which is nevertheless sufficiently large to account for the observed values. Yosida and



Tachiki(3-45) calculated the various types of anisotropy and applicd their results to the
Mn, Fe and Ni ferrites, which contain Mn™ Fe™ Fe™and Ni** ions. Firstly, they
found that the magnetic dipole-dipole nteraction is too weak to account for the
observed magnitude of anisotropy. The main source of anisotropy is thought to be the
distortion of the 3d shell from spherical symmetry. In a distorted 3d shcll the ntra-
atomic dipole-dibole interaction between the spin magnetic moments may depend on
the direction of magnetization; this is similar to the dependence of the magneto static
encrgy on the direction of magnetization in a fine elongated single domain particle, and

gives rise to anisotropy energy.

The anisotropy is also induced through spin-orbit interaction. That is, somc
amount of orbital angular momentum can be induced by spin-orbit interaction by
exciting additional orbital states. In a distorted 3d shell this excitation is dependent on

the direction of magnetization, giving rise to anisotropy. Yosida and Tachiki showed

. . . 1 3
that the anisotropy due to thesc inechanisms should vanish for S = 5 1 and 5 where S

is the total spin angular momentum, and that anisotropy of this type canunot be
expected for Ni** and Co®* ions. Accordingly, the main source of the anisotropy of
Mn, Fe and Ni ferrites is considered to be the Mn®* Fe™ and Fe’* ious. Since Ni**
ion has no effect on the magnetic anisotropy in Ni ferrite, the difference in anisotropy
energy between Fe and Ni ferrites must be explained by the anisotropy due to Fe™
jons. Yosida and Tachiki also calculated the temperature dependence of the anisotropy

constant for Mn ferrites and fitted the theory with experiment.

3.5.4. Theoretical Considerations for Uniaxial Magnetic Anisotropy in
Amorphous Materials

Amorphous magnetic alloys because of their noncrystalline structurc are
expected to behave magnetically isotropic or to exhibit a low anisotropy. However in
the case of ribbons produced by melt spinning technique intrinsic stresses are induced.

which may cause a stress induced anisotropy. For most alloys a uniaxial anisotropy

encrgy,

E, =K Sin’*@is observed, (3.73)
where K, is the magnetic anisotropy constant and 0 is the angle between

magnetization and the easy axis which is related to the direction of the stress. The
magnitude of K_ depends on the degree of short-range order and the magnetic

anisolropy per atom. In one-subnet work 3d based alloys, usually low anisotropics arc

Lh
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found originating primarily from the magnetostrictive coupling of the magnetization to

the intemal stresses(3-46) or due to pair ordering(3-47).

Pair ordering and dipolar interaction lead to a relation between K and the

sublattice magnetizations that can be expressed in the form

K,= ZcikMiMk (3.74)
itk
using the sublattice magnetizations inferred from the mean-field analysis, K _ is

u

dependent on composition and temperature.

These anisotropies are associated with short-range pair ordering and interstitial
or monoatomic ordering of the metalloids. The magnetostrictive effects in amorphous
alloys originate from the magnetoelastic interactions associated with the local
anisotropies and the local strains controlling the local direction of the magnetic
moments. The origin of the local strains is discussed in terms of the Single-Ion model
with random local axis(3-48-3.49) These amorphous alloys are also susceptible to
stress induced ordering as studied by Berry and Pritchet(3-30) using internal friction
measurements. As in crystalline alloys, this ordering presumably occurs Via the
interactions of the strain produced with the magnetostriction, indicating that the stress

induced contribution

K"z—%a&g (3.75)

u

where ¢ and A, denote the stress and saturation magnetostriction constants. It is thus
concluded that stress induced directional ordering involves different atomic species or

mottons than those involved in magnetically induced ordering.

3.5.5. Exchange Anisotropy of Amorphous Materials

Evidence for ferromagnetic-antiferromagnetic "exchange anisotropy” has been
found in the amorphous alloy by Sherwood et. al.3-51). Thus appears to be the first
demonstrated example exchange anisotropy in an amorphous transition-metalloid alloy.
This rises some interesting, and unanswered questions concerning the atomic
arrangement necessary to.dcvelop this effect. The anisotropy in the TM-M alloys, and
their type of magnetic ordering is determined by the exchange interaction and the
strong single-ion anisotropy. The spins are coupled through the exchange interactifc-}ri'lo

which can be one of the followings:




(i) direct exchange between itinerant 3d states.
(it} indirect RKKY (Rudermann-Kittel-Kasuya-Y osida) exchange and

(iit) superexchange

The superexchange is a sensitive function of bond angle and bond length and
therefore, can be very different in amorphous state compared to that in crystalline
state. The substances is  ferromagnetic in amorphous state, although it is
antiferromagntic in crystalline phase(3-52). The long-range nature of RKKY exchange
is nearly washed out due to large reduction of the mean-free path of electron caused by
both chemical and topological disorder(3-33). The direct exchange is also short-range
one and it is more so in disordered sohds. In either of the causes, the coupling is

described by Heisenberg model

H=-31(R,)S, S, (3.76)

where J(Rij) is the effective coupling and depends on the nearest neighbour distance

R, As no two sites are equivalent in amorphous state R; is random resulting in a

distribution of J. So a given spin couples with its nearest neighbours with varyig
magnitude of J and even with different sign of J also. If both positive and negative
coupling with equal probability occure, the "frustration effect” appears(3-34). The
exchange is not isotropic, where superexchange predominates. The localized
description of metallic glass is an approximation, nevertheless, like in crystalline system

it provides an a qualitative understanding of magnetic phases.

3.5.6. Random Anisotropy Model of Amorphbus Material

The simplest model Hamiltonian for an exchange coupled system with a

fluctuating uniaxial anisotropy is given by

H :"Zjij(rij)si-sj—ZDi("i'Si)z’ G.77)

where J; is the exchange integral between the spins S, and S,, D, is the single ion

anisotropy of the i-th ion , n is the unit vector defining local anisotropy at i-th sites.
The casy axis direction varies randomly from site to site. Fluctuations of the anisotropy
axcs of an amorphous magnetic material lead to a non-linear magnetic structure. Alben

et. al.(3-33) have shown that behaviour of an amorphous ferromaguet changes sharply

ks



in ferromagnetically soft to magnetically hard matenal, when the anisotropy of the

single-ion local anisotropy becomes comparable to the exchange interaction energy.

However, the calculation based on local anisotropy leads to values which are
much lower than the experimental values. The reasons for this discrepancy lies in the
technological factor introduced in the preparation process. Amorphoﬁs matenials are
therefore anisotropic on the macroscopic scale due to fluctuation of the composition

and stress as caused by the preparation technique.



3.6. Missbauer Spectroscopy Analysis of Amorphous Materials

Maossbauer spectroscopy yields information on the magnetic properties of
individual atoms rather than on assemblies of atoms as in conventional magnetization
measurements. Mdssbauer spectroscopy is used for the identification of magnetic ficld
distribution of magnetic atoms in amorphous ribbons by the evaluation of the collected
spectra. This is a very useful technique for studying the hyperfine field distribution as
affected by the nature and number of nearest magnetic neighbours in an amorphous
alloy. As stated by Durand(3.36) the analysis of the data obtained for Fe-based
amorphous alloys shows that iron atom needs as many as 6-8 nearest neighbouning iron
atoms to assume a magnetic moment. Mossbauer spectroscopy has also been used to
determine the average direction of magnetization by using the well known fact that for
the "Fe, the intensities of the six lines of the hyperfine spectra have an area ratio
3:Z:1:1:Z:3, where Z= 4 , 0 being the angle between the direction of

/(1 +Cot*6)

magnetic field at the nucleus and the direction of y-ray emission(3-37). In “'Fe the
strength of this magnetic field is H = 33T(3-58) at room temperature.

The value of Z varies from 0 for the axis magnetization in the sample plane to 4
for the axis of magnetization in the sample plane. Results by Chien and
Hasegawa(3-59) indicated that the magnetization stayed nearly completely in the atoms
of the ribbons for the as-prepared samples. The hyperfine field obtained from the
Mossbauer spectra is assumed to be proportional to the magnetization compered to
some amorphous ribbons, In order to determine the variation of the magnetic moment
in iron, as well as to see how well the hyperfine field on iron nuclei is defined, we
carried out Méssbauer effect studies on our samples. For the melt-spun samples, a
"Cold-front" moves through the melt and solidifies the melt. Although this front is
moving very fast at the quenching rate of about 10°°C /s, the atoms retain a high
mobility for a short while during which the alloys are prepared by the chemnical
reduction method. The atoms are probably reduced to singles at this time and are built

on the top of already frozen atoms. These atoms may not rearrange easily.

3.6.1, Mossbauer Parameters

Nuclear transitions emit y-radiations, which are not preceded by phonon
transitions. These zero phonon y-transitions take place between the excited and ground

statc nuclcar energy levels of the nucleus which is bound in a solid matrix as reported



by Mossbauer(3.60), Therefore, the nucleus is no longer isolated, but fixed with the
lattice. In this situation the recoil energy may be less than the lowest quantized lattice
vibrational energy and consequently the y-ray energy may by emitted without any loss
of energy due to the recoil of nucleus. This is known as the Mdéssbauer effect. The
important parameters which can be measured using Mdssbauer spectroscopy are

described herc.

The hyperfine parameters describe the interaction of the nucleus with the
surrounding atomic electrons. These parameters give information about the nature of

the chemical bonds, electric field gradient and magnetic ordering moments,

The Hamiltonian for the interaction between the nucleus and the surrounding

changes may be written as(3-61)

H=E,+M,+E,+......... , (3.78)
where E; represents electric monopole coulombing mteraction between nuclear charge
and the clectron clouds which affects the nuclear energy levels, M, refers to magnetic
dipole interaction between the nuclear magnetic moment and the effective magnetic
field at the nucleus and E, représents the electric quadrupole interaction between
electric field gradient at the nucleus and the electric quadrupole moment of the

nucleus. Higher order terms are usually very small and can be neglected.

3.6.1.1. Isomer Shift

Hyperfine interactions for the *’Fe nucleus is shown in fig.-3.6. The Méssbauer
transition energy will now be slightly different in the two materials and this will appears
as a shift in the Mdssbauer spectrum as shown in fig-3.6(a). This shift is known as the
isomer shift (IS), and is proportional to the difference in the electron densities at the
nuclear sites in the two materials, The IS measures the S-electron density a't:*":the
nucleus. Experimentally, the IS is the shift of the centre of gravity of the spcctm:l:ﬁ?
from the zero wvelocity pbsition. This effect was first observed by Kistner and
Sunyar(3-62), This shift of centre of gravity can be due to the isomer shift and second
order Doppler shift. The second order Doppler shift arises due to the temperature

difference between source and absorber.

The 1S arises from the fact that a nucleus has a finite volume and S—electﬂrfjlr!s

spend a fraction of their time inside the nuclear region. The nuclear charge g\hﬁ"s"

" -
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interacts electrostatically with the S-electron charge. As a result of this interaction the
nuclear energy levels get shified by a small amount, the shift depends upon the
chemical environment. Although, we cannot measure this energy change directly, it is
possible to compare values by means of a suitable reference which can be either the y-
ray source or another standard absorber. The observed range of IS is within an order
of magnitude of the natural linewidth of the transition i.e. 10™to10ev.

Let us consider that the absorber and source lattice are different in chemical
composition so that electronic. wave functions at the nuclei differ in the two lattices.
This would cause differential shifts in the energy of the y-rays from the source nuclei

and the absorber nuclei. This difference in the energy can be written as(3-03)

IS = AE,-AE,
_ (zg)zez(agx._fag)[ (o) ;- h(0) 2]
=(%)252R2(%2-)[ lo(@) 12 - hp(0) 2], (3.79)

R, +R .
where dR=R_, —-R_ and R= %, here R_, and R, are the nuclear radn

of the excited and ground states, R is the average charge radius and | w(0) | 4 and

|\|I(0) |S refer to the electron densities at the nuclei of absorber and the source

respectively.

. . dR
The expression shows that the IS is the product of two parameters: (1) R a
nuclear parameter and (2) l\u(O) If"\ - ly(0) |f , an atomic or chemical parameter. IS can
.. . . dR . .. . )
be positive or negative, depending on whether R is positive or negative, and l\y(0) |;\

> y(0) 12 or hy(0) |2 <hp(o) 2.

So far we have consider that only S-electrons posses non-vanishing wave

functions at the nucleus(3.64), However, it is known that when relativistic effects are
taken into account not only S but also P, electrons have a non-zero charge density at

the nucleus. But its contribution to 1S is negligible because |\|;],l,(0) 1 is small in the
4

vicinity of the origin and secondly the occupancy of P, states of the atomic orbitals in

the source and observer are identical; furthermore, the mutual screening of S and P,.l,

can also be neglected. Thus only the S-electrons have a finitc density at the nucleus.
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IS provides important information concerning the nature of the chemical bond
because the outer electrons (valence electrons) would be most affected by changes in
chemical surrounding and consequently the changes in the outer S electron densities
would contribute most to IS. Using the IS data it is possible to derive information
about the oxidation state and spin state of Mossbauer atom in different compounds.
Let us consider iron as Moéssbauer atom. Since their atomic configuration differ only
by a d-electron which does not itself contribute noticeably to the charge density hy(0) |
?, the effect arises indirectly via the 3S-electrons. The clectrostatic potential which
they experience there depends on the screening effects of inner electrons. Thus adding
a d-electron reduces the attractive coulomb potential and causes the 3S-electron wave
function to expand, reducing its charge density at the nucleus. Thus increasing the d-

electron density decreases the clectronic charge density at the nucleus resulting in an
increases in the IS. For “'Fe, since (%) is negative, it can be seen from eq(3.79) that

increase in charge density hy(0)[% - ly(0) I at the nucleus reduces the IS.

s

There is a well defined range for IS for different oxidation states of an atom for
high spin complexes. For of an atom, the IS relative to iron metal are 0.8 to 1.5mm/s
for divalent iron and 0.2 to 0.5mn/s for trivalent iron(3-63-3.65) A large change in IS
is observed when the co-ordination number changes from 6 to 4. IS for octahedral
Fe™ high spin complexes because in octahedral site co-ordination number is 6,
whereas in tetrahedral site the co-ordination number is 4. As we known, increasing the
sheered electrons at octahedral Fe™ nucleus causing more IS at octahedral Fe™ site
than at tetrahedral Fe™ site.

3.6.1.2. Electric Quadrupole Splitting

The interaction of the quadrupole moment of a nucleus with an electric field
gradient (EFG) established at its site by the surrounding environment causes
quadrupole splitting in nuclear levels(3.60-3.66)  Ap oblate (flattened) nucleus has a
negative quadrupole moment while a prolate (clongated) one has a positive moment.

. .. 1 . )
Nuclei whose spin is ¢ or 2 are spherical symmetric and have zero quadrupole
moment and thus the ground state of "Fe with I=l does not exhibit quadrupole
splitting.

The diagonalized EFG tensor at the nuclear sites is completely specified by the
three components, viz., %/.,*"/. and %/ .; denoted by V.V, and V,_,

XX T ¥y



F3622

respectively, where V is the electrostatic potential. Further V, the principal
component, is chosen to be EFG so that |V, |>|V,,|> |Vyy‘. On applying the constraint

imposed by laplace eqn(VQV = O)a the number of independent components are reduced

to two, which can be chosen as;

7

q=V (Vxx_vyy)
<

and 7=

(3.80)

Iz

7 is known as asymmetry parameter and can take values between 0 and 1; q is called
the field gradient parameter. The Hamiltonian of the interaction between a nuclear
quadrupole moment (eQ) and the EFG (eq} can be written as(3.60)

re__€9Q [, e g2
H = 41(21_1)[312 I(I+I)+2(I++I_)}, (3.81)

where I, and I_ are the raising the lowering operators, respectively and I is Z

component of nuclear spin. Eq(3.81) has tbe eigenvalues.

T 41(21-1)

where m, =1,1-1,..............

2 e
E= &[m’f -1 +1)][1+§} , (3.82)

In *“Fe, the first excited level with [=3% splits into two sub-levels
(corresponding to m, =x3and+t %) having the energy difference known as
quadrupole splitting(3-63), m, values are the components of the angular momentum
along the Z-axis it is clear that the m, = *)4 states lie at lower energy than the
m, =1} states. If the electric field gradients is positive in sign the effect is as shown

in fig-3.6b, since the quadrupole split spectrum is symmetric about the centroid. For
nuclei other than “Fe, imvolving spins greater than =%, the quadrupole split

spectrum is more complicated.

(3.83)

1 1
AE=—e*qQ=—eQV,

5¢9Q=5eQV,,
If electric field is not axially symmetric i.e. V _ # V,, #V,, then the splitting involves

the asymmetry parameter 1.

2\ Y4
o-Leef1s) 530

The transition *3, — t)4 is called m-component and the transition % —> Y is

referred to as the o-components. For a particular orientation i.e.
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I 3(1+ Cos?6) (3.85)
I, 5-3Cos’¢’ '

(=2

where 6 is the angle between V,, axis and the direction of emission of y-rays.

The quantity ¢’qQ or qQV,, is usually called quadrupole coupling constant and
the sign of this quantity gives the sign of quadrupole interaction. The sign of coupling
constant can be determined by the following methods. First for single crystals the sign
can be obtained by measuring doublet intensity ratio % in the Mdéssbauer spectra
recorded with different orientation with respect to y-direction. Another method is
based on magnetic field perturbation on the quadrupole split pattem(3-67'3-69). In the
presence of a strong magnetic field the quadrupole doublet lines (*3%and * 34} further

split into a triplet and a doublet. If the doublet lies at a higher energy than the triplet,
e’qQ is positive and if it lies at a lower energy, e’qQ is negative.

Now in brief we describe here the origin of electric field gradient at the
nucleus. In general, there are two fundamental sources which contribute to effective
EFG at the nucleus.

(1) Charges on distant atorns or ions surrounding the Méssbauer atoms in
noncubic symmetry constitute lattice contribution denoted by (V“)m'. As a matter of
fact, the Mossbauer atom distort in the presence of a non-cubic charge distribution of
the surrounding crystal lattice in such a way as to amplify the lattice quadrupole
interaction. The net lattice contribution can be written as (1— 7,)(V,,). , where y, is

Iat,”

sternheimer antishielding factor. (1- y_) which has been estimated to be of the order of

10 for iron compounds.

(2) A non-spherically symmetric valence cell of the Mossbauer atoms gives rise

to valence contribution. Sternheimer has shown that valence contribution to EFG
(Vﬂ)w]_ is also modified due to screening of the valence electrons from the nucleus by

inner cell electrons and actual valence contribution can be written as (1-R)(V,, )“L,
where R is sternheimer shielding factor(3-70-72). Thus the total effective EFG at the
Mossbauer nucleus may be written as

V, =(1=7)(v,), +(1-R)}V,) (3.86)

val.

In case the [egend environment around the iron has cubic symmnetry,
(V) =(V.),, =0

val.
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Fig-3.6. Hyperfine interactions for the Fe nucleus. On the extreme left of each
diagram are shown the unperturbed nuclear levels, the 1=} state being 14.4 KeV
above the 1=} ground state. The effect of increasing the S-electron density at the
nucleus is shown in (a). Relative to the hypothetical point charge nucleus, the energies

of both states are increased, but the more voluminous ground state is affected most.
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3.6.1.3. Magnetic Hyperfine Interaction

- The interaction of the nuclear magnetic dipole moment p with the magnetic
ficld H at the nucleus gives risc to zeeman splitting of the nuclear levels with spins I (1
>0) into (21+1) sublevels. This field H may originate either within the atom itself or

within the crystal by exchange interaction, or it may be an externally applied field. The

Hamiltonian of the magnetic interaction is (3.60)

H,=-iH=-gu,LH (3.87)

where 1, 1s the number magneton ( ), g is the nuclear g-factor and m,, is the

2m,C

mass of the nucleus.

The energy levels obtained as a consequence of the interaction are

-1 H
m = yNI ml = _gauNHm] (388)
where m, is the magnetic quantum number representing the Z-component of 1,
m=LI-11-2 ... ,~1

In the case of “'Fe, according to selection rules Am = 0, %I, the possible

allowed transitions are shown in fig-3.6(c). The relative line intensities m a spectrum
4

|+ cot’ 0
the angle between the direction of magnetic field at the nucleus and the direction of y-

ray emission{3-37), In “"Fe the strength of this magnetic field is H = 33KG at room

containing magnetic spilt, six lines will be 3:Z:1:1:Z:3 where Z = , 6 being

temperature. The internal magnetic field at the nucleus has its origin from the spin and

radial and angular distribution of the electron density in the atom. The magnetic field is
given by(3.60-3.63)

) B 3A7.A)JT-1"S
Hz_gll;,“ |‘|’T(0) |ZS-—2'UB<1><,%>_2/JB< (r ?—: : >’ (3-89)

where 1, is Bohr magneton, S and I are operators for the spin and orbital moment of
the electron and |‘|’T(0) | is the electron density at the nucleus with +% spin

projection.

The first term i this expression is known as Fermi comtact term which

describes the contact magnetic interaction between the S-electrons and a nucleus. Only
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S-electrons contribute to the Fermi contact term since the S-electron have a non-zero
charge density at the nucleus. The field resulting from this source is very large
compared to that from other sources. The Fermi contact field mainly anses from the
polarization of the spins of paired S-electrons by the unpaired 3d elcctrons via
exchange attraction that exists between electrons of like spins(3:73-3.75), The inner
core clectrons (1S and 2S) produce a large negative field, whereas 3§ and 4S electrons

produce smaller positive fields resulting in a nct ncgative ficld almost of the
nuclei(3-76}, '

The second term in the above expression is known as orbital current ficld and it
is produced due to an interaction of the unquenched orbital moment of electrons with
the nuclear magnetic moment. The third term known as Dipolar field arises due to the
dipole-dipole interactions operating between the clectron spin and the nuclear magnetic

moment.

For observing a well resolved Zeeman splitting in the Mdssbauer spectrum, two

conditions have to satisfied

,>7, and 7> 7, (3.90)
where 7, is the life time of the nuclear excited state, 7, is the electron spin correlation
time and 7, is the larmour precession time of the nucleus. The first conditions states
that the Zeeman splitting must be larger than the natural line width. The second
condition states the relationship between the spin correlation time and nuclear Larmour
precession time. In paramagnetic systems the spin correlation time is so small, of the
order of 1077 to 10™ sec, that during on Lamour precession, the electron of spin
undergoes several fluctuations and hence the nuclei will not experience any hyperfine
field to precess around and hence no magnetic splitting will be absorbed. In
magnetically ordered systems, the strong exchange interaction helps to increase ihe
spin correlation times, thus the direction of the hyperfine field is steady and the nucleus
spin processes round it to lift the degeneracy of the nuclear levels yielding hyperfine

split speetrum.
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4.1. The Differential Thermal Analysis
4.1.1. Introduction

The differential thermal analysis (DTA) is an important technique for studying
the structural change occurring both in sohd and liquid materials under heat treatment.
These changes may be due to dehydration, transition from one crystalline variety to
another, destruction of crystalline lattice, oxidation, decomposition etc. The principle of
DTA consists of measuring the heat changes associated with the physical or chemical
changes that occur when a standard substance is gradually heated. This technique can
also be used to identify magnetic ordering of amorphous ribbons. In order to discuss
the possible applications of DTA in amorphous materials, we briefly define the various

temperatures, that are useful in characterizing an amorphous alloy.

The glass transition temperature T, is defined as the temperature at which the

alloy passes from the "Solid" to the "Liquid” statc. For our purposes, it is sufficient to
describe T, as the temperature at which atomic mobility is great enough to allow

diffusive atomic rearrangcment to occur in a matter of minutes, The crystallization
temperature T, defined as the temperature at which crystallization occurs with long
range ordering and is usually determined by DTA technique by a heating rate of
~ 10"C / min. Mectallic glass ribbans usually arc ductile in the "as-quenched" condition,
but may often be embrittled by exposure to clevated temperature. The DTA technique
has been used in determining T, and T, of our amorphous ribbons with composition
Fe,, SiB,,[x=6, 8, 10, 12 and 14 ], Niy, Fe B, [ x =20, 30, 40 and 50 ] and Coy,_
FeSi B, [x=0,2,4,6and 8].

4.1.2. The principle of Differential Thermal Analysis

The DTA teclmique was first suggested by Le Chatelier{4- 1) in 1887 and was
applied to the study of clays and ceramics. DTA is the process of accurately measuring
the difference in the temperature between a thermocouple embedded in a sample and a
thermocouple in a standard inert material such as alummium oxide, while both are being
heated at the uniform rate. The difference of temperature is measured that arisc due-o
the phase transition or chemical reactions in the sample involving the evolution of héat
or absorption of hecat due to exothermic reaction or endothermic reaction. The

exothermic and endothermic reactions are gencrally shown in the DTA trace as positive
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and negative deviations respectively from the base line. DTA curves indicate a

continuos thermal record of reactions occurring in a sample.

Time —=
Fig-4.1(a) Heating curve of sample and reference substance

When a sample and reference substance are heated or cooled at a constant rate
under identical environment, their temperature differcnce are measured as a function of
time and temperature as shown in fig-4.1(a). The temperature of the reference
substance, which is thermally mactive rises uniformly when heated while the
temperature of the sample under study changes anomalously when there is a physical or
a chemical change in it at a particular temperature. For an exothermic reaction there is a
peak in the temperature versus time curve due to the additional heat supplied by the
specimen accompanied by the reaction. When the reaction is over the sample
temperature gradually catch up the temperature of the inactive specimen. The
temperature difference AT is detected, amplified and recorded by a peak as shown in
fig-4.1(b).

Temparature —=

Fig-4.I{b) DTA curve

69 S



For any endothermic reaction or change the active specimen absorbs heat which
is reflected in the corresponding trough in temperature versus time curve. The
temperature in the sample hiolder is measured by a thermocouple, the signal of which is
compensated for the ambient temperature and fed to the temperature controller. This
signal is compared with the i)rogram signal and the voltage impressed to the furnace is
adjusted. Thus the sample and reference substance are heated or cooled at a desired
rate. The temperature in the sample holder is digitally displayed on the DT-30 and is
also recorded on the recorder.

4.1.3. Apparatus

The apparatus for the differential thermal analysis consists of a thin walled
refractory specimen holder made of sintered alumina with two adjacent cubical
compartments of exactly the same size, 1cm in length, as shown in fig-4.2. Of these one
is for the inert reference material and the other for the test material. The compartments
are separated by a 1mm wall. The specimen holder is placed in the cavity of the heating
block which is operated in the centre of the cylindrical refractory tube of an electrical
furnace. This supplies a uniform heating rate. The furnace ( 9/X6/X9/ deep ) is peaked
with calcined china clay. The input of current into the furnace is secured through the
secondary of a Variac transfbrmer, which controls the current. Fine chromelalumel
wires (28 gauge) are used for thermocouples. A cold junction is used for thermocouple
leads and the e.m.f. is recorded almost continuously, while the temperature of the inert
material is measured at 3 minute intervals. It is essential to use perfectly dry materials,
as otherwise errors will be-introduced in the analysis. Approximately 0.1gm anhydrous
alumina is used in the reference cup and the sample weights varies over a range 0,05 to
0.125gm; depending on their density. A heating rate of 10% per minute of the furnace
is conveniently choosen, and this gives satisfactory results in most cases. A block
diagram of DTA as shown in fig-4.3.

The thermal analysis runs generally for 1 to 1.5 hrs. Thermal analysis
curves are obtamed by plotting heating temperature and the difference between the
temperatures of the test and reference substances. From these plots the reaction
temperature could be determined. Under standard conditions of the experiment;

characteristic curves for differeut compositions of Ni-based, Fe-based and Co-based
amorphous ribbons. T, and T, points are indicated, by sharp exothermic peaks.
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All experiments are run at atmospheric pressure in continuous flow of a purified
inert gas argon. Gausses are normally purged into the furnace chamber at the lower end
through a purification train in which oxygen and water are removed by heated copper
wool and exhausted from the top into a condensate trap for collecting the condensable

volatile products.

Furnace
atmosphere \

control ]
\‘ . Furnace
controller

Furnace

EX4

-2

Somple block

s ST

Gos Vaccum

dc .
Amplifier o \IJ\-

L 1o

oY

x -~y Recorder

Fig.-4.3. Block diagram of a differential analysis equipment, {S) sample
thermocouple, (R) reference thermocouple, (M) monitor thermocouple.
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4.2. Curie temperature determination from temperature dependence
of A.C. permeability. '

The Curie temperature which is mcasure of exchange interaction between the
magnetic atoms is quite complicated in the case of amorphous alloys and is very much
an experimental parameter. Because, theories are helpful only as a guide in rationalising
the results obtained experimentally. So, the determination of Curie temperature (T,)

accurately is of great importance.

Our experimental set up for T, measurement is shown in fig.-4.4. we made use

of the cxcellent experimental facilities available at Magnetic Material Division, AECD.
The temperature dependence of A.C. permeability was measured by using induction
method. A laboratory built technique using an oven in which a heating wire is wound
bifillerly and two identical induction coils are wound in opposite directions such that
the current induced flux in the two coils cancel each other. The whole set up is
introduced in an oven. By varying temperature, A.C. permeability of the amorphous
samples of loroidal shapes as a function of temperature was measured. When the
magnetic state inside the amorphous sample changes from ferromagnetic to

paramagnetic, the permeability falls sharply. From the sharp fall at specific temperature
the T _is determined. This is the basic principle used in our experimental set up.

As shown in the fig.-4.4, the circuit consists of two parts, The primary part
consists of a low frequency generator, a multimeter and a resistance in series. The
signal generator generates an alternating signal of frequency up to 200KHz. A voltage
drop occurs at the resistance of value 390 ohm. This voltage drop is measured by the
volimeter. The secondary part of the coil comprises of only voltmeter. The voltage

induced in the secondary coil is measured by the voltmeter.

An A.C. current i flowing through the primary of the toriodal ring shape sample
produces a magnetizing field. The dynamic field H within the primary is given by the

relation

_ 0.4?\6, @

where N, is the total number of turns in the primary of the toriodal ring and d is given

.by

H

o ditd,
2

73



where d, and d, arc the inner and outer diameter of the toroidal sample. Magnetic

induction B calculated from the relation

3 Ex10*
4N,fS’

where N, is the number of tums in the secondary of the toroidal rings, f is the

(4.2)

frequency of the balance the differential flux area of the cross-section of the toroidal

ring is given by S =dh where d= 4, -d, and h is the height of the toroidal sample.

Finally permeability is ineasured by the relation

_B

““H

B E.d x 10"
4fNN,S x 0.4iv2

(4.3}

I
Sigral Ny N2
generator : ‘

wel 7
2
£

(s}

Fig.-4.4. Schematic diagiam for the experimental set up for determination of

Curie temperature.



At first we wind wires in the toriadal sample to make primary and secondary
coils. The number of turns in each coil is 10. The sample thus wound is kept in a little
oven with a thennocoupie placed at the middle. The thermocouple measures the
temperature inside the oven and also the sample. The sample is kept just in the nmddle
part of the cylindrical oven so that gradient is minimized. The temperature of the oven
is raised slowly. If the heating rate is very fast then temperature of the sample may not
follow the temperature inside the oven and there can be misleading information on the
temperature of sample. The thermocouple showing the temperature in that case will be
erroneous. Due to the closed winding wires the sample may not receive the heat at
once. So, a slow heating rate is used to eliminate this problem. Also heating adjustment
of amorphous sample ensures accuracy in the determination of T,. The oven was kept

thermally insulated from the surroundings.



4.3.0. Determination of maximum permeability, maximum induction,
Coercive force and Remanence

4.3.1. Ballistic technique

The ribbons were wound into the toriodal cores having 13 to 15mm outer

diameter and 10mm inncr diameter. Static magnetic properties were measured using the
Ballistic method. The saturation magnetic induction (B,), remanence (Br), the ratio

§

experimental hysteresis loops. The toriodal ring shaped specimens were magnetized, so
that no free poles are developed and the demagnetizing field is zero. Expenimental

circuit diagram is shown in fig-4.5.

A current 1 flowing through the primary of the toriodal core produces a
magnctizing ficld H within the primary of the toriodal ring. This field is given by the

relation

H= O.4aN,l ’ (4.4)

where N, is the total number of turns in the primary of the toriodal ring, d is the

average diameter of the toriodal ring and is given by d = d‘;—dz, where d, and d, are

the inner and outcr diameter of the toroidal sample.

To determine the ballistic galvanometer constant C,,, a standard solenoid is

used and is given by the formula

_ 0.82aN|N/Si
- la
=60.37,
where the number of turns in the primary of the solenoid N is 500, the number of tumms

in the secondary of the solenoid NI is 1700, length of the solenoid 1is 89cin, diamcter

Cy (4.5)

of the solenoid d is 3.9cm, area of cross-section of the solenoid S is nd2/4 and a
current of 10mA through the primary of the solenoid (i = 10mA) produces a

galvanometer deflection o = 47 division. B is calculated by the relation

2 ¢, (4.6)

B= -
IN,A <y
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where o is deflection in the ballistic galvanometer for different values of the current
and N, is the total number of turns in the secondary of the toriodal ring. Due to sudden

change in induction in the primary flux is linked with the secondary the galvanometer

(56 )
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Fig.-4.5. Experimeatal circuit diagram for B-H curve measurement.
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- records a deflection, the magnitude of which is proportional to the change in induction

: iin the primary.

:Aa

AB C
2N,A - F

(4.7)

The operation is repeated with increasing value of the resistance R,, so that
cach new. current s less then its previous value. The current and the corresponding
galvanometer deflection for each new operation is noted. The zero current point is
~ reached in this way at the remanence point. B and H for each value of the current is

determined by
B =Bmax - AB (4.8)

‘ “The cross-conducting strip of the commutator is the removed and the resistance
to the commutator is shown in circuit diagram-4.5. The experiment is repeated with
decreasing values of R, until the current reaches the maximum negative value giving
the coercive force from the intersection of the CDE curve with the field axis. The
remanence and the coercive force are thus determined from the B-H loop trace. The
maximum permeability and the maximum induction are determined from the initial

magnetization curve.

r

The important magnetic parameters that characterize ribbons of various
compositions Feg, Si, B,,, Nig, ,Fe B,, and Cog, Fe B,,Si,, are determined by using

the B-H loop tracing technique.
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4.4.0. Experimental Techniques for Measuring Complex Permeability
4.4.1. Real and Imaginary Components of Complex Permeability

Determinations of permeability normally involve the measurements of the
change in self inductance of a coil in the presence of the magnetic core. The behaviour

of a self inductance can now be described as follows. If we have an ideal lossless air
coil of inductance L, on insertion of magnetic core with permeability 1t, the inductance

will become wl.,. The complex impedance Z of this coil can then be expressed as

Z=R+iX = imlLu

= ial,(x - ix"), (4.9)
where the resistive part is
R = ol " (4.10)
and the reactive part is
X = oo (4.11)

The r.f. permeability can be derived from the complex impedance of a coil in

€q™(4.9). The core is taken in the toroidal form to avoid demagnetizating effects. The
quantity L, is derived geometrically as shown in section-4.4.3.

4.4.2. Preparation of the samples for permeability measurements

The amorphous ribbons were wound into toroidal cores having outer and inner
diameters within 13 to 15mm and with the ratio of outer and inner diameter always
kept less than 1.2 in order to improve the homogeneity of the applied field, as also to
reduce the possibility of an inhomogeneous inductance response. A low capacitance
coil with 8 to 10 turns was wound around the toroids to allow the application of
magnetic fields over a wide range of amplitudes. While measuring the permeability of
the amorphous ribbon cores at high frequency, the high electric resistance of these
materials generally precludes the trouble some skine effect found with ribbons.
However, the cross section of the amorphous ribbon core to be measured may have to
be kept small in order to avoid dimensional resonance phenomena. To aveid an increase
in resistance owing to skin effect, braided copper wire is used at frequencies higher

than 100KHz. The thickness of the separate wire stands being adapted in the measuring
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frequency of up to about 13MHz. The thumb rule is that, the wire thickness in microns

must be smaller than the wavelength in meters.

At higher frequencies the capacitance arising from the winding gives inaccurate
values R and L. It is, therefore, necessary to keep the capacitance of the winding as
low as possible. Frequency response characteristics wcre then investigatcd on these ring

shapcd spceimens as a function of frequency.

4.4.3. Frequency Characteristics of Amorphous Materials

The frequency characteristics of the amorphous ribbon samples, ie. the
permeability spectra, were investigated using an Hewlett Packart Impedance Analyzer
of model No.-4192ALF. The measurement of inductances were taken in the frequency
range 0.5KHz to 13MHz. The values of measured parameters obtained as a function of
frequency aund the real and imaginary parts of permeability and the loss factor. g is

calculated by using the following formula

L
L =Ly oru = L‘ (4.12)
and
tané':‘u' or 4" =p'tand, (4.13)
T

where L_is the self-inductance of the sample core and

2
Ly = ""g' S (4.14)

where L, is the inductance of the winding coil without the sample core and N in the

number of turns of coil (here N=8), S is the area of cross-section as given bellow

S =dh where d = —dZ;—d‘, and h= height

and d is the mean diameter of the sample given as follows
g= d, +d,
2

e

The relative quality factor is determined for the ratio tan &
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4.5.0. Experimental set-up for Measurements of Magentization
4.5.1. The Principle of Vibrating Sample Magnetometer

All magnetization measurcments have been made on EG and G Princeton
Applied Research Co. make vibrating sample magnetometer (V.S.M.)(4-2'4-3). The
principle of V.S.M. is as follows: when the sample of a magnetic material is placed in a
uniform magnctic field, a dipole moment proportional to the producﬁ of the sample
susceptibility times the applied field is induced in the sample. If the sample is made to
undergo a sinusoidal motion, an electrical signal is induced i suitably located stationary
pick-up coils. This signal which is at the vibrating frequency, is proportional to the
magnetic moment, vibration amplitude and vibration frequency. In order to obtain the

“reading of the moment only, a capacitor is made to generate another signal for
comparison which varies in its moment, vibration amplitudes and vibration frequency in
the same manner as does the signal from the pick-up coil. These two signals are appited
to the two inputs of a differential amplifier, and because the differential amplifier passes
only difference between the two signals, the effect of vibration amplitude and frequency
changes are cancelled. Thus only the moment determines the amplitude of the signal at
the output of the differential. amplifier. This signal is in turn- applied to a Lock-m
amplifier, where it is compared with the reference signal which is at its internal
oscillator frequency and is also applied to the transducer which oscillates the sample
rod. Thus the output of the Lock-in amplifier is proportional to the magnetic moment
of the sample only avoiding any noise of frequency other that of the signal. The Lock-in
action yields an accuracy of 0.05% of full scale. The absolute accuracy of this system is
better than 2% and reproducibility is better than 1%. Least measurable moment is

5% 107 emu.

Variable magnetic field is achieved with a Newport Electromagnet Typen 177
with 17.7cm diameter pole pieces. The magnet is mounted on a graduated rotating
base. The standard model is modified to provided an adjustable pole gap in order that
the highest possible field strength is available. The field can be varied from 0 to 9KG.
The field is measured directly by using Hall probe.

3
o

Lt
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4.5.2. Mechanical Design of the V.S.M.

The various mechanical parts of the magnetometer are shown in detail in the
fig.-4.6. The base B of the V.S.M. is a circular brass plate of 8mm thickness and
250mm diameter. A brass tube T of 25mm outer diameter and 0.5mm thickness runs
normally through the base such that the axis of the tube and the centre of the plate
coincide. The base and the tube are joined together by soft solder. The tube extends
60mm upward and 24mm downward from the base. There is a vacuum port on the
lower part of the tube 120mm below

Electrical connections from the audio amplifier to the speaker and from the
reference coil system to the phase-shifter are taken via the perspex feed-through. By
connecting the vacuum port of the tube T to a vacuum pump the sample environment
can be changed. The speaker SP is fitted 25mm ahove the tube T with the help of our
brass stands. The lower ends of stands are screwed to the base plate while the rim of
the speaker is screwed on the tops of the stands. The speaker has a circular hole of
10mm diameter along the axis of it. An aluminium disc having female threads in it is
fitted to the paper cone with araldite. The aluminium connector having male threads on
it and attached to the drive rod assembly fits in the aluminium disc and thus the drive
rod assembly is coupled to the speaker. The drive rod assembly consists of two
detachable parts which are joined together by means of aluminium threaded connectors.
Each part is a thin Pyrex glass tubing of 4mm diameter. The upper part has a small
permanent magnet P situated 100mm below the aluminium connector attached to it. At
the lower end of the drive rod assembly a perspex sample holder having quite thin wall
can be fitted tightly with the sample in it. A few perspex spears are also attached to the
driver rod throughout its length. The spacers guide the vibration of the sample only in
the vertical direction and stops sidewise vibration or motion. The total length of the
drive rod assembly is 920mm up to base. The lower end of the tube T is joined to a
brass extension tube L by a threaded coupling and an o'ring seal. Another thin tube K
made of german silver and of 8mm inner diameter runs through the extension tube L
from the compiling point C to about 50mm below the sample position. Above the base
there is a hollow brass cylinder M of 180mm length and 130mm inner diameter, having
40mm wide collars at its both ends. The lower collar seats on an o'ring seal which is
situated in a circular groove in the base plate. On the upper collar, there rests an
aluminium top N with an o'ring seal. The brass cylinder M has a side port VP. Thas is
again a brass tube of 4 lmm diameter and 43mm length. The port has a collar at the end
away from the cylinder. A perspex vacuum feed-through is fitted at its end with o'ring

seal. This port is connected to the cylinder by soft solder.
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Fig.-4.6. Mechanical construction of the vibrating sample magnetometer.
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The base plate of the V.S.M. rests on three levelling screws above a brass frame
which in turn rests on an iron angle bridge. The bridge is rigidly fitted to the sidewall of
the room. The brass frame is provided with arrangements with the help of which it can

be moved in two perpendicular directions in the horizontal plane.

The levelling screws are used to make the drive rod vertical and to put the
sample at the centre of the pole-gap between the sample coils. The sample can also be
moved up and down by the levelling screws.

4.5.3. Electronic Circuits of the V.S.M.

The function of the associated electronic circuits are:

(1) To permit accurate calibration of the signal output obtained from the
detection coils. -

(i) To produce a convenient AC output signal which is directly related to the
input and which can be recorded.

(i) To produce sufficient amplification for high sensitivity operation.

The block diagram of the electronic circuit used for the V.S.M. consists of a
mechanical vibrator, a sine wave generator, an audio amplifier, a ratio transformer, a
phase-shifter, a Lock-in amplifier, a pick-up coil system, a reference coil system and an

electromagnet as shown in fig.-4.7.

The sample magnetized by the electromagnet generates an e.m.f, in the pick-up
coils PC. The strength of this signal is proportional to the magnetization of the sample.
The vibrating permanent magnet also generates an e.m.f. of fixed amplitude in the
surrounding reference coils. This reference signal is stepped down with the help of a
ratio transformer so that its amplitude is equal to that the sample signal. The two
signals are then brought in phase and put to the Lock-in amplifier.

The Lock-in amplifier works as a null dector. The ratio transformer reading is
to be calibrated using spherical shape sample S of 99.99% pure nickel.
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Limits of sensitivity are determined by signal to noise ratio at the input circuit,

where noise is defined as any signal not arising from the magnetic moment of the

sample. The major sources of noise are the Johnson noise of the wire used for the pick-

up coils, and the magnetic responses of the sample holder, which superimposes

undesired signals in phase with the wanted signal. Use of a minimum mass of weakly

diamagnetic material for a sample holder, carefully checked to contain no ferromagnetic

impurities, is essential to minimize this coherent noise contribution. Corrections for the.

small magnetic contribution of the sample holder can then be made by measurements '

with the sample removed. This correction is much less then the equivalent case with a

moving coil system.
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Our standard sample used for calibration was spherical shaped specimens of
mass 0.0584gm. The different field susceptibility Ax &35 x 107" could be observed after
synchronous phase detection with band width =2 x 10 cps. The other tests used was

small current at 81Hz or an alternating current 81Hz passed through the coil which

remained stationary.

4.5.3.2. Staﬁility Tests Differential Measurements

With only the Lock-in amplifier and the oscilloscope as a null detector, it was
found that the 0.0584gm Ni-sample signal could be balanced reproducibly. Such
reproducibility indicated that the long time drifts caused by the combined effects of
vibration, amplitude changes and frequency changes a bridge sample position and other
effects were negligible. Chosen synchronous phase detector added differential changes

about one-tength the size that could be recorded reproducibly.

4.5.3.3. Vibration Amplitude

The pick-to-pick vibration amplitude has been varied from less than 0.1mm
upto |.0mm in order to examine errors caused by amplitude changes. Such tests show
that the measured magnetic moment varied by less than £0.5% over these range of
amplitude, although at higher variation of amplitudes, because of the larger signals

involved.

4.5.3.4. Image Effects

lmage effects were also examined with a small vibrating coil carrying a dc
current. The image effect was no greater than +1% for fields upto 5KG produced in an
air gap of 3.6cm. Undoubtedly, there is an image induced in the magnet poles. It
appears, however, that when the sample is vibrated, the effective image vibration is

reduced by eddy current shielding.
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4.5.3.5. Vibration Frequency

The vibration frequency is not critical. High frequency operation is limited by
the driving mechanism and capacitive shunting in the detection coils. Frequencies of
100Hz or less permit the use of inexpensive components and minimize eddy current
shielding by the vacuum chamber. The measurements are completely independent of
éddy currents in the surrounding parts, if measurements and calibration are made at the
same temperature. The thickness of conducting parts has been minimized, so that the

temperature dependence of penetration depth is less than 1%

4.5.3.6. Vibration Problems

Mechanical coupling between the vibrating system and the fixed detection coils
must be avoided. Although the coils are arranged for minimum sensitivity to external
vibration, a noticeable background signal is obtained when the vacuum chamber
contacts the detection coils. Such mechanical effects are difficult to eliminate
electronically, because the spurious background signal has the same frequency as the
sample signal and maintains a constant phase differences with respect to the sample
signal. Usually the magnetometer and detection coils are both supported by the
magnetic coupling, so that some mechanical coupling may be noticed at highest

sensitivity.

' 4.5.4. High Temperature Magnetization Measurements

Magnetization measurcments at temperatures above room temperature were
donc using a high temperature oven assembly (EG and G. Princeton Applied Research
Co. ). The oven consists of an electrically heated outer tube assembly with vacuum and
reflective thermal insulation. The heater consists of an integral bifilar wounding heating
coil with a resistance of 80 ohms. The winding is therefore non inducting. The sample

holder consists of a quartz tube extension attached to a sample cup.

During operation of the high temperature assembly evacuation is accompanied
by continuos flow of nitrogen gas to eliminate reaction of the sample with oxygen. A
chromal-alumel thermocouple is used as a temperature sensor and the lighest

temperature that can be achieved is 500°C
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4.5.5. X-Y Recorder

All the measurements of temperature dependence of magnetization were
plotted using LISEIS make X-Y Recorder model LY18100. The magnetic moment
from V.S.M. and temperature form the potential differences in volts taken from panel
meter are plotted on X-Y recorder. Magnetic moment can also be plotted as a function
of time. A graph paper remains struck on an electrically charged plate during the

plotting in X and Y scales are calibrated and can be reduced or enlarged as per need.

4.5.6. Calibration of the V.S.M.

There are usually two methods of calibration of a vibrating sample
magnetometer(V.S.M.) ‘
(i) by using a standard sample and
(i) by using a coil of small size whose moment can be calculated from the

magnitude of the d.c. current through it.

We have calibrated our V.S.M. using a 0.0584gm spherical sample of 99.99%
pure nickel, The sample was made spherical with the help of a sample shaping device.
The saturation magnetic moment of the sample has been calculated using the available
data. The ratio transformer reading is obtained by actual measurement from the relation

M=KK’, (4.15)
where M is magnetic moment, K’ is saturation ratio transformer reading and K is
V.S.M. calibration constant. But .

M = mo, | (4.16)
where o is the specific magnetization and m is the mass of the sample. From eq'(4.15)

and eq"(4.16) calibration constant is given by

moc
K = ) 4.17
K" ( )

The accuracy of this calibration, however, depends on the reliability of the
standard nickel sample; the accuracy of the ratio transformer and the gain of amplifier.
The equipment has been operated repeatedly with the same standard sample and

stability has been found to be within 1 part in 100.
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The absolute accuracy of the instrument depends on the knowledge of the

magnetic properties of the calibration standard and reproducibility of sample position.

When the substitution method of calibration is used, the major error +1% is introduced

by the estimation of standard nickel sample. The relative accuracy of this instrument

depends on accurate calibration of the precision resistor divider net work.

The total error here can be kept less than 0.5%. A typical calibration curve of

magnetic field Vs ratio transformer reading is shown in fig.-4.8
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Fig.-4.8. Calibration curve of magnetic field Vs. decade transformer reading (V.S.M.)
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4.5.6.1. Calibration Data

(i) Reference signal with phase shifter and decade transformer in connection:

i 10uV
ref; =X
" 0.0t 20

=954V x100=0.95mV

%19

(ii) Refercnce signal with decade transformer in connection:

1
Vi, = 0.0l x11lpV =11mV

(i1} Reference signal with direct connection:

Vi, =13x0.ImV = 1.3mV

Saturation decade transformer reading for pure Ni at 20°C is given as K’ =0.4386
Specific magnetization for pure Ni at 20°C is given by o, = 54.755m4,

Mass of the pure Ni-sample m = 0.0584 x 107°Kg

Magnetic moment M = mo=3.1975 x 10~ Am’

and hence V.8.M. calibration constant is found as

mao

K= =7.29x 107 Am?

I
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4.6.0. Experimental Set-up for Anisotropy Measurements
4.6.1. Principle of the Torque Magnetometer

The apparatus used is a sensitive Torque magnctometer with a Proportional
integrating Differentiating (P.1.D.) regulator following the technique used by
B.Westerstrandh et.al.(4-4). This apparatus allows mecasurements of the torque as a
function of direction cosines of the maguetic with respect to crystallographic axes. A
laser source provides a coherent light beam of constant intensity which falls
symmetrically on two photo-diodes and illuminates them equally. Any deviation of the
beam from the symmetric position due to the rotation of the mirror fixed on the
specimen attached to this holder produces an out of balance photocurrent. This
photocurrent is fed in to the P.1D. regulator which produces a compensating current

and sends it to the compensating coil placed in a permanent magnetic field.

To avoid any spuratic torque due to the image effect in the pole pieces, the
specimen is placed in the central position between the poles of a rotatable magnet. The
centre of the sample is made to coincide with the axis of the rotatable magnet and this
is cnsured by the exact repetition of the torque value at cvery 180° rotation of the ficld.
A circular specimen was cut from the amorphous ribbon to provide maximum
symmetry about the axis of the rotating field. Torque against angle showed reasonablc

reproducibility for forward and reverse rotation of the field.

4.6.2. Mathematical Formulation of Torque Analysis

The inherent property of a magnetic material in a static magnetic field is to align
itself in order to minimise its energy. The energy variation with respect to sample
orientation is represented by a torque exerted on the sample. The torque L exerted
along an axis perpendicular to the magnetic field is related to the total anisotropy
encrgy E_ given by

= _9E (4.18)

de’ ,
where, ¢ is the angle between a fixed direction in the sample and the direction of the

magnetic field. Thus it is evident that by measuring the torque from a sample in a
magnetic field we can gain information about the magnetic anisotropy energy of a

material. For ferromagnetic substances the anisotropy constants can be deduced from a
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Fourier analysis of the torque data as a function of the angle ¢ betwceen the magnetic

field and a dircction fixed in the crystal.

Akulov(4.5) showed that E_ can be expressed in terms of a serics expansion of
the dircction cosines of M, (saturation magnetization) relative to the crystal axes in a

cubic crystal, let M_ make angles a, b, ¢ with the crystal axes and let ,,a,,q, be the

cosines of these angles, then

Eﬂ:K‘,+Kl(afa§+a§a§+a§a’f)+K.z(afa§a§) (4.19)

where K, K K,........ arc the anisotropy constants. The first term, K, is

[t
independent of angle and is usually ignored, because normally we are interested only on
the change in energy E, when the M_ vector rotates from one direction to another.

When K, is zero, the direction of easy magnetization is determined by the sign of K.
If K, is positive, then E, (E,  (E,,,, and (IOO) is the direction of easy magnetization.
If K, is negative, E,, (E, o(E,,,, and (111)is the direction of easy magnetization. For

nickel K, is negative and for iron K, is positive.

The anisotropy energy expression for a hexagonal crystal can be written as

E, = K, +KSin’0+K,Sin*6+........... ' (4.20)

The in-planc anisotropy cnergy usually shows umiaxial symmctry by the
magnetic torque curve and can be expressed may be written neglecting K,

E, =K Sin'g, : (4.21)
where K, is the magnetic anisotropy constant, 6 is the angle between magnetization

and the easy axis.

The anisotropy constants were determined by measuring the torque as a
function of angle of the magnetic field with respect to the easy direction. A Sinf cuive
was obtained which was later Fourier analyzed using a computer program. For uniaxial

anisotropy the energy E of a system can be written as

E=K_Sin’8+K ,Sin’8, , (4.22)
where K, is the first anisotropy constant and K, is the second anisotropy constant.

Form Fourier analysis it is shown that the K , value is negligible. In amorphous

materials there is an induced anisotropy duc to the preparation technique. Instead of
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presuming uniaxial anisotropy before calculation, the uniaxiality of the amorphous

ribbons were confirmed empirically.

Since the torque on the specimen per unit volume is given by

L= JE 4.23
0 (4.23)

We get eq™(4.22) )
L=-(K,, +K,,)Sin20+(*)Sin46 (4.24)

From cq(4.24) K, and K, are now determined from the Fourier co-efficient

A, = (K, +K,,) and A, = Kzuz (4.25)

and solving K, = —(Az +24A,)
Thus the uniaxial anisotropy K  is given by

K,=A,+2A, (4.26)

4.6.3. Design and Working Principle of the Torque Magnetometer

A simple form of torque compénsation can be achieved by suspending the
sample from a fibre with known torsional constant. When a magnetic field is applied,
the torque from the crystal will twist the fibre, thus we can measure, by how much we
have to rotate the upper point of suspension of the fibre to bring the crystal back to its

original position.

Instead of rotating the torsion fibre a balancing torque can be generated with a
compensation coil in a static magpetic field. The torque from the coil is proportional to
the current through the coil over a wide range of currents. Thus we can measure the

current needed for the crystal to maintain its orientation.

The principle drawing of a torque magnetometer with an automatic
compensation system is shown in fig.-4.9. The sample is rigidly connected to a mirror
and the compensation coil. The whole assembly is freely suspended in a thin quartz
fibre and the coil is located in a field produced by a pair of permanent magnets. Now if

laser beam is shined on the mirror, the image of the beam will move as soon as some
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Fig.-4.9. Cross section of the upper part of the torque magnetometer.
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torque acts on the crystal and thus tums the mirror. The principle is to let a phto-
detector detect the movement of the reflected beam via an amplifier gencrating a

current through the compensation coil which inhibits the motion of the suspension.

The simplest tupe of clectronic compensation system with a photosensitive
feedback have been designed(4-4). The simplest way is to let the current through the
compcnsation coil to be dircctly proportional to the signal from the dctector. Such a
fecdback system is often referved to as a proportional(P) regulator. If a torque acts on
the crystal the turning of the mirror gives rise to a deflection of the beam shining on the
detcctor, and the deflection from the centre of the detector can bc made small by
increasing the amplifier gain. Nevertheless the contribution from the rigidity of the
suspension may seriously affect measurements of small torques. Neither the gain of the
feedback could be increased too much since the system will then become unstable. To
improve the stability we have used the oil damping. The viscosity of thc oil damps
oscillations so that we can increase the amplifier gain. To enhance the clectronic
damping a differentiating amplifier has been used in parallel with the proportional
amplifier and hence improve the stability of the system. This type of compensation
system can be characterised as a proportional differentiating regulator (PID). Since
large deflection of the suspended system is a problem, the introduction of a

differentiating unit allows a very high gain and a small angular deflection.

4.6.4. The Sample Suspension

The samplc is mounted at the end of a thin quartz rod. Quartz is a suitable
material for this purpose as it is diamagnetic and has a low thermal conductivity. The
upper end of the quartz rod is attached to a brass rod, to which the mirror and the
compensating coils are fixed. The whole assembly is suspended by a quartz fibre. The
quartz fibre is very suitable because of its large tensile strength and small torsional
constant. Typical values of the torsional constant are 5 x 107 to 10 x 1077 N/ . The
elasticity in the longitudinal direction is very low, which prevents low frequency
oscillation along the axis of suspension. The compensation coils have 10 layers of 100
turns of 0.06mm copper wire. To minimise influence from the stiffuess of the copper
wire, the leads to the coils have been spiralized. Below the coil there is, besides the

mirror, an arrangement for oil damping, effective against self oscillations.
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4.6.5. The High Temperature Oven

The high temperature oven is constructed following the method devised by Dr.
Per Nordblad and Late Prof. Leif Lundgren of the Department of Technology, Uppsala
University, Sweden. The schematic diagram of the oven is shown in fig.-4.10. The most
important featurc in the construction of the oven is that the inner stainless steel tube
extends throughout the oven and the thermocouple unit is introduced from the bottom

end with the thermocouple junction placed immediately below the sample.

The heater is wound directly on the inner tube. The heater consists of a MgO
insulated chromel-Constantan thermocouple with a stainless steel cover (O.D. Imm,
length 1.3, manufactured by OMEGA Corp.). This thermocouple is flexible and to
obtain a finn contact between the heater and the inner sample tube, the thermocouple is
first wound on a tube with a some what smaller diameter, and the resulting spiral is
afterwards squeezed on to the sample tube. The thermal contact between the heater and
the sample tube is improved by adding some silver paint. The lower ends of the heater
wires are electrically connected by means of silver paint. Copper wires, connecting an
external power supply, are soft soldered on the upper ends of the heater wires. The
sitver paint is dried out at ordering atmosphere by passing some current through the
heater. The advantages to use this Chromel-Constantan thermocouple as a heater for
this oven are that it is readily available, non-magnetic, insulated, easily formed, and
gives a bifilar winding and close thermal contact with the sample tube. The heater has a

resistance of 75 ohms at rooin temperature.

Five radiation shields, consisting of 50um stainless steel foils are located outside
the heater. These are tied directly on to the heater using reinforced glass fibre thread.
The outer tube is at the bottom end connected to the inner tube via a phosphor-bronze
bellow, in order to allow for the difference in length of the two tubes at higher
temperature. O-ring coupling are used throughout to eable easy disassembling of the

oven in case of any fault.

Both the oven and the thermocouple are adjhstable in height with respect to the
sample. This gives a possibility to find a position of the sample in the warmest region of

the oven which gives a minimum temperature gradient between the sample and the

over 10mm of length in the

thermocouple junction. The temperature gradient

[H]

warmest part in the oven is approximately 0.1% and independent of the temperature.
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The special characteristics of the oven are;
(i) The oven can be heated fromn room temperature to 1043K in less than
I Sminutes with a temperature difference between thermocouple and sample of less than
IK at the final temperature;
(ii) At a constant heating or cooling rate of 5K/minute a temperature
difference of the order of 1K is established;
(iii) Due to small thermal mass of the oven, it cools from 1150K to

600K in about 30 minutes which enables a fast interchange of sample.

4.6.6. Calibration of the Torque Magnetometer

For the calibration of the torque magnetometer a thin nickel single crystal disc is
used. The disc is of mass 45mg and is oriented in such a way that the (100)
crystallographic plane lies on the plane of the disc. The sample is glued to a sample
holder and is suspended from a thin quartz fibre connected to a brass spindle. The
sample is thin placed in between the poles of an electromagnet. A 3.0KG magnetic field
which is strong enough to saturate the nickel specimen is applied along the plane of the
disc and measurements of torque is taken at every 10° angular rotation for a complete
360" rotation of the magnetic field. A total of 36 data points are obtained for a
complete rotation of the magnetic field. The whole process of measurements is
repeated for an applied magnetic field 0.775KG to 3.775KG. Fig.-4.11 shows the

torque curve at 25°C of a nickel disc oriented in the (100) crystallographic plane.

The measured data are entered in a computer programme for Fourier analysis.
The Fourier coefficients are equated with the standard equation for the torque curve.
Thus from the known mass of the disc and the known value of the anisotropy constant
for nickel at room temperature, the calibration constant of the torque magnetometer is

determined.
Ivolt =4.755 x 107 joule
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Fig.-4.11. Torqlie curve for a single crystal of Nickel disc in (110)
crystallographic plane at 25°C
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4.7.0. Experimental Procedure for Missbauer Spectrometer
4.7.1. Instrumentation

Méssbauer measurement can be made in two different geometries, transmission
and scattering configurations. In the present work only transmission geometry was
used. In transmission type measurements, the intensity of y-rays transmitted through a
thin absorber are measured with the help of a suitable detector like proportional
counter. y-ray source is driven electromagnetically by a transducer so as to Doppler
shift the energy of emitted y-rays by small and known amounts. The absmpﬁon
Mgssbauer spectrum is obtained by counting transmitted y-rays as a function of the

source to absorber velocity.

The experimental set-up consists of three parts, an electromechanical velocity
drive system, a detection system and a data storage system. The Block diagram of the

experimental set-up 1s shown in fig.-4.12.

Speaker- Transducer
drive system -

Triangular and Servo- Velocit
square wave [P amplitier pic?‘c:,g Speaker
generator coil LV drive [
syn. coil
h J !
P r
}— Sychronising pulse 4 > J
3 Absorber
Proportional 1
Preamplitier |~ | counter —< ¢ O
T ray

Source

h 4

Main amplitier |o] Single channel Multi channel analyzer [ o

analyzer in MCS mode
v | l l l 4
Type Dtspluv Piot.

[
»

Fig.-4.12. Block diagram of the experimental set-up
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The work reported here is based on Miossbauer spectroscopy of 14.4KeV y-
rays. For this "Co ecmbedded in Rh matrix was uscd as the source. It cmits 14.4KeV y-
radiation nuclear lcvel decay scheme depicted in fig.-4.13. The half lifc of the source 1s
270 days.

57
Co _
27 7/27, 270days

EC (99 N 8‘0°/o)

- E,
572
136-4 Kev (B9ns)
L
o~

3/2 | 14.4 Kev(99.3ns)
73 Y 0

57

Fe
26

Fig.-4.13. Nuclear level decay scheme of ¥’Co Méssbauer isotope

4,7.2. Velocity Drive System

In order to provide a Doppler motion to the source with respect to stationary
observer or vice-versa a velocity drive system is used. In the present work Doppler
motion is given to (he source. For this an electromechanical system is used. It
comprises of a velocity transducer and its related electronics{#-0). It works fairly linear
by upto a velocity of +25mm /s. To run this in constant acceleration mode this is
connected to computer and a power amplifier. Triangular wave is fed as a reference
signal to one of the transducer coils acting as a pick up coil. Also due to transducer
motion a signal is induced at this pick up coil. Also due to transducer motion a signal is
induced at this pick up coil subtracts from the reference generating an error signal,
which is amplified, integrated and then applied to a complimentary circuit to push-pull
power amplifier which drives the coil. In this way self sustained motion of the drive is

obtained. Pulses of a repetition rate equal to that of the frequency of a triangular wave
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formed from the leading edge of the square wave obtained by differentiation of the
triangular wave. These pulses are used to start and stop signals for scanning of 512

channels. Here synchronisation is achieved with the help of computer.

4.7.3. y-Source

A good Massbaucr source should have high recoil free electrons, long lifc time
and narrow line width. In the present work, Mossbauer studies using *Fe have been
reported. The y-ray of 14.4KeV emitted by it is used. Characteristics are as follows
Matrix: Rhodium; Matrix size: 8mm diameter; Matrix thickness: 6um; Source strength:
10mCi and Half life: 270days. More details are given in Table-4.1. Decay scheme for
*'Co is given in fig.-4.13.

Table-4.1. Properties of Fe 1sotopes.

Isotope abundance (%) 2.19
Transition energy (KeV) 14.39
Spin and Parity 1
I 2
. S
2
Excited state half hifc (sec) g8 x10°
Intcmal conversion co-cefficient 9.00
Cross-section [cm"] 2 43% 107"
Magnetic moment
u,(nm) " [ 0.09024
#,(nm) -0.154

Quadrupolec moment

Q,(bams) 0.0
Qc(bams) 0.285
Natural width (KeV) 4.655x107"
Observable width w (™) 0.194
Recoil cnergy E,((cV) _ 1.956 x 107

Recoil free fraction of *’Fe in Rh matrix (at 300K) | 0.72
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4.7.4. Detection System

For 14.4KcV y-rays a proportional counter gives good performance with a high
efficiency and a fairly good resolution. Proportional counter has got a very poor
efficiency for 122KeV and 136KeV y-rays. During this work, we havc used a Krypton
filled proportional counter which yielding 20% energy resolution. For further routing
the signal to detect it, a preamplifier, an amplifier and a single channel analyser were

used.

4.7.5. Pre-amplifier and Amplifier

The signal from the proportional counter is only 2mV. In order to select proper
encrgy pulses using a single channel analyser and to feed them to a multichannel
analyzer for storage, pulses of ~2V height are required. This would necd a high gan
amplifier. The proportional counter output is at an impedance of ~1M£2. This has to be
reduced to a few ohms in order to reduce the noise level. For this purpose the
proportional counter output is fed to a preamplifier first, and its output is then fed to

the ampliﬁer(4-7)_ The pre-amplifier serves as an impedance matching device.

4.7.6. Single Channel Analyser

In order to select 14.4KeV pulses a single channel analyser is used. Since height
of the detector pulse is proportional to the y-energy, a pulse height discriminator (or
analyser ) is employed. It yields the output pulse only if the linear input pulses fall
between prescribed upper and lower levels, the so-called window. Further details of the

circuit performance may be found in reference (4.8),

4.7.7. Data Storage System

The spectrum reported in this work has been recorded in constant acceleration
mode and so the data have been collected in multiscaling mode. For this a multi channcl
analyser (MCA) has been used. This MCA works in time scaling mode and each
channel opens for a constant dwell time ranging from 0.2msec to 2msec. 1t has in all

1024 channels and has an option of using a minimum of 128 or integral multiple
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aumber of channels. The memory storage is ma gnetic type. We have used 512 channels.
A sYnchronisation is to be maintained between velocity alﬁi')_l-ime of the drive and the
channel number of MCA. The data are collected into two groups. First group of 256
channels pertains to positive Doppler velocitics and the second group of remaining 256
channels which is mirror image of the first pertains to negative Doppler velocities. The

representative spectrum of "Fe absorber is shown in fig.-4.14.
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Fig.-4.14. Room tempcerature Mésshauer transition spectrum for relative counts

Vs. channels of *'Fe absorber.
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4.7.8. Description of the workdone

Using the above Mossbauer set-up, with “’Co as source and Natural Iron (*'Fe)
as absorber, 2 Méssbauer spectrum is observed. For this we have used an exactly
similar single channel analyser as discussed. Absorber is placed infront of the source at
a distance of 10cm. Velocity of the drive is set to 0.3cm/s. Then using the MCA,
counts arc obtained in 512 channels. Then a graph between no. of counts versus
velocity is plotted. In order to calculate the velocity per channel, velocity between
peaks arc given in literature as in fig.-4.15. Using these standard values, velocity per

channel is calculated.

- 1-677 mmis —

]

6-167Tmm /s ————————=

s 10-657T mml/s

Fig.-4.15. Standard velocity between peaks of ’Fe absorber

4.7.9. Calibration of *Fe absorber sample for measurement of
Maissbauer parameters

Using the Mbssbauer set-up spectrum for *'Fe absorber is obtained. The
number of counts versus velocity of the source is plotted in fig.-4.16. Energies

corresponding to the velocities are also denoted in the same figure.

We see that there are two groups of spectra which are mirror image of each
other, containing six lincs each. In the case of *"Fe, there is infact an internal magnetic
ficld acting at *'Fe nucleus. This causes the upper —% level to splite to four levels and
the lower — Y% level splits into two levels. Using the selection rule Am=0,%l, for

transition to occur, one gets six possible transitions. The source in Rh-matrix 1s a single



line source. Hence in order to match the source energy to each of the six allowed

ence, in iron metal absorber, one has to give six different velocntles to the

energy differ
source. This is automatically achieved in constant acceleration mode.
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Fig.-4.16. Room temperature M@ssbauer transition spectrum for relative counts

versus velocity of 'Fe absorber.

4.7.10. Computer Analysis of the Data

All the Méssbauer spectra have been resolved into Lorentzian components. Forx,&
this a tested computer program developed by E

used. This program is written in FORTRAN-
( r ) spectra curve fitting for over lapping Lorentzian

[V language which does a least Cln-square
lines. A non-inear variable
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matrices minimization technique is used iteratively to optimize the parameters of the
theoretical function by minimizing 4 for the spectral data. First using the calibration
spectrum of “'Fe recorded at the same drive setting at which the sample spectrum is
recorded. one linearizes the data and the two groups (mirror image of each other) are
folded, resulting in improved statistics. Also the parabolic effect in the base line, caused
by the periodic parabolic displacemelit of the source, gets cancelled as a result of the
folding. This folded set of data is then used for analysis. The fitting is done in terms of
the parameters of isomer shift (IS), quadrupole splitting (E,), internal hyperfine field
(H,,), full width half maximum (FWHM), probability distribution curve and absorption
percentage of the components in a magnetic pattern. Finally the experimental spectrum

and the fitted function is plotted on screen to decide about the goodness of fitting.
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5.0. Results and Discussion of Fe-based Amorphous Ribbons.

5.1. Differential Thermal Analysis of Iron-Silicon-Boron ribbons as
affected by silicon content.

Iron-Silicon-Boron amorphous ribbons with composition Fey, SiBo [ x =6, 8,
10, 12 and 14 ] are potentially important commercial materials with low
magnetostriction and are candidates for electromagnetic devices for power application
at high frequencies. In particular, studies of early glass transition temperature T, and
crystallization temperature T, are determined by DTA at a heating rate of 10°/min.
Siructural relaxation in Fe-B-Si alloys has enabled us to explain changes in the
electromagnetic energy loss behaviour due to heat treatment. Our work on the
ferromagnetic glasses of this alloys provide information on the crystailization kinetics
T, T, and T, due to variation of the Si-content.

The DTA trace of amorphous Iron-Silicon-Boron of composition Feg,SigB g 18
shown in fig-5.1. The three anomalies observed in the temperature VS time curve were
at 448°%, 555% and 605°% respectively. Both the peaks which correspond to release of
heat at these temperatures correspond to crystallographic ordenng of the atoms. Fig-
59 shows the DTA traces of the different amorphous ribbons with composition Fey,
SiB . The amorphous samples produced showed T well below T, so that there was
sufficient mobility of the atoms without the possibility of crystallization. The numerical
values of T,, T, and T for all the samples are shown in Table-5.1.

Table-5.1

Fe,, Si.B,, T, T, T,
x=0 458°% 545% 595%
x=8 ‘ 488% 555% 605%
x=10 525% ' 5649 600%
x=12 545% 568% 600°%
x=14 5509 570% 600%c

vl
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Fig-5.3 shows the dependence of T, T, and T! on silicon content. T, is

increascs with silicon content and reaches to a saturation value for 12 atomic

percentage of silicon. T, also increase slightly with the increasc of Si-content. The

secondary crystallization temperaturc T, remains unchanged with the addition of Si-

contcnt. These results are important n the selection of composition for making

amorphous ribbons to be used as core materials.

Temperature °C
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Fig.-5.3. Variation of Tg, Ty and T! due to change in the silicon content in

Fe,, ,Si,B,, amorphous ribbons.

11



5.2. Curie Temperatures of the Amorphous Ribbons

The curie temperature T, is a basic parameter in the study of magnetic phésc
transitions in ferromagnetic alloys. It is well known that T, of an alloy in the crystalline
and the amorphous state differ, and in spite of chemical and structural disorder, an

amorphous ferromagnet, most offen, demonstrate a well defined ferromagnetic ordering
temperature T, which has been confirmed by magnetization versus temperature curves,

Méosshauer cffccts and specific heat measurements(3-1). 1t is demonstratcd that T,

determined for the magnetization VS temperaturc curve do not provide unambiguous
results duc to structural disorder and chemical disorder. The accurate determination of
the Curic temperature of the amorphous materials is quite difficult, because one has to
have adcquate knowledge of the relaxation process that generally take place during the
heating of the sample. During the measurement of the Curie temperature the heating

rate should be adjusted in such a way that, no crystallization can take place.

It is shown that for temperatures below 100% no noticeable effects in glassy

materials are produced(S-Z). Curie temperature has been estimated from the p Vs T
curve, where T, corresponds to the temperature at which dM/dt attains a maximum
value. It is interesting to note that the sharp fall of permeability at T, enables us to
determine T, unambiguously. From the experiences during the course of this work it is
found out that the heating rate should be above 10°%/min. to determine T of an
amorphous sample in this system. It is also noticed that a higher T, and a lower heating
rate fails to determine T,, because, the longer time initiate nueleation of crystallites
which hampers the determination of T; of the perfect amorphous state. The sharp fall
of the A.C. initial permeability at T, indicates that the material is quite homogenecous
from the point of view of amorphousity. It is also observed from this curve that the
permcability increases with temperature and attains the maximum value just before T,,

which we consider to be due to Hopkinson effect, as described by Kersten et. al(53),

5.2.1. Curie Temperature Measurements of Amorphous Iron-Silicon-
Boron Ribbons

Amorphous Iron-Silicon-Boron ribbons of composition Feg, ,S1,B [x =6, 8,
10, 12 & 14] have been chosen for the determination of the Curie temperaturc (Tc),

using the p Vs.T curves. Temperature dependence ‘of A.C. initial permeability of the

samples subjected to a heating rate of 12°C / min. and the constant frequency of 30KHz

112



was used for exciting current from a signal generator as shown in fig.-5.4. The
numerical values of T,'s for all the samples are shown m Table-5.2.

Table-5.2.
Feo. SiBy, | x=6 x=8 x= 10 x=12 x= 14
T, 357°C 387°C 421°C 434°C 448" C

Fig.-5.4. shows that the A.C. initial permeability of Fe-Si-B amorphous system
increases with decreasing silicon content and has the maximum value at 8At.% of

silicon. Beyond this point there is a decrease in the permeability.
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Fig.-5.4. T, detcrmination from temperature dependence of A.C. initial

permeability of amorphous ribbons with composition Fe,, Si,Byy.

Fig.-5.5. shows the dependence of T, on the silicon content. It is observed that

T, increases with increasing silicon content. In the first place the addition of silicon as a Ry
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third element makes the alloy system more complex. This complexity of the chemical
bonds between thc constituent atoms should increase the relaxation time for the
(ransformation from amorphous to crystalline state. Secondly, the diffusion of the

silicon atoms into the interstitial positions bring about an increase in density.
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Fig.-5.5. Variation of T, due to change in the silicon content in Fe,,_.Si,By,

amorphous ribbons.

Unambiguous and sharp values of T,, obtained from our measurements, support

the fact that, in spite of chemical and structural disorder, ferromagnetic glass have well
defined magnetic ordering temperature. A quantitative understanding of magnetism in
amofphous solids is very difficult and is as yet an unsolved problem, because, the
chemical and structural disorder change all the important parameters like magnetic
moment and exchange integral of the system. However, the coupling of the moments in
an amorphous system arisimng from single site exchange, which takes place by the inter
site hoping electrons, produce a correlation between the moments at different magnetic
atoms. Since the exchange interaction in amorphous transition metal metalloid alloys is

assumed to be of RKKY type, the magnitude of exchange integral is quite likely to
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depend on the interatomic distance between the magnetic atoms. Our observed increase
of T, with incrcasmg silicon content can be understood, in principle, as arising from the
dependence of J;; on 1. The equation guiding the mechanism can be written as

1 =[2s(s +1) 13K]Y 3, (5,). (5.1)
i
assuming a molccular field approximation, where S is the spin number, K is Boltzmann
constant and J; is exchange integral between atoms at position r; and ;. The results

reported by Durand et al (54} on the Fe-P-B alloys shows that with fixed
concentrations of P, there is an increase of T, with increasing boron. This is quite in

keeping with the results, that there is an increase in T, when iron atomns arc replace by

silicon atoms with the number of boron atoms remaining fixed.



5.3. Determination of Maximum Permeability, Maximum induction,
Coercive force and Remanence of Fe-based Amorphous Ribbons

Amorphous Iron-Silicon-Boron fibbons having composition Fe,, Si,B,, I x=

6, 8, 10, 12 & 14 ] are of great intercst as a sofl magnctic material for their static
measurcments. For static magnetic characteristics like saturation magnetic induction
(B,), cocrcive force (Hc), maximum permeability ( ,u,m) and the ratio ('%) have been
obtained for the as-cast ribbons from the experimental hysteresis curves. The ribbons
were wound into the toroidal ring cores having 13 to i5mm outer diameter and 10mm
inner diameter. In the as-quenched state these magnetic materials show very sofl
magnetic propertics with rectangular hystcresis curves. From the hysteresis curves of
amorphous Fe-based rbbons with 10At.% boron and 6 to 14At% of Si as glass
forming materials, static magnetic characteristics have been measurcd using a low static
field up to 34A/m for all the compositions. The coercive force and the hysteresis losses
are controlled by the process of magnetization reversal and thus depends on magnetic

domain nucleation, irreversible rotation of magnetic domains and domain wall motion.
The remanence B, = 0.86 to 0.89B, and H_=4.6 to 7.8A/m have been observed in Fe-

based Fe,, ,Si,B,, amorphous ribbons. The results of our observation are shown in

summary from in Table-5.3.

Table-5.3

Fey,Si,By | x=6 x=8 x =10 x=12 x=14
H(A/m) |78 4.6 5.0 5.6 6.8
B,(mT) 763.98 731.61 722.74 702.68 716.52
B.(inT) 859.04 850.86 837.32 817.66 803.90
L. 0.89 0.86 0.86 0.86 0.89
u, 29.467 36,484 33,723 32.195 30,670

Numerous intrinsic and extrinsic properties and the conditions which determine
the magnetic B-H hystercsis curves are shown in fig.-5.6(a) and fig.-5.6(b). The
saturation induction B_ is an intrinsic property and is typically dominated by the alioy
composition and structure. Structural defects have minor cffects. All other
characteristics of the B-H curves depend on numerous properties and factors aﬂectillg

the reversal of magnetization during a change of the applied magnetic field. For
example, a low magnitude of the stress induced anisotropy constant K leads to a low

coercive force H, required for magnctically soft materials, because spin rotation 1§

independent of the lattice. Therefore, amorphous metals, which have no crystal lattice

and low induced magnctic anisotropy behave as ideal soft magnetic materials.
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Fig.-5.6(a) and fig.-5.6(b) in combination with Table-5.4 represent the design
parameters H, B, B, Y, and g1,

The rectangular shapes of the hysteresis curves show that materials arc:
magnetically very soft and nced very low field for saturation magnetization. The
smooth nature of the experimental data which feat the hysteresis curve show the

domain wall movements. One special feature of the initial magnetization curve
represented by the doted line. Fig.-5.7 shows the variation of B, B, and H, of

Fe,, Si,B,, alloy system, where x varies from 6 to 14 atomic percentage. It is

observed that B, decreased slowly with increasing percentage of silicon, and B,

decrcased slowly up to increasing 12 atomic percentage of silicon and then increased
with the increasc of silicon. The H, of the alloy system initially decreases with

decreasing silicon up to 8 atomic percent and then increases with decrease of the Si-

content,
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Fig.-5.8. Permeability versus static magnetic ficld of amotphous ribbons with
composition Fe,, S, By,
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Permeability due to static external field from 0.4 to 34A/m for the ribbons with
composition Fe,, Si,By, are shown in fig.-5.8. The maximum permeability occurs at

different ficlds 16.79, 12.66, 11.44, 11.37 and 14.15A/m for the comnpositions
Fe  SiBr. FeuSiBip Fe,,Si, By, FenSiBi and Fe,Si,,B, respectively, and
hence corresponding values of u,, are shown in Table-5.3. The ,, values are very high
and are nearly the same for all the compositions. Thus p becomes independent of H at
values of H for which dp/dH =0 and the operating point should be close to the field
(hat corresponds to maxnmum permeability and this will ensure high value of

permeability and the ficld independence of the permeability:
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5.4. Dynamic Magnetic Propertics of Fe-based Amorphous Ribbons.

Dynamic magnetic properties of as-quenched Iron-Silicon-Boron system with
composition Fego SiBg [x = 6, 8, 10, 12 & 14 1] have becn determined using the
impedance analyzer. The dynamic measuremcnts of these amorphous alloys have been
carried out to determine the frequency dependence of complex permeability, loss factor
(tan 8) and relative quality factor (’%“5). The initial permeability () of the ainorphous
ribbons, which is extrapolated to zero frequency and for vanishing magnetic field is
estimated. Since the permeability cannot be measured without applying some field, the
i, of the amorphous ribbons at very low frequency in our dynamic measurement, 1s
assumed as a limiting case that corresponds to a static field. The g, of the ribbons with
composition e S1B, is calculated from the low A.C. magnetic ficld dependence of
permeability in the limit of frequency 0.5KHz and vanishing magnetic field as shown in

fig.-5.9. The results arc shown in Table-5.4.

Table-5.4.
Fe,, SiB, | x=14 x=12 x =10 x=38 x=0
bl 524 547 566 571 394

As shown in fig.-3.9, the g in the vanishing magnetic field region for all the
ribbons, except lor the composition Fe,Si;B ., remain almost constant for slight
variation of the ficld. Initial permeability is controlied by the irreversible part of the
domain motion and the preparation technique determines the defeets and the associated
cnergy barriers to domain wall motion. Another accurate way (o determine the 11 value
is for plot the imaginary part of the complex permeability (1) against the real part of
the complex permeability (i). For any applied field, this representation shows a
semicircle for the high frequency range. For low frequencies , if the applicd field is
jower than or equal to the propagation field, a short; vertical spike 15 observed. The
value is determined from the semicircle's diameter ie. from the intersection of the
semicircle with the /' axis. In the representative fig.-5.10, the results for the as-
quenched sample with composition FeySi;(Byy is given. The calculated parameter of all

the samples shown in Table-5.4 agree well with the values determined by extrapolation

technique.
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Fig.-S.11 shows that the p of Fe-Si-B amorphous systcm increase  with

- decreasing of Si-content upto 8At.%, and beyond this point there 1s a decreases with
decrcasing Si-content. The increasc in the initial permeability upto 8 At.% of silicon

may by explained as due to the decrease in magnetostriction as 0ccurs in crystallinc Fe-

Si alloy. The decrease when the percentage of Si is increased beyond 8 At.%, is

explained as due to the decrease in the magnetic moment arising from the dilution of

the magnetic systcim. One does not ofcourse expect identical behaviour for amorphous

and crystailine solids. But we find the general trend to be similar
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Fig.-5.11. Variation of initial permeability duc to change in the Si-content in
Feg-51,B1 amorphous ribbons.

The measureinents were performed at room temperaturc using an A.C. fields
with a very low constant value of H = 0.1A/m and frequency range from 0.5KHZ to
|3MHz. The frequency dependence of the real part of complex permeability is shown m
fig.-5.12. The flat region up to the frequency 1 to 3MHz indicates that excepl the
ribbon with composition Fe,sSi,B g all the other four samples of composition
FopSipBio FegoStioBio Fe,,Si,B,, and Feg,SiByy respectively appear to be very

suitable as core materials at low {iclds.

S 123



Real part of the initial permeability ———=

600 LR B v-'lul T t l‘l'll1 T T

Ll llllll‘

lI'l‘ 1

B-000I000000 O——O—0-0-00000

= S -1
2, . R0
B Q
0 Q
OB

AONAA A -4
O3 /N
AN
A

LOO k- b s -A e AN, Akt 3 3

- Fegoadix B1g ; >

0 14 A

200 0 N

& a0

H= 01MAIm

Illll

10000

|1|1l i |l.||nn| ' [

100 1000

1 ||1|l||| 'l [

1 10

frequency in KHZ ————

Fig.-5.12. Frequency dependence of the real part of complex permeability of
amorphous ribbons with composition Fey,  Si, B,

Imaginary port of the initial permeability —=

250 \I-l‘ll T "””l T T T VTl T 1 |r||nl T T llllll|
L Fegn_xSixByg 1
200 — -
| ——o— 14 ]
- o o 12 =
- % % 10 -
" —e—e— 8
- H=0MAIm ]
1001 1
50 —]
0—|1u||| L1l ;:|11|| L gl ] |||||||| i llilllll )
1 10 100 1000 10000
Frequency in KHz —————
Fig.-5.13. Frequency dependence of the imaginary part of complex permeability

of amorphous ribbons with composition Fe,,_,51,B,,

124



The imaginary part of the complex permeability and loss factor for different
compositions over the frequency range 0.5KHz to 13MHz are shown in fig.-5.13 and
fig.-5.14 respectively. The origin of the loss factors can be attributed to various domain
defects(5-5), which include nonuniform and nonrepetitive domain wall motion, domain
wall bowing, localized varation of flux density and nucleation and annihilation of
domain walls. The principle cause of eddy current loss in amorphous ribbons is
attributed to non sinusoidal and repetitive motion of domain walls. At low frequencics
the loss is controlled by hysteresis losses and at high frequency the flux penctration

becomes low and loss is controlled mainly by interaction between the grains.

The results show that the effects of grain size, grain orientation and specimen
thickness arc important. The precipitation of very small percent of patticles improve the
high frequency losscs and penncability(s-())_ The Si-content has important effect and
except the ribbon with composition FeSi,B,,, the other four samples having
composition Fe,Sij B g, FeySiioB g FeynSiyB o and Feg,SiB,, show almost identical

behaviour in their performances and have low loss factors at frequencies up to 3MHez.
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5.14. Frequency dependence of loss factors of amorphous ribbons with
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The frequency dependence of relative quality factor is shown in ﬁg.-Sl. 15. The
relative quality factors as controlled by the real part of the complex penneability have
quite high values in the range 45KHz to 800KHz for the two ribbons having
composition Feg,SigB,, and Feg,SicB,, this range is from 20KHZ to 500KHZ for the
ribbons having composition Fe.Si,,B,,and Feg,Si, B;,. These four ribbons, as a result,
have low loss factors. The other ribbon with composition Fe,¢Si ,B,, have high loss

factors and its relative quality factors is observed to be poor.
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5.15. Frequency dependence of the relative quality factor of amorphous ribbons
with composition Fe,, Si B,,.

Fig.-5.16 shows the effect of annealing on the initial permeability (u;) of
amorphous ribbons with composition Fe,, SiB,, The initial permeability of all the
sample as affected by annealing at different temperatures with annealing time of one
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hour in each case is measured at low ﬁ'cquéncy (1KHz) and in very low ficld (H =

0.1A/m). . increases with anncaling tempcerature and goecs to maximum for the

annealing temperature 400" C for the ribbons having composition Fe, Si, By, and

Fe,,Si;;B,,, and then decreases sharply when the annealing temperature is further

increased. For the other two samples with compositions Feg,Si B, and Fey,SigB the

corresponding maximum anncaling temperature is found to be 350°C and for the

sample with composition Feg,SigB,, the maximum annealing temperature 300"C. The = -

significant increase in the ; of the annealed samples as observed with respect to the as--

quenched samples, is explained as due to the removal of local strain and energy barriers
in the sample. For annealing temperaturcs which are above the Curie temperature, the
absence of domain walls leads to a random distribution of the short range order

configuration and hence, to a significant decrease in domain wall pinning,.
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Fig.-5.16. Initial permeability versus annealing temperature of amorphous
ribbons with compaosition Fe,,_ Si.B,,.
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5.5.0. Specific Magnctizatibn Mecasurement of Fe-based Amorphous
Ribbons

The magnetization of thin Iron-Silicon-Boron ribbons is measured as a function
of magnetic field using a v.S.M.(5.7). The ribbon samples were cut into circular
shapes, weighed and glued to a standard sample mount. The magnetometer was used as
a ficld mcasuring device which was not affected by the presence of sample for its low
susceptibility. The lock-in action of V.S5.M. yields an accuracy of 0.05% of the full
scale. The absolute accuracy of this system is better than 2% and the reproducibility is
better than 1%. Least measurable moment is 5x 10~ emu. The proportionality constant
accounting for the particular coil geometry and susceptibility is obtained by calibration
with a high purity circular disk shaped nickel sample. The sample has a saturation
moment of about 54.75Am?/Kg with a saturation flux of about 4KG. A relative
accuracy of about 1% is obtained with the double coils, the absolute accuracy depends

on the calibration method.
5.5.1. Specific Magnetization at Room Temperature

The Speeific magnetization of these Fe-Si-B ribbons with composition Fey,
SiB,[x=6,81012& 14 ] in as quenched condition is measured, using a V.S.M.
The magnctization process of the amorphous ribbons with different fields are shown in
fig.-5.17. The saturation magnetization for these ribbons have higher valu;;_'f:or higher
percentage of iron. This is quite understandable from the consideration of higher
contribution of magnetic moments in iron-rich ribbons. It is observed that while the
ribbon with composition Fey,SijB,, reaches its saturation valuc around 3.0KG ficld.
Fe.,Si,,B,, requires 2.5KG, Fe,8i;;Byg requires 2.0KG, Feg,Si,B,, requires 3.5KG
and Fey,$i B, requires 3.7KG. Magnetization is also evaluated as a function of field to

find the dependence of magnetization on the domain structure. The saturation specific
magnetization (o) for different samples as calculated are shown in Table-5.5.

Table-5.5.

Fe,o SiB;, x=6 x=8§ x=10 x =12 x =14
o in Am’/Kg at| 162.97 159.92 156.91 148.88 134.21
room temp.

c,(0) in Am* /Kg | 168 166 163 150 136

at OK '

T, 358"C 388°C 418"C 434"C 444"C
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Fig.-5.17. Specific magnctization versus magnetic field of amorphous ribbons
with composition Fe,, ,S1,B,,.

The o, decreases with increasing Si-content, as shown in fig.-5.18. This is
agreement with the moment per atom of the Fe-Si-B system where the moment is
reduced due to the cffect of electron transfer from the metalloid atoms to the Fe atoms.
These results agree reasonably well with the rigid band model using the moment 2.0,
for Fe and assigning an integral number of electron transfer from the metalloids, this
number being | for B and 2 for Si. This can be well studied by Mdossbauer
spectroscopy, because the influence of the local environment on the iron moment is

directly reflected in the hyperfine field distribution as shown section-5.7.

Magnetic saturation can be achieved only for Fe-based alloys. In this casc, the
local anisotropy is small and the next ncarest neighbour exchange coupling leads to

ferromagnetic order. The eritical composition for the disappearance of ferromagnetism
can be estimated from the extrapolation of the falf off curve of o, with the addition of
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Si, where the nearest neighbour coupling is no longer dominant and an intermediate

range occur, giving rise Lo a significant portion of antiferromagnetic interaction.
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Fig.-5.18. Variation of saturation specific magnetization due to change in the
Si-content in Fe,, Si B,, amorphous ribbons.

5.5.2. Temperature Dependence of Specific Magnetization of Fe-based
Amorphous Ribbons.

The effect of variation of temperature on specific saturation magnetization for
amorphous ribbons with composition Fey, Si By, are shown in fig.-5.19. The high
temperature range, where the effect of clustering is important for the transition from

the magnetically ordered state to the paramagnetic regime is shown in fig.-5.19.
T, corresponds to the temperature at which the internal magnetic field almost vanishes.

Results for T, by this method agrees with the values obtamed from temperature

dependence of initial perneability as discussed in seetion-5.2; fig.-5.5.
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T. depends on the transitionmetal spin value and the exchange constant. The

disorder structure causes variation in the nearest neighbour distance and the number of
nearest neighbours -producing local fluctuations of the magnetic moment and the

exchange coupling. Random fluctuations of the exchange coupling constant leads to an
increase of T, provided the ferromagnetic coupling is maintained.
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Fig.-5.19 Specific saturation magnetization as a function oftemp'craturc for
Fe,,.Si,B,, amorphous ribbons.

A typical temperature dependent saturation specific maguetization measured
with H=4KG is shown in fig.-5.19. Saturation specific magnetization, o.(0) at T=0 are

obtained by extrapolating to OK, the cg,(T) values measured at various tempcraturc.

The extrapolated values o,(0) for different ribbons are value as shown in Table-5.5.

Plots of experimental data with mean field results of reduced magnetization |

alT) . T . . :
n= %)1 with reduced temperature T for different Si content are shown in fig.-
O—S: < i

5.20. This description of the experimental data corresponds to the mean ficld

approximation and the temperature independent treatment. Fig.-5.20 shows that the
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fluctuations in the exchange intcraction, hence the reduced magnetization arises from
structural disorder. The full lines were calculated from the mean field theory, which are
in pood agreement with the experimental results for various Fe- Si-B nribbons. The best

fit thus obtained is ofcourse no indication for high accuracy of the extracted values for

. a,(T)
the exchange constant. Reduced magnetization 1n=w versus -— curves for
o,

LS C

amorphous ribbons with composition Fey, SiB,, lie substantially below that for

crystalling iron. There is no complete theoretical understanding of this behaviour at
present, a number of effective field approaches can be advanced to interpret the

experimental data.

1.00

075

0.50

Reduced magnetization {m)

olT

. . . T )
Fig.-5.20. Reduced magnetization m = — 0) versus T for amorphous ribbons
G,

& c

with composition Fe,,_ Si B,
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5.6. Stress Induced Anisotropy of Fe-based Amorphous Ribbons

The apparatus used is a standard Torque Magnctometer with proportional-
integrating differcntiating compensation which allows continuous registration of the
torque as a function of the direction of the field. The lascr source provides a coherent
beam of constant intensity thus making the system frec from light noisc. To avoid any
spuratic torque duc to the image effect in the pole pieces, the specimens were pleased
in the central position. The centre of the sample was made to coincide with the axis of
the magnetometer and this s ensured by the exact repetition of the torque value at
every 180° rotation of the field. A perfectly circular shape was cut from the ribbon to
provide maximum symmetry about the axis of the rotating field. Samples were prepared
as circular discs to avoid any shape anisotropy and associated demagnetizing effect.
Torque against angle showed perfect reproduction for forward and reverse rotation ol

the field and for different samples cut from the same ribbon.

The field dependence of the torque versus angle curves are measuied for as-
guenched Fe-Si-B ribbons with composition Feyo. SiB [x = 6, 8, 10, 12 & 14]. The
representative torque versus angle curve of the field dependence of anisotropy of
amorphous ribbon with composition Fe,,Si B, incrcases with incrcasing ficld as shown
in fig.-5.21. This is explained as due to the competing contribution from Fc atoms to
anisotropy encrgy. We assume that the origin of magnetic anisotropy in these ribbons,
formed by melt spinning technique, is magnetostrictive strain. This concept is supported
by the fact that the induced anisotropy developed in these ribbons is unidirectional and

is coincident with the moving direction of the roller.

Amorphous ribbons have no crystalline structure and thercfore are not likely to
have magnetocrystalline anisotropy normally. However the Fe-Si-B system has a
positive magnetostriction arising from the preparation technique and is attribute to the
presence of Fe atoms which has positive magnetostriction in the bulk state. When a
material with positive magnetostriction is strained it develops an casy direction ol
magnetization along the strain axis. In our prepared specimens the strain is induced
along the length due to the tension on the ribbon produced by the centrifugal force. Itis
explained that for high percentage of Fe the magnetostrictive effect of Fe and the

corresponding anisotropy will dominate(5-8).

It is, however, not possible to find any quantitative relation between anisotropy

and composition in the case of amorphous materials, because the contribution of
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different magnetic atoms through their random configurations in the amorphous state is
too complicated. Our results are thus explained only in a qualitative way, considering
the origin of anisotropy as due to magnetostrictive strain induced technically during the

preparation process.
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Fig.-5.21. Field dependence of torque versus angle for amorphous ribbon with
composition Fe,,S51.B,,

The uniaxial anisotropy (Ku) constants calculated from the torque versus angle

curves by Fourier analysis for each set of temperaturc and field. The sensitivity of the
torque magnetometer is calibrated to be 1Volt= 4.755x107J and by the use of
different scale of sensitivity. Fourier coefficient as determined from the torque versus

1 . . ) .
i curve for different values of the angle between the preparation axis of the ribbon

and the applied field, and by extrapolation of the field up to H —oc are shown in fig.-
5.22 and fig.-5.23.
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m curve for different composition of Fe,, Si B,

135



Experimental values of the anisotropy constant K for different compaosition of
Fe,,,S1.B, nbbons for different ficld are shown in fig.-5.24. The anisotropy constants

are obtained by extrapolation K values against ﬁ as shown in fig.-5.25. The results

are shown in Table-5.6.

Table-5.6

Fe,, SiB, | x=6 x=8 x =10 x=12 x= 14
K,inJ/m" | 3119 2025 2153 2263 2482
at room

temp.

K, inJ/m* | 3950 2700 2650 2400 3200
at OK

T, 360°C 390°C 420°C 440°C 450°C

3000

—_—

= 2000

Ky in J/m

1000 7

H in KG

Fig.-5.24. Field dependence of experimental values of K | for different
composition of Fe,, Si B,
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Fig.-5.25 Extrapolated value of K, for infinite field for different composition
of Fe,, Si B,

The compositional dependence of stress induced anisotropy constants with
silicon contents are shown in fig.-5.26, which shows the minimum value of K, at 8
atomic percent of silicon and then goes on increasing with increasing value of Si up to
14 atomic percent of Si. This result agree with the results of the dependence of
coercive force on composition as in fig.-5.7. K, controlled by H,_ in Fe,, SiB,
amorphous ribbons. Higher coercivities arise from elastic stress centres, because they
represent much stronger obstaclcs for domain movement through the magnetostrictive

coupling, than the effect of anisotropy on initial permeability. The amorphous ribbon
with composition Feg,SigB,, has the minimum value of H, =4.6A /m, and minimum

value of K, =2025) /m’, giving the maximum value of gz, =571, thus indicating the

importance of stress induced on the softness of the amorphous ribbons. K in ribbons

are associated with short range pair ordering and interstitial or monoatomic ordering of * - .-

L

the metalloids stlicon and boron.
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Fig.-5.26 Compositional dependence K  of amorphous ribbons with

composition Fe,, Si B,

5.6.1. Temperature Dependence of K

The anisotropy constant K strongly depends on composition, The temperature
dependence of anisotropy constant of amorphous ribbons of composition Fe,, Si.B
for Si content is shown in fig.-5.27. There is almost monotonous decrease of anisotropy
with the increase of temperature, for all the samples the fall being sharper for the
sample with 6 At.% of Si. Although these results arc of interest from a practical
viewpoint they are difficult to interpret quantitatively interms of directional order
theory because of the uncertainty as to the temperature dependence of K and the
uncertainty as to whether equilibrium was achieved at any temperature. Directional
order theory predicts a decrease in K | with increases temperature and vanishes at Curie
temperature. We have extrapolated to K zero value to calculate the ferromagnetic
transition temperature T, as shown in Table-5.6. This results are nearly the same as the

value of T. measured from the temperature dependence o, and g, values. The

C
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anisotropy constant K is calculated in J/m" for different temperature as

shown

in

Table-5.7.
4000 1 J T I T T T T T
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Fig.-5.27 Temperature dependence of K, of amorphous ribbons with
composition Fe,,_Si B,
Table-5.7.
Fe()n-,\-Sime X=06 x=8 x =10 x=12 x=14
K,inJ/m" |K,inJ/m* |K,imJ/m*{K,inJ/m" |K,imn]/m'
25'C 3119 2025 2153 2263 2482
50"'C 3092 2010 2065 2163 2116
75°C 3024 1924 1858 2150 2075
100°C 29384 1687 1708 2140 1912
125°C 2645 1594 1521 2074 1800
150°C 2175 1565 1483 1830 1729
175°C 1611 1458 1342 1719 1658
200°C 1335 1436 1323 1675 1444
225°C 1067 1271 1173 1633 966
250°C 1009 1235 1169 1469 026 LIl
275°C 791 1113 967 1252 743 ™
300°C 567 919 873 1165 082
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The stress induced anisotropy, K“(O) at T=0 is obtaincd by extrapolating the

temperature dependence curve of KU(T) to OK. The extrapolated values KU(O) for

|

X K {0 {0
The corresponding curves for II{L} versus In [EQ} for the amorphous
> ‘

different ribbons of compesition Fey, Si B, are shown in Table-5.6.

K (T) (1) .

|
ribbons with composition Fe,, Si B, follow straight lines as shown in fig.-5.28(a) to
fig.-5.28(e). The temperature dependence of K, is an interesting propex‘iﬁy for

understanding these matenals. According to Zener the effect of temperature up(i)n K,
i

aries solely from the introduction of local deviations in an elementary region and
|

resultants from a large number of independent deviations. The influence of these local
deviations upon the K is most conveniently expressed by representing the magnetic

energy as a series of surface harmonics. The coefficient of n harmonic is found to vary

: !
,n[l‘_l.!_@} u

K, (T . . . "
LA The K, arsing from the disorder caused by randomly

Oy (0)
Inf ——— k
US(T) |

1]
. N a o |
oriented easy axcs follows a power law; ul { . J where 2<n<4. The valljues of

as follows: o=

n are shown in Table-5.8.

Table-5.8
Fe, SiB, | x=6 x =8 x =10 x =12 x =14
n 3.29 1.88 3.08 3.27 4.12 :
-
1.25 T T T T I T T T T I T T T T 7 ,!
Slope=3.06 !

Ll

T 1.00

Illlll._-
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Fig.-5.28(a) In KU(O) versus In
Ky(T) |

composition Fe,Si,,B,,

w curve of the amorphous ribbon with
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5.7. Experimental Results and Analysis of Mossbauer Parametefrs for
Fe-based Amorphous Ribbons. i

The Mossbauer spectroscopy technique in constant acceleration mode has been
used to study hyperfine structure of soft magnetic material of amorphous ribbons with
composition Fe,, Si.B,, [ x =26, 8, 10, 12 & 14 ] in amorphous state. The experiments
were performed at room temperature in transmission geometry, using “'Co in a
rhodium matrix. Pure “'Fe thin foil has been used as the reference material for
standarization of results. The number of counts versus velocity of the source is; plotted
in fig.-4.16. The data are collected into two groups. Each group is of 256 chanﬁels and
the second group gives a mirror image spectrum of the first group. The repres?antative

spectrum of amorphous ribbon with composition Fey,Si (B, is shown in fig.-5.29.
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Fig.-5.29 Room temperature Mdssbauer transition spectrum for relative counts versus
channels of the as-quenched amorphous ribbon with composition Fe,Si B,
N

[
[y

We linearize the data and the two groups are folded resulting in improved

statistics. The parabolic effect in the base line, caused by the periodic parabolic

142



1
1
i
|
|
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displacement of the source, gets cancelled as a result of the folding. This folded set of
data is then used for amalysis and the representative origin graph with compdsition

FegS1,,B,, is shown i fig.-530. The fitting is done in terms of the Mdssbauer
parameters of Isomer shift (IS), qudrupole splitting (EQ), internal hyperfine magnetic

field (HM), line width as measured by full width half maximum (FWHM:) and
I

percentage of absorption of the components in magnetic pattern.
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Fig.-5.30 The origin graph with composition Fe, Si B, , from the folded sét
of data. l

In this case of “’Fe there is an internal magnetic field acting at *'Fe nuclei. This
causcs the upper — 3, level to split to two levels. Using the selection rule Am= 0,+1 for
transitions to occur, we get six possible transitions. In order to match the source energy
to each of the six different velocities of the source. This is automatically achieved in
constant acceleration mode. Room temperature Mdossbauer spectra, typical of as-
prepared amorphous ribbons, are obtained and the changes in the spectra corresponding
to the different compositions of the system Fe,, SiB,, [ x = 14, 12, 10 & 8 ] are .,
shown in fig.-5.31. Fig.-5.32 shows the spectrum for the sample Feg,Si B . =
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Fig.-5.32 Room temperature spectra of the as-quenched amorphous ribbon with
composition Fe, Si B, ‘

A comparison of the spectrum of pure iron with those of the amorphous ribbons
of different compositions shows Lhe shift in the spectral lines and their broadening. This

is caused by the change in the number of nearest neighbour iron atoms and also, there
mteratomic distances. The numerical values of IS, E,, FWHM, H,, and absorption

percentages are shown in Table-5.9.

Table-5.9.
Sample IS, mm/s E, mm/s H,, Tesla FWHM Absorption'%
+0.005 10.005 H0.1T mm/s, +0.01 .;
Pure  “Fe| ... 0.058 33 0.18 1138
foil |
Fe,Si B, | 0.242 0.175 24.07 1.20 476
Fe,Si,,B,, | 0.213 0.213 24.61 1.00 532
Fe,,Si,B,, | 0.206 0.175 24.98 1.083 5.27
Fe,Si;B,, | 0.114 0.058 25.53 1.05 3.89
Fe,SiB,, | 0338 0.213 25.71 1.083 2,74
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The coulombic interaction alter the energy separation between the ground state
and the excited state of the nuclei, thereby causing a slight shift in the position of the
observed centroid of the spectrum, which are different for various amorphous ribbons
with different compositions giving rise to isomer shifts, The velocity scale is calibrated
by a room temperature measurement on a thin natural iron foil sample. The 1S's are
given relative to the centroid of this spectrum as shown in Table-5.9. 1S of all the
samples are given relative to the centroid of this spectrum. The centroids for the
ribbons are calculated relative to the centroid of these spectra from the centroids of the
velocity scale of a thin *"Fe foil sample. The 1S's of the iron atoms in amorphous
ribbons with composition Fey, SiB,, is observed to be in the range 0.114 to

0.338mnv/s, indicating that the iron atoms behave as trivalent ions in this system.’

Quadrupole splittmg is the electric quadrupole interaction between the
quadrupole moments of the nuclei and the electric field gradient at the nucleus due to
the asymmetric distribution of charges on the ions. This provide information on the
nature of chemical bond. The E, of the iron atom in the amorphous ribbons with
composition Fe,, SiB,; is observed in the range 0.058 to 0.213mmy/s as shown in
Table-5.9,

Absorption percentage, as compared with pure iron, decreases in Fe-Si-B
ribbons. These absorption percentage slightly decreases with decreasing Si-content
except for Fe, Si,,B,, . These results are shown in Table-5.9. The effect of change in
the composition of Fe-Si-B amorphous system on the transition line width as measured
by FWHM is also shown in Table-5.9. The experimental FWHM of pure “"Fe foil is
0.18mm/s, FWHM of the amorphous ribbons broadening is 5.5 to 6.5 times.

Using these standard results, the experimental spectra for the as-prepared
samples of Fe-Si-B ribbons of different composition have been obtained by the best fit
for the distribution of the hyperfine field. This is carried out by FORTRAN 1V language
which does a least y* spectra fitting for over lapping Lorentzian lines. The curve
through the experimental spectra is the best fit obtained by u'sing the best fit with a
probability distribution of hyperfine fields as shown in fig.-5.33. This solid curve
indicating the probability distribution of magnetic H,, has been observed as a single
peak which corresponds to amorphous state. The results of average magnetic hyperfine
field (H,,) of the as-quenched amorphous ribbons with composition Fe,, Si B, are

show mm Table-5.9. The H,, is increases with decreasing Si-content as shown in fig.-

5.34,
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Fig.-5.33 The best fit curves of magnetic hyperfine field distribution for
amorphous ribbons with composition Fe,,_ Si B, [x =14, 10 & 8]
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Fig.-5.34 Variation of internal hyperfine field due to change in the Si-content
in Fe,,_ Si B,, amorphous ribbons.

The H,;, 1S and E, for the saruple with composition Fegy,Si, B,, have not

changed by annealing at temperatures up to 300° C for one hour. The numerical values
of IS, E,, FWHM, H, and the absorption percentage of annealed amorphous ribbon

with composition Fe,Si; B, are shown in Table-5.10.

Table-5.10 _

sample IS, mm/s E,, mm/s H,. Tesla | FWHM Absorption %
FegSijgBio | 40,005 +0.005 +0.1T mmy/s, 10.01

At room| 0,206 0.175 24,98 1.083 5.27
temperature

200° C{lhr.)| 0.231 1 0.117 25.53 1.083 4,72
300"C(1hr.) 0.125 0.117 2571 1.083 4,98

The results of IS, E,, H,; and FWHM of the annealed sample Feg,Si; B, are
nearly the same as those of the as-quenched ribbon. Just slight gives the H,, shows a

increase with annealing temperature. The Effect of annealing is shown by the ﬁttmg theg,,,
resulis to a solid curve for the distribution of magnetic H,, of amorphous ribbon w1t11 "

composition FegSi, B, as shown in fig.-5.35.
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5.35 Effect of annealing on the distribution of magnetic hyperfine fields of
amorphous ribbons with compaosition Fe, Si B,,.

Fig.-5.35 shows that annealing did not alter the amorphousity, and the average
hyperfine field changes very slightly due to annealing. It has been observed that
although very small change is observed in the average hyperfine ficlds duc to annealing,

the change i the distribution of the hyperfine field is more appreciable.
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6.0. Results and Discussion of Ni-based Amorphous Ribbons.

6.1. Differential Thermal Analysis of amorphous Nickel-Iron-Boron
ribbons as affected by Nickel content

Nickel-Iron-Boron amorphous ribbons with compositions Nig, Fe, B,, [ x= 20,
30, 40 and 50 | are of special interest, because these magnetic elements having different
structures in their crystalline states and opposite magnetostrictions provide

opportunities for tailoring the magnetic properties by change of composition. The glass
transition temperature T, the crystallization temperature T and the secondary

crystallization teroperature T, of the amorphous alloys are determined by DTA at a
heating rate of 10°C/ min. In fig-6.1 T, T, and T,f are shown which corresponds to
respective exothermic picks of the alloy composition NigFe; B,,. Fig-6.2 shows the
DTA curves, of the different samples. The large peaks in these curves correspond to
the crystallization temperatures, while the simple hum like peaks correspond to the

glass transition temperatures.

It is observed that both T, and T, decrease as the nickel content increases. The

decreases of T, with nickel content may be explained as due to the increase of the
melting point with the increases of the nickel content. The difference between T and T,
is found to be nearly the same for all composition, being in the range 20°C to 30°C.
This difference in AT signifies that all the alloy composition are not eutectic, rather they
deviate form the cutectic composition. In the above mentioned graph the third peak
shows that the secondary phase transformation take place almost at the same
temperature for all the alloy compositions under study. In fig-6.2 the results are
presented in summarised form for a comparison to be drown between the samples of
different compositions. The numerical values of T,, T, and T, for all sample are shown

in Table-6.].

Table-6.1

Ni,, Fe.B., T, T, T

x =50 450°C 480°C 575°C

x =40 435°C 455°C 575°C

x =30 400°C 422°C 575°C ¥
x =20 395°C 415°C 575°C )

Fig-6.3 shows the dependence of T, T, and T, on composition and nickel content.
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Fig.-6.1 DTA graph of the amorphous ribbon with composition Ni,Fe, B,,.
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6.2 Curie temperature measurements of .amorphous Nickel-Iron-
Boron ribbons )

Amorphous Nickel-Iron-Boron ribbons having composition Nig, Fe B, [ x =
20, 30, 40 and 50 ] have been chosen for the determination of Curie temperature, using
the p VS T curves. The T, corresponds to temperature at which the sharp fall of
permeability occurs. Temperature dependence of permeability of the samples subjected -
to a heating rates of 12°C/ min. are shown in fig-6.4. The numerical values of T.'s for

all the samples are shown in Table-6.2.

Table-6.2
| Nig, FeB;o [ x=150 x = 40 x=30 x=20"
T 445°C 413°C 333°C 261°C
3000

Nigo-xFex Bag
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Fig.-6.4. T, determination from temperature dependence of permeability of

amorphous ribbons with composition Ni,,_ Fe B, .
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Although the chemical disorder appears to be largely responsible for reduction
of Curie temperature T, in amorphous ribbons, the effect of non-crystallineity is also
significant. The dependence of T, on the composition and the nature of the metalloids is
not very systematic. T.'s of amorphous Nickel-Iron-Boron ribbons with composition
Nig, Fe B,, decrease with the increase of Nickel content as shown in fig-6.5. Addition
of Ni to replace Fe, with fixed concentration of boron, decreases T, rather slowly for
low concentration, but for higher concentration of Ni T, falls sharply. It is noticed that
T. decreases monotonically with increasing Nickel content. It is explained as arising
from the weakening of the exchange interaction between the magnetic atoms due to the

replacement of Fe atom by Ni atoms.
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Fig.-6.5 Variation of T, due to change in the Ni-content in Ni,, Fe B,,

amorphous ribbons,

155




6.3. Determination of Maximum Permeability, Maximum induction,
Coercive force and Remanence of Ni-based Amorphous Ribbons.

Amorphous Nickel-Iron-Boron ribbons are of great interest as a soft magnetic
material for their static applications. Amorphous ribbons of Nickel-Iron-Boron alloys

having composition Nig, Fe B,, [ x = 20, 30, 40 and 50 ] have been chosen for static
magnetic characteristics like saturation magnetic induction (BR) , Temanence (B,),

Coercivity (H_),maximum permeability (u,} and the ratio ("' B_). The ribbons were

wound into the toroidal cores having 13 to 15mm outer diameter and 10mm inner
diameter. In the as-quenched state these magnetic materials show very soft magnetid
properties with rectangular hysteresis loops. In order to gain information which will
help the development of advanced soft magnetic materials, a detailed study of the

processes associated with the magnetization in such materials is required.

As-quenched ribbons of amorphous Nickel-Iron-Boron alloy system have been
studied experimentally to determine B,, B, H_ and g, from the hysteresis curves by
varying the applied field up to 32A/m. The coercive field and the losses are controlled
by the process of magnetization reversal, which depends on magnetic nucleation,
irreversible rotation of magnetic domains and domain wall motion. But at the same time
the saturation magnetic induction B_ and the remanence B, are much reduced. The
remanence B, = 0.85 to 0.90B, and H, = 3.6 to 6.8A/m have been observed in Nig,_
JeB,, amorphous ribbons. The results of our observation are shown in sumrﬁary form
in Table-6.3.

Table-6.3.

Nig, .Fe B,, x = 50 x =40 x=30 x=20
H (A /m) 5.1 6.8 5.8 3.6
B,(mT) 2425 231.5 202.5 170.0
B,(mT) 286,58 255.96 233.95 196.1
"4 0.85 0.90 0.87 1087
b, - 12,794 9,346 11,350 13,621

Fig-6.6 shows the hysteresis curve for Nig, Fe B,, [ x = 20, 30, 40 and 30 ].
The rectangular shapes of the hysteresis curves show that materials are magnetically

very soft and need very low field for saturation magnetization.
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The smooth nature of the experimental data which feat the hysteresis curve
show that the domain wall movements have least Barkhausen noise. One épecial feature
of the initial magnetization curve represented by the doted line is that a higher field 1s
needed during the first magnetization cycle. This is explained by assuming that pinning
effect decreases in. successive magnetization cycles. The comprehensive results are
shown in fig-6.7. |

300 , 9.0
275 —H75
£
S
<L
250 460 £
€ T
£ @
(& ]
@ 225 445 5
c S
2 o
(%] >
3 ‘O
R .
£ 200+ 430 &
. Q
Nigg-xFex B;g
-0-—0— By
175 | A A B 415
L} HC
150 ! 1 | . \
10 20 30 40 50 60 70

Fe (Atomic %)

Fig.-6.7 Magnetic induction and coercive force variation with atomic percent of
Fe-content in amorphous ribbons with compositton Ni,, Fe B,,.

From Table-6.3, we find that with increasing percentage of iron B, B,
and H, increase allmost monotonically with the exception of Ni, FesB,, sample in
which case coercivity decreased in spite of high percentage of Fe. As expected, the

maximum permeability of these samples decreased with increasing Fe content,
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consistently with the corresponding coercivity values. The maximum permeability of
13,621 was obtained for NigFe, B,, which shows that this particular composition is
most suitable for soft amorphous magnets. The values of %_ remains more or less
constant for all the samples showing that magnetization mechanism is similar for all the

compositions..

Since iron and Nickel have opposite values of magnetostriction, it is expected
that their combination will give interesting effects on their alloys. The mechanism
involved in these amorphous materials is very cbmplicated, because no two magnetic
sites are, in the strict sense, identical and their magnetic moment can vary from point to
-point. Also the varation of concentration due to the preparation technique involved
produce stress induced anisotropy which again depends to co-ordination number of

each magnetic site.

Permeability due to static external field from 0.5A/m to 35A/m for the ribbons
with different compositions are shown in fig-6.8. The maximum permeability occurs at
different fields 5.8, 14.95, 15.1 and 17.6A/m for compositions NigFe, B,,,
NiyoFey,B,q, NigFe;oB,, and Ni,Fe, B,, respectively and their corresponding values of
4, are shown in Table-6.3. The field corresponding to the peaks of the permeability
curves are different for different compositions, the minimum field corresponds to the
maximum percentage of nickel. This shows that even in the amorphous state the

permalloy characteristics is maintained.

Magnetostriction and anisotropy along with surface defects (6-1), volume
pinning effect of domain walls(9.2) and relaxation effects due to local structural
rearrangements and clusters of chemical short range ordered(®-3) regions-all contribute
to coercivity. However, we consider that magnetostriction is the major origin of
coercivity in our specimens. Thus the variation of coercivity with COIIlpOSItl()[l*-LlS
explained as originating from the complex combination of magnetostriction ansmg From
iron and nickel atoms and the anisotropy introduced by the magnetostrictive strains in-
the ribbons during the preparation process. Since the initial permeability depends very
much on the magnetic field, these materials cannot be used in low fields, where
permeability although maximum is highly field dependent. One should rather choose the
- operating field at a relatively higher value where the pei‘meability is more independent
of the field. f;..
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6.4. Dynamic Magnetic Properties of Ni-based Amorphous Ribbons

Dynamic magnetic properties of as-quenched Nickel-Iron-Boron system with
composition Nig, Fe B,, [x = 20, 30, 40 & 50] have been determined using an

impcdancc analyzer. At room temperature the frequency and field dependence of the -

complex permeability i = p/ - in” and the Core losses of the tape wound cores were
measured by an impedance analyzer up to 13MHz and relative quality factor (p/tand)

and the loss factors have been determined from the direct value tand = (u*/p/).

The initial permeability (p;) of the amorphous ribbon, which is extrapolated to
zero frequency and for vanishing magnetic field, is estimated. Since permeability cannot
be measured without applying some field, the initial permeability for the vanishing field
is estimated by extrapolation of the initial permeability of the amorphous ribbons at
very low frequency in our dynamic measurement. It is assumed that the lmit of low
frequency corresponds to static field. The p, of the ribbons with composition Nig,.
JeBy, is calculated from the low A.C. magnetic field dependence of permeability in
the limit of frequency 0.5KHz and in a vanishing magnetic field as shown in fig.-6.9.

The results are shown in Table-6.4,

Table-6.4
Ni,, Fe B,, x =50 x =40 x =30 x =20
M 481 422 382 444

As shown in fig.-6.9, the initial permeability in the vanishing field region for all
the ribbons except the one with composition Ni; Fe, B,,, remains almost constant with
slight variation of the field. The ribbon of composition NiyFes,B,, shows a large
increase i the permeability with field even in the low field region which is quite
interesting and is rather complicated. This shows that special barriers to domain wall
motion exist for this particular composition. The results are shown in Table-6.4. Initial
permeability is controlled by the irreversible part of the domain wall motion, and the
preparation technique determmes the defects and the associated energy barriers. It is
difficult to explain the values of these parameters quantitatively, because of the various

contributing factors.
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Another supporting method for the accurate determination of 4, is to plot the
imaginary part of complex permeability (u”) against the real part of complex
permeability (). For any applied field, this representation shows a semicircle for the
high frequency to the low frequency. The z, value is determined from the semicircle's
diameter which intersects the 1/ axis corresponding to a low applied field H=0.1A/m.
Fig.-6.10 gives the representative results of the as-quenched sample with composition
Ni,, Fes,B,,. This fig.-6.10 producaé a short vertical spike, and the evaluation of the
permeability corresponds exclusively to the relaxation, separating it from the low
frequency dispersion. The high frequency end of the semicircle does not coincide with
the origin of experimental data, -presumably due to the existence of an additional

dispersion.

Fig.-6.11 shows that g, of Ni-Fe-B amorphous system decreases with
decreasing Fe-content upto 30At.% of Fe, beyond this point there is an increase of 1,

with decreasing Fe-content.
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Fig.-6.11 Variation of initial permeability due to change in the Fe-content in
amorphous ribbons with composition Niy,_ Fe B,;.
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The measurements were performed at room temperature using an ac fields with
a very low constant value of H = 0.1A/m and a frequency from o.5KHz to13MHz.
From the real part and the imaginary part of the complex permeabihty, the quality
factors as a function of frequency have been calculated for different compositions. The
frequency dependence of the real part of complex penmeability is shown in fig-6.12.
The flat region up to the frequency 3MHz indicates that except the ribbon with
composition NigFe, B, all the other three samples of composition NiyFesoByo,
Ni o Fe, By and NigFe, B,, respectively are very suitable as Core materials at low
fields.
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Fig.-6.12 Frequency dependence of the real part of complex permeability of
amorphous ribbons with composition Nig, Fe B,

The imaginary part of the complex permeability and loss factor for different
compositions over the frequency range 0.5KHz to 13MHz are shown in fig-6.13 and
fig-6.14 respectively. The on'giﬁ of the loss factors can be attributed to various domain
effects, which include nonuniform and nourepetitive domain wall motion, domain wall
bowing, localized variation of flux density and nucleation and annihilation of dormain
walls. The principal cause of eddy current loss in amorphous ribbons is attributed to

non sinusoidal and repetitive motion of domain walls,
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At low frequencies the loss is controlled by hysteresis and eddy current losses
and at high frequency the flux penetration becomes low and loss is controlled mainly by
interaction between the grains. As a result grain size, grain orientation and specimen
thickness become important. It has been reported before that the precipitation and
specimen thickness become important factors. The precipitation of very small percent
of particles improve the high frequency losses and permeability (6.4) The Nickel
content has important effect in this case. Except the ribbon with composition
Ni ,Fe, B, the other three materials having composition NiggFeq,By, Niy e, B,y and
Ni, Feg,B,, respectively are almost identical in their performances and have low loss

factors in frequencies up to 2ZMHz.

The frequency dependence of relative quality factors are shown in fig.-6.15. The
relative quality factors as controlled by the real part of the complex permeability have
quite high values in the range 15KHz to 3MHZ for all the three ribbons, having fow

loss factors as mentioned before.
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Fig.-6.16 shows the annealing effect of x4, of amorphous ribbons with
composition Nig, Fe B, 1, of all the samples are studied for their dependence on
annealing temperature at very low field H=0.1A/m at low frequency (1KHz). Al
samples arc annealed at a constant annealing time of one hour. In general the value of
4, increases with the annealing temperature which are different for different samples,
and then decreases with further increase of the annealing temperature. The initial
increase is explained as due to the removal of pinning centres and the final decrease in
4, 1s explained as due to the nucleation of crystallites and their growth.
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Fig.-6.16 Initial permeability versus annealing temperature of amorphous
ribbons with composition Ni,,  Fe B,,.
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6.5 Specific Magnetization Measurements 6f Ni-based Amorphous
Ribbons. |

The specific magnetization of Ni-Fe-B ribbons with composition Nig, Fe, By, [
x = 20, 30 40 & 50 ] in as-quenched condition is measured using a V.S.M. The specific
magnetization process as a function of field are shown in fig.-6.17. The saturation
magnetization for these ribbons have lower values for increasing replacement of Fe by
Ni. It is observed that while the ribbon with composition NiyFesB,, reaches its
saturation value around 1.9KG field, the ribbon with composition Ni,Fe, B, requires
1.5KG, for the compositions Nig Fe,,B,, and NigFe, B, the required fields are 1.3KG
and 1.6KG respectively. The saturation specific magnetization ( o, ) for different

sample are calculated as shown in Table-6.5.

Table-6.5

Nig. Fe B, x =20 X =30 | x=40 x =50

o, in Am* /Kg 82.66 93.74 121.36 127.14

at room temp.

0,(0)in Am® /Kg | 84 95 123 131

atOK

T 1258°C 336°C 410°C 443°C
150 —————T T T T T T T T T

—_
[
L

Nigo-xFex Bao . -

20f- —o—0— X=50 , -
L —-0— X=40 i

—n X=30
i —eo—o-X=20

Specific magnetization in Am2/Kq

o -

0 i 1 1 il I [l i 1 L I 1 1 i 1 I I\ L 1 A | L L 1

0 1000 2000 3000 4000 5000
Applied magnetic field in Gauss

Fig.-6.17 Specific magnetization versus magnetic field of amorphous ribbons
with composition Nig, Fe B,
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The o, decreases with increasing replacement of Fe by Ni as shown in fig-6.18.
For Ni-Fe-B amorphous alloys with fixed metalloid B, there is a reduction in moment in
the Fe-Ni series with incrcasing Ni-content in place of Fe. A simple approach is to
replace a randomly varying local field at the moment site of Fe by Ni. The data agree
qualitatively with the rigid-band modcl using the sample moments 0.6, for Ni and
2.1u, for Fe. The results indicating that the average moment of the transition metal
alloy dccreases with the replacement of Fe with Ni. However, the rigid band model is

not strictly followed.
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Fig.-6.18 Variation of specific magnetization due to change in the Ni-content in

Ni,,_, Fe B,, amorphous nbbons.

6.5.1 Temperature Dependence of Specific Magnetization of Ni-based
Amorphous Ribbons. ‘

The temperature dependence of specific magnetization of amorphous ribbons
with compoasition Nig, Fe B, is shown in fig-6.19. The T, is determined from the

point of vanishing of magnetization with temperature. Ni-Fe-B alloys with T, above

the beginning of thermal excitation due to structural relaxations and stress relief have to

be considered carefully. The relaxation of local atomic configurations will perturb both
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the magnetic and chemical environment, and therefore, the moment distribution will
change. Consequently, as temperature is raised towards T, substantial irreversible

changes in moment distribution and reordering of paramagnetic inclusions is present.
The values obtained for T, decreases with increasing Ni-content which have the same
nature that of fig.-6.5. This results is discussed in section-6.2 indicating that in Ni-based
alloys, the weak itinerant ferromagnetism leads to an unusual temperature dependence

of o,.
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Fig.-6.19 Specific saturation magnetization as a function of temperature for

Ni,, ,Fe,B,, amorphous nibbons.

A typical temperature dependent saturation specific magnetization measured
with H = 4KG. The T = OK saturation specific magnetization, .(0) are obtained by

extrapolating to OK the g.(T) values measured at various temperature. The

extrapolated values of aﬂ,((]) for different ribbons are shown in Table-6.5.
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A comparison of experimental data of reduced magnetization m = versus

reduced temperature, % using mean field theory is shown in fig.-6.20.
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Fig.-6.20 Reduced magnetization m = GS(O) versus X for amorphous nbbons

c

Ni,,_, Fe By,

#-x
The graphs represent meanfield calculations for different Ni-Fe-B ribbons, the

exchange fluctuation parameter in the exchange interaction lead to the structural
disorder. The temperature effect of O;(T) arises from thermally excited fluctuations in

both topological randomness and chemical bonds disorder. It should be natural to

consider an exchange interaction disorder. However, no complete theoretical

understanding of this behaviour exists at present. Reduced magnetization versus

[

curves for amorphous ribbons with composition Nig, e B, lie substantially below that

for crystalline nickel.
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6.6 Stress Induced Anisotropy Measurements of Ni-based Amorphous
Ribbons

The ficld dependence of the torque versus the angle between the magnetic field
and the direction of the preparation axis of Ni-Fe-B ribbons with composition Nig,
Fe B, [ x = 20, 30, 40 & 50 ]. The representative curve for torque versus of the
ribbon with arbitrary angle of the amorphous ribbon with composition NiyFes,B,, for
different fields are shown in fig.-6.21. There is a small increase in the torque with
increased field. This is origin explained as due to the competing contribution from Fe-
Ni pair ordering mechanism for involved: However, a small contribution to K, present
in alloys which contain only iron as the magnetic species, must be attributed m the
orientation of some other structural mohf or defect. It is also possible that larger scale
defects or inhomogeneitics, such as voids or regions of composition somewhat different

from the average, may acquirc a characteristic shape and orientation during the
preparation of ribbons and there by contribute to stress induced anisotropy (K,)

L=

Torque in Voll—

L I L L l 1 1 L | I ] 1 1 1 1 1 Il

Fig.-6.21 Field dependence of torque versus angle for the amorphous ribbon
with composition Ni,Fe B,
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For an as-quenched Ni-Fe amorphous ribbons with positive magnetostriction
duc to the presence of Fe-atoms there is positive magnetostriction in the bulk state.
Torque of the metallic ribbon also respond to ficld. Such effects are best observed in
samples that have been totally stress relived in order to eliminate magnetostrictive

effects.

The K is caleulated from the torque versus angle curves by Fourier analysis for

cach sct of temperature and field. The sensitivity of the torque magnetometer is
calibrated to be | volt =4.755x1077) of different scales of sensitivity are used
depending on the specimen. Fouricr coefficient as determined by computer program
and from the torque versus angle data for different values of the anglc between the
applicd ficld and the axis of the amorphous ribbon for each sample of composition
Niy, FeB;, , and by extrapolation of the field up to H —oc arc shown in fig.-6.22 and
fig.-6.23.
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Fig.-6.22 Fourier coefficient for infinite field by extrapolation from A, versus
|/ H curve for different compositions of the system Ni,, e, By,
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Fig.-6.23 Fourier coefficient for infinite field by extrapolation from A, versus
1/H curve for different compositions of Ni,,_ Fe B,, system
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6.24. Field dependence of experimental values of K for different compositions

of Ni,, Fe B,, system
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Experimental values of field dependence of K, for different ribbons with
composition Niy, Fe B,, as shown in fig.-6.24. The K, against I/H as obtained by
extrapolation to saturation anisotropy values are shown in fig.-6.25. The results are
shown in Table-6.6

Table-6.06
Nig,.Je By x = 20 x = 30 x =40 x =50
K,inJ/m" |492.43 939.46 1163.43 902.06
at room temp. -
K,inJ/m’ 740 1350 1480 1320
at 0K '
T, 260" C 340°C 420°C 445"C
1500 T L) T [ 1 1 L) I 1 1 T [ 1 ] T
Nigg-xFexBjg i
—0—0— X=50 4
o0~ X 40 |
- —_——— —A—A- X=30
H\E ——@— A= 20 -1
1000 .
r‘:E- -
; | i
52 500 _
x "‘-.___
i - il
0 ] I ] | 1 ] ! I L 1 1 ! 1 ) L
0 0-4 0-8 1.2 1.6

1/H in KG"'__H..

Fig.-6.25 Extrapolated value of K for infinite ficld for different compositions

of Ni,,  Fe B,, system
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The experimental results of normalized K, for amorphous Ni-Fe-B alloys, have
almost compositional dependence as predicted by the ordered pair model and hence it is
qualitatively established that in both crystalline materials and glasses the field induccd
anisotropy arises from ordered pairs. However, to obtain this agreement it is necessary
to subtract from the measured anisotropy the small but non zero anisotropy obtained in
the amorphous ribbons with Ni present. At present, these discrepancies and whatever

doubts this cast on the pair ordering model have not been resolved. However, it is clear
that, large valucs of K require the presence Fe.

The compositional dependence of K, in ribbons with Fe contents as shown in

fig.-6.26, gives minimum value of K at 20 atomic percent of Fe. This dependence of

coercive force on composition has the same nature as that of fig.-6.7 and an opposite
contribution to u, is found in fig.-6.11. K is found to be controlled by H, and 4, in

Nigo Fe B, amorphous ribbons.

1500 T T T T ] 1 [ 1 r 1 rJ r r r1I

1000 :+—

Kyin J/im3——— =
T i T
[ I‘r L L

500 —

10 20 30 40 50 60
Fe (Atomic% }

'

Fig.-6.26 Compositional dependence K of amorphous ribbons with

composition Ni,, Fe B,
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6.6.1. Temperature Dependence of K

The temperature dependence of stress induced anisotropy of amorphous ribbons
with composition Nig, Fe B, is shown in fig.-6.27. The origin of K in this case is

most likely the internal stress. In this case, it should be possible to substantially reduce
K, by the stress relieving due to the increase of temperature, and this is indeed
observed. The value K, decreases with increasing temperature, above T, K, is
observed to be nearly zero. The extrapolation of K to the vanishing value corresponds
to the calculated value ferromagnetic transition temperature T, as shown in Table-6.6.
These results are almost nearly the same as the value of T. measured for the

temperature dependence o, and g,. The K is calculated in J/m’ for different

temperatures as shown i Table-6.7.

Table-6.7.
Nigq Fe,By, x =20 x =30 x =40 x =50
K,mJ/m* |K,m]J/m" |[K,nJ/m" |K,m]/m’

25" C 493 940 1164 902
50°C 442 874 1159 758
75°C 436 800 1152 700
100" C 431 651 1101 640
125" C 338 623 946 635
150°C 322 534 923 629
175"C 290 443 371 597
200"C 212 363 765 570
225"C 97 358 608 544
250°C 43 303 491] 511
275°C 5 197 390 423
300°C 123 322 375

The T= OK stress induced anisotropy KU(O) are obtained by extrapolating’
K,(T) to OK. The K _(0) for different values of ribbons with composition Nig, Fe B,,

are shown in Table-6.6.
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Fig.-6.27. Temperature dependence of K of amorphous ribbons with

composition Ni,, Fe B,

K,(T) o,(T)

with composition Nig, Fe B,, follow the straight line as shown in fig.-6.28. The K,

i K (0 . .
The corresponding curves ln{ “( ):| versus ln{ G“(O)} in amorphous ribbons

arising from a disorder caused by randomly oriented easy axis follows a power law:

K,(T) ![os(T) "

= with in 2<n < 6. The values of n are shown in Table-6.8.
K,(0) | af0) '

Tablc—b.S
Ni,. Fe B,, x=20 x =30 x =40 x = 50
n 2.01 1212 6.06 : 2.77
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6.7. Results and Analysis of Mossbauer parameters for Ni-based
Amorphous Ribborns

Mossbauer spectroscopy is a very useful technique for studying the hyperfine
field distribution as affected by the nature and number of nearest magnetic atoms in an
amorphous alloys. This has been used for identification of magnetic field distribution of
magnetic atoms in amorphous ribbons with composition Nig, Fe B, [ x =20, 30, 40 &
50 ] by the evaluation of the collected spectra. The spectrum has been recorded in
constant acceleration mode and the data have been collected in multiscalling mode. The
data are collected into two groups. Each group is of 256 channels and the second
group gives a mirror image spectrum of the first group. The representative spectrum of
the amorphous ribbon with composition Ni,Fe,,B,, is shown i fig.-6.29. The
Méssbaucr spectroscopy technique in constant acceleration mode has been used to
study hyperfine ficld and Isomer shifts of Ni-Fe-B system in amorplous statc. Pure
*'Fe thin foil has been used as the reference material for standarization of the results.

The number of counts against velocity of the source is plotted in fig.-4.16.

Room temperaturc Méssbauer spectra typical of as-quenched amorphous
ribbons are obtaincd and the changes in the speetra corresponding to different
compositions of the system Niy, Fe B., are shown in fig.-6.30. A comparison of the
spectrum of pure iron with those of the amorphous ribbons of different compositions
shows the shift in the spectral lines and their broadening, This is caused by change in
the number of nearest neighbours iron atoms and also their interatomic distances. The

numerical values of 1S, E,, H,,, FWHM and absorption percentage are shown in

Table-6.9.

Table-6.9 .

Sample 1S, mm/s E,, mm/s | H,, Tesla | FWHM Absorption
+0.005 10.005 H.1T mny's, 10.01 | %

Pure “'Fe 0.058 33 0.18 11.38

foil

Ni, Fei,B., | 0.338 0.087 26.07 1.04 4.59

NigFe, By | 0.360 0.175 24.43 0.96 5.06

Ni Fey By | 0.367 0.204 23.34 0.90 3.07

Ni, Fe,B,, | 0.231 0.117 20.60 0.85 2.20
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Fig.-6.29 Room temperature Mdssbauer transition spectrum for relative counts versus
channels of the as-quenched amorphous ribbon with composition Ni,,Fe,,B,,

The coulombic interaction alter the energy separation between the ground state
and the excited state of the nuclei, thereby causing a slight shift in the position of the
observed centroid of the spectrum, which is different in various amorplious ribbons
with different compositions giving rise to isomer shifis. The velocity scale was
calibrated by a room temperature measurement on a thin natural iron foil sample. The
IS's are given relative to the centroid of this spectrum as shown in Table-6.9. 1S of all
the amorphous ribbons are calculated relative to the centroid of these spectrum from
the centroids of the velocity scale of a thin 'Fe sample. As shown in Table-6.9, the [S
of the Ni-Fe-B system increases with increasing Ni, till the amount of Ni becomes 50
At.%, and then with further increase of Ni content 1S decreases. The iron atoms are in
the trivalent statc in amorphous ribbons as reflected in the IS value which varics from
0.231 to 0.367mun/s.

Quadrupole splitting is the electric quadrupole interaction betwcen the
quadrupole moments of the nuclei and the electric field gradient at the nucleus due to

the asymmetric distribution of charges on the ions. This provide inforiation on the
nature of the chemical bond. Just like IS the E, also increase with increasing Ni until

the amount of Ni becomes 50 At.% and then decreases with further increase of Ni.
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Absomption percentage as compered with pure iron decreases in Ni-Fe-B
ribbons. These absorption percentage decreases with increasing amount of Ni except
for NiyFe, B, This is explained as due to the inver effect which occurs due to
contributions of magnetostriction of opposite signs from Ni and Fe atoms. These

results are shown in Table-6.9.

The effect of change in the composition of Ni-Fe-B amorphous system on the
transition line width as measured by FWHM is also shown in Table-6.9. While

experimental FWHM of pure iron foil is 0.18mm/s, FWHM of the amorphous ribbons
broadening 5 to 6 times. The average magnetic hyperfine field (H, ) of the iron foils is

33T which corresponds to iron magnetic moment of 2.21u,. Using these standard
results, the experimental spectra for the as-prepared samples of Ni-Fe-B ribbons of
different composition have been obtained by the best fit with the distribution of the
hyperfine field. This is carried out by FORTRAN 1V language which does a least 3
spectra curve fitting for over lapping Lorentzian lines. The H, decreases with
increasing Ni content as shown in fig.-6.31. The H,, values for different composition of
the ribbons agree consistently with corresponding o, values, o, being larger for

samples with higher iron content as expected.
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1

7.0. Results and Discussion of Co-based Amorphous Ribbons |

7.1. DTA Results of amorphous Cobalt-Iron-Boron-Silicon ribbd_ns as
affected by Iron substitution
¥

Cobalt-Iron-Boron-Silicon amorphous ribbons with composition | Coy,.
Fe B Sij, [x=0,2,4,6and 8] are of special interest because, these lﬁagnetic
systems with high Co content and small amount of Fe content, can help us to
understand why the magnetostriction of amorphous 3d metals differ so markcdly from
that of their crystalline counterparts. An interesting way has been the investigation of
the crystallization of Fe-Co-metalloid alloys and the strong correlation betwcen positive

and negative magnetostriction and the local symmetry. |
\

The compositional dependence of the glass transition temperature jTg and
crystallization temperature T, of amorphous Co-Fe-B-Si alloys are also studied. It has

been observed that the crystallization temperature of these alloys, with constant Si and

B changes with Fe content as measured by DTA when the heating rate is maintained at
10°C / min. In fig-7.1 T, and T, correspond to observed exothermic picks of th? ribbon

with composition Co,Fe,B,;Si;,. The two anomalies observed in the temperature
|

versus time curve were at 430°C and 570°C respectively. Both the anomalies showed
peaks, which corresponds to the releasc of heat at these temperatures duc Lo change in
the ordering of the atoms. We identify the first peak as T,, when the ribbon was

transforming from anorphous state to crystalline state. The sccond peak is considered
. . : I
to be due to the formation of crystalline phase T,. %

In fig-7.2, the results are presented in a summerized form for all the different
samples with compositions Coy, Fe B,,Si,,. For all the samples the eutecti¢c points

remain unchanged. This shows that all the compositions are equally favourable for
producing amorphous ribbons. Fig.-7.3 shows dependences of T, and T, on the Fc

content in the amorphous alloys, The glass transition temperature T, of amorphous

Coyg,. Fe B, Si;, alloys depends on the Fe content. The glass transition temperatures of

these alloys increase sharply with the increase of Fe-content. The crystallization
temperatures T, of Cog, Fe B,,Si, alloys are higher than T, and has alnost nearly the

same valug for all the compositions. The numerical values of T, and T, for all samples

arc shown in Table-7.1.
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Fig.-7.1 DTA graph of the amorphous ribbon with composition Co,,Fe,B,Si,,
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Fig.-7.2 Determination of T, and T, from DTA graph of amorphous ribbons with
composition Co,,_ Fe B, Si, [x=0,2,4,6&38].
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Table-7.1

Coy,_ Fe B, Si), ¢ T,
x=0 418°C 564"C
x=2 430°C 570°C
x=4 433°C 558°C
x=06 442°C 560°C
x=8 455°C 565"C
6001 m‘::xam Sig
T -0—0- Tg
I “/—n—\—f‘"_&\
o 550

Temperature
un
o
(o]
|

450 ~

400

6 8 10

Fe (Atomic % ) —

Fig.-7.3 Variation of T, and T, due to change in the Fe-content in

Co,,_,Fe B,,Si,, amorphous ribbons.
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7.2 Curic temperaturc mecasurements of amorphous Cobalt-Iron-

Boron-Silicon ribbons.

Curie temperature has been estimated from the p VS T curve for amorphous

Cobalt-lron-Boron-Silicon ribbons with composition Coy, Fe B Si,, [ x =0, 2,4, 6

and 8 ]. Temperature dependence of permeability of the samples subjected to heating

rate of 12°C /min. are shown in fig-7.4. The numerical values of T_ for all the sample

are shown in Table-7.2.

Table-7.2
Cosn-xFemeSim x=0 X=2 x=4 X=0 x =8
T 407°C 21°C 429°C 438"C 443°C
2000
Cogo-xFex B30
. [} .
o M Heating rate=12 "C/min.
w-%
— llll!ll-l!I-!-Illl!llllln;n!
2 .
)
£ 1000
D =
=]
a
£
] L4
- \
................‘..'.....-’.....C.'.. ..
—-0—0 X=0 9 Fr
-0—0- X =? -"
—a—8 X=4 s
B X=6 Q .-"
-—0- X=8 e
0 [ ] ] ] [ ] { | ]
0 50 100 150 200 250 300 350 4900 450 500

Temperature °C -

Fig.-7.4 T, determination from temperature dependence of permeability of

amorphous ribbons with composition Co,,_, Fe B, Si,
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Fig-7.5 shows the dependence of T, on the iron content. T, of Co-based

amorphous ribbons increases with the increase of Fe-content. The spread of T,

indicates that there is an enhancement of the Co-Fe interaction. When the disorder is
small, so that the above trends continuos, the correlation also continuous to grow
leading to the normal phase transition, and permeability falls sharply as observed in the
i V8 T curve. Thus amorphous ribbons with increase of iron content are more

convenient when these materials are used at an elevated temperature.
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Fig.-7.5 Variation of T, due to change in the Fe-content in Co,,_ Fe B, Si,

amorphous ribbons.
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7.3. Determination of Maximum Permeability, Maximum induction,
Cocrcive force and Remanence of Co-based Amorphous Ribbons

Magnctization processes of as-quenched Cobalt-Iron-Boron-Silicon system

with composition Cog, Fe B,,Si,, [ X =0, 2, 4, 6 and 8 ] have been measured in static
ficld. Maximum permeability (i) ,saturation magnetic mduction (B,), remanence (B,),

the ratio (’%) and Coercive force (H_) have been calculated for different specimens

from the experimental hysteresis curves. The ribbons were wound into the toroidal ring
cores having 13 to 15mm outer diameter and 10mm inner diameter. From the hysteresis
curves of amorphous ribbons of Cobalt-Iron alloys with 10% boron and 10% silicon as
glass forming materials, static magnetic characteristics have been measured using a low
static field up to 32A/m for all the compositions except the iron free sample with
composition Cog,B Si;, A high static field up to 190A/m was used in the case of

Coy,B,,Si;, ribbon for its high Coercivity.

Since Cobalt and Iron have opposite values of maguetostriction it is convenient
to tailor this alloy systems by continuously altering the relative proportions of the two
mnctals. Besides finding the optimum magnetic characteristics of these amorphous alloy
as controlled by composition; the system provides an interesting medium for
understanding the mechanism of technical magnetization process and the dependence of
magnetic parameters characterising soft magnetic materials. The results are shown in

summery from the Table-7.3

Table-7.3

Coy,_ Fe,B,Siy, x=0 x=2 x =4 x=6 x=8"
H.(A /m) 15.0 5.2 48 2.8 6.0

B (mT) 374.66 505.78 578.06 650.74 653.97
B,(mT) 407.17 559.58 625.08 695.11 701.36
"4, 0.92 0.91 0.93 0.94 0.93
i, 3,296 36,606 35,866 74,956 36,406

Fig-7.6 shows the hysteresis curve for four samples with composition Cog,

Fe B ,Si,, [ x=2, 4, 6 and 8 ] and fig-7.7 shows the hysteresis curve for Coy,B ,Si)0.
Low H_ values from the hysteresis curves show that materials are magnetically very

soft, and very low fields are needed for obtaining saturation magnetization in all the

samples except in Cog B, Si .
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Fig.-7.6 Hysteresis curve of amorphous ribbons with composition Co,,_, Fe B, Si,,
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Fig -7.8 Permeability versus static magnetic field of the amorphous ribbon with
composition Co,,B, Si,,
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Fig-7.9 shows the variation of B, B, and H_ of the Coy, Fe B,.Si,, alloy
system where x varies from 0 to 8 atomic percent. It is observed that both B, and B,
increases appreciably with increasing percentage of Iron. This is quite expected because
Iron atoms have higher magnetic moment. However, the increase of B; and B are not

linear which indicates that the clectron transfer mechanism in the 3d band is not very

simplc.
® | cogo-xFexByoSifg
o] 115
!
-1 10
-
E
R
o~
'o
x
m
- 15
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=
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0 1 ! | 1
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Fe ( Atomic %)
Fig.-7.9 Magnetic induction and coercive force variation with atomic percent of
Fe-content of amorphous ribbons with composition Co,, Fe B, Si,,

80—x

The Coercivity of the alloy system initially decreases with increasing Iron up to
6 atomic percent and then increases with the increase of the Fe-content. This is
explained in terms of the compositional dependence of magnetostriction which becomes

almost zero at 6 atomic percentage of iron in the system. The permeability which is
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measured from the initial magnetization curve becomes by far the largest for this
particular composition and have a value of 74,956. Thus there is a 24 fold increase of

permeability of the Co,,Fe B,,5i,, sample as compered with the iron free sample.

Permeability duc to static extemnal field from 0.5A/m to 32A/m for the ribbons
with composition Cogy, Fe B Sijo [ x= 2, 4, 6 and 8 ] are shown in fig-7.10. The
maximum permeability occurs at different ficlds 80.95, 10.30, 11.17, 6.28 and
i1.60A/m for compositions CoyBoSij;, CogFe,B(Si,,  Co,Fe,B (S,
Co,,FeB,,Si,, and Co,,Fe,B,,Si,, respectively and hence corresponding value of py,
are shown in Table-7.3. The field corresponding to the peaks of the permeability curves
are different for different picks. Fig-7.8 shows the permeability due to static external

field from 0.5A/m to 190A/m for ribbon with composition Cog,B i, .
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7.4. Dynamic Magnetic Properties of Co-based Amorphous Ribbons

Dynamic magnetic properties of as-quenched Co-Fe-B-Si system with
composition Cog, Fe B, Si;, [ x =0, 2, 4, 6 & 8 ] have been determined using an
impedance analyzer. The compositional dependence of initial permeability ( p; ) is
determined for different values of x and their frequency dependence of complex
magnetic characteristics, like real and imaginary parts of initial permeability, loss factor
and relative quality factor are analyzed. Frequency measurements were performed with
an impedance analyzer in the frequency range 0.5KHz to 13MHz at room temperature
and with various applied field. The p; of the ribbons with composition Cog, Fe B,,Si,,
is calculated from the low A.C. magnetic field dependence of permeability m the limit
of frequency 0.5KHz and vanishing magnetic field as shown in fig.-7.11. The results are
shown in Table-7.4.

Table-7.4
COR(I—xFemeSim x=0 x=2 x=4 X=0 x=28
1 488 1533 1753 1956 1069
L000 T T T T | T T T T I T T T T [ T T
- CogoxFeySioBig s
- 0-0- X=0 A 7]
B 0 X =2 .
3000 oo X=4 ]
- — ——t- )(:76 > -~
= - a8 X8 ’ .
'_g b~ —
S -
€ 2000L_L . —
g- |—L‘l Ty & L —r— —b n
B :t:r o . 7— —— a 7]
E B -4
1000 +™ - - ol i — —
o o © o o ) ]
0 L 1 1 1 l ) 1 1 | i 1 1 1 1 i 1 1
0 1 2 3
Hin Al/m

Fig.-7.11 Permeability versus A.C. magnetic field of amorphous nibbons with
composition Co,,_ Fe B, Si,
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As shown in fig.-7.12, y; in the vanishing field region for all the ribbons except
for Co,FeB,,Si,, remains almost constant with the slight variation of the field.
Another accurate way to determine the pj value is to plot the imaginary part of the
complex permeability () against the real part of the complex permeability (p). The p;
value is determined from the semicircle's diameter i.e. from the intersection of ihe
semicircle with the p/ axis. In the representative fig.-7.12, the results of the as-
quenched sample with composition Co,,Fe B (Si, is given. The calculated parameters

of all the samples are shown in Table-7.4.

1000 T T T T T T ¥ T T T T T T T I T T T T T T

800

600

400

200

Imaginary part of the complex permeability (™)

0 500 1000 1500 2000
Real part of the complex permeability (x)

Fig.-7.12 Complex permeability p” Vs. p’ plot for the as-quenched ribbon with
composition Co,,Fe B, Si,

Fig.-7.13 shows that p; of Co-Fe-B-Si amorphous system increases almost
monotonously with the replacement of Fe up to 6 At.% for Co, at which a maximum
value of 1956 is observed for the relative permeability. This increase of uj with
increased Fe-content is explained as due to the decrease of the net magnetostriction
arising from the cancellation of the negative contribution of Co by the positive
contribution of Fe. The maximum value of p; of ribbons having 6 At.% Fe is attributed
to the minimum magnetostriction and low coercivity at this composition. When the

proportion of Fe is increased further to 8 At.%, uj decreases which is attributed to the
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increase of magnctostriction, as the negative magnetostriction of Co is more than
compensated by the positive contribution of magnctostriction of Fe atoms at this

compaosition.

2000

—_
(Wa]
<
o

1000

Initial Permeability {u;)

0 ] | ] |

0 2 b 6 8
Atomic Percentage of Fe ——— =

Fig.-7.13 Variation of initial permeability due to change in the Fe-content in
Co,,_ Fe B Si,, amorphous ribbons.

The frequency dependence of the real part of complex permeability is shown in
fig.-7.14. The flat region up to the frequency of IMHz indicate that all the samples with
different compositions are suitable as core materials at low fields. While the Fe fiee
sample shows a relative permeability of 488 and maintains almost a constant value even
beyond 1MHz, the introduction of Fe, to partly replace Co, increases the permeability
enormously. However, the maximum frequency range for which the permeability is

maintained constant reduces slightly.

The imaginary part of the complex permeability and loss factor for different
compositions over the frequency range 0.5KHz to [3MHz are shown i fig.-7.15 and

fig.-7.16 respectively. The frequency dependence of relative quality factor is shown n
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Fig.-7.14 Frequency dependence of the real part of initial permeability of
amorphous ribbons with composition Co,, Fe B,Si,
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Fig.-7.15 Frequency dependence of the imaginary part of the initial permeability
of amorphous ribbons with composition Co,,_ Fe B, Si,,
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Fig.-7.17 Frequency dependence of relative quality factor of amorphous ribbons
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fig.-7.17. The relative quality factors are controlled by the real part of the complex
permeability and have quite high values in the range 10KHz to 500KHz for the three
ribbons having compositions Co-gFe,B,;81,,, Co.Fe,B,,Si,, and Co,,FeB,,Si;;,and
quite naturally these samples have low loss factors. The other two samples having
compositions CogB,;81;, and Co,,Fe B ,Si,, have high loss factors and relative low
quality factors.

Fig.-7.18 shows the effect of annealing on the initial permeability ( p; ) of
amorphous ribbons with composition Cog, Fe B, Si,,. The yj of all the sample as
affected by annealing at different temperatures with annealing time of one hour in each
case, is measured at low frequency (1KHz) and in very low field ( H = 0.1A/m). The
initial permeability decreases monotonously with increasing annealing temperature.
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Fig.-7.18 Initial permeability versus annealing temperature of amorphous
ribbons with composition Co,,_ Fe B, Si,,
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The effect of annealing on 7, is very complex because two factors of apparently
opposite effect on w take place. One is the removal of local defects inhomogeneity and
stresses that hinder the movement of domains by pinning effect and the other is the
growth of the nucleation centres of crystallites that also hinders the movement of
domain walls. Since effect of annealing is to remove the pinning centres of the first kind
and to enhance the growth of the pinning centres of the second kind, the result of
annealing depends on the composition of the amorphous ribbons and the conditions of
preparation of the asquenched samples. Our results of annealing on cobalt based

samples, which show a decrease of y;, with annealing time, are explained as due to the

growth of the nucleation centres of the crystallites formed during the preparation.
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7.5. Spccific Magnetization Measurements of Co-based Amorphous
Ribbons

The specific magnetization of these Co-Fe-B-Si ribbons with composition Coyg,.
Je B S, [x=0,2.,406 & 8] in the as-quenched condition is measured using a
V.S.M. The specific magnetization process as a function of field are shown in fig.-7.19.
In the case of saturation magnetization it is observed that while ribbon with
composition Coy,B,,St,, reaches its saturation value around 3KG field, Co,Fe,B,,Si,,
requires 2.8KG, Co,Fe,B ,Si,, requires 2.7KG, Co, Fe B, Si,, requires 2.9KG and
Co,,FegB|,Si,, requires 2.7KG. The saturation magnetization (cr_‘,) for different sample

are calculated as shown in Table-7.5.

Table-7.5
Cog, Fe B Sy, | x=0 Xx=2 x=4 X =0 x=8
o,in Am*/ Kg |91.22 103.64 107.35 110.01 113.63
at room temp. '
T, 408°C 420°C 429"C 438°C 443°C
l]ZU T T
D ' —
x 4
& .
<90 -—
£ ' .
g _
- .
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o
N SOH— —
N .
2 Cg0-xFex SiyoByg .
g" 18 . ]
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Fig.-7.19 Specific magnetization versus magnetic field of amorphous ribbons
with composition Co,,_ Fe B, Si,,
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Fig.-7.20 shows that the saturation specific magnetization (o) increases with

increasing values of Fe-content in the amorphous alloy with composition Coy,
FeB,,Si,,. While it is quite consistent with the results of crystalline Co-Fe alloys and

is explained as due to higher magnetic moment of Fe atoms.
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[ <]
=]
=
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Fig.-7.20 Variation of saturation specific magnetization due to change in the

Fe-content in Cogy Fe B ,Si,, amorphous ribbons.

7.5.1 Temperature Dependence of Magnetization of Co-based
amorphous ribbons.

Temperature dependence of magnetization of the samples measured by using a
V.S.M. from room temperature to 800" C is shown in fig.-7.21. With increasing values
of Fe in the amorphous alloy the magnetization increases. For accurate determination of
the curie temperature, dM/dt curves have been plotted as shown in fig.-7.22 which are

derived from fig.-7.21. Sharp peaks of dM/dt for the different compositions indicate
that the T values are well defined and the measurements are quite accurate. The

numerical values of T, for all the samples are shown in Table-7.5.

204



Magnetization (T )

Heating Rate= 30 °C/min )
0-0 ! I L { | L P

27 127 27 327 427 527 627 121 821
Temperature °C

Fig.-7.21 Temperature dependence of magnetization of amorphous ribbons with

compositton Co,,_ Fe B, S1,,

The T, for the amorphous system, however, increases with increasing amounts

of Fe substitution as observed by A.C. initial permeability measurements and also from

the temperature dependence of magnetization obtained by V.S.M. Both ihe
measurements gave the same value for the T, 's of each composition. Although the T,

of Co (IOS?"C) is higher than that of Fe (770°C) in the amorphous state, exchange

interaction between the magnetic ions is increased by the replacement of Co by Fe,
quite contrary to the crystalline state. This is in keeping with the results presented in
(7.1-7.2) | where Cargill and Ishikawa have found an enhancement of T, with Fe
substitution up to 10At.%. Since the exchange interactions in the amorphous magnetic
system is of the RKKY type which occurs via the conduction electrons, the distance
betwcen magnetic atoms is very important. It is thus likely that the addition of Fe helps
the conduction electron to enhance the exchange interaction and, hence, the Curie

temperature up 1o certain range.
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Fig.-7.22 dM/dt versus temperature curve of amorphous ribbons with
composition Co,,_ Fe B Si,
Plots of experimental data with meanfield results of reduced magnetization
MA(T ) T .
m= ML(O)) against reduced temperature = Y for replacement of Co by Fe by different

amounts are shown in fig.-7.23. Fig.-7.23 shows the reflection of the strength of the
exchange coupling, where the structural disorder in these amorphous alloys induces an
exchange fluctuation that causes a pronounced flattening of the tempcrature
dependence of MS(T) curves as shown in fig.-7.21.
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7.6. Stress Induced Anisotropy of Co-based Amorphous Ribbons

The field dependence of the torque versus angle of Co-Fe-B-Si ribbons with
composition Coy, Fe B, Si,, [x=0, 2, 4, 6 & 8 ]. The representativc torque curves of
the field dependence of anisotropy of amorphous ribbons with composition
Co,,Fe,B ,Si,, increases with increasing ficld, while that of the ribbons with
composition Coy B, ,Si,, decreases with increasing field as shown in fig.-7.24 and fig.-
7.25. This is explained as due to the competing contribution from Fe and Co atoms to
anisotropy encrgy. We assume that the origin of magnetic anisotropy in these ribbons,
formed by melt-spinning technique, is due to magnetostrictive strain. This concept is
supported by the fact that the anisotropy in these ribbons is unidirectional. Amorphous
ribbons have no crystalline structure and therefore have no magnetocrystalline
anisotropy. Again samples are prepared as circular discs to avoid any shape anisotropy

and associated demagnetizating effect.
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Fig.-7.24 Ficld dependence of torque versus angle for the amorphous ribbon
with composition Co,,Fe.B,Si,,
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Fig.-7.25 Field dependence of torque versus angle for the amorphous ribbon
with composition Co,,B,,S1,,

On the other hand the Co-Fe system has positive magnetostriction due to the -
presence of Fe atoms which has positive magnetostriction in the bulk state. When a
material with positive magnetostriction is strained, it develops an easy direction of
magnetization along the strain axis. In our prepared specimens the strain is induced
along the length due to the tension on the ribbon produced by the centrifugal force. the
sign of the magnetostriction constant determine the easy axis of magnetization. Since
Fe and Co have opposite signs of magnetostriction which is positive for Fe and
negative for Co, it is expected that for high percentage of Fe the magnetostrictive effect
of Fe and the corresponding anisotropy will dominate. The reverse effect is expected
when the percentage of Fe becomes low. It is, however, not possible to find any
quantitative relation between anisotropy and the composition in the case of amorphous
materials because, the contributions of different magnetic atoms through their random
configurations in the amorphous state is too complicated. Our results are thus explained
only in a qualitative 'way, considering the origin of anisotropy as duc to

magnetostrictive strain induced technically during the preparation process.
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Fourier co-efficient are determined from the angle versus torque curves for

different values of the applied field and by extrapolation of the field up to H —oc as
shown in fig.-7.26 and fig.-7.27. Experimental values of the anisotropy constant K, for

different composition of Coy, Fe B,,Si;, ribbons for different field are shown m fig.-

7.28. The anisotropy constants against 1/H for the different samples as obtained by
extrapolation are shown in fig.-7.29. The results are shown in Table-7.6.

Table-7.6

Co,, Fe B,,Si,, x=0 x=2 x =4 X=6 x =38

K,inl/m' 1578.64 586.76 37437 22236 899.59

at room temp.

K,inl/m’ 2550 1100 520 330 1280

at OK

T, 410°C 420"C 430°C 440" C 445"C

‘ 1 {

3000} .

Kyin Jm?— -
I I

1000— 1

Hin KO

Fig.-7.28 Field dependence of experimental values of K for different

compositions of Co,,_ Fe B, Si, system.
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Fig.-7.29 Extrapolated values of K, for infinite field for different compositions

of Co,, Fe B,Si,, system.

The compositional dependence of K 's with increasing Fe-contents is shown in
fig.-7.30, which shows the minimum value of anisotropy at 6 At.% of Fe and goes on
increasing with increasing value of Fe up to 8 At.%. This increase of anisotropy is
explained as due to increasing value of magnetostriction which is positive for Fe and
negative for.Co. The inimum value of anisotropy at 6 At.% of Fe is explained as due
to opposite magnetostrictive contributions from Fe and Co which tends to cancel each

others eflects.
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Fig.-7.30 Compositional dependence K of amorphous ribbons with

composition Co,,_ Fe B, Si,,

7.6.1. Temperature Dependence of K

The temperature dependence of anisotropy constant (Ku) of amorphous ribbons
with Fe substitution of compositions Cogy Fe B (Si,, is shown in fig.-7.31. There is
almost monotonous decrease of anisotropy with increase of temperaturc. Much of the
experimental effort in the study of field induced anisotropy has been concentrated in the
Co-Fe glassy alloys. For the A=0 alloy, internal stresses should not contribute to K in
as-quenched samples. This is indicated by our results shown in fig-7.30. The
composition that corresponds to A=0 is expected to be between of 4At.% and 6At.% of

Fe. It has been well established that directional ordering of atom pairs leads to the
observed anisotropy. Directional order theory predicts a decrease in K with increasing

temperature and vanishes at T.. We have extrapolated K , to zero value at T, as shown

in Table-7.6. The anisotropy constant K_ is calculated in J/m" for different

temperature as shown in Table-7.7.

The stress induced anisotropy, KU(O) at T=0 is obtained by extrapolating the
temperature dependence curve of KU(T) to OK. The extrapolated value of KU(O) for

different ribbons of compositions Cog, Fe B,,Si,, are shown in Table-7.6.
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Table-7.7

Coy-, Fe,BySiy | x=0 x=2 x=4 x=6 x=38
K, inJ/m* |K_ inj/m* | K, inJ/m"|K,in}/m" | K, inJ/m’
25"C 1579 587 374 222 900
50"C 1214 539 349 204 856
75°C 1046 454 340 194 815
100" C 851 385 329 183 741
125"C 835 382 283 147 680
150°C 7335 319 251 142 637
175" C 684 286 231 135 601
200°C 528 252 226 129 585
225°C 465 249 199 123 495
250"C 308 229 181 118 464
275" C 320 197 175 110 463
300" C 239 162 147 98 432
1800 Tt T '[ T T T 1 ] T T T T i 1 T 1 | T T T
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M, (0) ]

E‘,ﬁ(_()_)_ versus In for the amorphous
K. (T) M,(T)

ribbons with compositions Cog, Fe B Si,, follow straight lines as shown in fig.-
7.32(a) to fig.-7.32(e). The K arising from the disorder caused by randomly oriented

K,(0) { M, (0)

K,(T) | MJ{T)

The corresponding curves ]n[

n
easy axis follows a power law: j| where 4 < n < 10. The values of n

are shown n Table-7.8

Table-7.8
Cosn-x chBmSim X = 0 X = 2 x =4 Xx=0 =
.n 0.56 7.85 6.77 5.75 4.64
275 1 T T T
- Slope=9-56 . .
N 2.25¢ B
= n > m =vertical 4
2 125k . = 07551
O - L]
> - :
— m=
€0 L= 0-07903 -
0-25 I 1 I 1
0 005 0-10 045 020 025

In [MJO M M(T }] ———=

» K,(0) M, (0}
Fig.-7.32(a) ln{m} versus In{ MS(T)

composition Co,,B Si,

j| curve of the amorphous ribbon with

215



2“‘_ T T [ | R I ™ 1T T I T T 7 15 T T T T T I T 717 ] T T v 1]
s 3 E Slope=6-77 .
2-0f— Slope=7-85 -] b ]
[ ] ' : '-“j
L m=vertical ] S 7
= 1205279 1 = 09 m=vertical ]
=0. 1 2% - .
2 12f— e ) 4 3 L= 0-3426 .
s F 1= 006722 1 2} b
2 0.85— 1 =2 E b
c b 1 - _.F 3
= r ] 0.3 -
0"0_— ——; — :
0 : I I I | l 1 i l_1 l W S | L [ S . | : 0 : T | I L1 1 1 l | N . | l | N I :
g 0.05 010 0-15 0-20 0 0.-05 0.10 0']5 0-20
tn [Mg(0)/IMT)} ——= tn [ MalOWMa(T)] ——=
(b) Composition Co;gFe;B495iy, {c) Composition CoqsFe Byg5iy
T L 1 Ty rr oo [T L IR T ]
‘1'2_ Slope=575 i 1.0:_ Slope = 4-6& E
vor | : =vertical ]
» m=vertical . Y| o m =vertical 7
— * - el
Zosf 1 2osk B
s m=0 18 F E
go_‘._ 1=0-07454 ] :0.1,: ]
= r 1 7..F B
02— 02— .
ol 1 & I N B A |41 i ] T A [T W L]
0 0.05 010 015 020 0 0-05 010 015 020
In (MO MITY In (M0 )/ MLTH
(d) Composition Coq Fe B1oSiyg @) Composition Coy, FegaByo Sy
. K,{(0) M, (0 :
Fig.-7.32(b) to (¢) ]l][K_um versus MSET)) curves of amorphous ribbons
u 8

with composition Co,,_ Fe B, Si, [x=2,4,6&8]

216



7.7. Experimental Results and Analysis of Missbauer Parameters for
Co-based Amorphous Ribbons

Room temperature Mossbauer spectra typical of as-quenched amorphous
ribbons are determined and the change in the spectra ‘corresponding to different
composition of the system Coy, Fe B ,Sij, [ x =2, 4, 6 & 8] are shown i fig.-7.33. A
comparison of the spectrum of *’Fe with those of the amorphous ribbons of different

compositions shows shifts in the spectral lines and their broadening. The numerical
values of IS, £, FWHM, H,, and absorption percentage are shown in Table-7.9.

Table-7.9

Sample IS, mm/s | Eos movs | H,,, Tesla | FWHM Absorption
+0.0053 +0.005 AT mm/s, £0.01 | %

Pure ' Fe foil 0.058 33 0.18 11.38

Co..Fe,B,.Si,, | 0.147 0.175 25.34 1.05 0.80

Co., FeB ,Sij, | 0.264 0.233 25.71 1.05 0.91

Co.,Fe B, Sij, | 0.176 0.175 26.62 0.99 1.08

Co.,Fe.B,Si,, | 0.206 0.349 26.98 0.99 1.10

Isomer shifts of all the amorphous ribbons are calculated relative to the centroid
of these spectrum from the centroids of the velocity scale of thin YFe sample. The IS's
are given relative to the centroid of this spectrum as shown in Table-7.9. The Fe atoms

are in the trivalent state in amorphous ribbons as reflected in the IS value which varies
from 0.147 to 0.264mm/s. The E,, of the Fe and Co atoms in the amorphous ribbons

with composition Coyg, Fe B,,Si;, is observed in the range 0.175 to 0.349mm/s as

shown in Table-7.9.

The absorption percentage slightly decreases with decreasing Fe-content. These
results are shown in Table-7.9. The effect of change in the composition of Co-Fe-B-Si
amorphous system on the transition line width as measured by FWHM is also shown i
Table-7.9. The experimental FWHM of pure “'Fe foil is 0.18mm/s, FWHM of the

amorphous ribbons broadening is 5 to 6 times.
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The results of average magnetic hyperfine field (th) of the as-quenched
amorphous ribbons with composition Coy,, Fe B ,Si,, arc shown in Table-7.9. The H,,

increascs with increasing Fe-content as shown in fig.-7.34. The bulk magnetization
value (o), are consistent with magnetic moment distributions of the different samples

as reflected in the hyperfine fields.

8 T l ] 1 ] ' -
s | ]
v
W L .
—
£ 27 —
= 8 ]
E = -]
o = E
@ i 4
g 26 —
= B .
@ O
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e
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Fig.-7.34 Variation of internal hyperfine field due to change in the Fe-content

in Co,,_,Fe B,,Si,, amorphous ribbons.

219

| ) .
L .
.t "L" kY



CHAPTER-8

CONCLUSION

U
i



8.0. Conclusion

Amorphous ribbons as a potential new magnetic material and a new medium for
understanding magnetic ordering characterized by parameters likc saturation
magnetization, exchange force, anisotropy, permeability, loss factor and hyperfine field
has been studied. Three sets of amorphous alloys were chosen with compositions Feg,
SiB,,, Nig, FeB,, and Coy FeB,(Si,,. The melt spinning technique has been

confirmed as a very useful method of preparing ribbons.

From the study of kinetics and the thermodynamic stability as a function of Si

content, the best composition for the Fe-based system is obtained as Fe,Si;,B,, in
respect the highest values of T, and T, which are 550°C and 570°C respectively.

For Ni-Fe-B system, T, and T, are found to decrease with increasing
replacement of Fe by Ni. The maximum values of T, and T, in these cases are found to
be 450"C and 480°C respectively for the composition NiyFeg B,,. It is intcresting to
note that the difference betweer: T, and T, remains nearly the same with change of
composition. The temperature for secondary reaction for both Fe and Ni-based alloys

remains practically unchanged with change of composition.

For Co-based amorphous ribbons T, increases sharply with increasing

replacement of Co by Fe. The highest value of T, which is 455"C corresponds to the
alloy composition Co,,Fe.B,,Si,,. The T, remains almost unchanged in respect of

composition.

For technological uses of amorphous materials at elevated temperature and for -

magnetic stability it is important to look for compositions that give higher valucs of T,.

For Fe-based ribbons it is observed that replacement of Fe by 14At.% of Si, keepng B
fixed at 10At.%, T.rises to 448°(C. This composition is most suitable as Fe-Si-B system

for both structural and magnetic ordermg.

For Ni-based amorphous ribbons T, decreases monotonicaily with increasing

Ni-content. The highest value of T, corresponds to the composition Niy,Feg,By,.

The Co-Fe alloy system which is very convenient for producing stable

amorphous ribbons over a range of compositions behave quite differently from
corresponding crystailine state in respect of T, and saturation magnetization. Although’
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the T, of Co is higher than that of Fe, in thc amorphous state the exchange interaction

between the magnetic ions is increased by the replacement Co by Fe, quite quantrary to
crystalline statc. The highest value of T,  for Co-Fe-B-Si system corresponds io

compaosition Co,,Fe B Si . Since the exchange intcraction in the amorphous magnetic
sysiem is the RKKY type, it is concluded that the addition of Fe helps the conduction

electrons to enhance the exchange interaction and hence the Cure temperature.

3d transition metal metalloid amorphous ribbons as soft magnetic material are
characterized by remanence (B ), saturation magnetic induction (B,), coercive force

(H,). initial permeability (z,), relative quality factor (‘%,,,,-) and complex permeability

for their high frequency uses. These are experimentally studied for Fe, Ni and Co-based

systetns to obtain the optimum composition for each system.

and B,

decrcase slowly with increasing percentage of Si, while H_ initially decreases with

For Fe-bascd ribbons with the general composition Fey, Si.B,,, B,
increasing Si-content up to 8At.% and then increases with further increase ol Si-
content. The initial permeability for this system increases with the increase of Si-content
up to 8At.%. The composition which is most suitable as soft magnetic material is
Fe,,Si,B,, but Fey,Si  B,,, Fe, Si,,B,, and Feg,SiB,, are also nearly equally good as

soft magnetic material. All these materials can be used up to 3MHz.

In Ni-based ribbons B, B, and H, increase with increasing substitution of Fe
for Ni except for the sample with composition NiyFes B, in which coercivity
decreascs in spite of high percentage of Fe. The variation of H_ with composition is
explained as originating from the complex combination of magnetostriction arising from
Fe and Ni atoms and the anisotropy arising from magnetostrictive strain. The initial
permeability of Ni-Fe-B system decreases with increasing Fe content up to 40At.% and™.
then increases with further increase of Fe. The samples with compositions NigFeq,,B,,

NigFeq,B,, and NiyFeg B, are all suitable for lugh frequency uses.

H, of the Co-based alloy with the gencral composition Coy, Fe B,,Si, initially
decreases with increasing replacement Co by Fe up to 6At.% and then incrcases with
further replacement of Co by Fe. Penheability becomes by far the largest for the
composition Co, FeB,,Si,, and have a value of 74,956 with a 24 fold increase of
permeability compared to the Fe free sample. This result is explained as due to the
reduction of magnetostriction arising from the opposite contributions from Fe and Co
atoms. The consequence of this is the maximum initial permeability for the sample with

composition Co-,Fe,B,Si,,.
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The effect of annealing on initial permeability is quite different for Co-based
system as compared to Fe and Ni-based ribbons. In the first case there is a decrease in
initial permeability with increase of the annealing temperature. This is explained as duc
to the nucleation of crystallites or their growth with annealing. In case of Ni and Fe-
based alloys there is an increasc in initial permcability with incrcasing annealing
temperature and then it decrcascs with ﬁn'ﬂlel mcwnqc of annealing temperature. There
is an incrcase of initial permeability with mmcasmg annealing temperature due to the
removal of defects and inhomogeneity, but with further increase of anncaling
temperature the initial permeability decrcases due to nucleation of crystallites and their

growth.

For all the alloy systems saturation specific magnetization depends on the
atomic magnetic moments of the constituent 3d transition elements. The effect of the
glass forming matcrial is explaimed as due to transfer of P-clectrons to the 3d band.
However, a quantitative agrecment is not found on the basis of rigid band model. This
shows that amorphous systems can not be treated in the same way as crystalline
matcrials in respect of band structure. This is also evident for the temperaturc
dependence of magnetization which for our amorphous systems decreases faster as
comperéd to crystalline materials with inercasing temperature. The structural disorder
accompanied by the fluctuation of the exchange integral is responsible for such

behaviour of the amorphous system.

The uniaxial anisotropy iz observed in all the amorphous systems are explained

as mostly duc to magnetostrictive strains induced during the preparation process. The
compositional dependence of K, can in general be explamed in terms of compositional

dependence of magnetostriction. The results of z, H and K are mutually consistent .
for all the samples. The temperature dependence of K do not follow the power law as
suggested by Zener and Carr for crystalline material. However, a consistent power la

for K, which is different for cach of the systems, arising from disorder caused by
randomly oricnted easy axes, cxists with the exponent n lying between 2 and 4 for Fe-

based samples; 2 and 6 for Ni-based samples; 4 and 10 for Co-based samples.

The Méssbauer spectra for all the samples clearly show Lorentzian shaped limes
in sextet with broad distribution of magnetic hyperfine fields as compared to pure - “Fe
foils. These broadening of spectral line width changes with composition. The isomer
shifls of Fe-atoms in all the Fe, Ni and Co-based samples behave as trivalent ions. The

experimental spectra for the best fit obtained, provide probability distribution of the
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hyperfine ficld which is observed as a single peak corresponding to the amorphous state
of the ascast samples. The H,, values for different compositions agree with the

corresponding o, values, being larger for samples with higher Fe-content.

Further work with finer varnation of composition can be useful m detailing out
the cffect of glass forming matertal on magnetic characteristics. Low temperature
measurcments of magnetization ts needed to avoid extrapolation that has been used m
the present work. Another important study that can be taken up is the measurement of
magnetostriction as a function of composition and temperature to confirm the

suggestions regarding the origin of induced magnetic anisotropy.
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