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ABSTRACT 
A 

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 thennodynamics of the amorphous 

ribbons in respect of the formation of glassy state and its stability is affected by the 

complexity of the composition. The magnetic ordering of Fe-based, Ni-based and Co-

based amorphous ribbons 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 properties for Fe-based, 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 correlated 

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. 



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 proportional integrating differentiating compensation. The 

results of compositional dependence of initial penneability, coercive force and iiiduced 

anisotropy are found to be mutually consistent for all the samples. The origin the 

uniaxial anisotropy in these amorphous materials is assumed to 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 

I 

[(o).
curves of m

K U (T) [
versus ml 0(T) mamorphous ribbons with Fe-based, Ni-based 

and Co-based system follow straight lines arising from the disorder caused by 

randomly oriented easy axes. The values of the exponents are different for the different 

samples. 

All amorphous ribbons have been investigated using Mössbauer spectroscopy. 

The Mossbauer measurements were performed with a conventional constant 

acceleration spectrometer at room temperature in transmission geometry, using 7Co in 

a rhodium matrix. The velocity scale of a thin 57Fe 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 compered with the 

Mössbauer spectrum of a pure 57Fe 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 

Amorphous metallic alloy is a metastable state of matter, where the random 

configurations of the liquid state of the alloy with no long range order is frozen in. This 

state is created by fast cooling the melt where by the nucleation and growth of 

crystallites are inhibited. The present great interest in amorphous metals stems from the 

works of Duwez et. al.( I. I) on the preparation and properties 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 magnetocrystalline anisotropy and should 

have very low coercivity. Amorphous alloys of Fe-Ni-P-B prepared by the melt-

spinning teclmique in the form of ribbons by solidification of the melt on the suiface of 

a rapidly rotating drum exhibit even lower coercivities, of the order of 8AIm. 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 ci'. al.( 1.4) 

showed that annealing under tensile stress reduced the coercivity of an Fe-Ni-P-B-Si 

alloy to 0.3AJm. 

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 diThcult to isolate. 

The studies of the effects of magnetic annealing on stability and magnetic 

properties have led to the prediction and preparation of alloy compositions that 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 magneization in amorphous magnetic alloys. Recently, soft 

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 et. al. (1. 6) Most of the amorphous materials 

useful for these applications are manufactured from Co-based amorphous ribbons as 

reported by H.Fujimori et. al.(' 7) with nearly zero magnetostriction. On the other 

hand, Fe-based amorphous ribbons as reported by H.Warliment et.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 remarkable 

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, indueed 

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 samples Si and B have been used as glass forming materials, where 

Fe have been partially replaced by Si keeping the B percentage fixed, the general 

composition being Fe90..Si,<B10  [ x = 6, 8, 10, 12 and 14 ]. In Ni-based amorphous 

ribbons Ni have been replaced by Fe, while the percentage of B has been kept fixed, the 

general composition being Ni8 FeB20  [ x = 20, 30, 40 and 50 ]. In Co-based 

amorphous ribbons Co have been slightly replaced by Fe, keeping the glass forming 

materials Si and B fixed, the general composition being Co80 Fe,<B10Si10  [x = 0, 2, 4, 6 

and 8 ]. The melt-spinning technique has been used for the preparation of the ribbons 

and the amorphousity of the samples has been confirmed by X-ray diffiaction 

technique. The preparation procedure, conditions for forming 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 are also given in these 

chapter along with a short review of others. 

The class of amorphous TM-M alloys with TM = Fe, Co or Ni and 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 
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heads 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 either 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 be 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 ribbons 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, Curie 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. 

Amorphous ribbons with high Br/B5  are practically suited to devices such as 

switch cores, high gain magnetic amplifiers and low frequency iinverters 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-Si, 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 shielding due to their 

high permeability. Amorphous ribbon has many refined applications like development of 

magnetic bubbles for computer memoiy, 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. 
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Important thermodynamic parameters of amorphous ribbons like glass transition 

temperature (Tg ) and crystallization temperature (Tx ) have been studied by differential 

thermal analysis (DTA). The DTA teclmique 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( I. 10) DTA is the process of estimating the heat 

capacity of a specirnell by measuring the difference in the temperature between a 

therrno-couple embedded in the sample and a thennocouple in a standard inert mateiial 
such as aluminium oxide while both are being heated at a uniform rate. The study of T8  

and T  of amorphous ribbons has been made by Naka et. al. (1. 11) for the series Fe8  

\M \P13C7. Luborsky (1. 12) used the series Fe8 Ni,.P14B6. Calorimetiic measurements 

were made at the heating rates of 5°C I mm. and 40°C / miii. respectively to determine 

Tg  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 Turnbull( 1. 13) noted that the composition 

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. Thu et al. (1. 14) and J. Bigot 

et. a/(1 15)  found that the first DTA peaks corresponds to the precipitation of an 

ordered bcc ct-FeSi solid solution embedded in an amorphous J)hase and the second to 

the crystallization of Fe-B-Si compounds. DTA trace of iron-boron ribbons with 

composition Fe821318  and Fe80B20  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 

et. aL( I' 6 ). 

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 
Curie temperature (Ta),  coercive force (l-i),  remanence (B), initial permeability (,u), 

saturation specific magnetization (o), induced anisotropy (K11 ) and hyperfine field 

(H h3. 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 
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as observed by J.W.Cable(1. 17) . 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 preserve the amorphous state, 

they are structurally different on a local scale as compared to the as-quenched system. 

Therefore, Tc  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 et. 

al.( 1.18)  and R.Malmnhall et. ai.( 1.19) 

The optimal, soft magnetic properties of amorphous ribbons can be developed 

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.Shuiki et. aift 21 ) and T.Sasaki et. al.(hl.22).  This decrease in 

permeability in binary magnetic alloys has been interpreted by H.Fujimori et. 

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 Curie temperature is determined by the volume average of 

local magnetic interactions and any increase 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 fimction as observed by 

K.Doi et. aLft 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-based as well 

as Ni-based amorphous alloys decrease with the increase of metalloid concentration. 

Curie temperatures of alloys with boron as glass forming material are higher compered 

to there alloys with phosphorus as glass forming material. Ta's  of Fe80G20  glass 

decreases in the order G = Si, B, C, P, which shows no correlation either with magnetic 

moment of Fe or with the valence of the metalloid as reported by H.S.Chen et. 

ai.( 1 .25) . Addition of Ni or Co in Fe-based glass with fixed metalloid concentration 

increases T  for low concentration but at higher concentration T  falls sharply. 
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The Curie temperature of most TM-M glasses increases by annealing at 

temperature well below the crystalization temperature. The change in T  depends on 

the annealing time and temperature and also on the nature 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(1126). 

The present work involves the measurements of permeability as a fimetion of 

temperature and the finding of Curie temperature 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 reduces the 

coercivity and the Barkhausen noise of B-H longitudinal loops which is reported by R. 

N. G. Dalpadodo et. ai(l.27) and G. Buttino et. a/(128) . The 'as-quenched' TM-M 

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

By relieving the stress by annealing, H  can be reduced. This makes amorphous 

ferromagnet a magnetically soft material. 

But at the same time the saturation moment (B) and the remanance (B) are 

much reduced. The remanance B. 0.45B and l-1 O.Oloe have been observed in 

TM-M glasses by F. E. Lubrosky et. ai(' 29 ). The RE-TM glass except Gd-Tin are 

magnetically hard material with large coercive fields as reported by J. J. Rhyne et. 

al(l.30). The value of V is then detennined. In the Fe40Ni40P14B6  amorphous alloy 
1% depends on the magnetic field and heat treatment used, for example, Luborsky et. 

ai(l.31) reported values of up to about 0.9. 

Our measurements involve the determination of coercive force, remanance, time 

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 results 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. 

Aniano et. ai( 132 ) and J. T. S. irvine(L33) . The measurement of complex 
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permeability gives us valuable information about the domain wall movements. 

Theoretical models have been proposed for describing the motion of 1800  Bloch walls 

as described by K. M. Polivanov et. ai( 134), R. H. Pry et. ai( 1" 35), J. E. L. 

Bishop(1.36) and G. Ban et. ai( 137 ) . Earlier complex permeability measurements by 

G. Ban et. ai(1.38) performed on polycrystalline permalloy and perminvar materials 

could be fitted as developed by Polivanov et. al.( 134) The real and imaginary 

components of the complex permeability in ac condition have been measured as a 

function of the instantaneous value of a sine wave core current density by means of an 

adapted ac bridge method as described by G. Buttino et. a/.(1.39). Actually under ac 

condition the number of domain walls increases and more deeply pinned walls begin to 

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

The amorphous ribbon specimens of ring-shaped cores with outside/inside 

diameter = 34/30 were made from the as-cast ribbons. At room temperature the 

frequency and field dependence of the complex permeability t = t' - ipf' and the core 

loss of the tape wound core were measured by impedance bridge up to the MT-lz range 

and by a core loss measuring equipment for Sine wave induction in the frequency range 

f = 1-300KHz by G. Lehmanii et. a/(1.41) and M. Schaefer et. 

4' 
The magnetic permeability relaxation is of great importance to practical 

applications. The experiments have shown that the total permeability relaxation consists 

of ordinary disaccorninodetion (DA) and a continuous permeability decay of Fe82B18  

and Fe82B18..<Si metallic glasses occurs as reported by Zhang Yan Zhong et. 

al.(l•43), y. Z. zhang et. al.(l•4445) and K. Ohta et. ai.( 146) .The measurements of 

permeability with increasing field were used for this purpose by Mizoguch, T. et. 

ai.('.47) the permeability, 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 Jagielin ski et. ai.( 1.48). 
-4 

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 anneal effects on our samples. Theoretical aspects of 

initial permeability 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 pa1ameter of a magnetic material. A brief 

discussion of amorphous alloys is reported by Alben et aL( 1.49), which follows from 

the ideas of local chemical bonding. The atomic states of high spin have low electron- 
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electron 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(L 50)  ,but this is not confirmed by the results of Shimada and 

Kojima(1 • 51) . wright(152) has recently reviewed the status of the information 

available on upureu  amorphous elements. In all cases it appears that the saturation 

moment is the same or less than its value in the crystalline state, which shows that no 

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

Becker et. aI.( 153) 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 crystalline alloys. The 

individual atomic moments of Fe and Ni are then given by 
= 2.20 + 0.80(1-x) and 

J1Ni 0.57 + 0.20x in FeNi1  

Becker(' .53)  studied the moment and Curie temperature of amorphous ribbons of (Fe- 

Ni)80(P-B)20. 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 (dMldt). The peaks in dMldt VS. applied field (H) 

are reproducible after averaging over some fifty cycles of magnetization as observed by 

J. Horvat et. al.( 1. 55). The derivative of magnetization with time (dMldt) in respect to 

Mm  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.(156). 

The temperature dependence of the magnetization was measured with a 

vibrating sample magnetometer and the spin-wave measurements were carryout using 

inelastic neutron scattering tecimiques. The magnetization is found to obey the usual 

law M(T) = M(0)[l - 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.( 157) and S. C. Yu 

et.al.(' .58)  Fe-based ferromagnetic amorphous ribbons are mostly soft magnetic 

materials. Fe-Cu-Nb-Si-B amorphous ribbon shows excellent soft magnetic properties 

after annealing at a relatively high temperature, where partial crystallization take place 

as measured by Lu Bang et. al.( 1.59) andY. Yoshizawa et. 
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The experimental tempeiature dependence of magnetization [M(T)curves] of 

the Co 0 B20Si, [ x 2 to 12 1 amorphous ribbons is presented. The magnetization 

changes anomalously at the crystallization temperature. The Curie temperature 

decreases and crystallization temperature increase with the increasing of Si content as 

observed by Le Minh et. al(1 .6 l) The magnetization process of Fe30.B ribbons have 

been measured as a frmnction of field and the saturation magnetization for these ribbons 

have slightly higher values for higher percentage of iron as reported by S. S. Sikder et. 
aL( 1 16) 

The theories 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-5, 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), J.D. Livestigated et. al.(163) and J. De wit et. 

al.(164). Some works have been done by G. Herzer et.ai.0.65) with composition 

Co71Fe4B15Si10. 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 effects in amorphous systems by Allia, P. et.al.(' .66) 

The existence of induced anisotropy in various metaffic glasses was experimentally 

shown by Allia, p.et. al.(l.67), Miyazaki, T. et. al.0.68) and Ohta, K. et. aL(169) on  

the field-annealed samples from direct torque measurements 

Kronmuller et. all0.70) and Bourrous et. al.(i.71) have shown that it is 

possible to obtain important inlbrmation about the nature of the amorphous state 

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 

C058Ni10Fe5Si11B16  by Kronmuller et. al.( 1.70). H. KronmullerU 72) and A. M. 

Severino et. al. (1.73) obtained spectra of activation energies using a micromagnetic 

theory of the induced anisotropy for the amorphous ribbon C070 5Fe4 5Si15BJ0. 
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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. Clii and Alben( 1.74)  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 et. al.( 1.75)  studied the magnetically induced 

anisotropy in (FeCo1 )7 Si10B12  amorphous ribbons. Their results for the maximum 

values of K ,,  obtained by annealing in a field for 15mm. at increasing temperatures are 

shown by the solid circles. Sherwood et. ai.(L76) found for ferromagnetic-

antifelTomagnetic "exchange anisotropy" in the amorphous alloy Fe37 5Mn37 5P16B6A13. 

This appears to be the first demonstrated example of exchange anisotropy in an 

amorphous transition metal-metalloid alloy. 

Our measurements involves compositional dependence of stress induced 

anisotropy and temperature dependence of the induced anisotropy UI)  to ferromagnetic 

transition temperature. Theoretical aspects of induced anisotropy is discussed in 

cliapter-3 and the experimental details are presellte(l in chapter-4. The results of Fe, Ni 

an Co-based amorphous ribbons are discussed in chapter-5, chapter-6 and chapter-7 

respectively. 

Mössbauer 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 Mössbauer spectrum as 

affected by the hyperfine field valuable information regarding the distribution and 

nature of the constituent atoms can be obtained. Mössbauer spectroscopy studies of the 

annealed amorphous Fe741320  ribbon shows that the width of the magnetic hyperfine 

field distribution decreases for annealing temperature below lOOK 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 57 Fe. The distribution and dynamics of the 

magnetic moment in (Co0 93..\ Ni \ Fe0 07)75Si15B10  anloll)hOuS Pseudobinamy alloys have 

been studied mainly by means of magnetometric and Mössbauer techniques by L. 

Dobrzynski et. ai.('.78).This amorphous alloy is 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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Mössbauer measurement for standard magnetic moment establishes only the 

average moment of metal atoms, due to inequivalency of sites. It is not true that each 

atom carries the same average moment. 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 rare-earth's as 4f shell are well shielded from its environments. Moment distribution 

is best demonstrated by Mössbauer by T. E. Sharon et. ai.0-80) and by NMR 

experiments by K. Raj et. al.0 81). MOssbauer spectrum of ferromagnetic Fe75P15C10  

measured by T. E. Sharon et. ai.(L80) 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 ef. a/.0.80. 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. Assuming the proportionality between h.f field and magnetic 

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

At Curie temperature the typical Mössbauer spectra for amorphous 

ferromagnetic alloys such as Fe75P15C10  show two peaks characteristic of quadrupole 

splitting. Below the Curie temperature the spectra consist of six peaks symmetric with 

respect to their centre, but \'eiy broad compared to corresponding crystalline alloys. 

The broadening is attributed to the random nature of the structure. Thus amorphous 

Fe80B20  reported by Chien and Hasegawa(l .82)  has a narrower distribution of hyperfine 

fields than Fe75P15C10  as reported by Tsuei and Lilenthal(l.83) and in Fe40Ni40P14B6  as 

reported by Chien and Hasegawa( l.84) 

Mössbauer 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(L85), Chappert ci'. aI.( 186) and Chien et. ai.(L87). The moment 

variation can be directly derived from the hyperfine field distribution, because the 

prop ortion ality betweell hyperfine field and magnetic moment was established from 

crystalline by Gubbens ci'. ai.0.88) 

Our studies involves the finding of how the iron moment is directly reflected in 

the hyperfine field distribution measurements by Mossbauer spectroscopy, because of 

the influence of the local environment. We have measured the Isomer shift (IS), 

Quadrupole splitting (EQ ), Hyperfine field (H hf ), Full Width Half Maximum (FWFM) 

and absorption percentage. The principle of these measurements are given in the 

chapter-3 and description of experimental set-up and computer analysis are presented in 

chapter-4. The results and discussion for the different systems are 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 et. 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 is 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(24) iii theirs work on vacuum deposited Co-

Au alloys and soon there after by Tsuei and Duwez(25) in their works on split-cooled 

Pd-20at.% Si containing 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 these 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 call remain in the metastable state over an extended range of 

temperature. Two important classes of amorphous magnetic materials are being studied 

intensively in recent time. They are the transition metal-metalloid (TM-M) glass and the 

rare-earth transition metal glass (RE-TM) reported by T.Mizoguchi(26), R.Alben et. 

al.(27), E.M.Gyorgy (28)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 is RE33-TM67 where RE is one of the heavier rare-earth metals like Gd, 

Th, 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 et. al.(2  10) The new amorphous and metastable alloys prepared by such 

techniques were used in the early works to explore the many possibilities opened up by 

these new rapid quenching techniques. 

2.2. The structure of an amorphous alloy 

Ir The structures of amorphous alloys have been given by Cargill(21 1-2.12)  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. a/.( 1977)(2.14) 

(I). Structural disorder -- lack of periodicity in atomic arrangement and 

(2). Chemical disorder -- lack of perio(hcity 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 ternis of a radial distribution function. 

For identical atoms this describes the average number of atoms at distance between r 

and r-Fdr 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 4m r2  p ( r)dr, where P(r) is the atomic density. 

The distribution iunction is sometimes presented in slightly diflèrent form 

F(r) = 47crp(r) (2.1) 

as G(r) = 4mr[ p(r) p1, ] (2.2) 

If we consider the density j as constant, then F( r) = 4 Tcpr 2  

Since the density is constant so F( r) follows the parabolic distribution. 

F(r) 4,rr) 
W(r)=  

4 77T7) 4 7rrp1  

W(r)= (2.3) 
Al 

when p(r) constant, then W(r) 

Theoretical curve of the radial distribution function as a function r is shown in Fig-2. I 

F (r) 

Fig;- 2.1 Short range order as a function of radial distance 
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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 heterogeneeties 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 

equilibrium while both a melt and its corresponding crystalline phase have minimum 

free energy, an amorphous materials because of its non equilibrium state is at a higher 

values office energy. Free energy as a function of temperature for a crystalline solid, an 

amorphous solid and a liquid is shown in Fig-2.2. 

Amorphous 
solid  

I

Jidi  

- - - 

------- 

t) 
'S 

L. Crystaline 
solid 

Temperature (1) 

Fig:- 2.2 Free energy versus temperature curve 

Fig-2.3 shows the reduced glass transition temperature t '1'9/T1yi  for 

amorphous solids compered to crystalline solids. It is to be noted that for higher values 

oft only glass formation is possible. 

When a melt is cooled too rapidly, its viscosity and relaxation time increase to 

the point where the internal equilibrium can no longer be maintained and the 

equilibrium con figuration become inaccessible. 

Two ways of solidification 

(I). Crystalization Process and 

(2). By increasing Viscosity. 

14 



t 

p Tx 
Tg 

r phous 

Reduced glass transition temperature-- 

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 hi(1uid state, their 

viscosity become comparable to that of a solid and this determines the stability of 

amorphous mateia1s. Fig-2.4 represents the variation of viscosity of amorphous 

materials with temperature. 

\<cstanization  
12 Amorphous region 

10 __/i region 

I 

I I 

0 I N I 

> I N 
'I N 
f -i I Liquid 

10 
-

region 
I 

I I 

Tg Ix 

Temperature 

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

It is very diflicult to get pure metals in the amorphous state. It is necessary to 

add glass fiwming materials to pure metals or alloys to get the am011)hOUS state and to 

bring the cooling rate within a reasonable rate. Usually around 20% of' glass forming 

materials like 13, Si, P, C etc which have atomic radii relatively small compare to these 

of' metallic atoms and the glass funning atoms occupy the voids left between the bigger 

atoms of' metals when they are closely packed. It caii be showed that when there is 

random close packing of hard spheres there is about 20% voids created between these 

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. 

-4 

CL 

Q) .- 

'0 

0C 
 

4(Pd) 

Tg I Tm 

Li quius Line \  

eutectic 
I temperature 

Is 

L 
Li 
0 
0) 
> 

0 
Li 

h 
T 

B(Si) 
20% glass for ming materials 

PRT - Liquidus line; PQRST-'+ Solidus line; 

a - Solid solution of B in A; 13 - Solid solution of A in B 

Fig:-2. 5 Compositional dependence of' melting point 
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the more complex an alloy is greater is the possibility of' forming the 

amorphous state. This is because the arrangement of the atoms in the crystalline form 

of complex system takes more time which means a greater relaxation time. i'he 

presence of glass forming materials contril)uteS to this complexity and there by 

increases the relaxation time. The stability of a metallic glass is also increased due to 

the presence of the glass forming material. Since a metallic glass is in a metastable state 

the stability with respect to temperature is determine by the local potential barrier 

produced by the disordered state of' the amorphous material. When I l' is large the 

cooling rate needed 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 phase diagram indicating the de1)endence of melting point On 

composition of  the melt is shoqi in Fig-2. 5. 

To increase the stability it is necessary to introduce some atoms of B, Si or P 

(i,e atoms with smaller radius) in the matrix. From statistics we know that the 

amorphous material has a porosity of 20% on the average therefore TM () M 0  (M = B, 

P. Si, C etc 20% at atomic) is generally introduced to form a good amorphous 

material. From Fig-2.6 it is observed that the minimum linear velocity of the drum is 

around I 0mlmin for preparation of an anloll)houS ribbon by melt spinning technique. 

1010 Ni 

EA 

>-' 

U 

0 

10 

103 

10 2  

Fe83 817 
This region near the eutec tic 

- Composition \ 
- --i Pd 2 Si 18  
Then good amorphous 

- Pd40  N140 P20 0 

05 
Reduced gloss transition temperature 

Ir 

Fig:-2.6 Experimental values of' critical velocity versus reduced glass 

transition temperature 
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2.4. Conditions necessary for preparing amorphous materials 

Internis of viscosity and difiiision co-efficient we can find the condition 

for formation of glass 

[I] For metals atomic bonding is metallic and the viscosity is lower than 

the difihision co-efficient and mobility is high. 

[2] In the case of amoll)hous materials viscosity is very high and the 

mobility and the diffusion co-efficient is low. Atomic bonds tends to be covalent as in 

the case of silicate (SiO2). 

2.5. Preparation technique of amorphous ribbon 

There are various techniques in use to j)roduce a metallic alloy in an amoq)hOus 

state where the atomic arrangements have no long range periodicity. The different 

experimental techniques developed to produce amouihous metallic glass can be 

classified into two groups 

The atomic deposition methods. and 

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 ofa vapour on a cooled substrate by  

[aj Vacuum deposition 

Sputter deposition 

Electro deposition and 

Chemical deposition 

2.5.2. The fast cooling of the melt 

For producing an amorphous state by any of the liquid quenching 

devices, the alloy must be cooled through the temperature range from the melting 
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temperature (T a ) 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 concenied with atomic arrangement, bonding 811(1 

atomic size efThcts. The kinetic factors as discussed by 'ltlfllbu11(2 15) are the 

nucleation, crystal growth rate and difilision rate compered to the cooling rate. The 

interest in this method stems from the wide variety of alloys that can be made as well as 

from the potential low cost of preparation. In the pioneering work of Duwez et a! 

(2.16) 
, 

a number of devices have been reporte(l for obtaining tile necessary high 

quenching rates and for producing continuOuS filaments. The methods using the 

prillcil)le of fast cooling of melt techniques are 

[I] The gun techniques 

121 Single roller rapid quenching techniques 

[31 Double roller rapid quenching techniques 

[4] Centrifuge and rotary splat quencher techniques 

15] Torsion catapult techniques 

[61 Plasmat-jet spray techniques 

Filamentaiy casting techniques 

Melt extraction techiiiques 

[9) Free jet spinning techniques and 

[10] The melt spinning techniques 

Although the different methods used in preparmg amorphous metallic ribbons 

are mentioned here, only the single roller rapid quenching technique which was used to 

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. hue 

roller was driven by a variable speed motor via a tooth belt. The angular velocity was 

2000 rev./nuin.. Use of log wheel rotation enable us to very the surface velocity ill the 

range 20 to 30m/s. The diameter of tile 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 carried out easily. For room temperature work, it 

showed no contamination of the ribbon from tile roller material and tile careful 

preparatioil of the surface was more impollailt than the material of the roller. 
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In this process one has to consider that vit)ratiOn of the roller should be well 

below the high frequency vibration of the melt puddle to avoid any influence of it on 

the geometry and uniformity of the ribbon. One has to be careuuil and see that the ribbon 

does not remain in contact with the surthee of the roller for a whole revolution and be 

hit, from the hack. A bigger diameter is thus prelerred for the roller. The induction 

heater coil is made of hollow copper tubing which is cooled simultaneously by 

circulating water through its innrr hole. The shape and diameter of the induction heater 

as also its winding is to be adjusted to pi'ocluce proper temperature gradient. This is to 

avoid, sudden cooling of the melt iii its way out of the crucible and blocking the nozzle. 

the quailz tybing having outer diameter 20mm which is narrowed down conically to 

1mm with a hole for the nozzle 0. 1 to 0.2mm. 

Pressure of 

To motor j/"Ar9ofl Gas 

__h_. Rtbbon of amorphous 
metal 

Cotd Copper disk 

1:ig:-2.7 Thin layer of m(lten alloy intimate contract with the outer surface of,  

metallic rotor is quenched in to amorphous 
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k I The nozzle geometiy 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 visil)le. It should withstand the sudden fist changes in temperature. 

2.6. Experimental details of the preparation of a morphous ribbon 

The amorphous ribbons are prepared in a furnace in I ll argon atnloSl)here (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 

renielting each button few times. The mother alloys which are formed in the form of 

buttons in a fIuiiace by sudden cooling and is the,) cut into small pieces and is 

introduced in the quartz tube. The quartz tube is connected floun the toj) by rubber '0' 

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 furnace is powered using high 

frequency generator. When the melting temperature is reached as observed through a 

l)rotecti'e spectacle, the injection pressure is applied by opening the pressure valve. To 

avoid the turbulence of the wind, arising 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 quality and the geometly of the ribbons. 

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

[II Rotating 51)Ce(l 

Angular velocity (0 = 2000 rev/mm. and 

Surfiuce velocity v - 20m/s 

12] Gap between nozzle and rotating copper drum Ii 100 to I 50tm 
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[31 Oscillation of the rotating copper drum 1)0th static and dynamic have 

maximum displacement 1.5 to 5tm. 

[4] Pressure = 0.2 to 0.3 argon atmosphere 

151 Temperature of metals TM  z 1500°C 

l'hc temperature did not CxCCC(l 1800°C otherwise quartz tube WOUldl be melt. 

161 Stability was ensured for the drop in the surfiice of drum. 

2.7. Factors contributing to glass formation 

There are three interrelated factors that determine glass forming tendency. 

These are thermodynamic conditions that thvour the liquid phase relative to the 

crystalline phase, the kinetic cufl(htiolls that inhibit crystallization and the process 

factors that arise due to experimental conditions. 

'l'he thermodynamic factors for glass formation are liquidus temperature "rn at 

which the alloy melts, the heat of' vaporization and the flee energy of all the phases that 

arise 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. 'Fhe 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 temj)erature 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 11 of a crystal includes latent heat of' 

fusion due to long range order. In the case of rapid cooling of the melt the free energy 

decreases since long range order (10 not take place, thus leaving the system at a higher 

energy state. Heat treatment, relaxation and stability are tlitis important coflsi(leratiOnS 

in metallic glass. The glass forming tendency also arises from as size difference between 

the constituent elements. It appears that appreciable size difference between the 

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

A single paranieter that expresses glass forming tendency is the ratio of' the 

glass transition temperature to the melting temperature defined as 
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I (2.4) 
A! 

uglier values oft obviously thvour glass formation. For metallic glass to be formed by 

rapid cooling, 1 shOuld be greater than 0.45 by 11. S. Chcn(3 17) Based on alloy 

composition there are two major groups that l'api(lly Form glasses. In one of these 

groups the metal is form Fe, CO, Ni, Pd or Pt and the metalloi(1 is B. C, Si, Ge or P. 

these metallic glasses constitute sofi anloil)hous magnetic materials. Our working 

sample prepare(l showii by table- I 

/  
Foster 
cooling 

nthalpy change;E due to 
short range order. 

6 / 

6 Enthatpy change;E due to 
21 tong range order 

s- 

79  Tg' Tm 

Temperature 

Fig:-2.8 Temperature dependence of enthalpy H. G and G' correspond to glass 

transition and S corresponds to the transition to the ciystalline state 
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2.8. Ixamining the amorphousity 

The amorj)llousity of all the ribbons have been confirmed by X-ray 

diffraction using Cu-Ka radiation. All the ribbons were found to be amorphous as 

shown in Fig-2.9. 

C 

CD 

 

Fe 20 Ni 60  6 20 

C0 78 Fe 2 B 10S10 

Fe 30 B 10  S 10  

c 
CD 

20 25 30 35 40 45 50 55 60 65 70 75 80 55 90 9 

AngLe (20-sco1e) 

Fig- 2.9. X-ray diflaction from the top surfitce of' some auiorj)hOLlS ribbon 

The ribbons showed broad diffraction maximum and no low angle scattering. 

'l'hese 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 iriicro crystalline 

phase. 'l'hese could be removed if the Spee(l of the roller was increased. 'l'lic thickness 

of an anioll)llOUS is controlled by the linear speed of the roller, the gap between the 

nozzle and the rotating drum which was about 1.5 to 5tm, oscillation of the drum, both 

static and dynamic. pressure and temperature of the melt and the stability of the drop 

on the surfice of the drum. The nature of the broad difiraction peak as observed is 

shown in fig-2.9 for some of the samples. 

-u 

,1 
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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 

relaxation effects take place and are caused 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. I)  and Takayama(3.2) from 

thermodynamic view point. The ability of an alloy to be quenched into glassy state is 

geimerally measured by the magnitude of the quantity. 

ATg =TTg (3.1) 

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

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

magnitude of the quantity 

ATx =Tx Tg , (3.2) 

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

decreases from Tm  the rate of crystallization will increase rapidly but then fall as the 

temperature decrease below Tg • Thus by quenching a molten alloy rapidly enough to a 

temperature below Tg, 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 iiear the eutectic; the deeper the eutectic the better is the glass forming 

ability as noted by Cohen and Turnbull(33). At eutectic 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 absence 
of long range order, Change of composition is expected to affect Tg  and T.  This is 

because, the long range ordering of atoms depends on the free energy difference 

between the ciystalline state and the amorphous state. The change of composition 

affects the growth kinetics in a complicated way which can only the determined 

experimentally. 

25 



The transition to the glassy state and the crystalline state is accompanied by an 

4 
exothermic heat effect giving rise to a sharp peak in the temperature dependence of the 

exothermic heat. Therefore, differential thermal analysis (DTA) is a widely used 

technique to study thermally induced transformations in amorphous alloys and to 

determine Tg  and T. The magnitude of Tg  and Tx  are very different for amorphous 

materials and depend strongly on composition. The activation energy ranges typically 

between 2 and 6ev(34). 

The dependence of Tg  on the heating rate S = dT/dt can be used to determine 

the activation energy of ciystallization(35). Considering the fraction x of amorphous 

material transformed into the crystalline state in time t and at temperature T, one 

obtains for the first order rate process 

(S x/S t)1  = K(l-x). (3.3) 

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

equations 

K = KoexP() (3.4) 
RT 

where K 0  is a constant and AE is the activation energy. Combining eq'(3.3) and 

eq1 (3.4) and using dX= (S x/S t)1.dt + (S x/S t)1dT with (S x/S t)dt 0, one obtains 

dx \ 

dt 
=K0(l—x)exp _RT 

—AE) (3.5) 

At the peak of the exothermic heat, the change of the reaction rate is equal 

to zero, yielding, with T = T, 

K exp
(

= 
)S. (3.6) 

0 
RTX ) RT 

AT.<  for the stability of amorphous alloys as given by eq'(3.2) and is obtained 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. 
J 
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3.2. Magnetization of the Amorphous Ribbons 
4 

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 niagneton, ,u, or as specific saturation magnetization for the 

amorphous alloy, o, in units of Am2/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(36). 

= - CB  - 2C - 3Cr ) / C.IM , (3.7) 

Where IiTAIis  the magnetic moment of TM-M atoms, taken as 2.6, 1.6 and 0.6 

respectively in Bohr magneton for Fe, 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 3C7 )— S15B10 )— PB6Al) - P14 B6 ) —Si 9B13 ) - B70  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, 

antiferrornagnetisin 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 paramagnetic Curie 

temperature can be expressed as 

- T =[2s(s+fl/3K]J, (3.8) 
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where S is the spin iiumber, K is Boltiann's constant and J1  is the exchange 

interaction between atoms at the position r1  and rj,  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(37). 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 ailoy(38). Both approaches predict that the 

M Vs T curve will flat below that for the crystalline counter part. The first model 
A however predicts that amorphous alloys should exhibit a structureless Mössbauer 

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 ordered 

ferromagnetic phase (for T < T ) to the disordered paramagnetic phase ( for T > T ) 
IS the molecular field approximation (MFA). The origmal treatment as given by 

Weiss(39) was purely phenomenological, but in our discussion here, the 

approximation as applied to the Heisenberg exchange interaction for crystalline 

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 

I = - gu11H, (3.9) 

where g is the lande 'g'-factor, tB  is the Blior magneton and describe the interaction of 

spin Ji on the i-tb site with the spin ij on the j-th site via the exchange interaction 

A - A(R I 
 - ), A1,  is a random variable with some distribution fUnction law. In the 

simplest case where only one kind of magnetic atoms g1  = g and any sign i1  = J are 

used, we have 
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A11 J 
+H gpJ (3.10) 

gu13  

For J —* (J) quantum statistical average, 

IZK"  f

I 

+H} JflJ;J (3.11) 
 gjPB 

Thus eqn(3. ii) can be written as 
A. 

AmFA  = + H)gp 3i, where exchange field H 11  = 

A( 1 ) 

i gJPB 

= H ffgJ,uJ (3.12) 

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

site in the effective field H,,ff  I  is. 

E=—H ffgJ1u'" (3.13) J  n\J 
/' 

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

m,=+J 3. 
rne' 

— m=—J 
- 

\ j / - m,=+J I.j 

e 
m,=—J 

=JBJ['Hff] (3.14) 

The argument of the Brillouin function 

g/IIJ rJ 1_g/113J 
A (J ) 

+HI 
KT cxch 

K BT[ 91u13 
] 

j(j)+/JBJ 
H 

KB I I K[1T 

By introducing high temperature expansion (paramagnetic region), we get 
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I \ J+l 
B (x)=-X 

3J 

Thus we eq'(3. 14) can be written as 

( 
IK13T 

J A (3Z)JiflJ H  
3')

3J K13T  ]' 

wIere (.I) represents upper bar mean. Configuration average with random distribution 

function can be written as 

j(i+i)r 
___ ij J') +

A K) 3J [KHT i K1T ] 

After random approximation the value of J does not depend one site, thus 
(

J
;- ) = K) 

J(J+l).uBg 

_____ _______ 
3KBT 

 3KBT 3KBT 
()[i_ (i+O1 J(J+1)g 3K 

and 3)= 
lJJ+iA 

3K BT 

From the quantum theoiy of paramagnetism we can write the equation for 

spontaneous magnetism as 

M(T) = 
Ng/Ii (J7) 

+_i),ug H 
Ng1u13 3KBT 

= l _J(J 1)A
,, 

 

3KBT i 

Ng2 iJ(J + i) 

3K BT 
I-I (3.15) 

=  
1— 

J(J+1)z.A 
3K BT 

where A is mean value of A1  and Z is the number of nearest neighbours of the Pseudo 

crystal. After axmealillg amorphous materials become crystalline, and approximated. 

eq'(3. 15) can be written as Curie Weiss law for amorphous material as 

- x(T)= MT)  
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= _J7_ (3.16) 
T— 

Ng2 iJ(J + i) 
d T - here, (.= an 

- -- 3K,, 

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 evidence of spontaneous 

magnetization. This spontaneous magnetization below the Curie temperature is shown 

in fig.-3. I, where the magnetization decreases from a saturated value M = M(0) at 

T=O to zero at T = T. 
A 

M 

M S 

0 T = •Ic I 

Fig-3. 1. Spontaneous magnetization below the Curie temperature. 

Now magnetization 

-p. [ A11 (J)1 
- when 1-1=0 - 

gi'1, 
I 

(3.17) 
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Without external field, A1 = mean value part + fluctuating part 

=A+ AA 1  

Eq11(3. 17) can be written as 

() = JBJL!1JZ\ +___()L\A1 ] 
[KBT\ / K BT 

= JBJ[X+ YYAA i 
 J  I 

JZA'.' 
where X = —( J1  and Y - -- 

KBT\ I KT I 

(3.18) 

Expanding by Taylor series, 

B[X + YLA 1 ]= B(X)+ B'(X) YAA + B'(X)Y2 AAJ2.................... 

The distribution functions for probability are 

P( YAA  i 
 )  = I  JIAA 

- 

ZA]+6{L\A +ZA]} 

f(zA1
)= f d(  IAAij).P 1AAi.i ~(YAAij), 

i 

—  i 

( i i 

BI (X + YAA1j J= f d 
( I

AA i.i P iJ 3 + YAAIJ J 

and we have neglected the higher order correlations by assuming that the fluctuation in 
A1  are symmetric about A. Thus 

0 for noddi.e.n=2k+I. 

i 

 )n

- YAAJ — 

(ZA)1 for ii even i.e. n = 2k. 

But[AA1J] = -(ZA)2  +(_ZA)2}= (zA)2. 

and we can write eq(3. 18) as 
(jz) J-{B1 (x + yzA) - B3(x - YzA)}, (3.19) 

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(T)(JL) 

Ti(ô)T 

{BJ[ 

+ 
ZJAg/1} 

+l3 ZJ
2 A ZJAg!1  

- 
11 

K,T K1T I  [ in K RT K1 T  
= fli --  

[J+ l

i in3Jin
{B[—_-_(l+ )j+ Bi(l -  (5)f (3.20) 

where (') = - - and T = 
T
- 

A 

The temperature dependence of in as obtained from cqn(3.20) is shown in fig-

(3.2). A finite value of S depresses the reduced magnetization curve compared to the 

curve for S = 0 over the entire temperature range, as was later observed 

experimentally. No m(T) curve fits experimental data for a single value ofS. 

1.0 

C 
0 

N 

C 

i o4 
-D 

61 U 

•0 

O•2 

It 

0 02 0-4 0.6 0.8 1.0 

I / Ic ---- -

M. 

Fig-3.2. Reduced magnetization curves with (a# o) and without (= o) 

fluctuations in the cxcii ange interaction. 
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A 
Considering that MFA does not accurately reproduce the m(T) curves for 

ciystalline 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(1 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-tb atom a magnetic moment 

(3.21) 

where 1u1 (0) = g1,u,3 J1  and (rn) = gi  and i are, respectively, the gyrornagnetic 
Ji  

factor and the total angular momentum of the i-tIm atom, where the leter is composed of 

the spin and orbital angular momenta. (rn1 ) represents the time averaged projection of 

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

m=+J -1 
rn1 e 

(rn) i=- 

( 
, (3.22) 

- 

e 

where Ei = —1u(0)(H + H 1,)rn1 . (3.23) 

Here K1  denotes the Boltzmann constant. In the molecular field approximation the 

exchange field can be written in the form 

- 

H XCh (T) = 2 
1i(T), (3.24) 

ggu13  
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where the J ij  represent the exchange constants and the summation in eqn(3.24)  can be 

A 
performed leading to the Brillouin flinction 

(2J. Z. 
cothi 

+l 
Z 

2J 2J 
iJ_ 

I 
J coth (3.25) [)  

where z = + H XCh). 

Assuming all moments of the same atomic species to be equal, the sublattice 

magnetization M1 (T) is defined by 

a 

M1 (T) = Nx11u1 (T), (3.26) 

where N is the total number of magnetic atoms per unit volume and x i  is the fraction 

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

M(T) = (3.27) 

where r is the number of subnet works. 

Structural disorder causes fluctuations of the exchange interaction reported by 

Handrich(3 1 0 and J5ger(3 I2)•  Restricting to nearest neighber exchange, eq(3.24) 

can be written as 

 

HXCh= 
2 

(1+A)M(T), 
Ng1,u j=1  gi1 

where i and j now denote the subnetworks and 

(3.28) 

are the number of nearest 

91 

neighbours. 

 

Assuming the exchange fluctuation A to be small (A(i),  the Brilouin 

function can be expanded in a Taylor series, yieiding in the absence of an external field 

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

M(T) = 1M(0){B[Z(1+A)] + B[Z(1— (3.29) 

and for a two -subnet work by .J5ger(3 12) 
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M(T) = 

A 

where ? = " (..)( 1 ± 
' Npg1g U 

(3.30) 

(3.31) 

A corresponding equation applies to M,(T). The average values A. are 

obtained from = A11A22 . The mixed terms (A11 A22 ) vanish because the 

fluctuations of J11  and i, are independent. For A1 . = 0, these equations correspond to 

the molecular field equations applied to crystalline ferrimagnets. In this case ( = o) 

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

T = I{i I  +T21 +C(T~, ~T, ,2  +4],T,1 }, (3.32) 

where the T1  are related to the k ij  by 

= 
J +l)(0)x1 

(3.33) T1 N( 
3K1  

The relations given in eq'(3.29) and eq11(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 

does not account for exchange fluctuations in the range of the Curie temperature. 

3.2.2.1. Transition-Metal based Alloys. 

The temperature dependence and the Curie 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 M(T) curves. The 

temperature curve for the amorphous alloy lies substantially below that for the 
crystaffine compound. This reduction of M was explained interms of the mean field 

theory eq'(3.29) using an exchange fluctuation parameter 

A 
- 

-- (( 

)  

(334) 
J j  

ii 
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4 

(I 
M(T)= M(0)[1 

T (3.36) 

which is defined according to the Aintroduced in eq"(3.28) and adapts values in the 

14 
range 0.4 :!~ A !~ 0.6. The experimental data lye typically below the theoretical 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 et. aL(3. l4)  This inadequate 

description of the experimental data corresponds to the situation for crystalline alloys 

and has to be attributed to the mean-field approximations and the temperature 

independent treatment of A. In general, A is a function of temperature. Using the 

empirical relation(3 15) 

A=A O
[l  _ (T )']

, (3.35) 

deviation from the calculated line occur for T 2: 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 ~! 0.15T. 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 

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 T0  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)•  

EK=Eo+DK2+FK4+...................... (3.37) 
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where K is the wave vector of the spin-wave and D and F are the spin stiffliess 

4 
constants. The presence of spin-waves gives rise to a reduction of the average 

magnetization, leading to a temperature dependence of the form 

M(T)=M(0)[1—BT—CT3 — ..........  ], (3.38) 

where M5(0) is the saturation moment. The coefficients B and C are related to the 

spin-wave stiffliess constant D by 

B 

5/ 

9PB  

______ _ 
KB  

-(x)i_ and  C = t(r2)O)[ 
) - M5(0))4,D) 4 4i7D  

where g is the g-factor ('-2.1), pt is the Bohr magnetoil, N) = 2.612 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 

V/1 terms comes from quadratic dependence of spin-wave on wave vector. With 
increasing exchange strength, the slope of M(T) versus T decreases are expected 

from experimental results of alloys with increasing T. 

3.2.2.3. High Temperature behaviour of Mc  of Amorphous Ribbons 

The over all temperature behaviour of reduced magnetization m = in 

TM-M glass goes to zero quite sharply at critical temperature T.  and in many glasses 

the phase transition is as sharp an in ciystalline system. Near T, M5(T) = (i - T)' 

where the 0 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 treated in two different approaches. The first approach as given by Harris et. 

ai.(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 alloys 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. 

.4 

4. 
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3.3. Coercive force 
A 

There are several approaches to calculating the coercive force, H, in terms of 

the arnoiphous 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, Br  will be reduced due 

to the regions where the local anisotropy is not parallel to the applied field. For 1800 

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

4(AK)'S (3.39) 
H= Mcd 

where S is 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 been 

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 interesting 

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 materials. 

In another approach Hasegawa(3. 19)  wrote 

H=4 !L f (3.40) 

AX 
we assume reversal by domain wall motion where f = . 

X 
Here AX stands for the 

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

Fujimori et. ai.(3.20) assumed that the major contribution to the H arose from 

the strain-magnetostriction anisotropy fluctuations so that 

Hcc-- 
cM 

(3.41) 
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3.3.1. Remanence-to- Saturation induction ratio 

As in crystalline materials the remaimence-to-Saturation ratio of a magnetic 

material is important theoretically and tecimologically. 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 

magnetostriction interaction. Since the magnitude and the direction of the strain may 

vary with the details of the quenching the resultant anisotropy and thus By  would be 

expected to magnetically soften the amorphous ribbons. The maximum dc 
A permeability, are often calculated as %, for a number of amorphous alloys in the as- 

cast state. Sample with high '3y 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 electronic device, the amorphous alloys have some 

what poorer losses and permeabiities 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 frequencies, the use of the amorphous alloys will be favoured. The 
complex magnetic properties of initial permeability (,Li) may be strongly affected by 

A the presence of an electric culTent, particularly in ac condition. Moreover, the effects 

are rather different in as-quenched amorphous ribbons. The measurement of magnetic 

properties as a function of frequency and its analysis by means of the complex 

permeability formalism has recently led to the resolution of several aspects of the 

magnetizations process(321-323). The measurement of complex permeability gives us 

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

In dynamic measurements the eddy culTent 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 exchange energy, surface defects, compositional inhomogeneities, 

anisotropy and niagnetostriction (3.24-3.25), whose relative values are determined by 

grain size, graill 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 short the theories and 

mechanism involved in frequency 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 ,u1  is defined as the 

derivative of induction B with respect to the internal field H in the demagnetization 

state 

dB (3.42) 
'dH 

At microwave frequencies, and also in low anisotropic amorphous materials, dB and 

dH may be in different directions, the permeability their has a tensor character. In the 
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case of amorphous materials containing a large number of randomly oriented magnetic 

A 
2t0ms the permeability will be scalar, at low frequencies with 

B=ji )(H+M) (3.43) 

= 2nd the susceptibility j' 
= 

dM _!_I(B_H)
dH dH Ai,, 

= ±(jj_ 1) (3.44) 
L10  

The magnetic energy density 

E = LJH.dB 
PO 

(3.45) 

For time harmonic fields H = Hsinmt , the dissipation can be described by a 

phase difference 6 between H and B. In the case of permeability is namely defined as 

the proportional its constant between the magnetic field induction B and applied 

i:rtensity H; 

B=1iH (3.46) 

This naive definition iieeds further soplustication's. if a magnetic material is 

subjected to an ac magnetic field as given below 

B = B0 iml  e, (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 = Bo e (3.48) 

where S is the phase angle and marks the delay of B with respect to H. The 

permeability is then given by 

- 
B 
- 

Be' 
14 H0e irn 

Be-'('  B0  . B1  
= =_cosO_ i _ L Siflà 

l-i, H0 H0  

= 1L1' - i/.I", (3.49) 

where p1= --cos5 and p1' = ---sin6 (3.50) 
H0 H0  
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The real part 1u' of complex permeability t as expressed in eq11(3.49) 

represents the component of B which is in phase with H, so it corresponds to the 

normal permeability. If there are no losses, we should have u = p'. The imaginary part 

'u" corresponds to that part of B which is delayed by phase angle 900  from H. The 

presence of such a component requires a supply of energy to maintain the alternating 

magnetization, regardless of the origin of delay. 

It is useful to introduce the loss factor or loss tangent (tanS. The ratio of ii" 

to 1u', as is evident from eq'(3.50), gives 

(Bo  
- 

)sin'5 
= tanS (3.51) 

(Bo  ///0) c
os 

This tan6 is called the LOSS FACTOR. The Q-factor or quality factor is 

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

Q= — 
tanà 

and the relative quality factor 
tan S 

(3.52) 

(3.53) 

The behaviour of u' and 1u" versus frequency is called the permeability 

spectmm. The initial permeability of a ferromagnetic or ferromagnetic substance is the 

combined effect of the wall permeability and rotational permeability mechanisms. 

3.4.2. Wall Permeability 

'•I 

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 state, 

divided into weiss domains with equal thickness L by means of 1800  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 in 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 

decrease the energy density by an amount: 2M H dx  
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This can be described as a pressure 2MS H, exerted 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 equilibrium position is than given by 

' I Mli,dx 

Z H 

e 

- x 

/ L 

'I 

MS,  Ms 

I rllI ii 

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

From the change in the magnetization 

AM 
L 

the wall susceptibility ,, may be calculated. Let H make the angle 0 with Z direction. 

'Ilie magietization in the direction becomes 

(AM) = 
2Md 

cosO, and with H. = l-lcosO and (1 = 

I.. I. K 

We obtain 

(AM),, 
- 

4Mcos28 (354) 
xw = 

-  KL 

3.4.3. Rotational Permeability 

The rotational permeability mechanism arises from rotation of the 

magnetization in each domain. The direction of M can be found by minimizing the 
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magnetic energy E as a function of the orientation. Major contribution to E comes 

from the crystal anisotropy energy. Other contributions may be due to the stress and 

shape anisotropy. The stress may influence the magnetic energy Via the 

magnetostriction. The shape anisotropy is causes by the boundaries of the sample as 

well as pores, nonmagnetic inclusions and inhomogeneties. For small angular 
deviations a,:  and a, or M, where 

M)  
a = M anda— -.= — — 

N'I lvI 

from the equilibrium Z-direction may be expressed as 

1 , 1 
E=E0 +—aE +—aE 

2 

X XX 2 ' '' 

where it is assumed that x and y are the principal axes of the energy minimum. Instead 

of EXX  and E the anisotropy field H and H are often introduced. Their magnitude 
YY1 

is given by 

H" and H" _1)y 
2M, ' 2M,:  

where H A  and H represent the stifThess with which the magnetization is bound to the 

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

respectively are 

MM,:  
Zr,x %  and Zry 

H" 

For cubic materials it is often found that H A  and H' are equal. For 

H' = H' = HA and a field H which makes an angle 0 with the Z direction as shown in 

fig-3.5 the rotational susceptibility, Zr,,: in one crystaffite becomes 

Zr,c (3.55) 

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 Zr  of the material has to be obtained as a weighted average of 

Zr,,: of each crystallite, where the mutual influence of neighbouring crystaffites 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 2  0 from eq'(3.55) has 

to be averaged. Snoek(3'26) assuming a linear averaging of Z  and found 
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= __I (3.56) A A.r 3HA 

The total internal susceptibility 

4M2cos20 2M 
Z=Zw +Zr _S +-. (3.57) 

KL 3H 

If the shape and stress anisotropies can not be neglected, H'' will be larger. 

Any estimate of Zr  will then be rather uncertain as long as the domain structure, and 

the pore distribution in the material are not known. A similar estimate of X.,  would 
A 

require knowledge of the stifihess parameter k and the domain width L. These 

parameters are influenced 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 Jntra-

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 eiiergy(3.27). Since anisotropy can be induced by 
A. 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 annealing on anisotropy was first proposed by 

Bozorth(3.28) as due to magnetostrictive defonnation 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 

domains are rotated by the external field out of the original direction. Using this 

argument magnetostrictive anisotropy of K, = —2o 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. ai.(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 free 

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 ordeiing(3'34), local co-ordination(335), shape anisotropy and 

shaped void formation(3'36) etc. However, if several kinds of anisotropy are mixed up 

in the magnetic specimen it is very difficult to give a quantitative analysis of its origin. 

In the light of the experimental evidence of positive magnetostriction in Fe-B 

amorphous ribbons and also the reduction of this magnetostriction due 

annealing(3'37). We consider that our observed anisotropy is associated with 

magnetostriction which is induced by the strain during the preparation process. The 
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easy direction of magnetization is the length of the ribbon which is also the direction 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(338) is the pioneer to drive the first 

theoretical expression for the temperature dependence of magnetic anisotropy constant 
A K1 . Using a simple classical argument and assuming a system of independent spins, 

Akulov assumed that each spin had a free energy of the form 

K1  = (c4a + aa + aa), where the direction cosines a1  refer to a particular spin. A 

simple statistical calculation gives the relationship 

K1(T) I M(T)1 
10 

(3.58) 
K1 (0) M(o)] 

between K1  and the spontaneous magnetization M. 

The number 10 arises from the structural combination of the direction cosines 

in the usual expression for the anisotropy energy, a combination dictated solely by the 

asymmetry of the crystal. The power law holds well for many insulators and rare-earth 

metals, for which the localized electron model is particularly applicable. But agreement 

with the experimental data for nickel and iron is not satisfactory; for example, in iiickel 

the temperature variation of K1  exhibits a dependence of the 50th power of the 

rnagnetization(3 . 9)•  

In a further classical treatment of magnetic anisotropy Zeuier(340), generalised 

the I 0th power law to an n + i) law assuming a system of independent spins. Zener 

showed that, if the anisotropy energy E1  is written in terms of spherical harmonics, 

Ea  = k(T)Y1 (a) 
TI 

"(n+I) 

then 
k(T) [M(T)12 

k(0) [M(0) ] 

Here the k11 (T) are linear combinations of the K1 (T), and in particular 
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k,(T) = K1 (T) +K2 (T)+ k 3(T) = K,(T) (3.60) 

The two assumptions basic to Zener's derivation are: 

the existence of regions of sort-range order of spins around each atom, inside which 

the anisotropy constants are temperature independent. Thus the only effect of raising 

the temperature is to introduce small perturbations in the direction of the local 

magnetization. 

the distribution of spins within each region is random so that the local anisotropy 

energy may be averaged 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 magnetization. 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(341) first developed this theory. The most important 

interaction between the atomic magnetic moments is the exchange interaction. This 

energy is only dependent on the angle between the neighbouring atomic moments, 

independently of their orientation relative to their bond direction. In a view to explain 

magnetic anisotropy we may assume that the pair energy is dependent on the direction 

of the magnetic moment, 4), as measured from the bond direction. In general we 

express the pair energy by expanding it in Legendre polynomials, 

w(cos) = g + l(cos2'D 
- --)+ 

g(cos4ct 
 - cø2t +--)+ .......... (3.61) 

The first term is independent of 4); hence the exchange energy is to be included in this 

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

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

should follow that 

- 

3M2 (3.62) 
4u0r 

The actual value of I can be evaluated from the uniaxial crystal anisotropy. In most 

cases the estimated value is 102  to io times larger than that given by eq11(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 orbits. 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 electrostatic or exchange energy. This type of interaction 

is termed as the anisotropic exchange. It should be noted here that the dipolar term of 

eqfl(3.61) does not contribute to the interaction energy Ea,  since the spins are perfectly 

parallel. The dipole terms between the atomic pairs with different bond directions 

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-dipole interaction gives rise to magnetic anisotropy. 

Van Vieck 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 

gives rise to a large pair energy for 1 = -. In such a case, a more stable 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 Vieck's calculation, the cubic anisotropy constants for an 

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

K 9N12 atT=0°K, 1 8SMH, 
(3.63) 

where S is the total spin quantum number, M the atomic magnetic moment, and H1  

the molecular field. In the classical picture, K,  should vanish by letting S —+cc. 

Now, since NMHm  109 J/m3  and NI 107 J Im3 , the order of magnitude of 

K1  due to dipole-dipole interaction is 

(NI)2 (107)2 
1O5 JIin' 

NMH.1 iO 

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

Judging from the origin of anisotropy, it would be practical to suppose that the 

anisotropy constant decreases with increasing temperature and disappears at the Curie 

point. Actually this does happen, and the temperature dependence is more 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 energy is 
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given by eqfl(3.61) even for the thennally 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(342). 

Let (a1 , a2 , a3) denote the direction cosines of the average magnetization, and 

(/31 ,)32 ,fl3 ) the direction cosines of the local magnetization. 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 

Ea(T) = K1 (0)(I3/3 +,8/ +,8/3), (3.64) 

where K1 (0) is the anisotropy constant at T = O°K and ( ) denotes the average over 

all possible orientations of local magnetization. Using the polar co-ordinates (9,), 

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

azimuthal angle around the magnetization direction, we have 

2,i 1 

21g) 
ir 

 ±/o +//)]n(9)d 

(3.65) E(T)=K1 (o) 

J n( O)d 0 
0 

where n(0)dO is the number of spins which point in the solid angle between 0 

and (0+0). Since 

IJ(/i/i +j +j) = - P4(cosO)] + P4( cosO)(aa + aa + aa), (3.66) 
2.'r 5 0   

where P4 (cosO) is the fourth order Legendre polynomial. ThUS eq L(3.66) becomes 

Ea(T) = K1 (0)(P4(cos9)(aa + aa + aa), (3.67) 

JP4(coso)n(0)de 

where(P4(cos9)) = 0 (3.68) 

Jn(0)do 

This can be expressed in a polynomial senes m I - = 
kT 

a MH m  

field. 
10 45 105 

(P4(cos0))= 

where Hm  is the molecular 

(3.69) 
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On the other hand 

M(T) = M(0)(cotha_--) M(0)(l_--) (3.70) 

so that 

[MIT)] 
'° 10 45 120 

M(0) a a2 a 

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

(3.71) 

A. 
I 

M(T)'
K1 (0) M(0)] 

eq11(3.72) holds good for the temperature 

explained the temperature dependence of K 

(3.72) 

dependence of K. of iron. Carr also 

for nickel and cobalt by taking into 

consideration the effect of thermal expansion of the crystal lattice. But, in constant to 

zener's theory, Van Vieck obtained a much more gentle temperature 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 determining the 

magnetic anisotropy. The orbital state of the magnetic ion is influenced by a given 

ciystalline field and the resultant orbital state gives rise to magnetic anisotropy. This 

phenomenon is described by the single-ion model of magnetic anisotropy. This model 

has been successfiul in interpreting the magnetic anisotropy of various anti-

ferromagnetic and ferromagnetic crystals. 

In free atomic states, every 3d electronic state has the same energy. In other 

words, their energy levels are degenerate. When the atom is placed in a cubic field, the 

orbital states of 3d electrons are split into two groups. One is the triply degenerate de 

orbits, the spatial distributions of which are expressed by xy, yz or zx. The other is the 

doubly degenerate dy orbits whose distributions are expressed by 2z2  - x2 
 - 

y2  and 

x2 
- 

y2 . Fig.-3.3 explains that the dc orbits extends to (110) directions, while the dy 

orbits extend along the co-ordinate axes. In octahedral sites, the surrounding anions 

are found on the three co-ordinate axes, so the d'y orbits, which extend towards the 
-4 

anions, have a much higher energy than dc orbits, because of the electrostatic repulsion 

between anions and orbits. For tetrahedral sites dy orbits are more stable than de orbits 

(Fig-3.4). 
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Fig-3.3. Spatial distribution ofdE and dy orbits 
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Fig-3.4 Energy levels of dF and dy electrons in (a) octahedral and (b) 

tetrahedral sites. 
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Let us consider the case of the d electrons occupying the 3d energy levels. First 

let us assume that the magnetic ion only 3d electron. This electron will naturally 

occupy the lowest energy level. Now as the three dE levels have the same energy, the 

lowest orbital state is triply degenerate (triplet). Such an orbital degeneracy plays an 

important role in determining the magnetic anisotropy. If there are additional 3d 

electrons, they should occupy exclusively the plus spin levels, because the exchange 

interaction between these 3d electrons is much larger than the energy separation 

between the dy and de levels. In the case of (3d)3, the three electrons occupy the three 

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

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

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

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

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

As for the Fe  21  ion, the sixth electron should occupy the lowest singlet state, 

so that the ground state is non-degenerate. On the other hand, the CO2  ion has seven 

electrons, so that the last one should occupy the doublet. In such a case the orbit has 

the freedom 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 parallel to 

the trigonal axis through the spin-orbit interaction. The energy of this interaction can 
be expressed as —2LSlcos, where X is the spin-orbit parameter, L and S are the 

orbital and spin-angular momentum and 0 is the angle between the magnetization and 

the trigonal axis. This model was first proposed by Slonczewski(3.44), who explained 

the magnetic 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, CO2  ions should be distributed equally 

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

averaging the anisotropy energy —ALSIcos  9Oi  I over four direction of trigonal axes. 

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 expect an anisotropy as large as that of the CO2  ion in all octahedral site. 

There are, however, various sources which result in a fairly small magnetic anisotropy, 

which is nevertheless sufficiently large to account for the observed values. Yosida and 
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Tachiki(345) calculated the various types of anisotropy and applied their results to the 

Mn, Fe and Ni ferrites, which contain M112  , Fe", Fe2 and Ni2  ions. Firstly, they 

found that the magnetic dipole-dipole interaction 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 shell the intra-

atomic dipole-dipole interaction between the spin magnetic moments may depend on 

the direction of magnetization; this is similar to the dependence of the magneto static 

energy 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, some 

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 

that the anisotropy due to these mechanisms should vanish for S = ,l and -i-, where S 

is the total spin angular momentum, and that anisotropy of this type cannot be 

expected for Ni" and CO2  ions. Accordingly, the main source of the anisotropy of 

Mn, Fe and Ni ferrites is considered to be the Mn2 , Fe" and Fe  21  ions. Since Ni2  

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 Fe2  

ions. 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 structure 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 

energy, 

E = KSin2 O is observed, (3.73) 

where K u  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 

anisotropy per atom. In one-subnet work 3d based alloys, usually low anisotropies are 
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found originating primarily from the magnetostrietive coupling of the magnetization to 

the internal 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 

= C kMIMk (3.74) 
i*k 

using the sublattice magnetizations inferred from the mean-field analysis, K.  is 

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 

,Aith random local axis(3.483.49). These amorphous alloys are also susceptible to 

stress induced ordering as studied by Berry and Pritchet(3.50) 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=---a2 (3.75) 

where a and )l, denote the stress and saturation magnetostriction constants. It is thus 

concluded that stress induced directional ordering involves different atomic species or 

motions than those involved in magnetically induced ordering. 

/47 

3.5.5. Exchange Anisotropy of Amorphous Materials  

Evidence for ferromagnetic-antiferromagnetic "exchange anisotropy" has beei-- 

found in the amorphous alloy by Sherwood et. al.(35 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 develop 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 interaction 

which can be one of the followings: 
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direct exchange between itinerant 3d states. 

indirect RKKY (Rudermann-Kittel-Kasuya-Yosida) exchange and 

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(353). The direct exchange is also short-range 

one and it is more so in disordered solids. In either of the causes, the coupling is 

described by Heisenberg model 

H = —J(R)S.S (3.76) 
ii 

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

R1  As no two sites are equivalent in amorphous state R1  is random resulting in a 

distribution of J. So a given spin couples with its nearest neighbours with varying 

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(3.54). 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 Amorphous Material 

The simplest model Hamiltonian for an exchange coupled system with a 

fluctuating uniaxial anisotropy is given by 

H = _J11(r1)S1.S - D(n1 .S1 )2 , (3.77) 

where i is the exchange integral between the spins Si  and S, Di  is the single ion 

anisotropy of the i-th ion , n is the unit vector defining local anisotropy at i-th sites. 

The easy axis direction varies randomly from site to site. Fluctuations of the anisotropy 

axes of an amorphous magnetic material lead to a non-linear magnetic structure. Alben 

et. al.(355) have shown that behaviour of an amorphous ferromagnet changes sharply 
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in ferromagnetically soft to magnetically hard material, 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. Amorphous materials are 

therefore anisotropic on the macroscopic scale due to fluctuation of the composition 

and stress as caused by the preparation technique. 

-4- 

58 



3.6. Mössbauer Spectroscopy Analysis of Amorphous Materials 

MOssbauer spectroscopy yields information on the magnetic properties of 

individual atoms rather than on assemblies of atoms as in conventional magnetization 

measurements. Mössbauer spectroscopy is used for the identification of magnetic field 

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(3.56) the analysis of the data obtained for Fe-based 

amorphous alloys shows that iron atom needs as many as 6-8 nearest neighbouring iron 

atoms to assume a magnetic moment. Mössbauer spectroscopy has also been used to 

determine the average direction of magnetization by using the well known fact that for 

the 7Fe, the intensities of the six lines of the hyperfine spectra have an area ratio 

3 :Z: 1: 1:Z: 3, where Z = 

A +Cot
., 
 O)  

,
0 being the angle between the direction of 

magnetic field at the nucleus and the direction of 7-ray emission(357). In 57Fe 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 MOssbauer 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 1060C Is, the atoms retain a high 

mobility for a short while during which the alloys are prepared by the chemical 

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. Mössbauer Parameters 

Nuclear transitions emit y-radiations, which are not preceded by plionon 

transitions. These zero phonon 7-transitions take place between the excited and ground 

state nuclear energy levels of the nucleus which is bound in a solid matrix as reported 
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by Mössbauer(360). 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 Mössbauer effect. The 

important parameters which can be measured using Mossbauer spectroscopy are 

described here. 

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. 
El 

The Hamiltonian for the interaction between the nucleus and the surrounding 

changes may be written as(361) 

H=E0 +M1 +E1+........... (3.78) 

where E0  represents electric monopole coulombing interaction between nuclear charge 

and the electron clouds which affects the nuclear energy levels, M1  refers to magnetic 

dipole interaction between the nuclear magnetic moment and the effective magnetic 
field at the nucleus and E., represents the electric quadrupole interaction between 

electric field gradient at the nucleus and the electric quadrupole moment of the 

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

3.6.1.1. Isomer Shift 

Hyperfine interactions for the "Fe nucleus is shown in fig.-3.6. The Mössbauer 

transition energy will now be slightly different in the two materials and this will appears 

as a shift in the Mössbauer spectrum as shown in flg-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 at the 

nucleus. Experimetitally, the IS is the shift of the centre of gravity of the spectrum 

from the zero velocity position. 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. 
-e 

The IS arises from the fact that a nucleus has a finite volume and S-electrons 

spend a fraction of their time inside the nuclear region. The nuclear charge thus 
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interacts electrostatically with the S-electron charge. As a result of this interaction the 

nuclear energy levels get shifted 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. 10to10 9 ev. 

Let us consider that the absorber and source lattice are different in chemical 

composition so that electronic wave flinctioiis 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(3.63) 

IS = AE-AE, 

1 
= 

2 )Ze2 (R x  - R) [ Ii'(o) - kt'(o) 2 ] 

=()Ze2R2\_ 
dR  

_)[ k1i(0)I- kii(o) I 1, (3.79) 

where dR = Rex - Rg  and R = 
R. +Rg here and R are the nuclear radii 

of the excited and ground states, R is the average charge radius and I 1(0) A  and 

I p(o) I refer to the electron densities at the nuclei of absorber and the source 

respectively. 

The expression shows that the IS is the product of two parameters: (1) 
dR  

-, a 

nuclear parameter and (2) I,(0) l, - Ii,(0) I , an atomic or chemical parameter. IS can 

dR 
be positive or negative, depending on whether is positive or negative, and l'(0) I 

Ii'(o) 12 or l'i'(0) I, < li'(o) 12 

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 P3/  electrons have a non-zero charge detisity at 

the nucleus. But its contribution to IS is negligible because ki1. (o) 2  is small in the 

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 screeiiing of S and P, 

can also be neglected. Thus only the S-electrons have a finite 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 Mössbauer atom. Since their atomic configuration differ only 
by a d-electron which does not itself contribute noticeably to the charge density Ii(o) I 
2 the effect arises indirectly via the 3 S-electrons. The electrostatic 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 3 S-electron wave 

function to expand, reducing its charge density at the nucleus. Thus increasing the d-

electron density decreases the electronic charge density at the nucleus resulting in an 
increases in the IS. For "Fe, since (d%)  is negative, it can be seeui from eqn(3.79)  that 

increase in charge density Iii(0) I - k1i(o) I at the nucleus reduces the IS. 

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 0.5mm/s for trivalent iron(3.63365). A large change in IS 

is observed when the co-ordination number changes from 6 to 4. IS for octahedral 

Fe3  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 Fe3  nucleus causing more IS at octahedral Fe3  site 

than at tetrahedral Fe3  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(360366). An oblate (flattened) nucleus has a 

negative quadrupole moment while a prolate (elongated) one has a positive moment. 

Nuclei whose spin is (p or are spherical symmetric and have zero quadrupole 

moment and thus the ground state of "Fe with I = does not exhibit quadrupole 

splitting. 
J 

The diagonalized EFG tensor at the nuclear sites is completely specified by the 
three components, viz., and '; denoted by V, and V, 
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respectively, where V is the electrostatic potential. Further V the principal 

component, is chosen to be EFG so that ~! V. On applying the constraint 

imposed by laplace eqm(V2V = o) the number of independent components are reduced 

to two, which can be chosen as; 

q= V.. and 
(VXX—V)Y) 

and 
e V/J  

(3.80) 

r 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(360) 
A 

(3.81) 

where 1 and l_ are the raising the lowering operators, respectively and 1., is Z 

component of nuclear spin. Eq(3. 81) has the eigenvalues. 

_ l)
[31 I ][I + 3 

where rn = [, I — I ...................... —1 

(3.82) 

In 57Fe, the first excited level with I = < splits into two sub-levels 

(corresponding to m1  = ±<and ± )%) having the energy difference known as 

quadrupole splitting(363). m1  values are the components of the angular momentum 

along the Z-axis it is clear that the m1  = ±Y2  states lie at lower energy than the 

rn1  = ± /32  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 57Fe, involving spins greater than I = 4, the quadrupole split 

spectrum is more complicated. 

AE= -e2qQ = 

If electric field is not axially symmetric i.e. 

the asymmetry parameter r. 

(3.83) 

VXX # V # V.,2  then the splitting involves 

E=ie2qQI1+T (3.84) 
2 3) 

The transition ±X2 —* ±,V is called ic-component and the transition ±/2 - ± is 

referred to as the o-components. For a particular orientation i.e. 
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3(1 + Cos2 9) 
(3.85) 

l 5-3Cos2 O' 

where 0 is the angle between V,, axis and the direction of emission of 'y-rays. 

The quantity e2qQ or qQV77  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 ',4'  in the Mössbauer spectra 

recorded with different orientation with respect to y-direction. Another method is 

based on magnetic field perturbation on the quadrupole split pattern('6769). In the 

presence of a strong magnetic field the quadrupole doublet lines (±and ± ) flirther 

split into a triplet and a doublet. If the doublet lies at a higher energy than the triplet, 

e2qQ is positive and if it lies at a lower energy, e2qQ is negative. 

Now in brief we describe here the origin of electric field gradient at the 

nucleus. In general, there are two fi.indamental sources which contribute to effective 

EFG at the nucleus, 

Charges on distant atoms or ions surrounding the Mössbauer atoms in 
mioncubic symmetry constitute lattice contribution denoted by (Vaa )Iat'  As a matter of 

fact, the Mössbauer 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 (i - , where is 

sternheimer antishielding factor. (i - Ia) 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. Sternhemmer has shown that valence contribution to EFG 

(Vaa  )• 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 (I — R)(Vaa ), 

where R is stemheimer shielding factor(3'7072). Thus the total effective EFG at the 

Mössbauer nucleus may be written as 

Vaa  = (I - ra)(vaa) 
at. 

+(i — R)(Vaa) i . (3.86) 

In case the legend environment around the iron has cubic symmetry, 

(Vaa )i., = (Vaa )val. = 0 
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Fig-3.6. I lyperfine interactions for the "Fe nucleus. On the extreme left of each 

diagram are shown the unperturbed nuclear levels, the I = 4 state being 14.4 KeV 

above the I = )i 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 t with the magnetic 

field H at the nucleus gives rise to zeeman splitting of the nuclear levels with spins I (I 

>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,1  = —1Zt.H = —g,uI.H (3.87) 
/ ieh 

, g is the nuclear g-factor and mN  is the where p,,  is the number magneton (  
2mNC 

mass of the nucleus. 

The energy levels obtained as a consequence of the interaction are 

E. = 
-pNHml 

= —g1uHm1 (3.88) 

where rn, is the magnetic quantum number representing the Z-component of I, 

- m1 = 1,1-1,1-2 ..................... ,—I 

In the case of 57Fe, according to selection rules Am = 0, ±1, the possible 

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

containing magnetic spilt, six lines will be 32: 1:12:3 where z 
=4 

, e being 
1+ cot2  9 

the angle between the direction of magnetic field at the nucleus and the direction of y-

ray emission(3.57). In 57Fe the strength of this magnetic field is H = 33KG at room 

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(360363) 

H= - nB I4/(0) I s_21B(1)K)_2/J[3 r5 
' (3.89) 

where ji  is Bohr magneton, S and I are operators for the spin and orbital moment of 

the electron and I q1(0) 1 2  is the electron density at the nucleus with +,i.2  spin 

projection. 

The first term in this expression is known as Fermi contact 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 

A 
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 arises from the 

polarization of the spins of paired S-electrons by the unpaired 3d electrons via 

exchange attraction that exists between electrons of like spins(373-375). The inner 

core electrons (1S and 2S) produce a large negative field, whereas 3S and 4S electrons 

produce smaller positive fields resulting in a net negative field almost of the 

nuclei(3 .76) 

The second term in the above expression is known as orbital current field 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 electron spin and the nuclear magnetic 

moment. 

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

conditions have to satisfied 

r0>v, and v>r,, (3.90) 

where z-0  is the life time of the nuclear excited state, rç  is the electron spin correlation 

time and TL  is the larmour precession time of the nucleus. The first conditions states 

that the Zeernan 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 I _12  to 1 _14  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 the 

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 spectrum. 

a. 
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4.1. The Differential Thermal Analysis 

4. 
4.1.1. Introduction 

The differential thermal analysis (DTA) is an important technique for studying 

the structural change occurring both in solid 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 identif' 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 Tg  is defined as the temperature at which the 

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

diffusive atomic rearrangement 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 / mm. Metallic glass ribbons usually are ductile in the "as-quenched" condition, 

but may often be embrittled by exposure to elevated temperature. The DTA technique 
has been used in determining Tg  and T  of our amorphous ribbons with composition 

Fe90 SiB10  [x = 6, 8, 10, 12 and 14 ], Ni80 FeB20  [x = 20, 30, 40 and 50 ] and Co30  

FeSi10B10 [x0,2,4,6 and 8]. 

4.1.2. The principle of Differential Thermal Analysis 
-4 

The DTA technique was first suggested by Le Chatelier(41) 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 aluminium oxide, while both are being 

heated at the uniform rate. The difference of temperature is measured that arise due to 

the phase transition or chemical reactions in the sample involving the evolution of heat 

or absorption of heat due to exothermic reaction or endothermic reaction. The 

exothermic and endothermic reactions are generally 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. 

I 

lime - 

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 difference 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 inactive 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 UI) the temperature of the inactive specimen. The 

temperature difference AT is detected, amplified and recorded by a peak as shown in 

tig-4. 1(h). 

I 

j -~ 

Tempuroture 

Fig-4, 1(h) IYFA curve 
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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 holder 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 program 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. 

1 

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 ( 91IX61'X9" deep ) is peaked 

with calcined china clay. The input of current into the furnace is secured through the 

secondary of a Variac transformer, 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 100c per minute of the furnace 

is conveniently chooseui, 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 I to 1.5 his. Thermal analysis 

curves are obtained 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 different compositions of Ni-based, Fe-based and Co-based 
amorphous ribbons. T. and T points are indicated, by sharp exothennic peaks. 
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All expenmdnts are rwi 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 cOpCf 

wool and exhausted from the top into a condensate trap for collecting the condensable 

volatile products. 

Furnace 
atmosphere 
control - 

Furnace 

Furnace 

controller 

:I S VR 
M Sample block 

Gas Voccum 

dc 
-.4 

Amplifier 

x 
- 

y Recorder 

Fig.-4.3. Block diagram ofa differential analysis equipment, (S) sample 

thermocouple, (R) reference thermocouple, (M) monitor thermocouple. 

.4 
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4.2. Curie temperature determination from temperature dependence 
of A.C. permeability. 

The Curie temperature which is measure of exchange interaction between the 

magnetic atoms is quite complicated in the case of amorphous alloys and is veiy much 

an experimental parameter. Because, theories are helpfiil only as a guide in rationalising 
the results obtained experimentally. So, the determination of Curie temperature (Ta ) 

accurately is of great importance. 

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

of the excellent 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. permeabthty of the amorphous 

samples of toroidal 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 

voltmeter. 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 InrnY of the toriodal ring shape sample 

produces a magnetizing field. The dynamic field H within the primary is given by the 

relation 

H = 
0.4N1 i'J (4.1) 

where N1  is the total number of turns in the primary of the toriodal ring and ci is given 

by 
d1 +d2  

2 
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where d1  and ci, are the inner and outer diameter of the toroidal sample. Magnetic 

A induction B calculated from the relation 

F x to,  (4.2) 

4 N , fS 

where N. is the number of turns in the secondaiy of the toroidal rings, U is the 

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

nng is given by S = dli where d and Ii is the height of the toroidal sample. 

Finally permeability is measured by the ieiation 

13 

H 
E.d x iO 

= 4iN1 N,Sx0.4i'J 
(4.3) 

Eq 

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

Curie temperature. 
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At first we wind wires in the toriadal sample to make primary and secondary 

coils. The number of tunis in each coil is 10. The sample thus wound is kept in a little 

oven with a thermocouple placed at the middle. The thermocouple measures the 

temperature inside the oven and also the sample. The sample is kept just in the middle 

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. 

75 



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 inner diameter. Static magnetic properties were measured using the 
Ballistic method. The saturation magnetic induction (B,), remanence (B), the ratio 

/B~, and coercive force (He ) have been determined for the as-cast ribbons from the 

experimental hysteresis loops. The toriodal ring shaped specimens were magnetized, so 

that no free poles are developed and the demagnetizing field is zero. Experimental 

circuit diagram is shown in fig-4.5. 

A current I flowing through the primary of the toriodal core produces a 

magnetizing field H within the primary of the toriodal ring. This field is given by the 

relation 

H = 
0.4N11 (4.4) 

where N1  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 = 
d1 

 ±d2 where d1  and d, are 

the inner and outer diameter of the toroidal sample. 

To determine the ba11istc galvanometer constant C, a standard solenoid is 

used and is given by the formula 

C - 
0.8izNNSi 

- 
Ia 

= 60.37, 

(4.5) 

where the number of turns in the primary of the solenoid N is 500, the number of turns 

in the secondary of the solenoid N is 1700, length of the solenoid I is 89cm, diameter 

of the solenoid d is 3.9cm, area of cross-section of the solenoid S is 7td2/4  and a 

current of lOmA through the primary of the solenoid (i = lOmA) produces a 

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

(4.6) 
2N,A 
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R1 . 1111 

where ci/ is deflection in the ballistic galvanometer for different values of the current 

and N, is the total number of turns in the secondaiy of the toriodal ring. Due to sudden 

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

BG 

I' 

I 

/ 

1

250 1O0 '0 100 2 
// 

N2

L =IN "I 
N 2 

N1  

TR ,' KY220V 

Fig.-4.5. Experimental circuit diagram for B-I-I curve measurement. 
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Ik 
records a deflection, the magnitude of which is proportional to the change in induction 

in the primary. 
A 

2N,A C. (4.7) 

The operation is repeated with increasing value of the resistance R,, so that 

each new current is 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. 

The important magnetic parameters that characterize ribbons of various 

compositions Fe90 Si B10, Ni80 FeB20  and Co80..<FeB10Si10  are determined by using 

the B-H loop tracing technique. 

-4 
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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 L0 , on insertion of magnetic core with permeability p., the inductance 

will become uL0 . The complex impedance Z of this coil can then be expressed as 

Z= R+iX= izuL0p 

= i&rL0(ji'— i,L/'), (4.9) 

where the resistive part is 
R=L0,u" (4.10) 

and the reactive part is 
X=zuL01t' (4.11) 

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

eq''(4.9). The core is taken in the toroidal form to avoid demagnetizating effects. The 
quantity L0  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 
'4 

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 avoid 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 13M1-Iz. 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 K and L. It is, therefore, necessary to keep the capacitance of the winding as 

low as possible. Frequency response characteristics were then investigated on these ring 

shaped specimens as a function of frequency. 

4.4.3. Frequency Characteristics of Amorphous Materials 

The frequency characteristics of the amorphous ribbon samples, i.e. the 

penneability spectra, were investigated using an Hewlett Packart Impedance Analyzer 

of model No.-4 192ALF. The measurement of inductances were taken in the frequency 

range 0.5KHz to I 3MIHz. The values of measured parameters obtained as a function of 

frequency and the real and imaginary parts of permeability and the loss factor. p' is 

calculated by using the following formula 

L,=L01u' orp'=-' (4.12) 
L. 

and 

tanS= — orjt"= 1u'tan8, (4.13) 
'U 

where L, is the self-inductance of the sample core and 

L - 
ji0N2S 

0 (4.14) 

where L0  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 

d, —d1  
S = dh where d = 

2 
, and h= height 

and ci is the mean diameter of the sample given as follows 
d1 +d2  

2 

The relative quality factor is detennined for the ratio 

80 



4.5.0. Experimental set-up for Measurements of Magentization 

4.5.1. The Principle of Vibrating Sample Magnetometer 

All magnetization measurements have been made on EG and G Princeton 

Applied Research Co. make vibrating sample magnetometer (V.S.M.)(4243). The 

principle of V. S.M. is as follows: when the sample of a magnetic material is placed in a 

uniform magnetic field, a dipole moment proportional to the product 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 in 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 applied 

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-in 

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 x 10 ernu. 

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. 
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A 
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 above 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 couplmg and an o'llng 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. This is 

again a brass tube of4lnim 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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4 
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: 

To permit accurate calibration of the signal output obtained from the 

detection coils. 

To produce a convenient AC output signal which is directly related to the 

input and which can be recorded. 

To prodice 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 uig.-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 l)roPortio1al 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. 

4 
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Fig.-4.7. Schematic diagram of the electronic system of the V.S.M. 

4.5.3.1. Sensitivity limits 

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

diamagnetic material for a sample holder, carefIilly 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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4 
Our standard sample used for calibration was spherical shaped specimens of 

mass 0.0584gn1 The different field susceptibility Ax 5 x 10' could be observed after 

synchronous phase detection with band width 2 x 10 2 cps. The other tests used was 

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

remained stationary. 

4.5.3.2. Stability Tests Differential Measurements 

With only the Lock-in amplifier and the oscilloscope as a null detector, it was 

found that the 0.05 84gm Ni-sample signal could be balanced reproducibly. Such 

reproducibility indicated that the long time drifis 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 vaned from less than 0. 1mm 

upto 1.0mm 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 

Image 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. 

:7 
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4 
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 

eddy 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 measurements at temperatures above room temperature were 

done 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 

ckromal-alumel thermocouple is used as a temperature sensor and the highest 

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 LY 18100. 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.) 

by using a standard sample and 

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=mcr, (4.16) 

where cr is the specific magnetization and mis the mass of the sample. From eq11(4. 15) 

and eq11(4. 16) calibration constant is given by 

K= U 
K' 

(4.17) 

14 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 ± I % 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.) 

89 



4.5.6.1. Calibration Data 

Reference signal with phase shifter and decade transformer in connection: 

V =j_1QLiVi9 
rcç 0.01 20 

= 9.5pV x 100 = 0.95mV 

Reference signal with decade transformer in connection: 

Vrcf  = 
1 

—x11pV1.1mV 
0.01 

Reference signal with direct connection: 

V = 13 x 0.1mV = 1.3rnV 

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 a = 54.75 Arn

,
>/Kg  

Mass of the pure Ni-sample m = 0.0584 x 10 3 Kg 

Magnetic moment M = mo= 3.1975 x 10 3 Am2  

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

K = = 7.29 x 10 3  Am2  
K' 

Iw 

A 

4 
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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 magnetometer with a Proportional 

Integrating Differentiating (P.I.D.) regulator following the technique used by 

B.Westerstrandh et.al.(44). This apparatus allows measurements of the torque as a 

fimction of direction cosines of the magnetic 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.I.D. 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 ensured by the exact repetition of the torque value at every 1800  rotation of the field. 

A circular specimen was cut from the amorphous ribbon to provide maximum 

symmetry about the axis of the rotating field. Torque against angle showed reasonable 

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 

energy E, given by 

dq 
(4.18) 

where, çp 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 between the magnetic 

A 
field and a direction fixed in the crystal. 

Akulov(4 5)  showed that Ea  can be expressed in terms of a series expansion of 

the direction cosines of M, (saturation magnetization) relative to the crystal axes in a 

cubic crystal, let M make angles a, b, c with the crystal axes and let a1  , a2 , a3  be the 

cosines of these angles, then 

E = K0  +K 1 (c44 + aa + aa)+ K,(ac4a) (4.19) 

where K0, , K,...............are the anisotropy constants. The first term, K 0, is 

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 K1 . 

If K1  is positive, then E1Ø0 (E11Ø E111, and (100) is the direction of easy magnetization. 

If K1  is negative, E111 (E110 (E100, and (ii l)is the direction of easy magnetization. For 

nickel K1 is negative and for iron K1  is positive. 

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

= K0  +K1Sin2 9+K,Sin4 O+ (4.20) 

The in-plane anisotropy energy usually shows uniaxial symmetry by the 

magnetic torque curve and can be expressed may be written neglecting K , 

= KSin2 6, (4.21) 

where K u  is the magnetic anisotropy constant, 0 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 SinO curve 

was obtained which was later Fourier analyzed using a computer program. For urnaxial 

anisotropy the energy E of a system can be written as 

E = K 1Sin2 O+ K 2Sin4 0, (4.22) 

where K1  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 due to the preparation technique. Instead of 
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presuming uniaxial anisotropy before calculation, the uniaxiality of the amorphous 

A 
ribbons were coiifirmed empirically. 

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

L = -
dE 
- 

dO 
(4.23) 

We get eq'1(4.22) 
L = —(K1 + K,)Sin20+(K 2  )Sin40 (4.24) 

From eq11(4.24) K1  and  K,  are now determined from the Fourier co-efficient 

A, = —(K u, +K 1) and A = (4.25) 

and solving K 1  = —(A1  +2A4 ) 

Thus the uniaxial anisotropy K  is given by 

A, +2A4 (4.26) 

A. 

4.6.3. Design and Working Principle of the Torque Magnetometer 

A simple form of torque compensation 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 magnetic 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 turns the mirror. The principle is to let a phto- 

A 
detector detect the movement of the reflected beam via an amplifier generating a 

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

The simplest tupe of electronic compensation system with a photosensitive 

feedback have been designed(44). The simplest way is to let the current through the 

compensation coil to be directly proportional to the sigiLal from the detector. Such a 

feedback system is often referred 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 

detector, and the deflection from the centre of the detector can be made small by 
rn 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 the oil damps 

oscillations so that we can increase the amplifier gain. To enhance the electronic 

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 sample 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 lO to 10 x iO Nn/ad . 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 stiffhess of the copper 

wire, the leads to the coils have been spirahized. Below the coil there is, besides the 

mirror, an arrangement for oil damping, effective against self oscillations. 
a 
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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. LeifLundgren of the Department of Technology, Uppsala 

University, Sweden. The schematic diagram of the oven is shown in fig. -4.10. The most 

important feature 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-Coiistautan thermocouple with a stainless steel cover (O.D. 1mm, 

length 1.3mm, manufactured by OMEGA Corp.). This thermocouple is flexible and to 

obtain a firm 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 

silver 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 fonned, and 

gives a bifilar winding and close thermal contact with the sample tube. The heater has a 

resistance of 75 ohms at room temperature. 

Five radiation shields, consisting of 50im 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. 0-ring coupling are used throughout to eable easy disassembling of the 

oven in case of any fault. 

Both the oven and the thermocouple are adjustable 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 

thermocouple junction. The temperature gradient 
VT 

 over 10mm of length in the 
AL T-10  

warmest part in the oven is approximately 0.1% and independent of the temperature. 
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Fig.-4. 10. Schematic diagram of the high temperature oven 

97 



The special characteristics of the oven are: 

The oven can be heated from room temperature to 1043K in less than 

I 5minutes with a temperature difference between thermocouple and sample of less than 

1K at the final temperature; 

At a constant heating or cooling rate of 5KIrninute a temperature 

difference of the order of 1K is established; 

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 100  angular rotation for a complete 

3600  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 10 joule 
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1' 4.7.0. Experimental Procedure for Mössbauer Spectrometer 

4.7.1. Instrumentation 

Mössbaucr measurement can he made in two different geometries, transmission 

and scattering configurations. In the present work only transmission geometly 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 absorption 

Mossbauer 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 is shown in fig.-4. 1 2. 
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Fig.-4. 12. Block diagram of the experimental set-up 
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The work reported here is based on MOssbaucr SpCCtrOSCOl)Y of I 4.4KeV y-

rays. For this "Co embedded in Rh matrix was used as the source. It emits 14.4KeV y-

radiation nuclear level decay scheme depicted in fig.-4. 13. The half life of the source is 

270 (lays. 

57 
Co 

5/2 

3/2 

1/2 

7/2, 270doys 

6) 

(89ns) 

99.3n5) 

57 
Fe 

26 

Fig.-4. 13. Nuclear level decay scheme of "Co Mössbauer isotope 

4.7.2. Velocity Drive System 

In order to provide a I)oppler motion to the source with respect to statmnaly 

observer or vice-versa a velocity drive system is used. In the present work Doppler 

motion is given to the source. For this an electromechanical system is USC(l. It 

comprises of a velocity transducer and its related electronics(46). It works fairly linear 

by upto a velocity of ±25mm I 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 clue to transducer 

motion a signal is induced at this pick up coil. Also clue 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 

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

4.7.3. 'y-Source 

A good Mössbauer source should have high recoil free electrons, long life time 

and narrow line width. In the present work, Mössbauer 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: 6p.m; Source strength: 

lOmCi and Half life: 270days. More details are given in Table-4. 1. Decay scheme for 

57Co is given in fig.-4. 13. 

Table-4. 1. Properties of "Fe isotopes. 

Isotope abundance (%) 2.19 

Transition energy (KeV) 14.39 

Spin and Parity 
Ig  2 

I -- 

___________________ 
2 

Excited state half life (sec) 9.8 x 10 

Internal conversion co-efficient 9.00 

Cross-section [cm_2 ] 2.43 x 

Magnetic moment 
pg(nm) 0.09024 

,u(nm) -0.154 

Quadrupole momein 
Qg (baflis) 0.0 

Qe(b11h1S) 0.285 

Natural width (KeV) 4.655 x 10_12 

Observable width w0() 0.194 

Recoil energy ER(eV) 1.956 x 10 

rRecoil free fraction of "Fe in Rh matrix (at 3 00K) 1  0.72 
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4.7.4. Detection System 

For 14.4KeV 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 I 36KeV y-rays. During this work, we have used a Krypton 

filled proportional counter which yielding 20% energy resolution. For frirther 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 

energy pulses using a single channel analyser and to feed them to a multichannel 

analyzer for storage, pulses of -2V height are required. This would need a high gain 

amplifier. The proportional counter output is at an impedance of -iMf. 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(47). 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 channel 

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. It has in all 

1024 channels and has an option of using a minimum of 128 or integral multiple 
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number of channels. The memoy storage is magnetic type. We have used 512 channels. 

A synchronisation is to be maintained between velocity amplitude of the drive and the 

channel number of MCA. 'The data are collected into two groups. First group of 256 

channels peilains to positive Doppler velocities and the second group of remaining 256 

channels which is mirror image of the first pertains to negative Doppler velocities. 'l1e 

representative spectrum of 57 Fe absorber is shown in fig.-4. 14. 
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Fig.-4. 14. Room temperature MOssbauer transition spectrum for relative counts 

Vs. channels of "Fe absorber. 
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4.7.8. Description of the workdone 

Using the above Mössbauer set-up, with "Co as source and Natural Iron ("Fe) 

as absorber, a Mosshauer spectrum is observed. For this we have used an exaetly 

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 are obtained in 5 1 2 channels. Then a graph between no. of counts versus 

velocity is plotted. In order to calculate the velocity per channel, velocity between 

peaks are given in literature as in fig.-4. I 5. Using these standard values, velocity pci 

channel is calculated. 

Fig.4. 15. Standard velocity between peaks of "Fe absorber 

4.7.9. Calibration of "Fe absorber sample for measurement of 

Mössbauer parameters 

Using the MOssbauer set-Up spectnml for "Fe absorber is obtained. The 

number of counts versus velocity of the source is plotted in fig.-4. 16. inergics 

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 lines each. In the case of "Fe, there is inthct an internal magnetic 

field acting at "Fe nucleus. This causes the upper -Y,  level to sj)lite to four levels and 

the lower - level splits into two levels. Using the selection rule Am= 0,±1. for 

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

105 



line source. I lence in or(ler to match the source energy to each of the six allowed 

energy difference, in Iron metal absorber, one has to give six different velocities to the 

source. This is automatically achieved in constant acceleration mode. 
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Fig.-4. 16. Room temperature Mössbauer transition spectrum for relative counts 

versus velocity of 57Fe absorber. 

4.7.10. Computer Analysis of the Data 

All the Mossbauer spectra have been resolved into Lorentzian components. For 

this a tested computer program developed by Ericsson(49) and Kamal(4 10) has been 

used. This program is written in FORTRAN-lV language which does a least Chi-square 
(2)  spectra curve fitting for over lap)ing Lorentzian lines. A non-linear variable 
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matrices minimization technique is used iteratively to optimize the parameters of the 

theoretical fi.inction by minimizing f for the spectral data. First using the calibration 

spectrum of 57Fe 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 displacement 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 (E0 ), internal hyperfine field 

(H11f ), full width half maximum (FWHM), probability distribution curve and absorption 

percentage of the components in a magnetic pattern. Finally the experimental spectrum 
A and the fitted flinction 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 Fe9O.XSiXBl()  [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 higli frequencies. In particular, studies of early glass transition temperature Tg  and 

crystallization temperature T are determined by DTA at a heating rate of 1 0°c/mm. 

Structural 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 crystallization kinetics 

Tg, T  and T due to variation of the Si-content. 

The DTA trace of amorphous Iron-Silicon-Boron of composition Fe82Si8B10  is 

shown in fig-S. 1. The three anomalies observed in the temperature VS time curve were 

at 4480c, 5550c and 6050c respectively. Both the peaks which correspond to release of 

heat at these temperatures correspond to crystallographic ordering of the atoms. Fig-

5.2 shows the DTA traces of the different amorphous ribbons with composition Fe90  

XS,<BIO. The amorphous samples produced showed Tg  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 

Fe90 XSi,<B 10  TQ  T T, 

x = 6 4580c 5450c 5950c 

x = 8 4880c 5550c 6050c 

x = 10 5250c 5640c 6000c 

x= 12 5450c 5680c 6000c 

x= 14 5500c 5700c 6000c 
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Fig.-5. 1. DTA graph of amorphous nbbOfl with composition Fe,Si M Bl(  
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If 
Fig-5.3 shows the dependence of Tg, T and T on silicon content. Fg  is 

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

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

secondary crystallization temperature T remains unchanged with the addition of Si- 

content. These results are important in the selection of composition for making 

amorphous ribbons to be used as core materials. 
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Fig.-5.3. Variation of Tg Tx and T due to change in the silicon content in 

FeS i, amorphous nhbons. 
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5.2. Curie Temperatures of the Amorphous Ribbons 

The curie temperature Tç  is a basic parameter in the study of magnetic phase 

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, 

Mossbauer effects and specific heat measurements(5 I)•  It is demonstrated that T 

determined for the magnetization VS temperature curve do not provide unambiguous 

results due to stntctural disorder and chemical disorder. The accurate determination of 

the Curie temperature of the amorphous materials is quite difficult, because one has to 

have adequate 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 1000c no noticeable effects in glassy 

materials are produced(52). Curie temperature has been estimated from the t Vs T 

curve, where T  corresponds to the temperature at which dMldt 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 experietices during the course of this work it is 

found out that the heating rate should be above 1 0°c/mim 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 nucleation of ciystallites 

which hampers the determination of T  of the pe1ect amorphous state. The sharp fall 

of the A.C. initial permeability at T  indicates that the material is quite homogeneous 

from the point of view of amorphousity. It is also observed from this curve that the 

permeability 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. 

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

Amorphous Iron-Silicon-Boron ribbons of composition Fe9 ,Si X BJ()  [x = 6, 8, 

10, 12 & 141 have been chosen for the determination of the Curie temperature 

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

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

112 



was used for exciting current from a signal generator as showli in fig.-5.4. The 

numencal values of T's for all the samples are shown in lable-5.2. 

Fe ()XSi XBl()  X — ô x8 xlO xl2 x 14 

I. 357C 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.  deteimination from temperature dependence ofA.C. initial 

permeability of amoll)hoUs ribbons with composition SI X  x'3i1) 

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 
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third element makes the alloy system more complex. This complexity of the chemical 

V bonds between the constituent atoms should increase the relaxation time for the 

transformation from amorphous to ciystalline state. Secondly. the difilision 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 Fc()(  Si 

amorphous ribbons. 

Unambiguous and sharp values of 'Fe , obtained from our measurements. Support 

the fact that, in spite of chemical and structural disorder, ferromagnetic glass have well 

(jefi lle(I magnetic ordering temperature. A quantitative understanding of magnetism in 

amorphous 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. 1-lowever, the coupling of the moments in 

an amorphous system arising 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 t1)e, 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 increasing silicon content can be understood, in principle, as arising from the 

dependence of J1  on r1 . The equation guiding the mechanism can be written as 

T =[2S(S+1)/3K]J(r), 
ii 

assuming a molecular field approximation, where S is the spin number, K is Boltnnann 
constant and i1  is exchange integral between atoms at position r1  and r. 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 atoms are replace by 

silicon atoms with the number of boron atoms remaining fixed. 

-g 

(5.1) 
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5.3. Determination of Maximum Permeability, Maximum induction, 
Coercive force and Remanence of Fe-based Amorphous Ribbons 

Amorphous Iron-Silicon-Boron ribbons having composition Fe90SiB10  [x = 

6, 8, 10, 12 & 14 1 are of great interest as a soft magnetic material for their static 

measurements. For static magnetic characteristics like saturation magnetic induction 

(Bj, coercive force (He ), maximum permeability ( jUm ) 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 15mm outer diameter and 10mm 

inner diameter. In the as-quenched state these magnetic materials show very soft 

magnetic properties with rectangular hysteresis curves. From the hysteresis curves of 

amorphous Fe-based ribbons with 10At.% boron and 6 to 14At.% of Si as glass 

forming materials, static magnetic characteristics have been measured using a low static 

field up to 34AIm 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 Br  0.86 to 0.89B, and H 4.6 to 7.8A/m have been observed in Fe-

based Fe90 SiB10  amorphous ribbons. The results of our observation are shown in 

summary from in Table-5.3. 

Table-5 .3 

FeSiXB I()  x=6 x = 8 x10 x=12 x14 

H(A/m) 7.8 4.6 5.0 5.6 6.8 

B r (flIT) 763.98 731.61 722.74 702.68 716.52 

B,(mT) 859.04 850.86 837.32 817.66 803.90 

0.89 0.86 0.86 0.86 0.89 

Pin 29,467  36,484 33,723 32,195 30,670 

Numerous intrinsic and extrinsic properties and the conditions which determine 

the magnetic B-H hysteresis 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 alloy 

composition and structure. Structural defects have minor effects. All other 

characteristics of the B-H curves depend on numerous properties and factors affecting 

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 magnetically soft materials, because spin rotation is 

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

and low induced magnetic anisotropy behave as ideal soft magnetic materials. 

-4 
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1-;ig.-5.6(a) and uig.-5.6(b) iii Coml)ination with able-5.4 represent the design 

parameters H 13,, 13, and ji,,,. 

The rectangular shapes of the hysteresis curves show that mateials are 

magnetically veiy soft and need veiy 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 show:; the variation of' 13,, 13 and II of' 

Fe,.Si B10  alloy system, where x varies from 6 to 14 atomiC percentage. It is 

observed that 13 decreased slowly with increasing percentage of silicon, and 13, 

decreased slowly up to increasing 12 atomic percentage of silicon and then increased 

with the increase 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 field of amorphous ribbons with 

composition Fe,,( _ S i B 
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Permeability due to static external field from 0.4 to 34AJm for the ribbons with 

composition FeSiB10  are shown in fig.-5.8. The maximum permeability occurs at 

different fields 16.79, 12.66, 11.44, 11.37 and 14.15AIm for the compositions 

Fe 4S010, Fe81Si1310  Fe 0Si10 B10 , Fe78Si12 B1()  and Fe7 Si14 B10  respectively, and 

hence corresponding values of 1u,,, are shown in lable-5.3. The u.  values are very high 

and are nearly the same for all the compositions. Thus t becomes independent of H at 

values of H for which dt/dH = 0 and the operating point should be close to the field 

that corresponds to maximum permeability and this will ensure high value of 

permeability and the field independence of the permeability. 

FE 
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5.4. Dynamic Magnetic Properties of Fe-based Amorphous Ribbons. 

Dynamic magnetic properties of as-quenched Iron-Silicon-Boron system with 

composition Fe90 XSiXBIO  [x = 6, 8, 10, 12 & 14 ] have been determined using the 

impedance analyzer. The dynamic measurements of these amorphous alloys have been 

carried out to determine the frequency dependence of complex permeability, loss factor 

(tan 8) and relative quality factor ('K31). The initial permeability (k)  of the amorphous 

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 

t1  of the amorphous ribbons at very low frequency in our dynamic measurement, is 

assumed as a limiting case that corresponds to a static field. The of the ribbons with 

composition Fe90..<SiB10  is calculated from the low A.C. magnetic field dependence of 

permeability in the limit of frequency 0. 5KHz and vanishing magnetic field as shown in 

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

Table-5.4. 

Fe90 Si,B10  x14 x=12 

1  547 

x=10 x=8 x=6 

524 566 571 394 

As shown in fig.-5.9, the pi  in the vanishing magnetic field region for all the 

ribbons, except for the composition Fe78Si12B10, remain almost constant for slight 

variation of the field. Initial permeability is controlled by the irreversible part of the 

domain motion and the preparation technique determines the defects and the associated 

energy barriers to domain wall motion. Another accurate way to determine the value 

is for plot the imaginary part of the complex permeability (I")  against the real part of 

the complex permeability (t'). For any applied field, this representation shows a 

semicircle for the high frequency range. For low frequencies , if the applied field is 

lower than or equal to the propagation field, a short; vertical spike is observed. The 

value is determined from the semicircl&s diameter i.e. from the intersection of the 

semicircle with the vt" axis. In the representative fig.-5. 10, the results for the as-

quenched sample with composition Fe80Si10B10  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.-5. I I shows that the pi  of l'e-Si-B am011)h0US system increase with 

decreasing of Si-content upto 8At.%, and beyond this point there is a decreases with 

decreasing Si-content. The increase in the initial 1)Cr11eat11ity uptO 8 At.°/ of' silicon 

may by explained as due to the decrease in magnetostriction as occurs in crystalline Fe-

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

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

the magnetic system. One does not olcourse expect identical behaviour fr amorphous 

and crystalline solids. But we find the general trend to be similar 
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Fig-S. II. Variation of initial permeability due to change in the Si-content in 

le ) _ XS i B amorphous ribbons. 

The measurements were 1)er!ormcd at room temperature using an A.C. fields 

with it vemy low constant value of H ft I Aim and frequency range from 0.5 Kl IZ to 

I 3M1 Iz. Ilie frequency dependence of the real part ot complex permeability is shown in 

11g.-5. 12. 'l'he flat region up to the frequency I to 3MHz indicates that except the 

ribbon with compoSitiOn Fe7sSi I ,13,(), all the other f'our samples of composition 

[eSil) l()' Fe5 Si ,B o. Fe,Sil3 () 
and Fex4 Si(,B respectively appear to be very 

suitable as core materials at low jields. 
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The imaginary part of the coml)lex l)ermeal)ihty and loss factor for different 

compositions over the frequency range O.SKIIz 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 

dcl ccts( 5.5), which include 11011111iifibriii aiid nourepetitive domain wall mnotioli, (lOmaill 

wall bowing, localized variation 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 frequencies 

the loss is controlled by hysteresis losses and at high frequency the flux penetration 

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 are iml)ollant. The precipitation olvery small percent of particles improve the 

high frequency losses and periieibilit 5 ). The Si-content has important effect and 

except the ribbon with composition Fe7 Si1 21110, the other four samples having 

composition Fe7 ,Si1413 
, 

FeSi 1()B >, Fe 1SiB and Fe 1Si613 show almost identical 

behaviour in their performances and have low loss factors at frequencies up to 3Ml lz. 

2.0 

Fe90  xSlx 810 

LSII 
1 10 100 1000 10000 

Frequency in K H z 

5 14. Frequency dependence of loss fuictors of amorphous ribbons with 

C0fl11)OSitiOii Fe,)) I B 

125 



The frequency dependence of relative quality factor is shown in fig.-5. 15. The 

relative quality flictors as controlled by the real part of the complex permeability have 

quite high values in the range 45KHz to 800K1lz for the two ribbons having 

compositiOn Fe 2SiR1()  and FeSi6B1l), this range is from 20K1lZ to 500K1 IZ for the 

ribbons having compoSition Fe7( S111 wand Fe 0Si1 B 
. 
These four ribbons. as a result, 

have low loss factors. The other ribbon with compoSitiOn Fe7 Si 2 U1)  have high loss 

factors and its relative quality factors is observed to be poor. 

2E 

2 

Vt 

00 1000 ItJtJtjU 

Frequency in KHz 

5. IS. Frequency dependence of the relative quality factor of amoll)hOUS ribbons 

with composition  

Fig-S. I b shows the effect of annealing on the initial permeability (t1 ) of 

amorphous ribbons with composition 1e)\ Si \ l3, 'l'he initial permeability of all the 

sample as affected by annealing at (liflerent temperatures with annealing time of one 
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0 100 200 300 400 500 

hour in each case is measured at low frequency (1 KHz) and in very low field (II 

0. 1AJm). [ii  increases with annealing temperature and goes to maximum for the 

annealing temperature 400°C for the ribbons having composition Fe76Si131()  and 

Fe7 Si12 B10, and then decreases sharply when the annealing temperature is further 

increased. For the other two samples with compositionS Fe80Si l3 1()  and Fe 2Si8I3 I  )the 

corresponding maximum annealing temperature is found to be 350°C and for the 

sample with composition Fe 4Si6B1()  the maximum annealing temperature 300°C. The 

significant increase in the t1  of the annealed samples as observed with respect to the as-

quenched samples, is explamed as due to the removal of local strain and energy barriers 

in the sample. For annealing temperatures 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. 

50 

40 

30 

(.1 

201 

C IC 

. 
_____ _ Annealing temperature in

0 
 c 

Fig-S. 16. Initial permeability versus annealing temperature of amorphous 

ribbons with composition Fcc))XS i B 
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5.5.0. Specific Magnetization Measurement of Fe-based Amorphous 
Ribbons 

The magnetization of thin Iron-Silicon-Boron ribbons is measured as a fimetion 

of magnetic field using a V.S.M.(57). The ribbon samples were cut into circular 

shapes, weighed and glued to a standard sample mount. The magnetometer was used as 

a field measuring device which was not affected by the presence of sample for its low 

susceptibility. The lock-in action of V.S.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 5 x 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 2  / 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 Specific magnetization of these Fe-Si-B ribbons with composition Fe90  

XSi<BIO  [x = 6, 8, 10, 12 & 14 ] in as quenched condition is measured, using a V.S.M. 

The magnetization process of the amorphous ribbons with different fields are shown in 

fig.-5.17. The saturation magnetization for these ribbons have higher values for 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 Fe80Si10B1()  reaches its saturation value around 3.0KG field, 

Fe78Si12B10  requires 2.5KG, Fe76Si14B10  requires 2.0KG, Fe82Si8B10  requires 3.5KG 

and Fe84SLB10  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. 

Ta hIt-5..5.. 

Fe90 SiB10  x = 6 x = 8 x1O x12 xI4 

o in Am2  1Kg at 162.97 

room temp.  

159.92 156.91 148.88 134.21 

a(o) in Am2  /Kg 168 

at OK  

166 163 150 136 

358° C 388°C 4180 C 4340 C 4440 C 
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ig.-5. I7. Specific magnetization versus magnetic field of amorphous ribbons 

with composition FeS i B 

The o decreases with increasing Si-content, as shown in fig.-5. 18. 'I1is is 

agreement with the moment per atom of the Fe-Si-B system where the moment is 

reduced due to the effect of electron transfer from the metalloid atoms to the Fe atoms. 

A These results agree reasonably well with the rigid band model using the moment 2.6j1 

for Fe and assigning an integral number of electron transfer from the metalloids, this 

number being I for B and 2 for Si. This can be well studied by MOssbauer 

spectroscoPy, because the influence of the local environment on the iron moment is 

directly reflected in the hyperfine field distribution as shown scction-5.7. 

Magnetic saturation can be achieved only for Fe-based alloys. In this case, the 

local anisotropy is small and the next nearest neighbour exchange coupling leads to 

ferromagnetic order. The critical composition for the disappearance of ferromagnetism 

can be estimated from the extrapolation of the fall off curve of a 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 to a significant portion of antiferromagnetic interaction. 

170 

160 

150 

C 

U, 

140 

8 12 16 

Si(Atomic%) 

Fig.-5. 18. Variation of saturation specific magnetization due to change in the 

Si-content in Fc)_XS  i B am011)hoUS ribbons. 

5.5.2. r1 emper ,ture  Dependence of Specific Magnetization of Fe-based 

Amorphous Ribbons. 

The effect of variation of temperature on specific saturation magnetization for 

amorj)hOuS ribbons with composition Fe9 ,<SiB1()  are shown in flg.-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. 9. 

K.corresporids to the temperatul e at which the internal magnetic field almost vanishes. 

Results for T by this method agrees with the values obtained from temperature 

dependence of initial permeability as discussed in section-5.2; flg.-5.5. 
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T. depends on the transitionmetal spin value and the exchange constant. 'Ilic 

-41 disorder structure causes vaiation 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. 

0 100 200 300 L.uu Jv 

•r"'- 

__-Ternperoture in 
0 

'_ 

\ \ 

Fig.-5. 19 Specific saturation magnetization as a function of temperature for 

FC mxS i, B1  amorphous rihl)onS. 

A typical temperature dependent saturation specific magnetization measure(l 

with Fl4KG is shown in fig.-5. 19. Saturation specific magnetization, o'jo) at T0 are 

obtained by extrapolating to OK, the a(T) values measured at various temperature. 

The extrapolated values a(0) for different ribbons are value as shown in Table-5.5. 

Plots of expeiimental data with mean field results of reduced magnetization 

in = with reduced temperature =1 for different Si content are shown in fig.- 
(o) 

5.20. This description of the experimental data corresponds to the mean field 

approximation and the temperature independent treatment. Fig.-5.20 shows that the 
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fluctuations in the exchange interaction, hence the reduced magnetization arises from 

structural disorder. The fill lines were calculated from the mean field theory. which are 

in good agreement with the experimental results for various Fe-Si-B ribbons. The best 

fit thus obtained is ofcourse no indication for high accuracy of the extracted values for 

the exchange constant. Reduced magnetization in = versus curves for 
a(o) T, 

amorphous ribbons with composition Fc9 SiB10  lie substantially below that for 

crystalline 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. 

0 0.25 o.0 
- I I Tc 

Fig.-5.20. Reduced magnetization in = versus - for amorphous ribbons 
a(0) 

with coinpositiOil  
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5.6. Stress Induced Anisotropy of Fe-based Amorphous Ribbons 

The apparatus used is a standard Torque Magnetometer with proportional-

integrating differentiating compensation which allows continuous registration of the 

torque as a flinction of the direction of the field. The laser source provides a coherent 

beam of constant intensity thus making the system free from light noise. To avoid any 

spuratic torque due 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 is 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 of 

the field and for different samples cut from the same ribbon. 

The field dependence of the torque versus angle curves are measured for as-

quenched Fe-Si-B ribbons with composition Fe90XSiXBl()  [x = 6, 8, 10, 12 & 14]. The 

representative torque versus angle curve of the field dependence of anisotropy of 

amorphous ribbon with composition Fe82Si8B10  increases with mcreasmg field as shown 

in flg.-5.2 1. This is explained as due to the competing contribution from Fe atoms to 

anisotropy energy. 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 therefore 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 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 centrifi.igal force. It is 

explained that for high percentage of Fe the magnetostrictive effect of Fe and the 

corresponding anisotropy will dominate(58). 

It is, however, not possible to find any quantitative relation between anisotropy 

and composition in the case of amorphous materials, because the contribution of 

133 



different magnetic atoms through their random configurations in the amorphous state is 

too complicated. Our results are thus explamecl only in a qualitative way, considering 

the origin of anisotropy as due to magnetostrictive strain induced technically during the 

l)rcparat10n procesS. 

Ir 

3 

1: 

Fe82  S i8Bo 
0•775KG 
1.525KG 
22 75 KG 
3-025KG 
3.775KG 

-3 
0 90 180 270 360 

Angle 

Fig.-5.2 I. Field dependence of torque versus angle for aniorphotis ribbon with 

composition Fe,S031()  

-e 

The uniaxial anisotropy (K 1 ) constants calculated from the torque versus angle 

curves by Fourier analysis for each set of temperature and field. The sensitivity of the 

torque magnetometer is ealiL)ratCd to be I Volt= 4.755 x 10 
' J and by the use of 

different scale of sensitivity. Fourier coefficient as determined from the torque versus 

curve for different values of the angle between the preparation axis of the ribbon 

and the ap1)lied field, and by extrapolation of the field up to H - are shown in fig. - 

5.22 and fig-S .23. 
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Fig.-5.22. Fourier coefficient for infinite field by extrapolation from A, versus 

curve for different composition of Fc 1_Si x 131 11 
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Fig.-5.23. Fourier coefficient for infinite field by extrapolation from A 4  versus 

curve for different composition of  
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E,q)erimdntal values of the anisotropy constant K1  for different composition of 

Fe9f)XSiXB l ()  ribbons for different field are shown in fig.-5.24. The anisotropy constants 

are obtained by extrapolation K1  values against as shown in fig.-5.25. The results 

are shown in Table-5.6. 

Fe )XSiBl()  x=6 x8 x=I0 x 12 

K1 in J /!11 3119 2025 2153 2263 t=2482 

at room 

tern!). 

K in J I rn 3950 2700 2650 2400 3200 

at OK  

3600 C 390° C 420° C 440° C 450° C 

Fe90  )cSiX 810 

Ir 

3000 

2000 

.J000 

Xr 6 
-o-.-o- X 8 
—A--A— X 10 

• • Xi2 

• • X=14 

1 2 3 4 

H in KG 

Fig.-5.24. Field dependence of experimental values of K ,.  for different 

coml)oSition of Fe))_XS  i B 
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Fig.-5.25 Extrapolated value of K 11  for infinite field for different composition 

of Fe9)_ XS1X 131()  

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. K1  controlled by I-l a  in Fe ) SiX R l()  

amorphous ribbons. Higher coercivities arise from elastic stress centres, because they 

rep resent much stronger obstacles for domain movement through the magnetostrictive 

coupling, than the effect of anisotropy on initial permeability. The amorphous ribbon 

with composition Fe 2SiRB l()  has the minimum value of H = 4.6A i in, and minimum 

value of K = 2025J / m 3, giving the maximum value of i, = 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 

the metalloids silicon and boron. 

r. 
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Fig.-5.26 Compositional dependence K 11  of amorphous ribbons with 

composit0n Fe90_S i 1310  

5.6.1. Temperature Dependence of K, 

The anisotropy constant K strongly depends on coml)osition. The temperature 

A dependence of anisotropy constant of amorphous ribbons of composition Fe ) Sil)1()  

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 are of interest from a practical 

viewpoint they are difficult to interj)ret 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 u  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 1i values. The 
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anisotropy constant K is calculated in J I m for different temperature as shown in 

.4' Tablc-5.7. 
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Fig.-5.27 Temperature dependence of K of amorphous ribbons with 

composition Fe9 _S i. B10  

TIIc '7 

FcSi'.B1()  x : 6 

K in J I m 

x 8 

K in J I m 

x =10 

K in J I in 

x = 12 

K in J / Iii 

x 14 

K in J I in 

25° C 3119 2025 2153 2263 2482 

50° C 3092 2010 2065 2163 2116 

75°C 3024 1924 1858 2150 2075 

100°C' 2984 1687 1708 2140 1912 

125° C 2645 1594 1521 2074 1800 

150°C 2175 1 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 926 

275° C 791 1113 967 1252 743 

FC 567 919 873 1165  
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The stress induced anisotropy. K (0) at 1'O is obtained by extrapolating the 

temperature dependence curve of' K (i') to OK. The extrapolated ValueS K (o) f'or 

different ribbons of C011l1)OSitiOfl Fe( )XSiX B are shown in lable- 5 6. 

The corresponding ctti'es for In[] versus ln 
[ 

for the amoll)hOUS 

ribbons with composition Ie9 Si13 follow straight lines as shown in fig.-5.28( a) to 

fig.-5.28(e). The temperature dependence of K is an interesting property for 

understanding these materials. According to Zener the effect of temperature upon K 

aries solely from the intrO(lUCtiOfl 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 re1)reSefltiflg the magnetic 

energy as a series of surface harmonics. The coefficient of n harmonic is found to vary 

K() ]as follows: = 
The K arising from the disorder caused by randomly 

[
TS(T) 

Oriente(l easy axes follows a power law: = where 2<ii<4. The values of 

K11(C)) [('i)111 

n are shown in Tahle-5.8. 

I iuic--.o 

Fe9 SiB1()  x=6 x8 x10 x =12 ::x 14 

n 3.29 1.88 3.08 3.27 4.12 

1.2 

1.0 

0.7 

0. 

0. 

0. 

Z T
.m:vertic;t
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5.7. Experimental Results and Analysis of Mössbaucr Parameters for 

Fe-based Amorphous Ribbons. 

The Mössbauer spectroscopy technique in constant acceleration mode has been 

used to study hyperfine stnicture of soft magnetic material of amorphous ribbons with 

composition Fe,SiNBI()  [ x = 6, 8, 10, 12 & 14 1 in amorphous state. The experiments 

were performed at room temperature in transmission geometry. using 5TO in a 

rhodium matrix. Pure 57 Fe thin foil has been used as the reference material for 

standarizatioii of results. The number of counts versus velocity of the source is plotted 

in flg.-4. 16. 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 amorphous ribbon with COmpOSitiOn Fe 0Si 1 1() is shown in fig.- 5.29. 

A 

1440000 

1420000 

1400000 

1380000 

I 136000( 

134000' 

f 
. .s 

• 

. 

I 

•.•. •: 

.. 

•••• 

• •: . • 

: • 
, : •• . * 

• 

0 100 200 300 

Chonnes 

Fig.-5.29 Room temperature MOssbauer transition spectrum for relative counts versus 

channels of the as-quenched amorphous ribbon with composition FcSi ()B1(  

We linearize the data and the two groups are folded resulting in improved 

statistics. The parabolic elect in the base line, caused by the periodic parabolic 
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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 analysis and the representative origin graph with composition 

Fe )Si10131()  is shown in fig.-5.30. The fitting is (lone in terms of the Mossbauer 

parameters of isomer shill (IS), qudrupole splitting (EQ ), internal hyperfine magnetic 

field (1lhf) . line width as measured by full width half maximum (17W1 IM) and 

percentage of absorption of the components in magnetic pattern. 
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Fig.-5.30 The origin graph with composition Fc,Si10 B1 ,, from the fblded set 

of data. 

In this case of "Fe there is an internal magnetic field acting at "Fe nuclei. iliis 

causes the upper - level to split to two levels. Using the selection rule Am= 0. ± I fbr 

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 Mössbauer spectra, typical of as-

1)repared amorphous ribbons, are obtained and the changes in the spectra corresponding 

to the different compositions of the system Fe90 SiXBI()  [ x = 14, 12. 10 & 8 1 are 

shown in flg.-5.3 1. Fig.-5.32 shows the spectnim for the sample Fe 4Si,131 . 
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Fig.-5.3 1 Room temperature MOssbauer spectra of as-quenched amorphous 

ribbons with composition Fe,))  XSIXBIO  [ x = 14, 12, 10 & 8 j 
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Fig.-5.32 Room temperature spectra of the as-quenched amorphous ribbon with 

composition Fe84S 

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 the change in the number of nearest neighbour iron atoms and also there 

interatomic distances. The numerical values of IS, EQ , FWHM, H hf  and absorption 

percentages are showii in Table-5.9. 

A 

Sample is, mm/s 

±0.005 

EQ  minis 

±0.005 

H 111  Tesla 

±O.1T 

FWHM 

minIs, ±0.01  

Absorption % 

Pure 7 F 0.058 

foil  

33 0.18 11.38 

Fe7(,Si1 .1 B10  0.242 0.175 24.07 1.20 4.76 

Fe7xSil213 l()  0.213 0.213 24.61 1.00 5.32 

Fe )Si10B1fl  0.206 0.175 24.98 1.083 5.27 

FeS2SiRBl()  0.114 0.058 25.53 1.05 3.89 

Fe 1Si(,B1fl  0.338 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 IS's are 

given relative to the centroid of this spectrum as shown in Table-5.9. IS 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 IS's of the iron atoms in amorphous 

ribbons with composition Fe90 Si,B10  is observed to be in the range 0. 114 to 

0.33 8inm/s, indicating that the iron atoms behave as trivalent ions in this system. 

Quadrupole splitting 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 E0  of the iron atom in the amorphous ribbons with 

composition Fe90.SiB10  is observed in the range o.058 to 0.2 13mm/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 Fe76Si14B10  . 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 FWI-IM of pure 57 Fe foil is 

0.18rnm/s, FWI-IM 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 
.4 

for the distribution of the hyperfine field. This is carried out by FORTRAN IV language 

which does a least 2  spectra fitting for over lapping Lorentzian lines. The curve 

through the experimental spectra is the best fit obtained by using 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 1­11f  has been observed as a single 

peak which corresponds to amorphous state. The results of average magnetic hyperfine 

field (Hhf)  of the as-quenched amorphous ribbons with composition Fe90SiB10  are 

show in Table-5.9. The Hhf  is increases with decreasing Si-content as shown in fig.-

5.34. 
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Fig.-5.34 Variation ofintemal hyperfine field due to change in the Si-content 

in Fe_XSiBI()  amorphous ribbons. 

The H. IS and L()  for the sample with composition Fe50Si1 B1 , have not 

changed by annealing at temperawres up to 3000 C for one hour. The numerical values 

of IS, EQ , FWHM, H11  and the absoll)tion percentage of annealed amorphous ribbon 

with composition iCn)Si IoBl()  are shown in Table-5. 10. 

'I'h1'_S 10 

sample 

FexoSi j B l()  

IS, mm/s 

±0.005 

L ) , mm/s 

±0.005 

I 1 III  , Tesla 

±O.IT 

F\Wl-IM 

mmls, ±0.01  

Absorption 9/n 

At room 0.206 

temperature  

0.175 24.98 1.083 5.27 

200° C(lhr.) 0.231 1 0.117 1 25.53 1.083 4.72 

300° C(lhr.) 0.125 1 0.117 1 25.71 1.083 4.98 

The results of IS, EQ. ''hI and FWI-IM of the annealed sample lCn)S l I3 I(  are 

nearly the same as those of the as-quenched ribbon. Just slight gives the I 1j,f  shows a 

increase with annealing temperature. The Effect of annealing is shown by the fitting the 

results to a solid curve for the distribution of magnetic II of amorphous ribbon with 

composition Fe )Si 0131()  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 composition Fe 0S i10 B10 . 

Fig.-5.35 shows that annealing did not alter the amorphousity. and the average 

hypeifme field changes very slightly due to annealing. It has been obServe(l that 

although very small change is observed in the average hyperfine fields due to annealing. 

the change in the distribution of the hyperfine field is more appreciable. 
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CHAPTER-6 RESULTS AND DISCUSSION OF Ni-BASED 
AMORPHOUS RIBBONS 

6.1. Differential Thermal analysis of amorphous Nickel-hon-Boron ribbons as 

affected by Nickel content 

6.2. Curie temperature measurements of amorphous Nickel-Iron-Boron Ribbons 
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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-hon-Boron amorphous ribbons with compositions Ni80 Fe.1320  [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 temperature T of the amorphous alloys are determined by DTA at a 

heating rate of 10°C / mm. In flg-6. 1 T, T and T are shown which corresponds to 

respective exothermic picks of the alloy composition Ni50Fe30B20. 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 I 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 

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 eutectic 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, 1. 

Tih1e-6..1 

Ni80 \Fe \.B2()  'I T T 

x = 50 450° C 4800 C 5750 C 

x40 435° C 455° C 5750 C 

x30 4000 C 4220 C 575° C 

x20 3950 C 415° C 1 5750 C 

Fig-6.3 shows the dependence of T, T., and 1 on composition and nickel content. 
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6.2 Curie temperature measurements of amorphous Nickel-Iron-
Boron ribbons 

Amorphous Nickel-Iron-Boron ribbons having composition NiRXFe132((  I x 

20. 30, 40 and 50 1 have been chosen for the determination of Curie temperature, using 

the t'  VS T curves. The T CorreSpOndS to temperature at which the sharp thu of 

permeability occurs. Temperature dependence of permeability of the samples subjected 

to a heating rates of 12 C / miii are shown in fig-6.4. The numerical values of 1.' S for 

all the samples are shown in Table-6.2. 

Ni )XFeX132(( x = 50 x = 40 x = 30 x 20 
11 

44 5(1  C 4 130  C 
3330 C 26 1' C 

4 

3000 

2500 

2000 

1500 
Cl 
0) 
E 

c? 1000 

Ni80xFex 820 

• • XS0 
—o---o— X = 40 

A.—A--- X=30 
-o----o-  X=20 

Heating rate = 12 °C 1mm 

Ill 

0 100 200 250 300 350 400 450 500 

Temperature ( ° C ) - 

Fig.-6.4. i determination from temperature dependence of permeability of 

amorphous ribbons with composition Ni Fe 1320 . 
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Although the chemical disorder appears to be largely responsible for reduction 
of Curie temperature ]. in amorphous ribbons, the efFect of non-crystallineity is also 

significant. The dependence of ]. on the composition and the nature of the metalloids is 

not very systematic. 1s of amorphous Nickel-Iron-Boron ribbons with composition 

Ni XFCXB2()  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 

'I 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 0_FeB20  

amorphous ribbons. 
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6.3. Determination of Maximum Permeability, Maximum induction, 
Coercive force and Remanence of Ni-based Amorphous Ribbons. 

Amorphous Nickel- Iron-B oron ribbons are of great interest as a soft magnetic 

material for their static applications. Amorphous ribbons of Nickel-hon-Boron alloys 

having composition Ni30  FeB20  [x = 20, 30, 40 and 50 ] have been chosen for static 

magnetic characteristics like saturation magnetic induction (B), remanence (Br ), 

Coercivity (H1Lmaximum permeability 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 magnetic 

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 

lrocesses 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 Bq  B1, H1  and /m  from the hysteresis curves by 

varying the applied field up to 32AIm. 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 Br  are much reduced. The 

remanence B1  0.85 to 0•90Bç  and H = 3.6 to 6.8A1m have been observed in Ni3  

\.Fe,(B20  amorphous ribbons. The results of our observation are shown in summary fonn 

in Table-6.3. 

Table-6.3. 

Ni30 FeB20  x50 x40 x30 x20 

H1(A/m) 5.1 6.8 5.8 3.6 

B1 (mT) 242.5 231.5 202.5 170.0 

B(mT) 286.58 255.96 233.95 196.1 

0.85 0.90 0.87 0.87 

P. 12,794 9,346 11,350 13,621 

4 Fig-6.6 shows the hysteresis curve for Ni80 FeB20  [x = 20, 30, 40 and 50 ]. 

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 special feature 

of the initial magnetization curve represented by the doted line is that a higher field is 

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. 
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Fig.-6.7 Magnetic induction and coercive force variation with atomic percent of 

Fe-content in amOrj)hOuS ribbons with composition NiFe X I32 ,. 

4 From Table-6.3. we find that with increasing percentage of iron 13. 13, 

and 1-1 increase allmost monotonically with the exception of Ni30Feç 132(, sample in 

which case coercivity decreased in spite of high percentage of Fe. As expecte(1, the 

maximum permeability of these samples decreased with in creasing Fe content. 
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consistently with the corresponding coercivity values. The maximum permeability of 

13,621 was obtained for Ni60Fe20B20  which shows that this particular composition is 
most suitable for soft amorphous magnets. The values of 'YB. 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 complicated, because no two magnetic 

sites are, in the strict sense, identical and their magnetic moment can vary from point to 

point. Also the variation 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 O.5A/m to 35AIm 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 Ni60Fe20B20, 

Ni30Fe50B20, Ni50Fe30B20  and Ni40Fe40B20  respectively and their corresponding values of 

p. 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(6.2) and relaxation effects due to local structural 

rearrangements and clusters of chemical short range ordered(6.3) 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 composition is 

explained as originating from the complex combination of magnetostriction arising 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 permeability is more independent 

of the field. 
-4 
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6.4. Dynamic Magnetic Properties of Ni-based Amorphous Ribbons 

Dynamic magnetic properties of as-quenched Nickel-hon-Boron system with 

composition Ni 0 FeB20  [x = 20, 30, 40 & 50] have been determined using an 

impedance analyzer. At room temperature the frequency and field dependence of the 

complex permeability t = - 
jll and the Core losses of the tape wound cores were 

measured by an impedance analyzer up to 13MiHz and relative quality factor (t1/tan) 

and the loss factors have been determined from the direct value tans =  

The initial permeability (.t1) 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 

veiy low frequency in our dynamic measurement. It is assumed that the limit of low 

frequency corresponds to static field. The of the ribbons with composition Ni80  

,Fe\B2()  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. 

Tah1e-64 

Ni50 FeB20  x50 x=40 x=30 x=20 

1 481 1 422 1 382 444 

As shown in fig.-6.9, the initial permeability in the vanishing field region for all 

the ribbons except the one with composition Ni30Fe50B201  remains almost constant with 

slight variation of the field. The ribbon of composition Ni30Fe50B20  shows a large 

increase in 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 determines 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 ji, is to plot the 

imaginary pail of complex permeability (t1") against the real part of complex 

permeability (p!). For any applied field, this representation shows a semicircle for the 

high frequency to the low frequency. The li,  value is determined from the semicircle's 

diameter which intersects the iiil  axis coiTes)onding to a low applied field I 10. I A/m. 

Fig.-ô. 10 gives the representative results of the as-quenched samj)le with composition 

Ni30Fe50B20. This fig.-6. 10 produces a short vertical spike, and the evaluation of the 

permeability colTesl)onds exclusively to the relaxation, separating it from the low 

fiequeiicy dispersion. ilie high frequency end of the semicircle does not coincide with 

the origin of experimental data. 1)rest1n1atly due to the existence of an additional 

dispersion. 

Fig-O. 11 shows that ,u, of Ni-Fe-B amorphous system decreases with 

decreasing Fe-content upto 30At.% of Fe. beyond this point there is an increase of p1  

with decreasing Fe-content. 
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The measurements were performed at room temperature using an ac fields with 
4 

a very low constant value of H = 0. lA/ni and a frequency from o.5KHz tol3Mllz. 

From the real part and the imaginary part of the complex permeability, the quality 

flictors as a function of frequency have been calculated for different compositions. flie 

frequency dependence of the real part of complex permeability is shown in fig-t. 1 2. 

The flat region up to the frequency 3MHz indicates that except the ribbon with 

composition NiFe20B201  all the other three samples of composition Ni10Fe )B2 , 

Ni4017e40132(-) and Ni 0Fe flI320  respectively are very suitable as Core materials at low 

fields. 
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Fig.-O. 12 Frequency (lepenclence of the real part of complex permeability of 

amOfl)hoUS ribbons with composition Ni Fe B , 

The imaginary part of the complex permeability and loss factor for difuirent 

compositions over the frequency range 0. 5KHz to I 3MHz are shown in flg-6. I 3 and 

fig-6. 14 respectively. The origin of the loss factors can be attributed to various domain 

effects, which include nonuniform and nonrepetitive domain wall motion, domain wall 

bowing, localized variation of flux density and nucleation and annihilation of domain 

walls. The principal cause of eddy current loss in am011)hOuS 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 (64) The Nickel 

content has important effect in this case. Except the ribbon with composition 

Ni6()Fe20B20, the other three materials having compositiOn Ni 0Fe30B201 Ni )Fe )I32()  and 

Ni30Fe50B20  respectively are almost identical in their performances and have low loss 

factors in frequencies up to 2MHz. 

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 I 5KHz to 3MHZ for all the three ribbons, having low 

loss factors as mentioned before. 
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Fig.-ô. 15 Frequency dependence of relative quality factor of amorphous ribbons 

with composition Ni ( Fe X B )  
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Fig.-6. 16 shows the annealing efThct of Ili  of amorphous ribbons with 

composition NiFeB2 . 'i of all the samples are studied for their dependence on 

annealing temperature at veiy low field I lO. IA/rn at low frequency (1 K1lz). All 

samples are annealed at a constant annealing time of one hour. In general the value of 

i, increases with the annealing temperature which are different for different samples, 

and then decreases with fuiillier increase of the annealing temperature. The initial 

increase is ex1)lained as due to the removal of pinning centres and the final decrease in 

i, is explained as due to the nucleation of ciystallites and their growth. 
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Fig.-6. 1 6 Initial permeability versus annealing temperature of amorphous 

ribbons with composition Ni Fe B,. 
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6.5 Specific Magnetization Measurements of Ni-based Amorphous 

Ribbons. 

The specific magnetization of Ni-Fe-B ribbons with conipositiofl Nix()<Fel32()  I 

x = 20, 30 40 & 50 1 in as-quenched condition is measured using a V.S.M. The specific 

magnetization 1oss as a function of field are shown in fig.-O. 17. The saturation 

magnetization for these ribbons have lower values for increasing replacement of Fe by 

Ni. It is observed that while the nbbon with cOmpoSitiOn Ni (}Feç0B2()  reaches its 

saturation value around 1 .9KG field, the ribbon with composition Ni4 Fe4 B2()  requires 

1.5KG, for the compositions Ni5flFe1 B20  and Ni )Fe2 B20  the required fields are I .3K(I 

and 1 .6KG respectively. The saturation specific magnetization ( a. ) for different 

sample are calculated as shown in Table-6.5. 

'l'able-6. 5 

N inll'Cj32.Q 

a, in Am2  / Kg 

at room temp. 

a(o) in Am2  / Kg 

at OK 

150 

E 100 

x = 20 

82.66 

84 

258° C 

x = 30 

93.74 

95 

I 336° C 

x =40 

121.36 

123 

x =50 

127.14 

131 

4431) 

4 
0 
4- 
0 
N 
4- 
0J 
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E 

L) 

0 
Ill 

Ni 8o _ x Fe x  B20  

—0--0—  X = 50 
—o--o— X = 40 
-----A-- x= 30 
-.--.- X 20 

A 0 i000 2000 3000 4UUU 

Applied magnetic field in Gauss 

Fig.-6. 17 Specific magnetization versus magnetic field of amorphous ribbons 

with composition N i_ Fe 13 20  
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-4 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 increasing 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 model using the sample moments 0. ô// fl  for Ni and 

2. ljt for Fe. The results indicating that the average moment of the transition metal 

alloy decreases with the replacement of Fe with Ni. However, the rigid hand model is 

not strictly followed. 
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a- 
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.4- 
U 
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E 
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Fig.-O. 18 Variation of specific magnetization due to change in the Ni-content in 

Ni 0_FeB20  amorphous ribbons. ,ixx 

6.5.1 Temperature Dependence of Specific Magnetization of i-hased 

Amorphous Ribbons. 

The temperature dependence of specific magnetization of amorphous ribbons 

with composition Nix(,,X Fc \ B2()  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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A comparison of experimental data of reduced magnetization rn = versus 
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reduced temperature, using mean flel(l theory is shown in fig.-6.20. 
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Fig.-6.20 Reduced magnetization iii = versus for amorphous ribbons 
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The graphs represent meanfield calculations for different Ni-Fe-B ribbons, the 

exchange fluctuation parameter in the exchange interaction lead to the stnictural 

disorder. The temperature effect of o(T) arises from thermally excited fluctuations in 

both topological randomness and chemical bonds disorder. It should he natural to 

consider an exchange interaction disorder. 1-lowever. no complete theoretical 

understanding of this behaviour exists at present. Reduced magnetization versus 

curves for amorphous ril)bOflS with composition Ni )\ FCX E32()  lie substantially below that 

for ciystalline nickel. 
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6.6 Stress Induced Anisotropy Measurements of Ni-based Amorphous 

Ribbons 

The f ield dependence of the torque versus the angle between the magnetic field 

and the direction of the preparation axis of Ni-Fe-B ibbons with composition Ni 

JeB20  x -- 20, 30, 40 & 50 1. The representative curve For torque versus of the 

ribbon with arbitrary angle of the amorphous ribbon with composition Ni1"e1112() fbr 

different fields are shown in flg.-6.2 I. 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 L 
present 

in alloys which contain only iron as the magiietic species, must be attributed in the 

orientation of some other structural mohf or defect. It is also possible that larger scale 

defects or inhomnogeneities, such as voids or regions of composition somewhat different 

from the average, may acquire a characteristic shape and orientation during the 
preparation of ribbons and there by contnbute to stress induced anisotropy (K ). 

Cr N 30 Fe.0B20 

0.775KG 

1•525 
- 2-275 

- 3.025 
. . 3 ,775 

0 100 200 300 

Angte 

l'ig.-6.2 I Field dependence of torque versus angle loi the aiiiorplious ribbon 

with composition Ni Fe c B 
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For an as-quenched Ni-Fe amorphous ribbons with positive magnetostriction 

due to the presence of Fe-atoms there is positive magnetostrictiOn in the l)Lilk state. 

Torque of the metallic ribbon also respond to field. Such effects are best observed in 

samples that have been totally stress relived in order to eliminate magnetostlictive 

effects. 

The K is calculated from the torque versus angle curves by Fourier analysis for 

each set of tcnll)eratufe and field. The sensitivity of the torque magnetometer is 

calibrated to be I volt = 4.755 x 10 7 i of different scales of sensitivity are used 

depending on the specimen. Fourier coefficient as determined by computer program 

and from the torque versus angle data for different values of the angle between the 

applied field and the axis of the amorphous ribbon for each sample of composition 

Ni ) Fel32)  and by extrapolation of the field up to H —* are shown in fig.-ô.22 and 

fig.-O.23. 
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Fig.-6.22 Fourier coefficient for infinite field by extrapolation from A, versus 

11 H curve for different compositions of the system Ni X Fe,( B,(  
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Fig-6.23 Fouier coefficient for infinite field by extrapolation from A4  versus 

I/H curve for difi'erent compositions of Fc,( B,, system 
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Fig.-6.24. Field dependence of experimental values of K1  for different 

compositions of N i_ Fe B4O  system 
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Eq)erimental values of field dependence of K 11  for different ribbons with 

as shown in fig.-6.24. The K 11  against 1/1- 1 as obtained by composition NiK FeXB2()   

extrapolation to saturation anisotrOpy values are shown in fig.-6.25. The results are 

shown in iable-6.6 

•I-_1I_ F-  F 

NiXO  FeB2()  x = 20 x = 30 x =40 x =50 

K11  inJ/m 492.43 939.46 1163.43 902.06 

at room temp.  

K1 in i/in 3  740 1350 1480 1320 

at OK  

260° C 340° C 420' C 445"( 

Fig.-6.25 Extrapolated value of K for infinite field for different compositions 

of Ni )_ X Fc X13 2o  system 
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The exj)eiimental results ol normalized K fr amorphous Ni-Fe-B alloys, have 

almost compositional dependence as predicted by the ordered paw model and hence it is 

qualitatively established that in both crystalline materials and glasses the field induced 

aiusotropy arises from ordered pairs. I lowever, to obtain this agreement it is necessary 

to subtract from the measured anisotropy the small but non zero auisotrOpy 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 reSOlVe(l. However, it is clear 

that, large values 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 1)ercent of Fe. This dependence of 

coercive lbrce on composition has the same nature as that of fig.-6.7 and an opposite 

contribution to i, is found in fig.-6. Ii. K is found to be controlled by I-1 and p1  in 

NiFeB20  amorphous ribbons. 
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Fig.-6.26 Conipositional dependence K of aniorpliøus ribbons with 

conipOsit 1011 N i Ic U 

176 

-.4 



6.6.1. Temperature Dependence of K 

The temperature dependence of stress induced anisotropy of amorphous ribbons 

with composition Ni80.FeB20  is shown in fig.-6.27. The origin of K 1  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, Kis 

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. 
If These results are almost nearly the same as the value of T  measured for the 

temperature dependence o and p,. The K u  is calculated in J / m3  for different 

temperatures as shown in Table-6.7. 

Th1e-6 7 

Ni80  ,cFe,cB2o  x =20 

KinJ/rn3  
x = 30 

KinJ/in' 

x =40 

KinJ/m3  

x =50 
KinJ/m 

250 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 290 443 871 597 

200°  C 212 363 765 570 

225°C 97 358 608 544 

250° C 43 303 491 511 

2750 C 5 197 390 423 

300°C 1  
123 322 375 

The T= OK stress induced anisotropy K(0)  are obtained by extrapolating 

K11 (T) to OK. The K 1 (0) for different values of ribbons with composition Ni80 Fe.B20  

are shown in Table-6.6. 
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Fig.-6.27. 1'einperature dependence of K of,  amorphous  nbl)ons with 

composition Ni ) .X FeB2o  

i 1 Inm
Ihe corresponding curves ml 

K
s
(0) (o)

versus ml aorphous ribbons 
K(T)j La(T) 

with composition Ni8oXFeXB2()  follow the straight line as shown in fig.-6.28. The K 

arising from a disorder caused by randomly oriented easy axis follows a power law: 

= with in 2< ii <6. The values of n are shown in Table-6.8. 
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6.7. Results and Analysis of Mössbauer parameters for Ni-based 
Amorphous Ribbons 

Mössbauer spectroscopy is a very useflul technique for studying the hyperfine 

field distuibution 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 Ni80  FeB20  [ 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 Ni40Fe40B20  is shown in fig.-6.29. The 

Mössbauer spectroscopy technique in constant acceleration mode has been used to 

study hyperfine field and Isomer shifts of Ni-Fe-B system in amorphous state. Pure 

57Fe 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. 

If 
Room temperature Mössbauer spectra typical of as-quenched amorphous 

ribbons are obtained and the changes in the spectra corresponding to different 

compositions of the system Ni80 FeB20  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 IS, E0, Hhf,  FWHM and absorption percentage are shown in 

Table-6. 9. 

irits 
Sample is, mm/s 

±0.005 

EQ , mm/s 

±0.005 

H hf , Tesla 

±0.1T 

FWHM 

mm/s, ±0.01 

Absorption 

% 

Pure 57Fe 0.058 

foil  

33 0.18 11.38 

Ni10Fe 0B20  0.338 0.087 26.07 1.04 4.59 

Ni40Fe40B20  0.360 0.175 24.43 0.96 5.06 

Ni50Fe 0B20  0.367 0.204 23.34 0.90 3.07 

Ni60Fe20B20  0.231 0.117 20.60 0.85 2.20 

.4 
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Fig.-6.29 Room temperature Mössbauer transition spectrufli for relative counts versus 

channels of the as-quenched amorphous ribbon with composition N i4  Fc,,I3 2" 

The coulombiC interaction alter the energy separation between the groun(I 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 amorphous ribbons 

with different Compositions giving rise to isomer shifts. 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 centroici of this spectrum as showii in Table-6.9. IS 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 IS 

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 IS decreases. 'flue iron atoms are in 

the trivalent state in amorphous ribbons as reflected in the IS value which varies from 

0.231 to o.367mm1s. 

Quadnipole splitting is the electric quadnipole interaction between the 

quacirupole 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 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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Absorption percentage as compered with pure iron decreases in Ni-Fe-B 

ribbons. 1'hese absorption percentage decreases with increasing amount of Ni except 

for Ni )1'c )13 2 . This is explained as clue to the inver effect which occurs clue to 

contril)utiOnS 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 aflloll)houS system on the 

transition line width as measured by FWIIM is also shown in lable-6.9. While 

experimental FWHM of' pure iron foil is 0. 1 8mmls, FWlIM of the amorphous ribbons 

broadening 5 to 6 times. The average magnetic hyperfine field (l-l) of the iron foils is 

33T which corresponds to iron magnetic moment of 2.21//11  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 IV language which does a least 
2 

spectra curve fitting for over lapping Lorcntzian lines. The ft1 decreases with 

increasing Ni content as shown in fig.-6.31. The H values for different composition of' 

the ribbons agree consistently with colTesponding o values, o' being larger for 

samples with higher iron content as expected. 
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Fig.-6.3 1. Variation of internal hyperfine field due to change in the Ni-content 

in NigoJe,13 ,0 amorphous ribbons. 
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7.0. Results and Discussion of Co-based Amorphous Ribbons 

7.1. DTA Results of amorphous Cobalt-Iron-Boron-Silicon ribbons as 
affected by Iron substitution 

Cobalt-hon-Boron- Silicon amorphous ribbons with composition Co80  

FeB10Si10  [ x = 0, 2, 4, 6 and 8 ] are of special interest because, these magnetic 

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 markedly 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 between positive 

and negative magnetostriction and the local symmetry. 

The compositional dependence of the glass transition temperature T.  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 / mm. In fig-7. 1 T. and T  correspond to observed exothermic picks of the ribbon 

Ir 
with composition Co78Fe2B10Si10. The two anomalies observed in the temperature 

versus time curve were at 4300  C and 5700  C respectively. Both the anomalies showed 

peaks, which corresponds to the release of heat at these temperatures due to change in 
the ordering of the atoms. We identify the first peak as T0, when the ribbon was 

transforming from amorphous state to crystalline state. The second peak is considered 

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 Co80 FeB10Si10. For all the samples the eutectic points 

remam unchanged. This shows that all the compositions are equally favourable for 
producing amorphous ribbons. Fig.-7.3 shows dependences of Tg  and T, on the Fe 

content in the amorphous alloys. The glass transition temperature T. of amorphous 

C080 FeB10Si10  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 Co80 FeB10Si10  alloys are higher than T. and has almost nearly the 

same value for all the compositions. The numerical values of T0  and T  for all samples 

are shown in Table-7.1. 
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Co_x  FeXBlSiI() amorphous ribbons. 

187 



20 

I 
1c 

a) 
E 
I-. 'a) 

7.2 Curie temperature measurements of amorphous Cobalt-Iron-

Boron-Silicon ribbons. 

Curie temperature has been estimated from the t VS 1' curve for amoil)hous 

Cobalt-Iron-Boron-Silicon ribbons with composition Co XFeBloSil()  [ x 0. 2, 4. 6 

and 8 ]. Temperature dependence of permeability of the samples subjected to heating 

rate of 12°C / miii. are shown in fig-7.4. The numerical values of Te  for all the sample 

are shown in lable-7.2. 

Iable-7.2 

COn)XFCBlOS l()  x0 x = 2 x = 4 x6 x8 

4Ø7I)( 421° C 429° C 438°C 443° C' 

V DV IUV DV LVV LDV )VV JDV '+VV 

Temperciture °C 

Fig.-7.4 1 determination from temperature dependence of permeability of 

amorphous ribbons with composition Fe B S i1  
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Fig-7.5 shows the dependence of T. on the iron content. T of Co-based 

amoll)hous ribbons increases with the increase of Fe-content. The spread of 1 

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 

t VS 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 ) _ X FcE3l)Si I , )  

amorphous ribbons. 
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7.3. Determination of Maximum Permeability, Maximum induction, 

Coercive force and Remanence of Co-based Amorphous Ribbons 

Magnetization processes of as-quenched Cobalt-hon-Boron-Silicon system 

with composition Co80 FeB10Si10  [x = 0, 2, 4, 6 and 8 ] have been measured in static 

field. Maximum permeability (tm) ,saturation magnetic induction (B,), remanence (B), 

the ratio ('>') and Coercive force (He ) 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 amoiphous 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 32AIm for all the compositions except the iron free sample with 

composition Co80B10Si10. A high static field up to 190A1m was used in the case of 

Co80B10Si10  ribbon for its high Coercivity. 

Since Cobalt and hon have opposite values of magnetostriction it is convenient 

to tailor this alloy systems by continuously altering the relative proportions of the two 

metals. 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 

Tihl-7.3 

C0 0 Fe13 0Si10  x0 x = 2 x = 4 x = 6 x = 8 

HC (A / rn) 15.0 5.2 4.8 2.8 6.0 

B r(IT1T) 374.66 505.78 578.06 650.74 653.97 

B,(mT) 407.17 559.58 625.08 695.11 701.36 
By 

0.92 0.91 0.93 0.94 0.93 

3,296 36,606 35,866 74,956 36,406 

Fig-7.6 shows the hysteresis curve for four samples with composition C080  

FeB10Si10  [x= 2, 4, 6 and 8 ] and fig-7.7 shows the hysteresis curve for Co80B10Si10. 

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 C080B10Si10. 
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Fig-7.9 shows the variation of 131 , B and H  of the CoxXFeXBl)Sij()  alloy 

system where x varies fiom 0 to 8 atomic percent. It is observed that both B1  and 13,  

increases appreciably with increasing )CrCCHtage of Iron. This is quite expected because 

Iron atoms have higher magnetic moment. However, the increase of Br  and B5  are not 

linear which indicates that the electron transfer mechanism in the 3d ban(l is not very 

simple. 
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Fig.-7.9 Magnetic induction and coercive force variation with atomic percent of 

Fe-content of amoll)hous  ribbons with composition Co ()  Fc B1 S i1 , 

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 magnetostiction 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 C074Fe6B10Si10  sample as compered with the iron free sample. 

Permeability due to static external field from o.5A/m to 32A1m for the ribbons 

with composition Co 0 FeB10Si10  [ x= 2, 4, 6 and 8 ] are shown in fig-7. 10. The 

maximum permeability occurs at different fields 80.95, 10.30, 11.17, 6.28 and 

11.60AIm for compositions C080B 10Si3O, C078Fe2B10Si10, Co76Fe4B10Si10, 

Co74Fe6B10Si10  and Co72Fe8B10Si10  respectively and hence corresponding value of ji 

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 o.5Afm to 190AIm for ribbon with composition Co80B10Si10. 

.4 

194 



no 

7C 

•ii 
t
o 

 

> 

J3C 

-I 

10 

-4 

0 4 B 12 16 zu 24 

Field strength. H in A /m 
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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 Con)  FeXBloSi l {) [ x = 0. 2, 4, 6 & 8 ] have been (letermined 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 imaginaiy parts of initial permeal)ihty, loss factor 

and relative quality factor are analyzed. Frequency measurements were performed with 

an impedance analyzer in the fiequency range 0.5KHz to 13MHz at room temperature 

and with various aj)plied field. The of the ribbons with composition Co8 FeB 0Si 

is calculated from the low A.C. magnetic field dependence of permeability in the limit 

of frequency 0.5K1-1z and vanishing magnetic field as shown in fig.-7. II. The results are 

shown in Table-7.4. 
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488 1533 1753 j 1956 1069 
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Fig.-7. II Permeability versus A.C. magnetic field of amorphous rll)bOnS with 

composition CoFeB1 Si1 , 
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As shown in fig.-7. 12, pi  in  the vanishing field region for all the ribbons except 

for Co74 Fe(,B1( Si10  remains almost constant with the slight variation of the field. 

Another accurate way to determine the pi value is to plot the imaginary part of the 

complex permeability Qt11) against the real part of the complex permeability (ri'). 'Ilie Iii 

value is determined from the scmicirclets diameter i.e. from the intersection of hc 

semicircle with the t' axis. In the representative fig.-7. 12, the results of the as-

quenched sample with composition C074Fe(,13 UjSi() is given. The calculated I)arameters 

of all the samples are shown in Table-7.4. 

0 500 1000 1500 2000 

Peal part of the complex permeability (p') - 

Fig.-7. 12 Complex permeability j.t" Vs. .il plot for the as-quenched ribbon with 

coml)OSitiofl C074 Fe6131 Si1()  

Fig.-7. 13 shows that of Co-Fe-B-Si anhOfl)hoLlS 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 with 

increased Fe-content is explained as due to the decrease of the net magnetoStriction 

arising froin the cancellation of the negative contribution of Co by the positive 

contribution of Fe. The maximum value of pi of ribbons having 6 At.% Fe is attributed 
-4 to the minimum magnetostriction and low coercivity at this composition. When the 

proportion of Fe is increased further to 8 At.%, pi decreases which is attributed to the 
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increase of magnetostriction, as the negative magnetostriction of Co is more than 

compensated by the positive contribution of magnetostriction of Fe atoms at this 

composition. 
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Fig.-7. 13 Variation of initial permeability due to change in the Fe-content in 

CO )_ X  F; l3 (1S i1 , amorphous ribbons. 

The frequency dependence of the real pail of complex permeability is showii in 

fig.-7. 14. The flat region up to the frequency of 1MHz indicate that all the samples with 

different compositions are suitable as core materials at low fields. While the Fe free 

sample shows a relative permeability of 488 and maintains almost a constant value even 

beyond 1 MHz, 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. 

.4 

The imaginary part of the complex permeability and loss factor for different 

compositions over the frequency range 0.5KHz to 13Ml-lz are shown in fig.-7. 15 and 

fig.-7. 16 respectively. The frequency dependence of relative quality factor is shown in 

[s1 
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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 1 OK! lz to 500KHz for the three 

ribbons having Compositions C075Fe2B 10Si . C07.Fe4l3 0Si and Co74Fe6J3 1 Si 11.and 

quite naturally these samples have low loss factors. The other two samples having 

compositions Co5() E3 )Si1()  and C072FcB1{)Si1()  have high loss factors and relative low 

quality factors. 

Fig.-7. I 8 shows the effect of annealing on the initial permeal)ility ( tti  ) of 

-i amoll)houS ribbons with composition Co X Fe \ R 11 Si 
. 

The of all the sample as 

affected by annealing at diflerent temperatures with annealing time of one hour in each 

case, is measured at low frequency (I KI Iz) and in very low field ( II - 0. I Aim). The 

initial permeability decreases monotonously with increasing annealing temperature. 
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The effect of annealing on j  is very complex because two factors of apparently 

opj)osite effect on P,  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 p1  with annealing time, are explained as due to the 

growth of the nucleation centres of the crystallites formed during the preparation. 

A 
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7.5. Specific Magnetization Measurements of Co-based Amorphous 

Ribbons 

The Specific magnetization of these Co-Fe-B-Si ribbons with composition Co 

FeB1 Si1()  [ x = 0. 2 .4 6 & 8 1 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 nbbon with 

composition CoxoBSil()  reaches its saturation value around 3KG field. C07 1-'e2B1 Si1 > 

requires 2.8KG, Co7(,Fe4B lOSi!()  requires 2.7KG, C07.u FC6B J Si (  requires 2.9KG and 

C0721-, eB1 Si1(  requires 2.7KG. The saturation magnetization ((T,) for different sample 

are calculated as shown in Tahle-7.5. 
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Fig-7. 19 Specific magnetization versus magnetic field of amorphous ribbons 

with composition Co, Fe B1 1S j 
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l:ig._7.20 shows that the saturation specific magnetization ((Ts.) increases with 

increasing values of Fe-content in the amorphous alloy with composition Co 

FeB10Si10. While it is quite consistent with the results of crystalline Co-Fe alloys and 

is explained is due to higher magnetic moment of Fe atoms. 
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Fig.-7.20 Variation of saturation specific magnetization due to change in the 

Fe-content in COn)  FeB 0Si amorphous fll)1)011s. 

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 flg.-7.21. With increasing values 

of Fe in the amorphous alloy the magnetization increases. For accurate (letermination of 

the curie temperature, (IM/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. 
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Fig.-7.2 I l'emperature dependence of magnetization of amorphous ribbons with 

composition Co80_  Fe B1 S I j()  

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 the 

measurements gave the same value for the T  's of each composition. Although the '1 

of Co (10570(') is higher than that of Fe (770°(') in the amorphous state, exchange 

interaction between the maglietic 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. 17.2) 

, 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 

between magnetic atoms is veiy 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 to certain range. 
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Fig.-7.22 dM/dt versus temperature curve of amorphous ribbons with 

composition CoM FeS l3loSi l()  

Plots of experimental data with meanlield results of reduced magnetization 

in = - against reduced temperature = for replacement of Co by Fe by (lifferent 
M 5(0) T 

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 temperature 

dependence of M 5 (T) curves as shown in fig.-7.21. 

V 
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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 Con)\ Fe \B lOSi j()  [x = 0, 2, 4, 6 & 8 ]. The representative torque curves of 

the field dependence of anisotropy of amorphous ribbons with composition 

Co72Fe8B10SiJ()  increases with increasing field, while that ot the rinnons with 

composition Co5 B1 Si1()  decreases with increasing field as showii in fig.-7.24 and fig.-

7.25. 11iis is explained as due to the competing contribution from Fe and Co atoms to 

anisotropy energy. We assume that the origin of magnetic anisotropy in these ribbons, 

formed by melt-spinning technique, is due to maglietostrictive strain. This concept is 

supported by the fact that the anisotropy in these ribbons is unidirectional. Amorphous 

ribbons have no ciystalline structure and therefore have no maglietocrystalline 

anisotropy. Again samples are prepared as circular discs to avOi(I any shape anisotropy 

and associated demagnetizating effect. 
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Fig.-7.24 Field dependence of torque versus angle for the amorphous ribbon 

with composition Co72  FeB ,S 1)  
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Fig.-7.25 Field dependence of torque versus angle for the amorphous ribbon 

with compoSition Co,B10Si1 , 

On the other hand the Co-Fe system has positive magnetostrctiOn due to the 

tCSCflCC of Fe atoms which has positive rnagnctostflCtiOn 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 detenniiie 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. ilie 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 due 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 UI)  to II -->Oc as 

shown in fig.-7.26 and fig.-7.27. Experimental values of the anisotropy constant K, for 

different composition of CoxO.FeXB l Sii()  ribbons for different field are shown in fig.-

7.28. The anisotropy constants against I/I-I for the different samples as obtained by 

extrapolation are shown in fig.-7.29. The results are shown in Table-7.6. 
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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 

-4 increasing with increasing value of Fe up to 8 At.%. This increase of anisotropy is 

explained as due to increasing value of magnetostiction which is positive for Fe and 

negative for Co. The minimum 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 eu1cts. 
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7.6.1. 'remperature Dependence of K 

The temperature dependence of anisotropy constant (K ) of amorphous ribbons 

with Fe substitution of compositiOnS Co8 FeXB lOSi l()  is shown in fig.-7.3 I. There is 

almost monotonous decrease of anisotropy with increase of temperature. Much of the 

experimental effort in the study of field induced anisotropy has been concentrated in the 

Co-Fe glassy alloys. For the X=O 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 2=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 calculatc(l in J I m 3  for different 

temperature as shown in lablc-7.7. 

The stress induced anisotropy, (o) at is obtained by extraj)olating the 

temperature dependence curve of K(T) to OK. The extrapolated value of K 1 (0) for 

different ribbons of compositions Co XFeXBloSi l () are shown in Table-7.6. 
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7.7. Experimental Results and Analysis of Mössbauer 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 Co80 FeB10Si10  [x = 2, 4, 6 & 8 ] are shown in fig.-7.33. A 

comparison of the spectrum of with those of the amorphous ribbons of different 

compositions shows shifts in the spectral lines and their broadening. The numerical 
values of IS, EQ, FWHM, Hhf  and absorption percentage are shown in Table-7.9. 

Table-7.9 

Sample IS, mm/s 

±0.005 

EQ, mm/s 

±0.005 

H hf , Tesla 

±0.1T 

FWHM 

mm/s, ±0.01 

Absorption 

% 

Pure 57Fe foil  0.058 33 0.18 11.38 

Co7RFe2BlflSilO  0.147 0.175 25.34 1.05 0.80 

Co76Fe4B10Si10  0.264 0.233 25.71 1.05 0.91 

Co74Fe6B10Si10  0.176 0.175 26.62 0.99 1.08 

Co72Fe5B1flSi1()  0.206 0.349 26.98 0.99 1.10 

Isomer shifts of all the amorphous ribbons are calculated relative to the ceiitroid 

of these spectrum from the centroids of the velocity scale of thin "Fe 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 EQ  of the Fe and Co atoms in the amorphous ribbons 

with composition Co80 FeB10Si10  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 in 

Table-7.9. The experimental FWHM of pure "Fe foil is 0.1 8mmls, FWHM of the 

amorphous ribbons broadening is 5 to 6 times. 

'V 
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The results of average magnetic hyperfine field (H hi) 
of the as-quenched 

amorphous ribbons with compositiOn CoXFeXBlSil() are shown in Table-7.9. The I l, 

increases with increasing Fe-content as shown in flg.-7.34. The bulk magnetization 

value (o). are consistent with magnetic moment distributions of the different samples 

as reflecte(l in the hyperfine fields. 
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Fig.-7.34 Variation of internal hyperfine field due to change in the Fe-content 

in Co_ Fe B1 S i, amorphous ribbons. 
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CHAPTER-8 CONCLUSION 



8.0. Conclusion 

Amorphous ribbons as a potential new magnetic material and a new medium for 

understanding magnetic ordering characterized by parameters like saturation 

magnetization, exchange force, anisotropy, permeability, loss factor and hyperfine field 

has been studied. Three sets of amorphous alloys were chosen with compositions Fe90  

SiB1o, Ni80 FeB20  and Co80 Fe,1310Si10. The melt spinning technique has been 

confirmed as a very useful method of preparing ribbons. 

A 
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 Fe76Si141310  in 

respect the highest values of Tg  and Tx  which are 5500 C and 5700 C respectively. 

For Ni-Fe-B system, Tg  and T  are found to decrease with increasing 

replacement of Fe by Ni. The maximum values of Tg  and T  in these cases are found to 

be 450°C and 4800  C respectively for the composition Ni30Fe50B20. It is interesting to 

note that the difference between 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 Tg  increases sharply with increasing 

replacement of Co by Fe. The highest value of Tg  which is 455° C corresponds to the 

alloy composition C07217e81310Si10. 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 values of T. 

For Fe-based ribbons it is observed that replacement of Fe by 14At.% of Si, keeping B 

fixed at lOAt.%, Trises  to 4480 C. This composition is most suitable as Fe-Si-B system 

for both structural and magnetic ordering. 

For Ni-based amorphous ribbons T  decreases monotonically with increasing 

Ni-content. The highest value of T  corresponds to the composition Ni30Fe50B20. 

- The Co-Fe alloy system which is very convenient for producing stable 

amorphous ribbons over a range of compositions behave quite differently from 

corresponding crystalline state in respect of T and saturation magnetization. Although 
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the T, of Co is higher than that of Fe, in the amorphous state the exchange interaction 

between the magnetic ions is increased by the replacement Co by Fe, quite quantrary to 
ciystalline state. The highest value of T, for Co-Fe-B-Si system corresponds to 

composition C072Fe5B10Si10. Since the exchange interaction in the amorphous magnetic 

system 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 (Br ), saturation magnetic induction (B), coercive force 

(H,), initial permeability (i), relative quality factor and complex permeability 

for their high frequency uses. These are experimentally studied for Fe, Ni and Co-based 

systems to obtain the optimum composition for each system. 

For Fe-based ribbons with the general composition Fe90 SiB10, Br  and B, 

decrease slowly with increasing percentage of Si, while 1-I, initially decreases with 

increasing Si-content UI)  to 8At.% and then increases with further increase of 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 

Fe82Si8B10  but Fe80Si10B10, Fe76Si14B10  and Fe84Si6B10  are also nearly equally good as 

soft magnetic material. All these materials can be used up to 3MHz. 

In Ni-based ribbons Br  B, and H, increase with increasing substitution of Fe 

for Ni except for the sample with composition Ni30Fe50B20  in which coercivity 

decreases 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 UI)  to 40At.% and 

then increases with further increase of Fe. The samples with compositions Ni50Fe302()  

Ni40Fe40B20  and Ni30Fe50B20  are all suitable for high frequency uses. 

H, of the Co-based alloy with the general composition Co80 FeB10Si10  initially 

decreases with increasing replacement Co by Fe up to 6At.% and then increases with 

further replacement of Co by Fe. Permeability becomes by far the largest for the 

composition Co74Fe6B10Si10  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 Co74Fe6B10Si10. 
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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 due 

to the nucleation of crystaffites or their growth with annealing. In case of Ni and Fe-

based alloys there is an increase in initial permeability with increasing annealing 

temperature and then it decreases with further increase of annealing temperature. There 

is an increase of initial permeability with increasing annealing temperature due to the 

removal of defects and inhomogeneity, but with further increase of annealing 

temperature the initial permeability decreases 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 

ass forming material is explained as due to transfer of P-electrons to the 3d band. 

However, a quantitative agreement is not found on the basis of rigid band model. This 

shows that amorphous systems can not be treated in the same way as ciystalline 

materials in respect of band tructure. This is also evident for the temperature 

dependence of magnetization which for our amorphous systems decreases faster as 

compered to ciystalline materials with increasing temperature. The structural disorder 

accompanied by the fluctuation of the exchange integral is responsible for such 

behaviour of the amorphous system. 

The uniaxial anisotropy i; observed in all the amorphous systems are explained 

as mostly due to magnetostrictive strains induced during the preparation process. The 
compositional dependence of Ku  can in general be explained in terms of compositional 

dependence of magnetostriction. The results of ji, ft 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 ciystalline material. However, a consistent power law 
for K,  which is different for each of the systems, arising from disorder caused by 

randomly oriented easy axes, exists 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 Mössbauer spectra for all the samples clearly show Lorentzian shaped lines 

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 

shifts 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 field which is observed as a single peak con esponding to the amorphous state 

of the ascast samples. The Hhf  values for different compositions agree with the 

corresponding a values, being larger for samples with higher Fe-content. 

Further work with finer variation of composition can be useflul in detailing out 

the effect of glass forming material on magnetic characteristics. Low temperature 

measurements of magnetization is needed to avoid extrapolation that has been used in 

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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