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PREFACE

The thesis presents the transport, magnetic and thermal
stabllity of the magnetic metallic glasses based on iron-silicon-
boron alloy systems. In particular, Fe-B-Sl| alloys In which
cobalt/molybdenum’/mo |l ybdenum and nickel have been partially subs-
tituted for iron have been studied. These metallic glasses have
become important materials for scientific Investigations as well
as for technoliogical applications. The thesis |Is divided In to

seven chapters.

Chapter 1 gives a brief Introduction to the subject of
metalllic glasses and a review of their Important physical and
chemical properties. This also contains the current status of

research Iin the area of the work undertaken.

Chapter 2 deals with the experimental techniques used for
the present Investigations. A description of procedure adopted

for various measurements and error analysis are discussed.

Chapter 3 describes low temperature (1.5 to 300 K) and high

temperature (up to 900 K) electrical resistivity measurements of
(Fe1_chx)7581°§l15 (0.00 ¢ x ¢ 0.12) and Fe7°ﬂl12_xMoxB168la
(0O ¢ x ¢ 3) metalllic glasses although the whoie range has not
been necessarily used for all sample measurements. A detal led
discussion on data analysis, magnetic contribution to resistivity

and Debye temperature calculations have also been presented.

Theoretical models related to the present Investigations are

(v)



given and the experimental results are discussed in the light of

these models.

Chapter 4 presents thermopower measurements of
(F°1-x°°x)7sa1o§‘15 (0.00 ¢ x ¢ 0.12) alloys In the temperature
range 80 to 400 K. The results are discussed In the light of

present theoretical models.

Chapter 5 deals with the Mossbauer measurements of
(Fe1_x00x)7531oﬁl15 (0.00 ¢ x ¢ 0.12) and Fe70ﬂl1z-xM°xB168'a
(O ¢ x ¢ 3) alloys. A brief review of varlious Mbssbauer
parameters and their physical interpretation are ‘discussed. It
deals with thermal scan method, Isomershift, temperature

dependence of |ine widths and hyperfine fleilds of the above

ment loned metallic glasses.

Chapter 6 presents the results of thermal and
crystalilization studies of Fe4o"‘35”°481a glass by differential
scanning calorimetry. |t deals mainly with the extent of validity
of the isothermal and nonisothermal analysis for the
investigation of activation energies and Avrami exponents (In

Feqoylsayo‘aia metallic glass. The results are compared and

discussed with the existing llterature.

Chapter 7 presents overall conclusions of this study and
certain unresolved problems. It concludes with the suggestion

made for further work, which could not be carried out due to the

experimental facllity limitations.
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CHAPTER 1

1.1 INTRODUCTION :

Until very recently when one thought of a solid one meant
a crystalline solid having a long range translational order In
its atomic arrangement. Disordered solids were the solids showing
departures from this ordered structure. Although Insulating
silicate glasses have been known since ancient times and have
been extensively used for diverse applications, yet It Is only In
this century that they have been studied systematically. Glassy
solids now Include semiconducting and metallic glasses exhibiting
absence of Ilong range crystalline periodicity in their atomic
arrangements. Semiconducting glasses were discovered quite early
and have been exploited since then for practical applications.
Although amorphous metals were prepared earlier by depositing
metal vapours on liquid helium cooled substrates, these were
stable only at very low temperatures, l.e., below 30 K, metallic
glasses prepared by rapid quenching of an alloy melt and stable
at room temperature have been discovered only recently In 1960.
K lement, Wi llens and Duwez (Klement et al 1960), while trying to
prepare metallic alloys by rapid quenching to study metastable
phases, they found that melt of the alloy AuaoSlao. when rapidly
quenched at the rate of 106 K7sec, was amorphous and showed
g lassy or liquid-like structure when examined by X-ray
diffraction and It was stable at room temperature. This

discovery, that certain alloys can be rapidly quenched to produce



glassy sollds which remain stable at room temperature, started a
new era of research and develiopment Iin this area. During Ilast
three decades new techniques have been developed to produce
metallic glasses, in small as well as bulk quantities. Variation
in composition of metallic glasses Is used as a mean to vary
their physical and chemical properties of Iinterests to
physicists, chemists and technologists. Metallic glasses have not
only been exploited for potential applications but have also
contributed a great deal in enhancing our knowledge of the sollid
state. A great deal of research and development |iterature has
appeared on these materials since 1960. Some of important books
and references in this area have been listed in the beginning of
references under the heading "General References". Some of these
will be refered as (GR) at the appropriate places In this theslis
again. In this chapter we provide a brief introduction to
preparation and some of important properties of metallic glasses.

In the last, our motivation to take up this work Is given.

1.2 G6LASS FORMATION :

The basic criterion for the preparation of glasses Is that
the cooling process be so fast that the crystallization |Is
bypassed quickly. This Is Illustrated in the Time-Temperature-
*ransformatlon (TTT) diagram, as shown in Fig. 1-1, in which the
time for the onset of crystallization In an undercooled melt
(Tm) Is plotted against the temperature. As Tm is lowered, the

free energy difference between the liquid and the crystalline



phases increases, hence the time for crystallization decreases.

At Tg. the glass transition temperature, usually defined as the

temperature at which the viscosity becomes larger than 1013
poise, the crystal growth becomes Impossible and the Iliquid
remains frozen In a single configuration. It is then called a

glass. At sufficlently large cooling rates even the nucleation Is
eliminated. When a liquid Is cooled from a high temperature, |Its
specific volume (V) changes discontinuousliy at or below melting
temperature Tm' This Is itlustrated Iin Fig. 1-2. If the growth of
the nuclel Is low or absent, then the volume of the supercooled
liquid continues to decrease til| Tg. where the remarkable change
in the sliope of V vs, T plot occurs. The glass transition depend
upon the cooling rate as shown in Fig. 1-2. Tg increases with the
cooling rate and so does the specific volume of the glass formed.
Differences in volume are typically only a few percent but these
have enormous effect on the properties of the material. A sample
in the glassy state is in a thermodynamically metastable state,
and therefore, Its configuration tends to change with time
towards the equilibrium structure of Iowest free energy.

Therefore, the structure of a glass |s dependent on Its thermal

history.

Marcus and Turnbull (1976) have proposed an empirical
criterion for the formation of metallic glasses. They have
suggested that the glass forming ability may be related to the
depression of the melt temperature Tm below certain average

temperature Ta of ideal solution liquidus. The criterion for the
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glass formation |Is that (Ta-Tm)/Ta > 0.15 to 0.2, metalllc
glasses can be formed using cooling rates of the order of
106 K7sec. A typical example of alloy Fe-B |Is shown In Fig. 1-3
where dotted line represents temperature Ta' Another criterion
for ease of metallic glass formation is that iIf a |liquild has
Tg-’Tm > 0.7 then the liquid can be rapidly cooled (cooling
rate = 106 K7s) to produce glass without much difficulty (Davies
1983). On the other hand, I f Tngm < 0.5, then It Is very
difficult to cool liquid In a glassy state. This criterion |Is
related to the one previously given by Rawson (1967) based on the
ratio of bond strength to Tm. Glass formation |Is easier |In
multicomponent systems In comparison with a single component
system, since the ratio of the bond strength to liquidus

temperature will be greater for intermediate compositions, and

largest of all at the euctectic composition.

1.3 PREPARATION TECHNIQUES :

During the last twenty five years, a number of methods have
been developed for the production of metallic glasses. The baslic
procedure Is to rapidly quench a metallic system either from Its
vapour phase or liquid phase on a heat sink so as to bypass the
crystallization quickly to produce noncrystalline structure akin
to frozen liquid. Generally, preparation of noncrystalline
solids by quenching of vapour phase is refered as "amorphous"
while the one prepared by liquid quenching Is called "glass” (In

this thesis we shall use both of these words Interchangeably).
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There are numerous variations of these two methods detalls of
which can be found In most of general refernces (GR 1978a, GR

1982, GR 1983d, GR 1984a and GR 1987a). Most widely used current

methods to produce metallic glasses for small scale research
purposes are (1) Single roller chill-block melt spinning (CBMS),
(2) Splat cooling, and (3) sputtering. In the research work

reported here, samples were produced by the first method,

therefore, a short description of this method iIs given below.

The chill-block melt spinning technique was originally
developed by Pond (1969). The equipment consists of a rotating
copper or stainliess steel wheel as shown Iin Fig. 1-4, Master of
alloy 1|Is prepared separately first by melting constituent
elements In an arc furnace having Iinert gas atmosphere. A small
amount of this master alloy i1s placed in a quartz crucible with a
small hole (usually less than 1 mm). The alloy Is melted either
using a resistive heater or an induction heater and then forced
out onto the rotating wheel, having surface speed of 25 to
50 m/s, by applying pressure inside the crucible. The melt
quickly solidifiles on contact with the surface of the copper
wheel and a ribbon of approximately 1 to S mm width and 10 to
40 wm thick |is produced depending upon various initial
conditions. Ribbons of few cm to km lengths can be produced
depending upon the amount of the alloy charge placed Iin the
crucible and the hole size of the crucible. To avoid oxlidation
the whole apparatus can be placed either Iin a vacuum chamber or

an inert atmosphere. Usually the side of the ribbon which remains
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Fig. 1-4 : Schematic diagram of single
roller quenching technique.



in contact with the whee! iIs dull In appearance while the other
side has metallic shine. Most of iron based metallic glasses, as
well as many others, can be bent by almost 180 degrees. Hence a
quick way of finding out whether the ribbon iIs glassy or not IS
to apply this bend test. The real test, of course, has to be done

by measuring X-ray diffraction.

Most of metalllic glasses prepared earller were binary or
ternary allioys. Later, metatllic glasses having four 1tTo SIX
constituents have been produced for commerical usage, as well as
for research purposes to investigate the effects of additional
components In the alloy to improve thermal stabllity and other

properties.

The melt quench method can usually produce glasses In a
limited alloy composition range near eutectic point although some
exceptions exist. Sputtering and vapour quenching technique can

produce amorphous thick layers over a large composition range.

For example, Chien and Unruh (1982) were able to obtain Fe1oo-x9x
for x = 30 to 90 by sputtering while one can prepare the same
alloys only for x = 15 to 30. One should note that all the

present methods to produce metallic glasses only produce forms
which are thin, a severe drawback for many practical
applications. A new technique of solid state diffusion by Johnson
et al (1985) to produce metallic glasses Is found to be very

promising towards the production of thicker metallic glasses.

10



1.4 CLASSIFICATION OF METALLIC GLASSES :

The classification of metallic glasses can be done by either
their composition or some chosen property, for example, magnetic
properties of these glasses. In the first kind of classification
(Davies 1983) there are four categories: (1) Transition metal-
metallolid (TM-M) glasses. A typical and Important example of this
group is FeBOBEO' (2) Metallic glasses combining an early
transition metal with a late transition metal (TE-TL), | ke
Nb4ON'60' (3) Metallic glasses made up of Simple metals |ike
Ca-Al. (4) Metallic glasses having rare earth-transition metal
composition (RE-TM). Mizutani (1983) has proposed another
classification for metallic glasses in five categories based on
their magnetic state, on which the electronic state and electron
transport property heavily depend. These classfications are :
(1) ferromagnetic (e.g., Feaoaao), (2) weak ferromagnetic
(e.g., NiI-Y and Fe-2Zr), (3) spin glass (e.g., Feleao“xP1694),
(4) paramagnetic (e.g., Cu-Zr, Nb-NIi), and (5) weak paramagnetic
or diamagnetic (e.g., M3-2Zn, Pd-Si). This classification |Is more

useful when one is interested In physical and chemical properties

of these materials.

1.5 DISORDER IN GLASSES :

in a perfect crystalline solid atoms occupy definite
positions with lattice periodicity, hence, there Is a long-range

order present In the structure. However, no such perfect solid

11



exists Iin practice. Even the highest quality crystals have some
impurities and defects besides lattice vibrations at finite
temperatures. One can iIntroduce disorder In an otherwise almost

perfect crystal by various means which includes radiation damage.

Glasses, which have structure akin to frozen |iqulid, lack
long range order in their atomic arrangement although some short-
range order may exist. Glasses show three types of disorder |In
their structure. These are: (1) bond disorder, i.e., bonds
between atoms are of different lengths making different lengths
with each other, (2) topological -disorder, i.e., random
distribution of atoms 1nstead of fixed locations as required by
the lattice periodicity in crystals, and (3) chemical disorder,
l.e., distribution of atoms A in a system |like A1—xBx becomes
random. Generally a glass Is characterized by the presence of all

the three disorders.

The commonly used techniquée to probe structure of solids is
the diffraction using X-rays, neutrons and electrons. iIn the
diffraction experiment the structure factor S(Q) vs. q |Is
measured, where gq Is the diffraction wave vector. Fig. 1-5 shows
the difference In behaviour of S(q) for a crystalliine sollid, a
glass and a liquid. The sharp peaks exhibited by a crystalline
solid are absent Iin the glass and liquid which are replaced by a
broad peak followed by smaller broad peaks. The broad peaks In
the S(q) behaviour of a glass are similar to that of a liquid. It
clearly brings out similarities between glassy and liquid

structures at the atomic level although there are subtle

12



differences present. From S(q) vs. q It Is clear that the glassy
structure has no long range order |n atomic arrangement
characteristic of crystalline solids. The atomic order In glasses
seem to extend only for two or three nearest neighbour distances
and Is classified as short range order. One can differentiate
between two types of short range orders In glassy alloys. The
topological short range order (TSRO) characterizes the atomic
arrangement of atoms with respect to a reference atom regardliess
of the type of atoms. The chemical short range order (CSRO)
characterizes strongly correlated atomic positions In the nearest
neighbour shells and uncorrelated beyond a few atomic sSpacings.
Since metallic glasses prepared by liquid aquenching are

multicomponent alloys, these show both TSRO and CSRO.

1.6 ELECTRONIC STRUCTURE AND TRANSPORT :

To understand physics and chemistry of metallic glasses, It
Is necessary to obtaln information on thelr electronic band
structure and transport properties (electrical resistivity,
etc.). The Ideas of Bloch's theorem and reciprocal space, break
down for glasses since there 1Is no Iong range lattice
periodicity. Hence it is of Interest to study the effect of the
lack of crystalliine periodicity on the band structure of these
materials. Since a number of physical properties of solids |Ilke
electronic specific heat, superconductivity, magnetic
susceptibility, ferromagnetism etc., are directly related to

their electronic structure, the usual experimental methods, viz.,

13



uitraviolet and X-ray photoemission spectroscopy, Auger electron
spectroscopy, soft X-ray spectroscopy, and optical reflectivity,
to study band sﬁructure of crystalline sollds have been applied
to glasses. These studies have shown that the valence bands show
distinct bonding effects which are directly observable In the
valence band spectra. Besides the Information on the valence
bands in many metallic glasses, information on the density of
states near Fermi energy (EF) has also been obtained. It may be
noted that the density of states at EF Is a very Important
parameter for sollds to understand many of their electronic
properties including speciflic heat. Detalled survey on the
electronic spectroscopy on metallic glasses has been gliven by

Oelhafen (GR 1981b).

Electronic transport properties, namely, electrical
resistivity ( p ), Hall effect (Hall coefficient Ry) and thermo-
electric power (S) provide valuable Information on electronic
transport and electronic scattering mechanisms In solids and
particularly metallic systems. Electrical resistivity has been
the most investigated electrical property of metallic g lasses
since their discovery in 1960 (GR 1981D, GR 1983a and GR 1983Db).
Data on Hall effect and thermoelectric power on metallic glasses

is not of the same magnitude as It is for p.

Electrical resistivity of metallic glasses Is typically of
the order of 100-250 uQ-cm at room temperature which Is quite
high In comparison with that of pure metals. Temperature

coefficlient of resistivity (TCR), defined as 17p (dps7dT), Is

14



typically of the order of 10" ' k™! and It can be positive, zero

or negative depending upon the glass composition and the
temperature interval. It has been possible to change the sign of
TCR by continuously changing the composition of many metallic
glasses (Altounian et al 1983 and Carinl et al 1983). The
magnitude and composition dependence of p of metallic glasses
and Its temperature dependence above ©p have been found
comparable to Iliquid metal data (Guntherodt et al 1978).
Therefore, theoretical models which have been earlier used to
explain liquid metal data on electronic transport properties have

also been applied to metallic glasses with reasonable success.

One of Important features of p(T) behaviour In metallic
glasses Is that many of these show a resistivity minimum at low
temperatures (T < 25 K) and some even at higher temperatures.
Attempts to explain this widely observed effect have been made
either by 1nvoking Kondo effect mechanism (Hasegawa et al 1970
and Grest et al 1979) or the existence of two level system (TLS)
(Cochrane et al 1975) or spin fluctuations (Asomoza et al 1977).
However, there are difficulties associated with these theoretical
models which have been discussed in detai | by Harris and Strom-

Olsen (1983).

Thermoelectric power (S), which is essentially the entropy
per unit charge transported is another Important property of
metals and metallic glasses. Measurements of p along with S have
resulited In testing theoretical models for transport properties

of these materials (Babic et al 1980, Bhanuprasad et al 1982 and

15



Kettlier et al 1984). The magnitude and temperature dependence
of S for a simple and pure metal can be calculated considering It
as a degenerate electron gas; S should be of the order of a few
V7K and should wvary linearly with absolute temperature T.
However, in practice, there are other effects present in metals
which lead to departures from this simple behaviour of S. One of
these |Iis the phonon drag effect which gives rise to nonlinear
behaviour of S(T) and large magnitudes at low temperatures. Due
to large disorder In metallic glasses resulting In high
resistivity, phonon drag effect iIs reduced considerably, and
therefore, one would expect S to behave more Iideally, l.e., S
must be proportional to T and its magnitude should be a few pv/K.
This has been generally observed for 6p > T ¢ 300 K, for many
metallic glasses. However, magnetic as well as nonmagnetic
glasses show nonlinear behaviour at low temperatures, which for
the later type of metallic glasses has been Iinterpreted In terms
of enhancement due to electron-phonon Interaction (Gallagher
1981). Nonlinear behaviour of S(T) of magnetic metallic glasses
still remains to be understood although some suggestions have

been made (Harris et al 1983).

For nonmagnetic metalllic glasses It has been found that
there |Is correlation between the sign of TCR and the sign of S
(GR 1978a). IF TCR of a nonmagnetic metallic glass IS negative
then S Is positive and vice versa. The magnitude of S also seem
to scale with the magnitude of TCR (GR 1978a). On the other hand

magnetic glasses show positive TCR near room temperature and

16



mostly negative thermopower. S(T) for these glasses Shows
noniinear temperature dependence between O ¢ T ¢ 300 K (Kettler

et al 1982 and Bhanuprasad et al 1982).

Hall coefficient (R Is another Iimportant parameter as It

H)
provides Information on the sign and density of current carrilers.
For metallic glasses consisting of simple metals RH is found to
be negative, whereas It is positive for many metallic glasses
qontalnlng transition metals (GR 1984e). Of course, for magnetic
glasses one has to take account of extra-ordinary Hall
coefficient also (GR 1984e). Observation of positive RH in
semiconductors |Is always associated with the hole conduction,
while the same observation in some crystalline metals is
associated with the unsual dynamics of electrons and their band

structure. Positive R in magnetic metalllic glasses with no hole

H
conduction has been a challenge to theoreticlans. Morgan et al

(1987) and Grieg (1987) have now firmly established that positive
RH in metallic glasses arises due to the anomalous dispersion of
s-like states due to s-d hybridization which result in negative

slope of E vs. k dispersion curve. Further theoretical support

for this idea has been provided by Nguyen-Manh et al (1987).

In summary, the electron transport phenomena In metallic
glasses has many interesting features which makes
experimentalists and theoreticians to continue their vigorous

research effort in this area, and to further our knowledge of

glassy state in metals.

17



1.7 MAGNETIC PROPERTIES :

Ooriginally it was thought that It is uniikely that magnetic
order could exist Iin amorphous solids. Gubanov (1960a) showed
theoretically that the crystalline periodicity was not necessanry
for solids to exhibit ferromagnetic order. This prediction was
experimentally confirmed by the works of Mader et al (1965) on
vapour quenched Co-Au fiilms, Tsuei et al (1960) on splat quenched
PGBOS'EO alloy containing ferromagnetic Iimpurities, and on
amorphous Fe7SP1SC1o alloy by Duwez et al (1967). The discovery
of ferromagnetism in amorphous solids lead to the large scale
sclentific and engineering Investigations. Most of early metallic
glasses based on the Fe-B alloy system were found to have
excellent soft magnetic properties, e.g., low coercivity and
hysteresis losses and high saturation magnetic Induction etc.
which seem to be very good for a large number of applications iIn
the electromagnetic 1ndustry. Magnetic metallic glasses are

already being used now for a number of applications, a brief

description of which is given in a later section.

Magnetic properties of amorphous solids and particularily
metallic glasses have been investigated In great detail to
understand magnetism in these materials (GR 1984b). For magnetic
order to exist In a solid there must be magnetic moments
associjated with unpaired electrons on the atoms and an
interaction to couple them together. Except for so called weak

itinerant ferromagnets, the above conditions remain wvalid for
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magnetic order to exist In a vast majority of metallic and
nonmetallic solids. For ferromagnetic order to exlist the exchange
interaction to couple the moments together must be positive and,
in principle, there are no fundamental differences between glassy
and crystalline ferromagnets. However, disorder Iin amorphous
solids leads to smearing effects in some of properties, and
magnetic and nonmagnetic atoms can coexist In the ferromagnetic
state. Besides this, the chemical and bond disorder |in amorphous
solids leads to a distribution both in magnetic moments and the
exchange Interaction in contrast to the crystalline solids which
show unique values for these parameters. Differences In Curie
temperature etc., are also there even when one consliders the same
composition alloy in crystalline, and glassy state. On the other
hand, ant iferromagnetic Interactions on a disorder lattice
produces quite a different and novel result and It has lead to
discovery on non-collinear magnetic structures classified as

speromagnetic, sperimagnetic and asperomagnetic structure (GR

1984Db).

The structure of glasses Is normally considered to be
isotropic on a long range scale, therefore, the magnetization
vector in ferromagnetic glasses should, in general, be free from
special magnetic anisotropy. However, In practice, most amorphous
ferromagnets behave anisotropically (GR 1983d). Certain
mechanical treaments like cold rolling, magnetic fleld cooling
and stress annealing can induce additional anisotropy. Similarly

relaxation due to annealing or by some other method as well as
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crystaltiization result in changes of magnetic properties and
therefore one has to be careful and certain about the thermal
history of magnetic glasses before Interpreting results or

considering applications.

1.8 CRYSTALLIZATION :

The amorphous/glassy state Is thermodynamically metastable
phase and Is stable only at low temperatures. The apprxoimate
value of "low temperature" will be dlffé?ent for different
glasses but for most metallic glasses produced by rapid quenching
the glassy state remains stable against crystallization below
approximately 600 K although relaxation, that Is, transition to a
lower energy glassy state, may take place. The glassy state |Is
never the true equllibrium state and the ultimate stable state
for glasses Is the crystallized state. Therefore, depending upon
the external conditions |ike temperature, glasses would tend to
crystallize irreversibly over a time period. This Imposes a
strict boundary on the operating times for these materials at

elevated temperatures.

It has been well established that the metallic glasses loose
most of their excellent mechanical and magnetic properties on
crystallization and become useless for many practical
applications as well as for research purpose. Therefore, Impeding
and controlling crystallization of metallic glasses has been an

important area of research in this field (Uwe Koster 1987). The
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work on crystallization behaviour of metalllic glasses has
contributed Iin enhancing our understanding of glass formation,
factors affecting thermal stability, and nucleat]on and growth
processes during crystallization. Excellent reviews have appeared
in this area which cover a wide variety of research topics and

results obtained (Scott 1983 and Uwe Koster 1981 and 1987).

1.9 APPLICATIONS :

Metallic glasses havé found many applications in
electromagnetic Industry due to their excellent mechanical, and
magnetic properties (GR 1983d, GR 1984b and GR 1987a). These
applications Iinclude power distribution transformers, magnetic
sensors, magnetic heads for audio, video and data recording,
magnetic shielding, transducers, and electronics (delay I|ines,
inductive electronic components |lke choke colls, splke killlers,
amorphous beads etc., magnetic amplifiers, magnetic modulator,
etc.). The possibility that Nd-Fe-B metallic glasses may
eventually replace high energy density but costly Sm-CoS
permanent magnets is being exploited recently (Dugdale et al
1985). Thelr mechanical properties are being wutilized In
applications for brazing filler materials, strengthening fibers
in composite materials etc. (Beck 1981). Some of Cr containing
metallic glasses show excellent resistance to corrosion and
therefore there applications In this area are being exploited. As
new materials are being prepared more and more applications for

these materials are being considered and implemented.
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2.0 RESEARCH IN THIS WORK :

This thesis presents experimental research work on the
magnetic metallic glasses based on the Fe-Si-B alloy system as
part of the ongoing research and development In the area of
metallic glasses at University of Hyderabad. The alloys
investigated are (Fe1_xCox) B, .SI where O ¢ x ¢ 0.12;

75710" 15’
Mo B, .S where O ¢ x ¢ 3, and Fe_ . NI__Mo_B The

FeaoN!12-xM0%5B16°! 2 40"'38"°4°18"

first two glasses will be refered In the thesis as Fe-Co-B-S| and
Fe-Ni-Mo-B-Si alloys, respectively. The properties measured In
this Investigations are electrical resistivity, thermopower,
magnetic Interaction by Mo&ssbauer effect and crystallization
behaviour. Some of these properties of Fe-Co-B glasses have been
investigated and reported by other workers since this work was
started (Dey et al 1981, Kettier et al 1982 and Khein et al
1982). However, the substitution of Co was 15% or higher. In this
work the substitution of Co Is kept below 15% to see subtle

changes in the Fe-Si1-B glasses due to small addition of Co In

this glassy alloy.

Fe-Ni-B, Fe-Ni-B-Si, Fe-Mo-B and Fe-Mo-B-Si alloys have also
been Investigated by other workers since this work was started.
The effect of Ni or Mo substitution on the magnetic properties of
Fe-B or Fe-B-Si glasses I1s found to be quite drastic In the sense
that the Curie temperature shows a large change. |It, therefore,
was considered of interest to see the effect of both NI and Mo
substitution In the Fe-B-Si glasses and we do find a different

behaviour as discussed In later chapters.
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The experimental technqlues used are electrical resistivity,
thermoelectric power, MJssbauer spectroscopy and differential
scanning calorimetry (DSC) and the temperature range used |Is 1.5
to 900 K although the same temperature range has not been used
for all the measurements. The results on electrical resistivity
measurements have been discussed In terms of widely used
theoretical models and data has been analyzed to obtain
(1) absolute resistivity at room temperature, Pp(RT), (2) tempe-
rature coefficient of resistivity (TCR), a , (3) resistivity
minimum temperature, Tngins (4) Debye temperature, ©p, (5) Curle
temperature, Tc' (6) crystallization temperature, Tx and

(7) magnetic contribution to resistivity, Pmag-

MOssbauer studies have been done to obtain information on
hyperfine fields, isomershift, magnetization axis, hyperfine
field distribution and Curle temperature as a function of
composition. Differential scanning calorimetry has been used to
study crystallization process to obtain crystaltization
temperatures, Curie temperature, activation energy and Avrami
exponent as a function of composition for various glasses
studied. Thermoelectric power (S) measurements have only been
done on Fe-Co-B-Si samples and a discussion of changes of S as a

function of temperature and composition iIs given.

The thesis presents the detalls of experimental arrangements
and related detal Ils wherever necessary. Each chapter presents In
the beginning a brief discussion of theoretical background and

Iimportant models used widely to iInterpret data. Last chapter
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contains the summary of resuilts of this work, our conclusions and

some suggestion for further work.
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CHAPTER 11
SAMPLES AND EXPERIMENTAL TECHNIQUES
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CHAPTER 11

This chapter presents description of samples and

experimental methods used.

2.1 SAMPLES :

The metallic glass system Fe-B-SiI |Is chosen as the baslic
system to study its electrica resistivity, thermoelectric power,
magnetic Iinteractions using Mdssbauer spectroscopy and thermal
stabllity. The aim of the work {is to study the effect of the
substitution of other elements in the Fe-B-SiI system. The list of

samples studied is given below.

1. (Fe, €0 ),.B, St o (0.00¢ x ¢ 0.12),

2. F Mo B, .Si (0 ¢ x ¢ 3) and

eoNt12-xMxB165!2

3. Fe__Ni MoQB

40N' 38 metallfic glasses.

18

Some effort Ils made to prepare Fe-B-S| samples In our
laboratory using the chill-block melit spinning method, but most
of other samples are prepared elsewhere. Fe-Co-B-S| samples are
prepared at the Technical University, Denmark and Fe-Ni-Mo-B-Si
and Fequl38Moqe1B samples are prepared at Allied Signal
Corp., USA. The starting materials had 99.9% purity while the
composition of Fe-Co-B-S|I samples |Is checked by the atomic

absorbtion spectroscopy. No similar composition check |Is done

for Fe-NI-Mo-B-S| alloys.

26



.2 CHARACTERIZATION :

Samples are checked by X-ray diffraction at the place of
production and are found to be amorphous. A simllar check has
been done on the samples after recelving them and while studying
their crystallization. All samples have shiny appearance, uniform
thickness and can be bent by almost 180 degrees without breaking.
Further characterization |Is done using differential scanning

calorimetry (DSC) as described in chapter VI.

The chemical composition Is studied using the atomic
absorption spectroscopy which is a destructive method. It ignites
the sample dissolved in acqua regia (25% conc. HNO3 and 75% conc.
HCI) to be anailyzed In presence of a mixture of ailr or Nao with
acetylene or hydrogen flame to attain high enough temperatures
(T > 2500 K) to dissociate the material into its atomic
constituents. They can be idéntified by thelr characteristic
optical absorption by measuring the attenuation of intensity of a

beam of light traversing the flame.

Figure @2-1 shows the graph between atomic weight of the
standard solution (cobalt dissolved in acqua regia In this case)
and the absorption 1n counts. Usually the |inear portion |Is
selected for further calculations. Actually the composition of
the unknown samplie is estimated by the corresponding absorption

counts. The accuracy of the results are about 0.1 at. wt.% .
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2.3 EXPERIMENTAL TECHNIQUES :

Four techniques viz., electrical resistivity ( p ), thermo-
electric power (TEP), MUssbauer spectroscopy (MS) and
Differential Scanning Calorimetry (DSC) have been used to study
the electrical transport, magnetic properties and crystallization
of metallic glasses listed In section 2.1. The detalls of the

experimental setups are as follows.

2.3.1 Resistance measurements from 1.5 to 300 K :

The block diagram of the experimental setup for Ilow
temperature resistance measurements from 1.5 to 300 K Is as shown
in Figure 2-2. Four probe DC method iIs used Iin both low and high
temperature resistance measurements. The low temperature |liquid
helium cryostat used for our measurements |Is described In detai l
by Ramakrishnan et al (1985). It consists of a fibre glass Dewar
(SHE Corp. Model LHD5) and a double walled system comprising an
outer stalnliess steel tube and an inner quartz tube. The high-
purity copper sample holder Is connected to 8 stalnless tube
which goes Inside the quartz tube. Germanium and platinum
sensors are used to measure temperature from 1.5 to 300 K. A
heater |Is attached near top of the sample holder to control the
temperature of the sample. The temperature 1.5 K |Is achieved by
pumping on liquid He from 4.2 K. A constant current source
(Keithley 225) Is used to heat the mantie heater (surrounding the

sample holder) for uniform heat flux around the sampie. A LAKE
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resistivity measurements.
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SHORE (DRC 82C model) temperature controller is used to monitor
the temperature in a vacuum of about 10-4 torr. The whole setup

is controlled by a microprocessor for automatic data collection.

Heating rates used for the measurements varies from
0.1 K/min at lower temperatures (¢ 80 K) to 1 K/min at higher
temperatures (> 80 K). The accuracy of the resistance measure-

ments |Is about a few parts per milliion.

Amorphous ribbons of ~ 3 cms length are cut and four
contacts are made using 42 guage super enameled copﬁer wires. The
ends of the copper wires are dipped in conc. formic acid to
remove the enameled coating and cleaned immediately with ethanol
to prevent further decay of the coating. The wires are spot-
welded to the sample with non-superconducting soft solder

(Pb using a UNITEK spot-welding machine. The sample |Is

40760’
fixed to the sample holder using a thin coating of Apeizone-N
grease, which provides a good thermal contact and does not
introduce any stress-induced effects. A resistor |Is connected In
series with the sample in the current path to monitor current In
the sample. The current during measurements Is kept constant upto
one part in 104, and the parasitic thermoelectric voltages are

eliminated either by reversing the current polarity or by noting

the zero-current voitage for each reading.

Samples used for measurements are cut from ’'as quenched’
ribbons. The width of the samples Is *~ 0.5 mm and the thickness

iIs ~ 20 um for Fe-Co-B-S|I alloys, where as the width and
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thickness of Fe-Ni-Mo-B-S| alloys are ~ 0.5 cms and ~ 25 um
respectively. The width and length (between voltage leads) are
measured using a travelling microscope with an accuracy of
0.01 mm. A number of readings are taken over the whole dimensions
of the sample to get a good accuracy. The measurement of
thickness posed a problem because of thin samples. We used a
sensitive screwguage to measure thickness at various positions
over the whole Ilength In order to get a reasonably accurate
average value of the thickness. A better method would have been
to measure the density and then find the thickness. waever.
since we are more interested in the temperature variations of
resistivity, we did not follow the density method to determine

thickness.

2.3.2 Resistance measurements Iin the temperature range

80 to 900 K :

The schematic diagram of the measuring setup Is as shown |In
Figure @2-3. Here the spot-welding Is made directiy on to the
sampie with the copper leads. A high current transformer with a
dimmerstat controlling facility Iis used for this purpose. A
copper rod with a sharp edge is used for welding. Spot-welding is
done by passing minimum possible current to localize heating of

the sample only at its contact with the copper wire.

The measurements procedure iIs almost similar to that of low

temperature measurements (section 2.3.1 of this thesis). However,
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there are a few differences. The sample holder is designed so as

to enable to take measurements from low to high temperatures. The

temperature of the sampie iIs measured Iin the middle of Its length

using chromel-alumel thermocouplie obtained from Omega Inc., USA.

The voltage between the leads can be measured here with an

accuracy of O.1 uVv and a relative accuracy of 1 to 5 parts In
1

10'. The heating rate used Is ~ 5 K7/min through out the

experiment.

The error In the measurement of the absolute values of the
resistivity Is mainly determined by the error In the thickness
measurement. The estimated error In the absolute va'ues of
resistivity |Is approximately =~ 10%¥ . However, the relative
resistivity ratios are much more accurate and the error in these
measurements |Is better than 1% neglecting any effects due to
thermal expansion or contraction. The accuracy In the absolute

temperature measured I|Is about 0.5 K or better.
2.3.3 Thermoelectric power measurements from 80 to 400 K :
The potential difference developed between two points a and

b maintained at different temperatures T1 and T2 Is given by

b b Tp
AV:-J.?.I:I_T

a a Ta

"

1
ey
n
q
-

3
"

I
———ry
)]

%

n
i\

where ? is the effective electric fleld, VYT Is the temperature
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gradient and S Is the absolute thermopower of the material.

The Junction between two dissimilar matters are maintained
at temperatures Ty and Tp where T2 = T1 « AT. The potential

difference developed between the terminals (1) and (2) Is glven

by
Ts Tq+AT To T4 «AT
AV:{J.SadT+JdeT+[SadT}=J(SD-Sa)dT -2
To T1 Ty +AT T4
The thermopower of the thermocouple Sab is given by
AV
Sab = (Sp - S3) = Lim (——) e-3
AT—>0 AT
The usual procedure to determine the absolute thermopower of
an unknown material, a material with known absolute thermopower

(Blatt et al 1976) 1s used as a reference. The schematic

representation of this Is shown In Figure 2-41a.

integral method: in this method, one Junction Is maintained at

constant temperature, the other Iis at variable temperature to
measure thermo e.m.f. developed between the Junctions. The

instrument used for these measurements IS as shown 1n Fig. 2-4.

A grooved (to reduce thermal conduction) brass tube of
about 1 cm diameter and 1 m length is brazed to the samplie holder
at one end. The upper Junction In the figure Is a Copper slab

which Is in good thermal contact with the base. This also acts as
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a thermal sink. Two laminated rods of about 8 cms length and 5 mm
diameter are connected to the base through the upper copper slab
as shown In Figure 2-4. To the other end of the laminated rods a
second slab (lower Junction) of copper is attached. The complete
sample holder Is shielded with a brass tin and fixed to the base

with an indium O'ring.

The sample 1S connected between the lower and upper copper
slabs. The reference wires (well annealed copper wires) and
thermocouples (chromel-aiumel) are taken out through brass pilpe.
An out let is made for vacuum on the top of the brass tube. A
heater Is attached on the lower slab to create thermal gradient.
The whole setup is immersed In a LN2 flask of about 15 liters
capacity. initlally the setup |Is allowed to cool to LNa
temperature and then the lower Junction is heated to measure
thermo e.m.f. deve loped between the sample Junctions. The
measurements are carried out from 80 to 400 K In the vacuum of

about 10“1 torr and the heating rate of about 1 K’min Is

maintained through out the experiment.

Each time a thermocopule IS made using samplie and a8 well
annealed copper wire of 0.010 inches diameter (Omega Inc., USA).
The connections or elther spot-welded or solidered using non-
superconducting lead, although there Is no difference In the
absolute values of TEP between these two contacts. Thermoelectric
voltages are measured using a Kelthley multimeter (model 195)
with an accuracy of 0.1 uv or better. The thermoelectric power of

the sample with respect to copper |Is obtained by differentiating
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point by point thermoelectric voltage vs. temperature data and by
fitting 5 data points to a straight line and determining the
slope of the line. Absolute value of the thermoelectric power, S
is then obtained using the TEP data of copper as published by
Cusack et al (1958) and fitting It to a polynomial to get the
integrated values of Scu vs. T. The relative resolution of the
experimental setup Is 0.05 uv/K, whereas relative accuracy of the
experimental data is nearly 3%. Measurements are repeated atleast
two times on each composition using fresh samplies every time. The

readings are found to be reproducible within the 'experimental

error.

2.3.4 Missbauer measurements :

The phenomena of recollless emission and resonant absorption
of gamma rays by a nucleus was discovered by Rodoif L. Missbauer
In 1958 and 1s known as the Mbssbauer effect. Since then this
effect has been extensively used to study a variety of phenomena
of science and technology (Gonser 1975). The Mdssbauer effect has
been used to investigate solids, especially magnetic materials,
since 57Fe happens to be a common MUssbauer Isotope suitable for
such studies. Since many of magnetic glasses, useful for
practical applications as well as for basic studies of magnetism
in amorphous metals, have iron as one of the elements In the
composition, Mdssbauer effect has been used to study magnetic
interactions In these glasses (Chien 1981 and Bhatnagar 1985a).

In addition, Mdssbauer absorption is a sensitive probe of the
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local atomic structure around the Mdssbauer |Isotope/probe, hence
one can also expect to obtain Iinformation from these measureménts

on the structure of magnetic glasses.

General Iinformation on the Mdssbauer measurements using STFe

isotope Is given In a number of references (Bhide 1973, Gonser

1975, Cohen 1976 and Bhatnagar 1984).

A block layout of the Mdssbauder spectrometer used |Is shown
in Figure 2-5. We used a transmission configuration. The gamma
ray energy sweep Is obtained by the Doppler effect. The Doppler
effect shifted gamma ray energy by Ep = (v/c)Ey, where Ey is
the gamma ray energy when the source is at rest. The source
is operated In a constant acceleration mode. The spectra obtained
are measured using the gamma ray counts as a function of source

velocity.

The y-ray source used In this work Is 57Co embeded In
rhodium-matrix. The gamma rays are detected by a proportional
counter. The amplitude of the output voitage puises generated by
this detector Is proportional to the incident gamma ray energy.
An amplifier Is used to amplify the signal and then 14.4 KkeV
signal radiation is separated by fixing upper and lower window
voltages in a single channel analyzer. The data are collected and
stored in a multichannel analyzer (MCA) Iin 520 channels (First
256 channels are due to the first half of triangular wave and the
next 256 are due to the next half). The Iinear ramp signal

produced by function generator synchronized with the source
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motion to control the channel sweep which gives the velocity

interval same to the each channel.

For room temperature M8ssbauer measurements the sample |Is
sandwiched between two copper rings of about 2 cms outer
diameter. The effective diameter of the absorber Is limited to
only 1.5 to 1 cm. A cryostat equipped with a cold finger copper
sample holder |Is used for measurements below room temperature.
The schematic diagram of the low temperature cryostat is as shown

in Figure 2-6.

The velocity scale is calibrated using a-Fe spectra (foll
~ 10 um thick) collected at room temperature. A typical room tem-
perature spectrum of a-Fe Is shown In Fig. 2-4a. ldeally the full
width at half maximum (FWHM) of the six overlapping lorentzlan
lines of the iron spectrum Is given by sum of the absorber I
and emitter [ line widths ('3 + e ~ 0.19 mm7sec). The obser-
ved average line width of the two Inner absorption lines of the
six line Iron spectrum at room temperature, in our experimental
setup Is 0.28 mm’sec. Although these conditions are not Ideal,
they are adequate for the Interpretation of the spectra at diffe-
rent temperatures. The parabolic distortion of the spectrum was

taken care of by a spectrum folding procedure (Bhanuprasad 1985).

2.3.5 Differential scanning calorimetry (DSC) :

The crystalliization studies of all the samples are done

using differential scanning calorimetry (DSC). The calorimetric
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measurements are performed using a DUPONT 910 model DSC
instrument. A schematic diagram of the instrument i1s shown In
Figure 2-7. The DSC cell employs a constantan disc as |Its
primary means of transforming heat to the sample and reference
positions, and as one of the element of the temperature measuring
thermoelectric Junctions. The sample of Iinterest and a reference
are placed In pans which sit on raised platforms on the
constantan disc. Heat iIs transferred through the disc into the
sample and reference. The differential heat flow to the sample
and reference s monitored by chromelconstantan area
thermocouples formed by the junction of the constantan disc and
the chromel! wafer which covers the underside of each platform.
Chromel! and alumel wires are connected to the underside of the
chrome!l wafers, and the resultant chromel-7alumel thermocouplie Is
used to directly monitor the sample temperature. Constant
calorimetric sensitivity Is maintained by electronic

linearization of the celi-calibration coefficient.
ldeally the heat flow rate Iin the sample Is given by
dH/dt = me(dT/dt) -4

where m is the sample mass, cp is the sample specific heat per

unit mass and dT-dt is the program rate (K-/s).

in practice some complications arise mostiy because the
sample holders are not identical and aliso because a8 temperature
gradient can develop across the finite thermal resistance

between the sample and sample holder. Even then, the physics
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involved |s adequately summarized by the Equation 2-4.

in all the DSC experiments ~ 6 mg of the metallic glass Wwas
weighed In aluminium pans using digital balance and empty pans
were used as references. Continuous flow of dry argon gas |s used
throughout the experiment. The measurements were carried out in

the temperature range 300 to 925 K with a resolution of + 0.1 K.

In case of nonisothermal runs the sample usually heated with
one of the heating rates ranging from 1 to 100 K/mln.‘ In
Isothermal runs, the sample |Is heated upto the desired
temperature with the maximum heating rate (250 K/min) and data |Iis
collected with time. The most important factor here Is that the
trial runs have to be performed carefully while selecting the

starting temperature for isothermal annealing.
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CHAPTER I11
RESISTIVITY MEASUREMENTS
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CHAPTER II1I

In this chapter, resistivity measurements of Fe-Co-B-S| and
Fe-Ni-Mo-B-Si metallic glasses have been presented and dliscussed
in the temperature ranges 1.5 to 900 K and 4.2 to 900 K,

respectively. The presentation of the results are as follows.

Section 3.1 introduces the motivation for studying
electrical resistivity, p Iin the present alloys. The general
features of temperature dependence of p of metallic glasses are
listed In section 3.2. Theoretical models such as diffraction
model, Mott s-d scattering model, two-level tunneling model,
theory of localization etc. are presented 1n sec. 3.3. Section
3.4 presents the experimental results of amorphous Fe-Co-B-S| and
Fe-Ni-Mo-B-SiI alloys. The discussion of all the experimental
results 1n the frame work of some theoretical models are
presented in section 3.5. This section mainly discusses
resistivity minimum temperature, Tmln’ magnetic contribution to
electrical resistivity, Pmin» MooiJ correlation and Curie and

crystallization temperatures. A brief summary of the results is

given I1n section 3.6.

3.1 INTRODUCTION :

Temperature dependence of electrical resistivity, p(T) of
metallic glasses has been the subject of iInterest for both
theoreticlians and experimentalists over the years. Many important

physical mechanisms such as low temperature resistivity anamoly,

47



magnetic contribution to electrical resistivity etc. are yet to
be generalized using suitable theoretical models. Efforts have
been made to explain ppn, by Invoking Kondo effect, amorphous
structure and quantum corrections to the resistivity In
disordered materials (Hasegawa and Tsuel 1970, Cochrane et al
1975, Grest and Nagel 1979, Abrahams et al 1979 and Al’'tshuler et
al 1979). However, no theory seems to explain the general

behaviour of Ilow temperature resistivity anamoly In metallic

g lasses.
In general, p of metallic glasses |Is dominated by struc-
tural relaxation (100-300 uN-cms). It has been a common practice

to neglect the significant magnetic contribution to p In
magnetically concentrated metallic glasses. Recently, Kaul et al
(1986) have suggested that the magnetic contribution to P should
not be neglected in case of ferromagnetic metallic glasses. This
can be conformed by seperating a.small magnetic contribution from
a dominant structural contribution to electrical resistivity and
evaluating 1Its effect on any physical parameter |like Debye
temperature by Including or avoiding the magnetic term In the
calculations. Such a situation, therefore, calls for an elaborate
data analysis, which we have studied In amorphous Fe-Co-B-Si and

Fe-Ni-Mo-B-Si| alloys.

Although main emphasis IS placed on the Tmin and Pmags
consliderable effort Is also made to expalin the other physical
parameters such as Mool J correlation and Curie and

crystalliization temperatures.
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3.2 TEMPERATURE DEPENDENCE OF ELECTRICAL RESISTIVITY :

A typical temperature dependence of resistivity of an

amorphous alloy has the folliowing common features:

(i) Metallic glasses have much more higher residual resistivities
than those of their crystalline counter parts since the

scattering from structural disorder Is the dominant mechanism.

(i11) Resistivity for amorphous glasses containing ferromagnetic
or antiferromagnetic elements (Nagel et al 1982) does not vary
monotonically but has a minimum value at a temperature Tmln in
the temperature range 4 to 300 K. Below Tmn, P INcreases
approximately logarithmically with decreasing temperature, a

behaviour akin to the Kondo effect (Cochrane et al 1975 and 1977,

Tsuel et al 1977 and 1978a).

(i) The temperature coefficient of resistivity (TCR) of
metallic glasses Is numerically smaller than that of crystalline
metallic systems, and It can be negative, positive or even zero
over a wide range of temperatures (Naugle 1984, Mizutanl| 1983 and

1987).

C1v) The most surprising features are the negative TCR and the
resistance minimum in some metallic glasses. MoolJ (1973) Is the
first man to find out the correlation between TCR and p. Based on
a thorough examination of p and TCR of a large number of
disordered alloys (mostly crystalline samples with chemical

disorder), he found that as the magnitude of p Increases, TCR
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decreases, and becomes negative for samples with p > 150 uQ-cm.
This seems to be universal and did not depend upon the
constituents (Naugle 1984) of the alloy, or whether the allioy IS

amorphous“glassy or a disordered crystalline material.

3.3 THEORETICAL MODELS :

A large number of models for the electrical resistivity of
metallic glasses have been proposed over the years. The most
important among them are diffraction model, Mott s-d scattering

model, tunneling model and the theory of localization.

3.3.1 Diffraction model :

The electron transport properties of the amorphous metals
are similar to the corresponding liquid metals (Guntherodt et al
1978) have led various workers to use a theoretical model,
originally proposed by Ziman (1961) and subsequent |y developed by
Evans et ;I (1971) to explain a number of pecularities observed
and to Include liquid transition metals In the transport
properties of metallic glasses. This theory takes In to account
the scattering of conduction electrons from the potential of the

disordered Ilattice of a transition-metal system and gives the

following expression (Evans et al 1971) for resistivity.

P % (30w3h3/melWFEFN) SIN2[Na(EF)1ST(2KE) 3-1

S0



where kg |Is the Fermi wave vector, EfF Is the Fermi energy, Q |iIs
the atomic volume, n2(EF) Is the d-partial-wave phase shift
describing the scattering of the conduction electrons by the ion
cores which carry a muffin- tin potential centered on each lon
position, and S(akr) Is the structure factor at k = EkF. The
temperature dependence of p Is mainiy determined by S(2kf), which
for a glass made up of Einstein oscillators, behaves as (Sinha

1970, Nagel 1977 and Cote 1977)

ST(K) =~ 1 + [Sg(k) - 1] e~2¥W, (T 3-2

~2wk(T)

where SE(k) is the equi librium structure factor and e Is

the Debye- Waller factor with wk(T), in the Debye approximation,

given by (Ziman 1972)

BD/T
Wi (0) + 4W, (0)[T-6p]° J C

o

z

) dz 3-3a

Wi (T
eZ-1

where

W, (0) = 3h2k2/8MKkgOp 3-3b

M Is the atomic mass, k Is the wave vector, and kB iIs the
Boitzmann constant. With the aid of Equations 3-1 and 3-2 the

p as a function of T can be written as (Nagel 1977)
pstr(T) = [30w3h3/me2iFEFQ] SININa(ER)]

-2[WaK, (T)-Wak _(0)]
[ 1+ (Sg(2kp)-1)] e eke ke
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Pstr IS the structural constribution to p and the parameters
W (T) and W, (0) appearing in Equation 3-4 denote the W, (T) ‘and

ek l.e.,

n

W, (0) at Kk -

Wk(0) = Way_(0) : [3h2KE~2Mkg8p) 3-5

substituting wk(O) in Equations 3-3a and 3-3b and dropping the
subscripts for the sake of simpliclty, the temperature

coefficient of resistivity (TCR: can be calculated from Eq. 3-4

a = (17p) [dp/dT]

2[(1-ST(2KF))“ST(2KF)] dW(T)~dT

8[(1-ST(2KF))”’ST(2KF)] W(O)”/T

ep”/T
T 2 1
[a(-——)'?J C ) 9z - ( )] 3-6
ep eZ-1 e€p/T - 1
0
Equation 3-6 demonstrates that dw(T)-dT > O at all temperatures

and as such a |Is negative If ST(2kg) > 1 and positive |If
ST(akr) < 1. Ailternatively, a negative TCR Is expected only when
2KF lles In the vicinity of kP' the k value corresponding to the
first peak of S(k); otherwise a positive TCR Is expected. In |ow

and high temperature limits, Eqn. 3-3a reduces to

W(T) = W(O) + 4W(0) (®w2/6)[T/6p]2, T << ©p 3-7a

W(T) ~ 4w(0) [T/8p], T > 6p 3-7b
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Bearing in mind that W(0) << 1, EqQqs. 3-4 and 3-7 can be combined
and the exponential function In the modiflied version of Equation
3-4 expanded In power series to yleld the asymptotic temperature
dependence of p. Also, In order to facllitate the direct
comparison between theory and experiment, a different form of

EqQn. 3-4 has been used as

F(T) = p(TIZP(To) = aq + ap e~2[W(T) - W(0)) 3-8a
ep’T
Z
r(T) = a3 + ap {-8W(0) [T/€p]° dz} 3-8b
(e -1)
o

where

ag = {1 + [Sp(2kp) - 1) e~2(W(T ) = W(0));-1 3-9b

apg = a4 [Sg(2kg - 1] 3-9b
or

So(2kfF) = 1 + ap’ay 3-10
TO Is 273.15 K is the ice temperature. From the Equations 3-7a

and 3-7b one can also see that

P(T) a T2, T << 8p

p(T) a T, T 2> ©p

One can also estimate ©Op for a given glass from the above

relations, since
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a = (17pr7)(dp7dT) = L/6p , T > 6p 3-11
s = (17pRT)(dpsaT2) = w2re(Ls6p) , T << ©p 3-12

Where L Is a constant. From the above two equations one can

obtain
ep = (wSs/6)(ass) 3-13
Thus the Ziman theory is able to predict the following @

(1) parTe, T << ©p

paT, T > §p

(l11) negative or positive TCR depending upon the relative

positions of akF and kP

(111) numerical values of p and TCR of some alloys where partial

structure factors are aval lable (Waseda 1978)

(iv) the change in p(RT) but not in TCR due to relaxation (Lin

1979).

3.3.2 The Mott s-d scattering model :

in case of transition metal alloys the electrical
resistivity, p Is composed of two parts (p = pPpg *+ Pg)., Wwhere pg
is the contribution from the sp-band and pyq Is from the d-band.
General assumption is that the effective mass of the d-electrons
iIs too large for them to contribute significantly to the

conduction process (Naugle 1984).
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Mott s-d scattering assumes that the more mobile s or p
carriers are srongly scattered into less mobile d-holes at the
Fermi surface (Mott 1972). Since the number of d-holes Is
proportional to the density of states at the Fermi energy, the
electrical resistivity will be given by p a §NgG(EF)/Ng(EF)}.
Brown et al (1979) used a muffin-tin model to obtain the

following approximate expression.

Pmott <& Ng(EF) 3-14

Brouers et al (1975) have suggested that N,(E) does depend
on temperature and there exist a significant smearing out of
Nd(E) with Increasing temperature. When EF Is close to a maximum
in Ng(E), the p Is high and thermal smearing causes Ngq(EfF) and p
to decrease with Increasing temperature. when EF Is far from a
maximum in Nd(EF) the resistivity Is low and the smearing causes
Ng(EF) and p to increase with Inc;easlng temperature. Both these
effects produce negative TCR when EF Is close to maximum in Nd(E)
and TCR becomes positive as [3(In Nd)/aEJEEF and Ng(EfF) are

decreased.

Mott has stressed that this model is valid only when there
is a significant difference In mobilities of s and d electrons.
This model may break down for very-high-resistivity materials

where all mobilities are very low.

55



3.3.3 Two-level tunneling model:

This theory proposes the existence of quantum mechanical two
level tunneling states for some of the atoms in a disordered
solid. This mode! is simllar to the model proposed by Anderson
et al (1972) and Phillips (1972) In insulating glasses. Cochrane
et al (1975) used this model to explain low-temperature minimum
found in some metallic glasses, which resembles the minimum seen
in the crystalline Kondo systems. They calculated a term In p of
the form -C In(T3+ Aa). where 2kg |Is the energy splitting between
the tunneling states. The one half of the energy difference

between the two levels Is =~ 1 K. Thus the effect |Is more

pronounced at low temperatures.

Tsuel (1978) has suggested that the Hamiltonian for
electrons scattering from the locallized exclitations arising from
these tunneling states is assumed to be identical with the Kondo
Hami 1tonian which can give rise to a resistivity minimum and a
negative TCR over a wide temperature range in high resistivity
metals. He found a better fit to p(T) = p(0) - C IN(TE « A2) than
with Ziman theory's I|inear decrease |In resistivity with

temperature at higher temperatures.

3.3.4 The theory of locallization :

Jonson et al (1979) have used the theory of focalization to

explain the MoolJ) correlation of TCR to p on very general
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grounds. They assumed the short electronic mean free path
(strong scattering) as It Is In the metalllc glasses. At low
temperatures phonons scatter electrons and thereby p Increases
with Increasing T. In high-resistivity materials the adiabatic
approximation breaks down and the phonon dynamics must be
Included In any picture of the conduction. The effect of phonons

when the electron mean free path Is very short Is to increase the

mobility of the conduction electrons. The MooiJ correlation
follows directly <from this mcdel. It iIs produced by the
competition of two effects of phonons: Increased scatterlhg due

to increased disorder and the increase In mobilities of electrons

due to inelastic processes.

Imry (1980) has reached similar conclusions based on the
scaling theory of localization. He finds that when the Inelastic
mean free path |Iis smaller than the coherence length In the
extended phase, the resistivity decreases with temperature and Is
proportional to the inelastic mean free path. The higher the
resistivity, the shorter should be the mean free path, so that
phonons should become more effective at increasing conduction.
Thus a high value of p should be associated with a negative value

of TCR.

In addition to these models there are several other
theories of magnetic origin. The Important among them are Kondo
approach predicted by Kondo (1967) using perturbation approach,
in the second Born-approximation and coherent-exchange scattering

model. The Kondo effect Is assoclated with the scattering of
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conduction electrons from a local magnetic Impurity In an
otherwise non-magnetic matrix. This glives rise to a spin-
dependent Increase In p at low temperatures which, coupied with
the usual Increased scattering by phonons at higher temperatures
produces a minimum Iin the total resistivity of these alloys. The
striking resistance rise at low temperatures and Its sensitivity
to the nature and concentration of the Impurity In dllute
transition metal-metaliold based amorphous alloys has been
assoclated with the Kondo effect.The coherent-exchange scattering
model IS proposeﬁ by Asomoza et al (1977) in order to explain the
unusal resistivity behaviour of rare-earth based amorphous

alloys. This model |Is based on the temperature dependence of

spin-spin correlation.

3.4 EXPERIMENTAL RESULTS :

The experimental studies of the electrical resitivity, p
measurements of (Fe1-xc°x)758108'15 (0.00 ¢ x ¢ 0.12) alloys |In
the temperature range 1.5 to 900 K and FeTONi12__xMoxB1GSI2
(0¢ x ¢ 3) alloys In the temperature range 4.2 to 900 K have been
carried out, although the whole temperature range has not been
necessarily used for all sample measurements. The results have

been discussed {(n the light of diffraction model discussed In

section 3.3.1.
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3.4.1 Resistivity measurements of Fe-Co-B-Si alloys :

alloys have been studied In the

The (F €0, ) 158, oS!

€1-x"%)15"10%15
temperature range 1.5 to 300 K for compositions 0.00 ¢ x ¢ 0.08.
Filgure 3-1 shows the temperature dependence of p/p(300) of these
glasses. The high temperature studies In the temperature range
80 to 900 K have been performed for the compositions 0.00 ¢ x <
0.12. The results are plotted In Figure 3-4 with p/p(300) on the

y-axis and temperature, T on the x-axis. The following

observations are made during the measurements.

(1) All the samples show a broad minimum around 20 K. This has
been observed by plotting Ap7AT vs. T Iin the low temperature
region from 1.5 to 300 K (Ap between the points 1 and 3 In the
resistivity vs. temperature plot is given by P3P and AT is the
corresponding temperature difference between them). The point
where the slope in the above mentioned plot becomes zero or
nearly zero Is taken as the minimum Iin resistivity, pgin 8and the

corresponding temperature as Tm in

(i1) The minimum does not seems to be affected by the addition of

Co Iin small quantities atleast till 9 at.¥* of Co In Fe759108'15

metallic glass.

(ill) Below Tmln a logarithmic behaviour |Is observed between 3
to 15 K and below 3 K the p seems to saturate towards a constant
va lue. The region between 3 to 15 K has been fitted to an

equation of the type Y = A « B INnT where Y = p/p(300) and the
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Fig. 3-1 : Temperature dependence of reduced

electrical resistivity ratio, p(T)Zp(RT)

of amorphous (Fe1-xc°x)758108i15 alloys.
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results are tabulated In Table 3-1. The graphs between InT and

[CPCT) - Pmin)”Pmin] are shown In Figures 3-3a and 3-3b.

(iv) The Ta behaviour Is observed above Tmln

data In this reglion Is fitted to Y = C « DT> and the values are

and upto 100 K. The

tabulated Iin Table 3-1. Figure 3-2 clearly shows the existence

of TS dependence. Here [(p(T)-p )’ Ppnl S Plotted against T,

min

(v) Above 100 K a parabolic behaviour |Is observed with a small
but not negligible quantity of Ta term. This region has been

fitted to Y = E + FT + GTa and the values are given In Table 3-1.

(vi) The Debye temperature, ©p calculated by substracting an
extra T2 term due to coherent electron-magnon scattering are In
very good agreement with the 6p values of other simi lar
ferromagnet ic amorphous alloys. The values of ©p obtained without
neglecting Ta term due to magnetic contribution yielded much

higher values as listed In Table 3-2.

(vil) In the high temperature resistivity measurements and in the
temperature region 80 to 400 K, a slight parabolic behaviour |Is
observed. However, the reglon from 400 to 500 K shows a |Inear
temperature dependence of resistivity. This region has been

fitted to an equation Y = J « KT and the values of J and

K can be seen In Table 3-1.

(vilil) All the samples show double crystallization and the
intensity of the second crystallization peak diminishes with the

additin of Co. This can be seen clearly In the Figure 3-5b. The
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DSC thermogram (Fig. 3-5a) shows initially a small peak followed
by a bigger peak for the crystallization processes In Fe-Co-B-Si

glass for x = 0.02.

(ix) At Tc. a slight slope change in p/p(300) vs. T Is observed.

The values of Tc and crystallization temperatures, sz increases

. . %

with 1.5 at of Co to Fe7SB1OSI15 alloy. Further addition In
small quantities of cobalt at the steps of 1.5 at.¥ does not
show much increase Iin these temperatures. All these values are

once again conformed by DSC studies and are listed in Table 3-3.

(x) The room temperature coefficient of resistivity, a(300) are

positive for all the alloys. The absolute room temperature
resistivity, p(300) values Ile below 150 uQ-cms, which |Is a
requisite condition for Mool J correlation. This |Is described In

the forthcoming section.

(xi) The percentage of drop in resistivity during amorphous to
crystalline transformation Increases with Co addition. For
example, for x = O, the percentage of drop in resistivity Is 2.3%

and It Is nearly 7% for x = 0.12 In Fe-Co-B-Si alloys.
3.4.2 Resistivity measurements on Fe-NIl-Mo-B-Si alloys :

The resistivity measurements of Fe?ONI12—xM°xB168|2 (0O ¢ x
< 3) alloys have been carried out from 4.2 to 900 K. The plot of

p7p(300) vs. T for these alloys Is shown in Figure 3-6 In the

temperature range 4.2 to 80 K. Figures 3-7 and 3-8 shows the
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Table 3-2 : Debye temperature, ©p calculations In the various

temperatute ranges of (Fe1 Co )7sB1°SI15 amorphous alloys and

the ©p values of FegpBpo-xCx (Kaul et al 1986), FeyCogo-xB2o

alloys ( Kettler et al 1982) and Fe CoxSI1OB12 (Kuentzler et

78-x
al 1985). First three are from resistivity measurements and the’

last one Is from specific heat measutements.

(Fe, _,C0.);cS1,eBig FeaBan (Cy Fe,C0%0 yBog Fe75C0,S110812
(specific heat data)

x *6p(K) **ep(K) x  ©p(K) X ep(K) X ep(K)

at.% at.»% at.% at.%

0.00 580 301 O 328 ‘0 284 00.0 288

0.02 806 310 2 331 20 310 15.6 316

0.04 815 329 4 301 40 362 54.6 320

0.06 862 338 10 310 60 371 73.2 202

0.08 783 345 _— e—- 80 342 78.0 299

*ep - (”2/6) (K/D) and **ep = (-n'afs) (F/D-G)
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Table 3-3 : Detalls of high-temperature mesurements values of
resisvity of (Fe1-xc°x)759108'15 amorphous alloys. Tc = Curle
temperature, Tx1 = Starting point of first crystallization peak,
Txa = Starting point of second crystallization peak, Txc =
Complete crystallization point, a(300) = Temperature coefficient
of resistivity and p(300) = Room temperature resistivity. The
Tc and Tx values In the brackets are taken ?rom DSC data. The
p(300) values In brackets are calculated by pressure contacts

using platinum wires.

X Tc Tx1 Txa T,‘c % of p(300) a(300)
-4 1

at.%  (K) (K) (K) (K) drop (+#5) (10 x K )

In p pwQ-cms

0.00 690 715 825 840 2.3 102 1.3
(683) (712) (820) (835) (=)

0.02 760 795 815 830 e.7 107 e.e
(712) (797) (820) (835) (113)

0.04 750 813 833 848 c.8 125 1.8
(717) (802) (814) (838) (132)

0.06 760 805 825 840 3.8 108 1.9
(723) (800) (822) (838) (120)

0.08 755 800 815 830 1.8 84 2.0
(729) (800) (817) (841) (88)

0.10 755 785 815 830 5.4 86 2.6
(738) (791) (821) (838) (88)

0.12 760 785 815 830 7.0
(739) (791) (820) (832)

-- data Is not sufficlent to calculate.
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plots of resistivity ratio vs. T of these alloys In the
temperature ranges 80 to 300 K and 80 to 900 K, respectively. The

experimental observations are listed below.

(1) A broad minimum in resitivity Is observed around 11 K for
Fe7°NI1aB163I2 alloy and it increases drastically to 60 K with 3

at.% of Mo addition In this glass.

(iil) Below Tmln a logarithmic behaviour of resistivity with
temperature is observed as shown in Fig., 3-6a. The data In this
region has been fitted to an empirical relation of the form

Y = A+ B INnT. The values are tabulated in Table 3-4.

(iil) A quadratic temperature dependence of resistivity Is
observed above Tmln and the data In this region has been fitted
to an equation of the form Y = C + DTa and the values are

tabulated In Table 3-4.

(iv) The temperature dependence of resistivity ratio shows a
slightly parabolic behaviour above 80 K. This region has been
fitted to an equation of the form Y = E +« FT + GTa and the values

are tabulated in Table 3-4.

(v) At higher temperatures the temperature dependence of
resistivity is found to be linear and follows an equation of the

type Y = J +« KT. The values of J and K are presented Table 3-5.

(vi) All the samples show double crystallization indicating a two

stage crystallization process.
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(vil) The percentage of drop in resistivity during amorphous to
crystalline transformation decreases with Mo concentration In
contrast to Fe-Co-B-S| amorphous alloys where It increases with
Co addition. |In addition, the percentage of drop In resistivity
in these alloys |Is about one order more than the Fe-Co-B-Si
alloys. For example, the drop In resistivity for FeToN'1EB168'a
glass |Is around 23% and for 3 at.*¥ of Mo addition the drop In

resistivity comes down to 11% In Fe-Ni-Mo-B-Si| al loys.

(viii) The Tc and sz decreases with Increase In Mo atomic
percent and these values are lower than Fe-Co-B-S| alloys as

listed Iin Table 3-5.

(ix) As p(300) increases a(300) decreases. The presence of Mo

seems to Increase p(300) monotonically and the values are glven

in Table 3-5.

(x) The ©p values lie between 130 to 255 K and these values are

lower than the 6p values of Fe-Co-B-S| alloys by about 100 K or

more.

3.5 DISCUSSION :
3.5.1 Resistivity minimum :

The behaviour of Tmln varies with the type of the elements

that constitute the alloy, their composition and thermal

treatment. For Instance, In FeBOBEO-xcx alloys (Kaul et al 1986)
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Table 3-5 : Detalls of high temperature data fit to Y = J + KT
(400 to 500 K), Debye temperatures, ©p, Curie temperatures, Tg,
Crystallization temperares, sz. room temperature resistivity,
p(300) and room temperature coefficlient of resistivity, a(300) of

MoxB Si. alloys. The values iIn brackets are taken from

FesoNly2-x 165'2

DSC studles.

X J K sigma *ep **ep T¢ Txq Tyxe P(300) a(300)
at.% (o (o™ ) ) K K) (K (KD (10™h
™ ™

o 0.910 3.11 3.85 366 255 697 700 750 96 3.57
(736) (768)

1 0.950 1.65 0.95 437 195 668 705 780 138 1.31
(745) (786)

> 0.963 1.16 1.58 =--- =--- 627 730 800 142 0.60
. (754) (799)

3 0.960 1.20 2.31 444 130 587 785 815 145 0.50
(753) (816)

xgp ~ (w2/6)(KsD) and **ép T (w2/6) [E/(D-G)]

--- data is not sufficient 1o calculate ©p value.
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Tain !NCreases with Increasing carbon content. Fig. 3-8a sShows

the Tmln vs. Fe at.% and Ni at.% of various metallic glasses. The
Tmin of FexTBO -xB20 (T = Co,NI) alloys are lying between 10 to
25 K, whereas In Fe-(Cr/W)-B alloys the T Is Increasing

min
drastically with Increase InCr or W concentration. Similar

observation can b

e seen |n Fe,, NI, Cr B,, alloys (Plotr
Czerneckl et al 1985). In Fe NI80 xBEO alloys (Kaul et al 1987)
It Increases with iron composition till 55 at.¥ and decreases
thereafter. In Fe8N172P1°B10 ( Kadliecova et al 1986) al loys,
Tmln increases by annealing near to crystallization temperature

but as the crystallization starts (below Tx) Tmln decreases which

Is not an usual behaviour Indeed, In Au1_lex alloys (Yu Mel et
al 1986) the minimum In temperature Increases with NI
concentration. In Fe COBO -x 20 alloys (Kettler et al, 1982) the
Tmin decreases with Increase in Fe content. However, for Feao 20
(x = 80 In the above system) Tmln Increases slightly from 12.5 to
12.8 K where the later Is for Fe?Oc°1OBEO alloy. This Iimplies
that 10 at.¥ of cobalt does not seems to affect Tmln much In
stud and in
Fe, Cogq_,Boo alloys. iIn the present udy
nimum Is around 20 K for all
(Fe1-xc°x)758108'15 alloys, the mi u
the samples. The changes In Tmln with Co addition is feeble, |f
there Is any, atleast till 9 at.* of Co substitution. In
, T Iincreases drastically from 11
Fe7ONi12 xMo B16 > alloys min y
to 60 K for x = O to x = 3, respectively. In case of the alloy
Fe Nl Mo B Sl where 6 at.% of Mo |Is added and Fe

6

concentration Is Increasd by 2 at.% at the cost of NI (when

compared to Fe-NI-Mo-B-Si alloys studied here), the Tmln Is
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drastically changing to around 100 K. This minimum could not be
accurately determined as the P vs. T curve Is showing a broad
minimum and the resistivity experiment was done only froq 80 K
due to some experimental limitations. However, It Is understood
from the overall results that even In the presence of higher
concentration of magnetic atoms, a small non magnetic impurity

(Mo in the present case) will shift the T to higher

min
temperatures. The resistivity ratio, p(T)7p(300) vs. temperature
for this alloy Is as shown In Fig. 3-8b. The dotted lines in the
figure shows the reproducibility of thé experimental results. It
may be noted here that Mo falls In VIB group of elements of the

periodic table where Cr and W are there.

Sas et al (1987) have shown that in case of FeaoTaEl17 alloys
(where T = Pd, Pt, Fe, NI, Rh, Co and Cu) the Tmln does not shift
significantly, whereas, for T = Ir, Mn, Ta, W, Ru, VvV, Cr, Os and
Nb, Tmln Is shifted towards higher temperatures. |t may be noted
by observing the overall results Iin these alloys that for the

elements of the groups VB, VIB and VIIB, that is, for the

elements which are located to the left of iron Iin the periodic

table, Tmlrl Is shifted towards higher temperatures, whereas for
the elements in groups VIII and IB, that Is to the right side of
Fe, Tmln do not change significantly. These results agree with

the measurements of average magnetic moment and hyperfine fileld

for similar amorphous alloys (Fe1_xTx)7aB1aSI10 (Kemeny et al

1981). In these works a strong decrease of average hyperfine
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fleld |Is observed for the materials where the Tmln Is Increasing
drastically. In our studies also, It Is quite Interesting to note
that the hyperfine fields of Fe-Co-B-Si alloys are not chang ing

much (Table 5-2), and also the Tm On the other hand in case of

in®
Fe-Ni-Mo-B-Si alloys the Tmln Is Increasing and hyperfine fleld
Is decreasing systematically (Table 5-3) with Increase In Mo

addition.

It is quite Interesting to note that no pymn |S observed In
high purity Pd-§I and Pd-Cu-Si glasses (Suryanarayana 1984).
However, by the addition of controlled quantities of Co, Fe, Cr
and Mn to amorphous PdgpSipp resulted In a pmp and the Tpn
increased with the magnetic impurity (Tsuel et al 1969 and
Hasegawa et al 1970). Thus, the pgn has been explained on the
basis of Kondo type s-d exchange scattering (Tsuel et al 1969).
Lin (1969) has showed that there is a connectlion between the

resistivity minimum and the degree of amorphousness of the glass.

Cochrane et al (1975) has observed that InT dependence of
resistivity 1Is unaltered by an applied magnetic field of 45 KOe
and they suggested that the resistivity minimum may not have |ts
origin In the Kondo effect. It may not be due to magnetic
impurities alone. They explained the resistivity minimum using

two-level tunneling model described in section 3.3.

Philippe Meltreplerre (1970) observed that in pure

r all Iron Impurity In Pd Is about
lean”Pao alloy where the ove P y

8e



S ppm or less, the resistivity minimum is stil| observed and did
not differ much with the observed minimum of less pure alloys.
He attributed this puzziing result may be due to the dif;erence
in the concentrations of the actual localized moments
contributing to the ppn and over all Fe concentration. It Is
likely that the electron transfer occurs between phosphorous and
d-band of the magnetic iron atoms. Most Iron atoms would then
have no localized moments except for a few isolated ones shielded
from the electron transfer process. This implies that the Kondo
type phenomenon In resistivity does not seem to be directly
related to concentration of iron but to localized moments on the

iron impurities.

The Tmln Is not observed In case of non-magnetic alloys
| i ke ca?OHQBO-xAlx (Mizutani 1987) and Ca1_xAIx (Naugle 1984)
alloys. The LnT behaviour at Ilow-temperatures ( < Tmln) and

existence of Tm in only the alloys where the magnetic atoms are

in
present can only say that the resistivity minimum is of magnetic

origin.

Thus, although a few models can explain the minimum |InNn
resistivity in a few samples, no particular model seems to
explain the I|ow-temperature restivity minimum as a general

phenomena In amorphous ferromagnets.
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3.5.2 Temperature dependence of electrical resistivity :

Evidence of magnetic contribution to the resistivity.

It has been stated that the magnetic contribution to
electrical resstivity exist In

y case of FeaoBao—xcx alloys (Kaul

et al 1986). We made an effort to check the presence of this

contribution In case of Fe-Co-B-Si and Fe-Ni-Mo-B-Si| alloys for

the first time.

Usually, the temperature dependence of resistivity |Is
analyzed using diffraction mode! ( Nagel et al 1977) by taking
into consideration the Iintermediate and high temperature
resistivity data and by completely neglecting the magnetic state
of the alloy. The reasons for this are two fold. Firstly, n
the Intermediate and high temperature regions p exihibits the
same temperature dependence in several magnetic as well as non
magnetic glasses. Secondly, the diffraction model yields both
quadratic (T << 8p) and linear (T > ©p) temperature dependence of
p. There are several works where the simple T2 dependence of
resistivity |Is contradicted for the ferromagnetic alloys at
intermediate temperatures (Babic et al 1980 and Kaul et al 1986).
A sharp anamoly in the temperature derivative of electrical
resistivity at the Curie point reminiscent of critical
resistivity behaviour normally found In crystalliine ferromagnets
has been observed (Bohnke et al 1983) In ferromagnetic glasses.
These observations shows that the contribution due to the

scattering of conduction electrons from e lectron-magnon
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scattering (which at low temperatures gives rise to a quadratic
temperature dependence for crystalline ferromagnetic 3d-
transition metals) gives a significant contribution to p In
magnetic metallic glasses and hence the approach of neglecting
the magnetic contribution to resistivity, Pmag(T) while analyzing
the resistivity data on ferromagnetic alloys may not be correct.
Theoretical Investigations of Bergmann et al (1978) and Richter
et al (1979) which realise the magnetic contribution to the
resistivity used spin-wave approximation to calculate pmag(T) for
amorphous ferromagnets. This approximation reveal that pmaQCT)
comprises of two positive contributions; one varying as Ta. as in
crystalline ferromagnets and the other as T3/a. The contribution
to Pmag(T) from T372 term (which appear only In amorphous alloys)
is atleast 2 orders of magnitude greater than the one arising
from the Ta term. Hence, these theories predict a '1‘3/a power law
for p(T) at Ilow temperatures in amorphous ferromagnets has

contrasted with the TE dependence found In these materials.

The resistivity exhibits the variation with temperature In

both the Fe-Co-B-Si and Fe-Ni-Mo-B-S| systems studied by the

following relations.

Y(T) = A + B InT, T< Toin 3-15
} 2 3-16
Y(T) = C « DT, T> Tmln
Y(T) = E « FT « GTC 100 ¢ T ¢ 300 K 3-17
In view of theoretical results (Ritcher et al 1979) wupto
the second order iIn the scattering potential, the Matthiessen’s
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rule iIs
P(T) = Pstr(T) + Pmag(™) 3-18

where pgtpr(T) Is the structural contribution and Pmag(T) Is the
magnetic contribution to the electrical resistivity. At low
temperatures, both ppag(T) and pgyn(T) follow TS power law ( Kaul
et al 1986). Keeping in view that the structural contribution to
electrical resistivity which goes as Ta at low temperatures and
which turns as T dependent at higher temperatures (T > ©6p), the
extra ‘Ta term at high temperature fits (l.e., GTa) can be
attributed to the electron-magnon scattering. Comparing the
values of D,F and G In the Tables 3-1 and 3-4, it Is clear that
Pstr dominates pmag IN the entire temperature range 60 to 300 K
and hence the magnetic contribution to resistivity can be missed
easily while analyzing the results. Following this argument the
terms DTa, FT and GT2 in Equations 3-16 and 3-17 are Iidentified
as [pgtp(T) + pmag(T)], PstrQT) and pmag(T) respectively. Now

the equation for Debye temperature can be obtained as
ep = (wes/6) [F/(D-G)] 3-19

The ©p values calculated from the equation 3-19 of

. x ¢ 0.08 alloys and
amorphous (Fe1-xc°x)758109'15 (0.00 < < ) y

¢ x < 3) alloys are listed in Tables 3-2
FeTopll12_xMoxB1GSlE (0 ¢ x & 3) y
and 3-5 respectively. The 6p values of Fe-Co-B-SI alloys are

compared with the Debye temperature values of Fe78_x00x811op12
(0.OO ¢ x ¢ 78.0) alloys (Kuentzier et al 1985) and

¢ 8 alloys (Kettler et al 1982). The
FegoCo,0-4Cx(0 & X < 0) ys (
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©p values of Fe-Co-B-Si alloys are In reasonably good agreement with
the ©p values of the above mentioned iron-rich metallic g lasses

as listed In Table 3-4. For further clarification the following

excercise has been taken up.

According to diffraction model, | inear temperature
dependence of resistivity Is expected for T > ©p. wWe have
selected the temperature region from 400 to 500 K and the data

has been fitted to a linear relation
Y(T) = J +« KT 3-20

which gave rise to a minimum xZ value and the ©p values are
calculated using the Equation 3-13. The values from this
equation yielded much higher ©p values In both Fe-Co-B-Si
and Fe-Ni-Mo-B-S| alloys and the values are listed In Tables 3-2
and 3-5 respectively. The reason for this is that In egn. 3-13,
though the I|inear temperature dependence for a |Is satisfied by
considering the temperature region T > 6p (400 to 500 K). In the
s term, it Is not purely structural contribution as expected by
diffraction model, but a mixture of structural contribution to
= 2

resistivity which goes as T and an extra T  contribution due to

magnet ic scattering. This term was substracted to calculate 6p

values using egn. 3-19.

The ©p values are around 300 to 330 K for the Co containing
glasses and 130 to 255 K for Mo containing glasses depending on
the alloy —composition. The presence of Mo decreases 6p

drastrically. The region above ©p has been tried for a | Inear
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fitting. We found a Iinear temperature dependence above ep for
Mo containing samples. However, these values have to be
Justified elther by fitting the data to the theoretical equation

or by comparing the €p values with the 6p values obtained from

specific heat data.

The ©6p values obtained by subatracting the magnetic term
(l.e., GTa) which eventually gave rise to reasonably good values.
The ©p values of Fe-Co-B-S| alloys are very well agreeing with
the ©p values of other ferromagnetic alloys shown Iin Table 3-2.
These observations supports the magnetic contribution to
electrical resistivty In Fe-Co-B-SI and Fe-Ni-Mo-B-Si metallic

g lasses.
3.5.3 MooilJ correlation :

MooilJj (1973) found a remarkable correlation between the
temperature coefficient of res}stlvlty , a, and the magnitude of
electrical resistivity, p. He observed a large number of
magnetic as well as nonmagnetic glasses Including crystalline
samples with chemical disorder and found that as p Increases a
decreases and becomes negative for p > 150 uQ-cms. He also
concluded that this universal behaviour does not depend on the
constituents of the alloy or the amorphous nature. Naugle (1984)
listed the p and a values of many nonmagnetic glasses and

observed a siml lar behaviour Iin almost all the glasses.
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in (Fe1-xc°x)7531os'15 (0.00 ¢ x ¢ 0.12) metallic glasses
the resistivity values lie below 150 u0-cms and a values are
positive. A systematic change In these values with composition
Is not observed for the following reasons. Firstly, the
difference |In composition of the constituents of the alloys Is
very low and any change in physical parameters during preparation
of these samples may change the structural disorder which inturn
affect the absolute values of p. Secondly, the error In the
measurements of thickness, breadth and length between voltage
leads also Influence the absolute resistivity values. The
absolute resistivity values of Fe-Ni-Mo-B-S| alloys at room tem-
perature |ies between 96 and 145 uQ-cms and the a(300) values are
between 0.5 x 10 K~' to 3.57 x 10”1 k™! as given In Table 3-5.
The absolute resistivity values of Fe-Ni-Mo-B-S| alloys
are greater than the Fe-Co-B-S|I alloys. The p values of
Fe-Ni-Mo-B-S| alloys systematically Increases with the addition
of molybdenum. For example, the p(300) and a(300) values of

4

) -4 -1
. K respectively.
Fe?oNI1aB1GSla alloy are 96 K and 3.57 x 10 . o] Y]

Whereas, for the alloy FeTOngM0381GSIa alloy, they are 145 K and

0.5 x 10 kx™'. This implies that as p Increases a decreases

systematically and hence seems to follow the MooliJ correlation.

3.5.4 Curle temperature and crystallization studies :

Crystallization studies of metalllc glasses are very
important while studying the stability. Amongst all the

aval lable methods to measure, the simplest |Is electrical
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resistivity. Of course, the DsC thermograms originally developed
for polymer studies also acts as a method to elucicate
crystallization due to the Iqrge enthalpy, H of metallic glasses.
The Curie temperature, Tc can be seen In DSC with a cusp In the H
vs. T graph. In resistivity, a slope change In p vs T occurs at
Tc. The crystallization temperatures are observed by a sudden
dropl in entahipy and p In DSC and resistivity measurements,
respectively. Usually one or more number of crystallization

stages occur depending on the crystallization products.

Measurements show that Fe-Co-B-Si metallic glasses
crystallizes In a two stage process. The values of Tc' the

starting point of first crystallization, T the starting point

X1’

of second crystallization or decomposition, Txa and the complete

crystallization temperatures, Txc for these alloys are listed In

Table 3-3. The Tc is 690 K for FeTSB1OSI15 alloy and increases to
760 K by the addition of 1.5 at.% of Co. Further addtion at the
steps of 1.5 at.* of Co shows a slight increase In Tc in these
samples. A double crystallization Is observed In all the alloys
similar to the crystallization observed by Baro et al (1984) In

Fe, . B.Si metallic glass. They attributed first crystalllization

7879 13
due to a-(Fe,Si) and the second crystallization due to the

.e. = 0.00 In Fe-Co-
(Fe,B) products. Iin Fe,cB Sl g glass (l.e., x
B-Si alloys) Tx1 is observed at 715 K, Txa at 825 K and Txc at
848 K. Further addition of Co to this alloy Increases the
crystallization temperatures slightly, although the

crystallization temperatures for x = 0.10 and 0.12 seems to be
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decreasing slightly. The effect of Co additon on crystallization

Is shown In Flgs. 3-9a by resistivity measurements and 3-9b by

DSC studies.

67001 38‘1811 It was

shown that T,, Is higher by 40 K for the later compound (Bhanu

In Co rich allo |
ys like Fe.HCo1OB16 and Fe

Prasad et al 1983). However, this may have been due to S| iIn
the second sample which is known to increase thermal stabllity
and Tx of transition metal-metalloid glasses. The other
Interes?lng observation Is that the second but small peak appears
in the first cyrstallization region moves to higher temperatures
with lesser Intensity. This has been observed previously also
for Fe-Co amorphous alloys (Bhanu Prasad et al 1983). This
indicates that the crystallization Is taking place In two stages.
It Is suggested that the first cyrstallization results In the
precipitation of (Fe-Co) alloy within (Fe-Co)B-S|I amorphous
matrix, which then crystallize further with higher concentration
of Co. More (Fe-Co) alloy precipitates leading to a sharper drop
in the resistivity which is seen Iin Figure 3-5b. The percentage
of drop in resistivity during amorphous to crystalline
transformation Increases monotonically with increase Iin cobalt

content from 2.3% to 7.0% for x = 0.00 to 0.12, respectively.

The Tc for these alloys increases with Increase In Co
concentration. These temperatures are plotted with Co at.* |In
Filg. 3-10a. Figure 3-10b shows that by heating the same material

second time (below Tx) increases Tc by nearly 7 K which means

some structural changes are occuring with thermal treatment.
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Fig. 3-9 : Crystallization temperatures of Fe-Co-B-Si
alloys for the first and second peaks.

(a) By resistivity measurements.
(b) By DSC measurements.

92



However, no change in T, !s observed atleast for the heating
rates 10 to 100 K/min as shown in Fig. 3-11a for x = 0.02 In
Fe-Co-B-Si alloys. This Implies that the structural changes are
occuring somewhere In between the starting temperature and Tc'
The Iisochronal annealing studies for 15 minutes annealing at
different temperatures showed a sudden Jump in Tc somewhere In
between 573 K to 773 K as shown in Fig. 3-11b Indicating
structural relaxation related effect, as these temperatures are
close to Tx' Figure 3-11c shows the effect of Isothermal
annealing at 773 K (below 25 K to Tx) for different times for
x = 0.02 alloy. It Is interesting to see that the Tc rises
initially which 1Is interpreted due to structural relaxation.
Heating for longer times at this tempeterature changes Tc only
slightly and eventually leading to almost a saturated value of

727 K. Thus one must be careful Iin making measurements at higher

temperatures without taking care of relaxation effects.

In Fe-Ni-Mo-B-SiI alloys also, a double crystallization |Is
observed. Here, the Tc and sz decreases systematically with Mo
addition (as shown in Table 3-5) and they are less than that of
Fe-Co-B-Si alloys. Also the second crystallization peak is not

as prominent as that of Fe-Co-B-Si alloys.

Babu et al (1984) have showed the presence of a(Fe,Mo), FepB

and FeEMo phases apart from a-Fe In simi tar alloy of composition

stallizin the sample at 912 K wusing
e?ENI4M°681GS|a by cry 9

Mossbauer spectroscopy.

|.‘
This sample when It Is heated to 1273 K

and then cooled to room temperature showed additional features
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such as an Invar alloy with a

composition of Fe Nix

1-x
Interestingly the allo I

’ v ke Fe‘|°Nl38Mo“B1a has showed a
y-FeNIMo phase followed by a fcc-(FeNi)o3Bg (RaJa et al 1987).
Also the Fe, NI, B,, glass crystallized Into four types of
crystals (Raja, 1986). The first two of them are eutectic
mixtures of y-FeNI + orthorombic (FeNi)3B and y-FeNI + fcc
(FeN1) B, and a third and the fourth are a single phase y-FeNI|

solid solution and an unknown Fe-rich phase. He claims that the

Mo enhances the formation of a fcc-(FeNl)2336 phase.

In case of Fe-Ni-Mo-B-Si alloys, we expect the initial
formation of (FeNiMo) and (FeNiB) phases similar to the work of
Raja et al (1987). Probably, these phases are dissociated to the
multiphases as observed by Babu et al (1984) In Fe72N14M06816812
glass. Hence the transformation of amorphous to crystalliine
phases in Fe?ONl1e-xM°xB1GS'2 alloys is multiphase oriented. The
percentage of drop in restivity during amorphus to crystalline
transformation Iin Fe-Ni-Mo-B-SiI alloys is more than Fe-Co-B-Si
alloys and decreases with Mo addition In contrast to Fe-Co-B-Si

alloys where it increases with increase In Co content.

3.6 SUMMARY :

The electrical resistivity minimum, pgpn does not seems to
be affected by the addition of small quantities of cobalt to

lass atleast till 9 at.% of cobalt content.
Fe758109i15 metallic g

The T in 0 Fe-Co-B-S| alloys studied Is around 20 K. In contrast
min
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to this Mo addition Iin Fe-NiI-Mo-B-Si system Increases the Tmln

drastically from 11 K for x = 0 to 60 K for x = 3. All the

metallic glasses studied showed logarithmic T dependence of p

be low Tmln' Presence of magnetic contribution to p Is suggested

in both Co and Mo containing metallic glasses and It |Is a
dominant TE dependence. The Debye temperatures calculated by
substracting the magnetic contribution to p gave rise to
reasonably good values which are In agreement with the 6p values
of other similar ferromagnetic netallic glasses. The 6p, Tgs and
sz Increases with the addition of Co to Fe-Co-B-Si .alloys and
decreases with the addition of Mo Iin Fe-(NiI-Mo)-B-Si| alloys. The
percentage of drop I(n resistivity (while transforming from
amorphous to crystalline phase) Increases even with the addition
of small quantity Co to Fe-Co-B-Si| alloys. On the otherhand, it
decreases In Fe-(Ni-Mo)-B-S| metallic glasses with the addition
of Mo content. As a increases, p decreases In all metallic

glasses studied and hence seems to follow Mool correlation.
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CHAFTER IV
THERHOELECTRIC POWER MEASUREMENTS
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CHAPTER IV

This chapter presents thermoelectric power measurements of

Fe-Co-B-8S1 alloys In the temperature range 80 to 400 K and

discusses the resulits.

4.1 INTRODUCTION :

Thermoelectric power (TEP) Is very sensitive to the
scattering process present in the material. TEP of amorphous
alloys 1|Is particularly valuable to test theories put forward to
explain the behaviour of electrical resistance since |t |Is
proportional to the energy derivative of electrical resistivity
at EF' Various models described in section 3.3 are able to
reproduce the observed features of p of metallic glasses
reasonably well within some range of temperatures for certain
sets of parameters of the model. However, the same models
predict entirely different hehaviour of the thermoelectric power
(S). Therefore, measurements of § can provide a way to
dist inguish among various theories, the theories which describe
the electronic transport In metallic glasses adequately.

However, It requires a systematic study of S with parameters |lke

composition, full temperature range. i.e., low temperatures to

the crystallization temperatures etc.

In this section we present the TEP of (Fe1_x00x)758108115
(0.00 ¢ x ¢ 0.12) amorphous alloys in the temperature range 80 to

100 K. Due to experimental limitations on low temperature

99



avallable, we could not go to low (< 80 K) and high (>400 K)
temperatures. TEP of nonmagnetic metalllc glasses has been
extensively studied by Nagel (1978), Basak et al i1980).
Gallagher (1981), Gallagher et al (1982), Matsuda et al (1982),
Baiblch et al (1982), Rao (1983), Deligado et al (1986) and
Mizutanl (1987). The experimental results In general are In good
agreement with the Mott s-d scattering and Ziman models (Ziman
1961 and 1969, Mott 1972 and Nagel 1978). Certain features of
TEP of these glasses -can be explained in terms of the electron-
phonon mass enhancement (Gallangher 1981 and Gallangher et al
1982). However, the TEP of ferromagnetic metallic glasses have

not yet been well explained.

Recently, a number of papers have been reported on the
thermopower of ferromagnetic metallic glasses (Babic et al 1980,
Pekala et al 1981, Kettler et al 1982, Bhanu Prasad et al 1982
and 1983, Kettler et al 1984, Pekala et al 1984 and Fritsch et al
1985). Kettler et al have shown that for T < Tc' the temperature

dependence of TEP Is mainly decided by the magnetic scattering

from the moment bearing atoms.

4.2 EXPERIMENTAL RESULTS :

The temperature dependence of the absolute TEP of amorphous
. ¢ x ¢ 0.12) alloys in the temperature

(Fel-xc°x375510§'15 (0.00 ¢ x <
range 80 to 400 K Is as shown in Figure 4-1. Al samples studied

show some common and general features of ferromagnetic metalliic

glasses as given below.
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(1) S Is negative throughtout the temperature range 80 to 400 K

and Is a non-iinear function of T.

(11) 8 vs. T varies approximately linearly at lower temperatures

(T< Tma ).

X

(111) 18| shows & broad peak around 300 to 400 K depending upon
the sample composition. The peak value 1dS/0TImax 8t T = Tmax
varies from 3.8 uv/K for x = 0.0 to 2.4 uv/K for x = 0.02.
Further addition of cobait In small quantities (1.5 at.%X at a
time) does not seems to affect [|dS/dT|pax but has a very small
effect. For Instance, |d8/dTlpax Vvaries from 2.4 uv/K for

x = 0.02 to 2.1 uv/K for x = 0.12.

(iv) For T > Tmax' S again |s expected to vary linearly with
temperature but with dS/dT being positive. This can be seen In

the Figure 4-1a for Fe720038108l15 allioy. Thermoeliectric power of

the alloy ( x = 0.04 in the present study) falls to -13.0 uv/K
during cyrstallization and then increases with temperature after
crystaliization. TEP |Is negative throughout the temperature
interval 80 to 800 K and shows parabolic behaviour with a maximum

negative 8 = -6.1 uv7/K at approximately 350 K. Slight structures

are observed in the data below 800 K. A steep |lnear drop INn § IS

also observed at 800 K which Is close to the crystallization

temperature, 815 K (agreeing very well with the value from

resistivity measurements. See Table 3-3), which reaches a minimum

value of -13 uv/K at 850 K, the temperature at which the

crystallization process gets completed. Beyond 850 KX the TEP
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increases linearly with rise In temperature. The negative value
of S of the sample over the entire temperature range 80 to 80C K
indicate that It Is of magnetic origin and has been observed In

various iron-rich metallic glasses (Bhanu prasad et al 1982).

Table 4-1 gives the values
of Tc' smax' Tmax' (dS/dT)T<Tmax'
Tmax”Te and ISmax”Tel - The table Infers the following
observations.
(i) Addition of 1.5 at.x of Co to Fe7581°SI15 alloy decreases

ISmax! @nd Co seems to have a stronger effect on § even Iin small
quantity. However further addition of Co In small quantities

do:s not seems to effect |Spaxl-

(i) Tmax Increases whereas Smax decreases with 1.5 at.» of Co
addition. Also, with the addition of Co, Tm“/Tc seems to
increase whereas |[Spax/Tcl decreases. However further addition

of Co seems to reverse the above behaviour with a slight
variation In ratios. The values of Tmax/Tc are 0.483 and 0.492
corresponding to 14.06 x 10~3 and 8.43 x 1073 uv/k2 of |Smax/Tcl

for x = 0.00 and 0.02 respectively.

(iit) The slope (dS/dT)T<Tmax decreases with the addition of Co.
For x = 0.0, the siope Is -3.8 X 10-2 puvs/Ke and for x = 0.02, It

Is -2.4 x 10-2 wv/K2. This Implles that the parabolic behaviour

of the TEP decreases drastically with the presence of small

quantity Co.

717 K whereas the
(iv) The Tc of Fe7200381osl15 is around
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Table -1 : Curle temperature and various parameters of

TEP of (Fe1_x00x)758108|15 (0.00 ¢ x ¢ 0.12) amorphous alloys.

x Te Smax  Tmax (987dT)  Temp. Toax”Tc Smax1/Tc
at.% (K) wvk-1 (k) 1072.pvk-2 (K) 10-3.uvK-2
0.00 683 -9.6 330 -3.8 90-140  0.483 14.06
0.02 712 -6.0 350 -2.4 90-140  0.492 8.43
0.04 717 =-6.1 352 -2.3 90-140  0.491 8.51
0.06 723 -6.2 354 -2.2 90-140  0.490 8.58
0.08 729 -6.3 356 -2.2 90-140  0.488 8.64
0.10 738 -6.3 358 -2.2 90-140  0.485 8.54
0.12 739 -6.4 360 -2.1 90-140 0.487 8.66

*Tc values are taken from DSC studies of these glasses.
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crystallization temperature Is around 815 K which means the
critical temperature Is near to crystalilization temperature.
This may be the reason why the change Iin shape of the TEP curve
at Tc IS not clearly shown up like as observed by Pekala et al
(1983). However, close observation of the Figure 4-1a reveals

that there Is a slope change at around 720 K which Is the phase

transition region.

4.3 DISCUSSION :

In this section the common observed features of
ferromagnetic metallic glasses mentioned In the section 4.2 will
be discussed in the light of existing theoretical modeis. In the
resistivity of the metallic glasses discussed In chapter 3 we
have already enumerated a few theoretical models which have been
proposed to explain the transport properties of amorphous
systems. Most of these models can produce TCR greater than or
less than zero depending upon the theoretical parameters. These
models predict different behaviours for the TEP. The
ferromagnetic glasses produce 8 further complication due to an

additonal contribution from the magnet ic scattering to the total

value of S.

The system studied here and most of the other ferromagnetic

metallic glasses (Bablic at al 1980, Kettler et al 1982 and Kaul

et al 1987) have the resistivity minimum around 20 K. Therefore

one may apply Kondo type theory (Rao 1983) based on tunneling
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levels for transport In these glasses. Since the tunneling
levels In these glasses are supposed to be a consequence of the
extreme disorder, the observed different S vs. T behaviour n

magnetic and nonmagnetic glasses indicated the Inability of this

mode! to explain the transport behaviour.

Using Boltzmann transport equations the TEP can be written

as

S = [w2kgT/3|e|) [alnp(E)/aﬂlgzgr 4-1
¥here p(E) Is the electrical resistivity as a function of energy.
The above expression is generally rewritten as

S(T) = [-wCkg’3|elEF)LT 4.2
where { = —Ep[alnp/aE]E=EF

which Is called as the thermoelectric parameter. in the Ziman's

theory one can write { In the following form

£ = 3-2gq-r72
where

q = [IUC2ke) 12 S(2KF)] 7 <1UCQ) 12 8(Q)>,
and

r = kg <(3]1U(Q)173K)y §(Q)>7<|1U(Q) |12 8(@)>

The brackets Indicates an average of the form
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. kg
F(Q) = (4 Kp)™1 J F(Q) @3 da 4-3

o

The term r appears only If the pseudopotential U depends upon Q,
S8(Q) |Is the static structure factor of the material for the
scattering wave vector Q, parameters q and r are generally
constants with r << q. Sign of S Is mainly determined by the
magn| tude of g while the temperature dependence of S Is
determined by the proport onality to T Iin Equation 4.2. Near Ekr

~Q= Kk q becomes large which leads to a TCR ¢ O and a positive

pl
S. iIn the alloys investigated here akF

from kp which will make q smalil ( Chapter (11). Hence In these

Is deflinetely far away

samples a > O and S ¢ O Is expected as observed. Thus, although
the Ziman theory predicts the correct sign of S In these samples

It lags in the prediction of noniinearity of S with T.

Nagel (1977, 1978) has given the possible explanation of the
observed behaviour of S(T) iIn ferromagnetic glasses based on the
work of Grest et al (1979). They observed a tail In the
distribution of effective fleld, P(H) at zero effective field In
glassy ferromagnets which implies that a fraction of magnetic
atoms would be sitting In the region of zero effective fleld.
Nagel (1978) and Basak et al (1980) have argued that the Kondo
scattering of electron from such magnet ic atoms not only account
for the coexistence of the Kondo-type resistivity minimum and

ferromagnetism In these metallic glasses but also for the non-

linear behaviour of thelr TEP, and hence, for the difference
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between TEP of magnetic and nonmagnetic glasses. Kettler et al

(1984) have argued that their result
s of Feleao_xBWSI1

can not be explained wusing this theoretical model since

alloys

(1) peak In P(H) of these nickel-rich alloys Is near H = O and

(11) Pmin In these alloys occur at temperatures much lower than
the temperatures at which smax Is observed. The first argument
does not apply to our samples since a peak In P(H) curves appears
at higher effective flelds, but the second argument does hold In
our samples also. So, It Is not possible to say whether the

quaniitative arguments of Nagel et al (1978) does apply to our

samplies or not.

Mott s-d scattering model has also been used to explain some
of the features of TEP of metallic glasses. According to Mott,
the s-p electrons, having longer mean free path than the d-
electrons, exclusively carry the current and are scattered Iinto
the d-band holes. Hence, the relaxation time |Is Inversely
proportional to the density of d-states at E = EF' l.e., Nd (EF).

The thermoelectric parameter { In Equation 4-2 Is then defined by

£ = =372 « Er[alnNd(E)/aE]E=EF 4-3

for s-p electrons with the free electron band. According to the
theory, TEP of elements with less than hailf filled d-bands should

be opposite in sign to the TEP of the elements having more than

halif filled bands.

I¥f one takes the account of the splitting of the d-band Into

the spin-up (df) and spin-down (d}) d sub-bands, then from
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equation 4-3

3 NBT(EF) . Nh&(ﬁp)
‘ = (-—) = EF q4-4
e NatC(EF) + Ngy(Ep)

where NHT.¢ = deT.¢/dE. 8nd Ng¢ and Ng, are the density of
states In the spin-up and spin-down d sub-bands, respectively.
It Is possible to explain qualitatively S(T) behaviour In the
Fe-Co-B-Si alloys using Kettler et al (1984) and the argument Is

as follows.

The first term In equation 4-4 iIs too small to account for
the observed values of S at low temperatures, hence the second
term must be Iimportant. The magnetic values of TEP can be
explained only If the d sub-bands are almost full, only then Ng ¢
and Ng, | possess large negative values. As the temperature |Is
increased from low temperature the d-band splitting decreases In
magn i tude. AsS T Increases the numerator (N) In egn. 4-4
Iincreases much more rapidly than does denominator, hence 8§
Iincreases rapidily with T. Oon further Increase IN T the rate at
which the numerator Increases progressively slows down till
Nh.ltEp). N and hence & attain their maximum value at a

For T > Th the second term Iin Eqation 4-4

temperature Tﬁa ax'

x*
starts decreasing and so does § , as observed. Above Tb. the
position of the Fermi level reiative to the d-band edge changes
only slightly and as such 8 should vary linearily with T, a
variation which we do not seem to observe. Thus the Mott s-d

scattering mode! |Is capable of explaining 8 vs. T behaviour of

amorphous ferromagnetic alloys at T <« Tc.
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Korenbl it (1982) has proposed that the unusual behaviour of

TEP In ferromagnetic metallic glasses |s due to the simulitaneous
presence of two scattering processes In these materials, namely,
the Inelastic electron-magnon scattering at the host-atoms, and
the elastic scattering of electrons at the solute atoms that

depends on the electron spin direction. The expression for TEP

obtained by Korenblit Is
S(T) = (kg7e) (T - Ti)7t 4-5

where T |IS the elastic relaxation time of the electrons with
spin-up (1) and spin-down () and t Is the mean relaxation time.
This relaxation predicts a non-Ilinear behaviour of S vs. T at
T <« Tc' Mean Iinelastic relaxation time t decreases with
increasing T so that S increases with T, whereas (T - 1)) tends
to zero and so does S, as T tends to Tc. Sign of S depends on
the spin of (Tt - Ti). Our results show that S does not go
through zero as T tends to Tc' although the nonl inear

behaviour of S vs. T |Is observed at low temperatures.

Recent |y, Herzer (1984) carried out independent caiculations
on the TEP of amorphous ferromagnets, which essentlially confirmed
the Korenblit's results. He also discussed the TEP at and around
Tc by taking the mean field approach into account. Following
Kasuya's work, Herzer has derived an equation for the magnetic
contribution to TEP by assuming that the conduction electrons

are scattered locally at statistically independent spin-moments

of d-electrons, which are object to an effective local exchange

fleld H, (R)).
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He has derived an equation for H_ (R,) within the frame work

of Helsenberg model by the mean fleld approach (Fahnie et al
1983) which Is as follows.

1 z
) B Jyjy <50 4-6
2ug  J=1 J | 2eff

Hex(Rl) = (

Here, JIJ Is the exchange integral between neighbouring spins,
<Slz>eff Is the effective mean field value of the z-component of
the spin s,. This has not necessarily to be identified with the
themal averages, which would imply that H_ vanishe; above T..
Fahnie et al (1983) and Bohnke et al (1983) have shown that the
smearing out of the critical region occurs |In amorphous
ferromagnets which extends to temperatures as high as 50% above
Tc. This suggests a non-vanishing distribution of local exchange

fields even from above Tc. In recent times there IS again much

more evidence for the local moments above Tc (Holden et al 1984).

More recently, Kettler et al (1989) have studied the TEP of
Feleao-xBEO alloys. They suggested that the nonlinear TEP
behaviour Is due to dominant magnetic scattering of conduction
electrons from magnetic atoms for T g,Tc. Qualitatively, the Mott
s-d scattering model (Mott 1972) and Herzer models (Herzer 1984)
provided an explanation for certain observed features of TEP and
no clear quantitative agreement between theory and experiment
could be achieved with out using unphysical values to electronic

and magnetic properties In the theoretical expression of Herzer

mode! (Herzer 1984 and Kettler 1989).
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Thus, although a few models can explain the low temperature
behaviour of the temperature dependence of TEP of amorphous
ferromagnetic alloys, no theory seems to be capable of explaining

their S versus T behaviour over the whole temperature range.

l.e. T<CC T to T > T._.
c c

4.3 SUMMARY :

Temperature dependence of thermoelectric power of
ferromagnetic metallic glasses exihibit nonlinear behaviour.
Addition of 1.5 at.»x of Co seems to have a stronger effect on S
even In small quantities and further addition of Co In small
quantities does not seem to affect Smax significantly. For
T << Tc Mott s-d scattering model seems to explain § vs. T
behaviour in these alloys. No theoretical model seems to explain
the temperature dependence of TEP of amorphous ferromagnetic

alloys Iin the whole temperature range, although an attempt Is

being made to explain the nonlinear TEP by taking Herzer models

into account (Kettler et al 1989).
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CHAPTER v
MOSSBAUER SPECTROSCOPY MEASUREMENTS
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CHAPTER V

This chapter presents the results of room temperature
Mdssbauer studies of Fe-Co-B-Si| metallic glasses and temperature

variation (80 to 700 K) M3ssbauer studlies of Fe-NI-Mo-B-Si

metallic glasses.

5.1 INTRODUCTION :

Mossbauer Spectroscopy (MS) Is a phenomenon of recollless
emission and resonance absorption of gamma rays by the nuclel of
atoms. Since Its discovery in 1957 by Rudolf L. MYssbauer, the
technique has been widely used to study hyperfine Interactions
and many other properties of solids, such as bonding, valency,
charge distribution, etc. (Wertheim 1964, cohen 1976, Luborsky
1983 and Bhatnagar 1985a). The structure of amorphous alloys In
general and metallic glasses In particular has the random
distribution function similar to each other among themselves but
definitely different from that of liquid state, has allowed
various experimentalists (Gonser et al 1978) to concentrate on
the physical properties Ilke mechanical strength, phase
stability, resistance to chemical reactions, magnetic behaviour
etc. of amorphous alloys. MS acts as a very good experimental
tool to Investigate all the above ment ioned properties. It can
also be used In finding out the structure, oxidation, diffusion,

dislocation and point defects In physical metal lurgy. The

importance of this technique lies In the sharpness of the
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Mossbauer line In conjunction with the possibility of determining
the energles of the emitted gamma rays from a source relative to
the absorber with a very high degree of accuracy. There are a
number of Mdssbauer |sotopes avallable now but the 57Fe Isotope
Is the most widely used one since, Fe forms one of the Important
constituents In most of the magnetic materials. The work
presented here has also utilized STre to Investigate magnetic and
other hyperfine Interactions In Iron-rich metallic glasses.

However, we present oniy a brief discussion of the Mdssbauer

effect and Its related parameters In iron-rich metallic glasses.

The Jdecay of °'Fe nuclel from the excited state (I=372) to
the ground state (I=172) emits gamma rays of 14.4 KeV energy.
The energy of this gamma ray changes slightly due to the presence
of one or more effects Iike Isomer shift (I18), electric
quadrupole Iinteraction (AEqQ) and magnetic dipole Interaction
which will be discussed Iin the forthcoming sections. The effect
of these parameters on the transition from excited to ground
state In 57Fe nucleus Is Illustrated in Figure 5-1. If an
absorber were same as the source then the recol lless absorption
would consist of a single |ine of exactly the same energy as the
emitted gamma rays from the source. However, |f an absorber were
different than the source, then this may not be the case due to

the perturbation of the nuciear energy levels as a result of the

difference between hyperfine interactions as experienced by the

MSssbauer Isotopes in the source and in the absorber.
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Fig. 5-1 : Schematic energy level diagram of the ground

state (I = 172 ) and first exclited state

(I=32) of 57Fe nucleus :

(a) Isomer shift,

(b) electric quadrupoie Interaction,

(c) magnetic dipole Interaction and

(d) mixed magnetic dipole and electric qua-
drupole Interactions.

The arrows correspond with the usually

observabie Mossbauer transitions.
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5.2 THEORETICAL DISCUSSIONS :

5.2.1 Isomer shift (I8) :

The Interaction between the nuclear charge distributed over
a finite radius R and the s-electron density at the position of
the nucleus will generally not be the same for the source and the
absorber. This energy difference Is called Isomer shift, as
shown In FiIg.5-1.. This shift can be expressed as

e e

IS = (2w/3)(2e2/R) [I¥A(O) 12 - |¥5(0)121(<Rg> - <Rg>]  5-1
where |¥alS and |¥g|2 are the densities of penetration electrons
(s-electrons) at the nuclear site for the absorber and source,

Z Is the atomic number of the Mossbauer atom, e Is the charge of

the proton and <Rea>. <Rga> are the mean square radius of the
nucleus In the excited and ground state respectively. [¥(0)|2
depends on several factors. In the case of 57Fe nuclieus the

3d-electrons affect I?(O)Ia mainiy through partial screening of
s~-electrons from the nuclear charge. The nature of the chemical

bonding (ionic, covalent, metallic) thus Influence I?(O)la.

Usually the Iisomer shift (18) of a given absorber Is def ined

relative to the shift of a8 standard absorber. In our case we

always use natural a-fFe thin foll ¢ ~ 10 um ) at room temperature

as a reference, |.e., arbitrarily we set the Isomer shift of

AS Re < Rg the isomer shift tends

towards smaller values with increasing 1vco) 12,

metallic Iron equal to zero.
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The effect of the vibrating atoms In a solld does not make
any perturbation on the gamma rays emitted since the atoms make
~ 10'%/sec oscillations during the 1ife time (10°6 to 10-1° sec)
of the excited state of the nucleus. The average velocity <V> of
the atoms (s therefore, zero and hence a first-order Doppler
effect can not change the Mossbauer spectrum of a solld.

4
However, <v>~ Is non-zero which causes a shift of the resonance

line by a second order Doppler effect (Bhide 1973).

3KT 1 ©p 1 ©p
AE = - 1 ¢ — (——)2 - C ¥ + .... |Ey 5-2
amce 12 T 1680 T
<ve>
AE = E 5-3
2ce Y

where C, Kk, ©p, M and Ey are the veloclity of light , Boltzmann
constant, Debye temperature, mass of 57F‘e and energy of 14.4 KeV

gamma ray respectively. At high temperatures Equation 5-2

reduces to

3 kT
AE = - (—) — Ey 5-4
2 Mce

Equation 5-4 gives d(AE/Ey)7dT = 7 X 10-4 mm/sec-K. Equation 5-2

can be applied to estimate 6p of 3 solid by Miéssbauer spectropy.

5.2.2 Quadrupole iInteraction :

Quadrupole interaction, AEq, |Is an anisotropic iInteraction

since It depends on the local symmetry of the central Fe-atom.
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AEq = O, only for cubic symmetry. Therefore In metalllc glasses

this anisotropy will be present.

The interaction of the nuclear electric quardrupole moment
eQ with the principal component of the diagonalized electric
fleld gradient (EFG) tensor Vz; = 32v/322 at the site of the

nucleus splits the nuclear state Into sublevels with the eigen

va lues

eQsz a nz
Eq = + 3my - I(I+1) 1 ¢« — 5-5
4I1(2I-1) 3

The assymetry papameters 7| IS glven by

v -V
X X yy 5-6

VZZ

3
1]

The electric quadrupole Interaction splits the first
excited state of 57Fe (I=372) in to subleveils with eigen values

which can be seen In Figure 5-1.

1 1
EQ= + — eVgy (1 + — 02 )12 5-7
4 3
It should be noted that the Inaccuracy of the absolute

value of the derived EFG Is rather high. The reverse slituation

applies to the magnetic hyperfine interaction where the excited
57
and ground state magnetic nuclear moment of - Fe are known very

precisely.

120



Quadrupole Interaction for T » Tc in metalllc glasses |Is
almost a common observation (Le Caer et al 1984). A first attempt
to Include the effect of quadrupole iInteraction below Tc in the
evaluation of MUssbauer spectra of metallic gliasses was proposed
by Le Caer et al (1979). We are not going to discuss about this
parameter In this thesis. Further detalls on ferromagnetic
glasses can be found elsewhere In Trammell et al (1969), CzJjzek

(1982) and Le Caer et al (1984).
5.2.3 Magnetic Hyperfine Interactions :

The Zeeman interaction of the nuclear magnetic dipole
moment with an effective magnetic field (HeffJ at the nucleus |Is

def ined by the Hamli Itonian

A > 2
Hy = = B.Hafg = - gNBNI.neff 5-8

Where gy Is the gyromagnetic factor of the nuclear state, u IS
P~
the nuclear magnetic moment, I Is the nuclear spin and By Is the

nuc lear Bohr magneton (ehr2amC). For the observation of Zeeman

splitting the following condition Is requlired.

IgNIBNHess 2 T or W 7N 2 1 5-9

where I' |Is the natural line width, w_ Is the nuclear Larmor

frequency (IgnIBNHess ) In the fleld Hes and Ty |s the mean

l1fe time. For 5'Fe, the Eq. 5-9 Is fulfilled, If H, .. > 10 KoOe.

Hanna et al (1960a) are the first to measure Hags D metallic

iron. in another experiment Hanna et al (1960b) determined the
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direction of the effective magnetic field. At room temperature,

Hagg = 331 KOe. The negative sign Indicates that Hops IS

antiparaliel to the magnetic moment of the 57Fe-atom. The

57F h _
e has I = 172 for the ground state and I = 372 for the

Isstope
149.4 KeV first excited state. A magnetic fleld at the site of
the nucleus (no quadrupole interaction ) causes the splitting of
the nuclear states into (2I + 1) sublevels with the elgen values
Em = - 9NBNHeffMy, wheremp = I, I-1, . . . ., -I, as shown In
Filg. 5-1. The ordering of the sublevels my indicates the fact
that the ground state magnetic moment Is positive, while the
exclted state has negative magnetic moment. The multipolarity of
the 14.4 KeV qgamma ray transition Is almost exclusively a
magnetic dipole in nature. Thus for the nuclear Zeeman effect,

we have only Amp = O, + 1 allowed transitions. Therefore, we

have six transitions observed In the normal Mossbauer emission

spectrum of Iiron-isotope.

In the magnetic dipole Interaction the lines from the
centre of the Mossbauer spectrum has to be symmetrically placed
on both the sides. Due to the electric quadrupole Interaction,

isomershift etc., the lines are asymmetrically placed from the

centre. The H £f may be split Into several contributions
e

(Schaafsma 1981 and Marc Ollver 1984)

-> - —
- H H 5-10
Hees = T"'|=' * ﬁCON.P * Heon,N * ToR Y TD

where H_ Is the Fermi contact hyperfine field caused by the spin

F

polarized 1s, 2s and 3s core electrons ( by the unpaired 3d

electrons via the so called exchange polarization mechanism).
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This field Is proportional to the difference In the spin density

at the nucleus |¥ng,(0)|2 - 1¥ns1 (0) 12 for up (1) and for

down (1) spins.

N 8w
Hf = - (-;--) [INBNSe(0)] 5-11

where Se(O) IS the total electron spin density at the center of
the nucleus. HCON,P Is the field from the contact Interaction
produced by the spin polarized 4s conduction electrons. I¥f the
3d electrons . are localized (so that we can define a moment per
atom), this term may be split into local contribution arising
from the polarization and hybridization effects due to urpalired
3d - electrons centered on the Méssbauer atom and a non-local
contribution due to the spin polarization by surrounding atoms.
HCON,N Is a non-local contribution produced by neighbouring atoms
via the overlap distortion of the core s orbitals, or by the
dipole fields produced by localized moments on neighbouring

atoms. Finally Hm and HD are the orbital and the dipolar

contributions due to the Mossbauer atom electrons.

I
Hor = - 2By ¢<- r~3 <> 5-11

where <L> iIs the quantum mechanical expectation value of the

3
orbital angular momentum of the iron-ion. <r~> is the

expectation value for the radius cubed of a 3d-orblital. A

magneto-mechanical factor of 9 = 2 has been assumed for the

electron spin.

e S

- - - -
ﬁD = - 2By ¢ E 3(’;| -8))ry - r-8y2 7 Fy 5-12
i
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here, F, Is the position and 8I IS the spin angular momentum of

the electron |

Approximate magnitude for these contributions for pure Iron

are HD = 0, HF - =200 to -100 KeV, H >~ 180 Kev, H

CON, P CON, N —

-200 KeV and H,p Z 50 Kev (Van der Woude 1966). Since Hy,, p 8Nd
]
HCON,N are usually of the same order of magnitude and opposite in

direction, the Heff value mainly depends on H_. contribution. In

F
a random alloy, the following simple phenomenological relation

for the average hyperfine field <He > Is often used (Campbell et

£f
al 1970 and 1974).

Hags> = A Ure * B <liFa> 5-13

where A and B are constants and u Is the average moment per
transition metal atom. The first term represents the local
contribution which Is proportional to the local moment on Fe(ire)

while the second term represents the contribution from the

surroundings.

In the angular dependence of (57Fe isotope) the allowed

transitions In the nuclear Zeeman pattern are as follows:

Angular

IiIntensities Transitions amp
dependence

2
| <=> (+372 to +172) <z=> + 1 <=> 374(1+co0S Op)

1,6
4
1> g ¢=> (+172 to s172) <¢=> O <=> sin“6pn
’
e
|3 p <=> (+172 to +172) <z=> ¢+ 1 <=> 174(1+co0Ss Op)
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Here ©Op represents the angle between the direction of the
magnetic fleld at the nucleus and the propagation direction of
the gamma ray. From this angular dependence one can find the
relative line Intensities of a Zeeman hyperfine pattern In the
thin absorber approximation, assuming Isotropy of the lattice
vibrations. The relative line Intensities for Op = O degrees are
3:0:1 :: 1:0:3 and for 65 = 90 degrees, 3:4:1 :: 1:4:3. Because
the total radiation pattern Is isotroplc, It follows by
integration over all directions that the relative line
intensities for a randomly oriented magnetic material Is 3:2:1 ::
1:2: 3. For amorphous materials the relative intensities are given
by
4sine

| H | HE | = 3:b:1; b = S5-14
1,6 2,5 3,4 (1 + Cos20)

where © Is the angle between the gamma ray direction and the
magnetic moment. b is determined by the distribution of the

magnet ic moment directions In the sample which In general IS not
a priori.

Since the nuclear energy level of the 57Fe nucleus In the

absorber get perturbed due to hyperfine Interactions, It Is

possibie to observe resonant absorption only If the energy of the

gamma ray emitted from the source is modulated. This energy

modulation Is accomplished by moving the source back and forth

with respect to the absorber which causes a Doppler shift of the

gamma ray energy proportional to the source velocity, V. The

Mossbauer veloclity scale Is defined from the I8 and Ho.. values
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of a-Fe at room temperature (isomer Shift = 0, Ha¢s = 330 KOe =

10.625 mm/sec).

MOssbauer spectrum can be obtained In two modes. One IS the
transmission mode and other is the scattering mode. First one
needs very thin samples and the second one can make use of thick
samples also. The measurements In these two modes as a functlon
of Doppler velocity, V, gives the Mossbauer spectrum. Scattering
permits the study of on!y thin layers (~ 1000 A) due to the
penetration depth of conversion and 7 or Auger electron after a
Mossbauer absorption. In the Investigation reported here, we

have used transmission geometry to get Mossbauer spectrum.

The Mossbauer spectroscopy (MS) has a high resolution,
since the width, I of the observed absorption lines Is nearily
the same as the natural line width. The natural line width of
°7re is nearly 10”2 ev, which is much smaller than the gamma ray
energy ED of 14.4 KeV. This gives the resonance quality factor
Q = Eg/T =~ 102, a very high value. The energies involved In IS
and AEq are of the same order as T, and In the case of magnetic
interaction, the energles involved are one order of magnitude

larger. While the line width of Mossbauer |Iine of natural iron IS

approximately 0.20 mm/sec (Bhide 1973), the observed average

line width of the two Inner absorption lines of the 6 Iline

MBssbauer spectrum of a thin iron foll at room temperature Iin our

experimental set up is 0.28 mm/sec. This essentially determines

the resolution of the Mossbauer spectrometer.
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The MS has emerged as a good technique to study the atomic
structure of solids. Each non-equivalent site of the probe atom
in a8 solid give rise to Its own characterstic hyperfine field
spectrum which can be easi|ly analyzed to obtain the structural
information of the solid if there are not too many Inequlivalent
sites. However, If there are a large number of non-equivalent
sites, as Is the case for the amorphous materials, overlapping of
hyperfine fleld patterns for various inequivalent sites glves
rise to a complex spectrum or a spectrum having rather broad
lines. The analysis of such spectrum becomes difficult but It

can still be done although the resolution of the technique

becomes relatively poor.

5.3 ANALYSIS OF THE MOSSBAUER SPECTRA :

The salient features of the methods emplioyed to extract the

hyperfine parameters from the Mossbauer spectra are as follows.

5.3.1 Least square fitting (LSF) :

The six |ine M8ssbauer spectra of metallic glasses have been

least square fitted to an equation to obtain corrected line

positions, area under each curve, line widths and amplitude.

Actually the spectrum |Is assumed to be of six Independent

lorenzian |ine shapes with a parabolic background. The equation

used for one or more lorenzians plus a parabola (May et al 1968)
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A
(P|/2)]

t
where A, Is the amplitude of the | N peak, X Is the number In the

*+ €+ FX + GX2 5-15

<
n
wM3

Ith channel, P, is the position of the Ith peak, | Is the half
width of the Ith peak at haif maximum amplitude and E,F and G are

constants of parabola.

Initially, the programme uses the estimated values of the
parameters to solve the equation of the curve for each X to
obtain a calculated vulue for each Y. This calculated Y |Is
subst ituted from the observed Y for the corresponding X to glve
the residual, AY. The residual for each X Is squared and sumqed
over all values and It is this sum of squared residualis that |Is
minimized. Those observed Ys that lle sufficliently beliow the
other Y values to be rejected and set equal to zero. These
values are ignored In fitting the curve by giving them a weight

(W) of zero. Each other Y value has a weight of 1.

The glassy nature of the samples Investigated produces
M8ssbauer |ines which are not strictly lorentzians. A few methods

have been developed to take this effect Into account. These are

Fourier analysis of the spectra ( window 1971) and overlapping

six-line patterns with lorentzian |ine shapes and the use of non-

lorentzian |ine shapes (Schurer et al 1978, Gonser et al 1978,

OK et al 1980 and Prince et al  1980). The LSF Is Improved a
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little DIt by using the non-lorentzian Iine shapes but It Is not

significantly different from the one obtained using the

lorentzian line shapes. Hence we have used the lorentzian |ine

shapes to fit our spectra.

For a MUssbauer spectrum of a sample the parameters obtained
from the output using Equation 5-15 are amplitude, position, half
width at half maximum (HWHM), peak area of each peak and the

parabolic constants E,F and G from which H IS and AEqQ can be

eff’
calculated. These calculated values are essentially the average

va lues.
5.3.2 Evaluation of the hyperfine field, P(H) :

The Window's method Is used for the deconvolution of the
broad MoOssbauer spectra to evaluate the hyperfine fleld, P(H).
The cholce IS = IS and AEq = O are taken as good approximations.
There are malnly two ways to calculate P(H) In broad Mossbauer
spectra. Firstly, fixed shape Is assumed before calculating
P(H). The assumption could be a simple Gausslan (Sharon et al
1971), modified lorentzian (Sharon et al 1972) or split gaussian
(Logan et al 1976). However, the accuracy of the result depends

on the assumed shape of the spectral lines and hence this has no

general applicability. Secondly, evolution of the P(H) by

expanded Fourier-series (F8), which Is the recent method. Hesse

et al (1974) have proposed a more direct deconvolution procedure

to evaluate P(H) and showed that the results are aimost same as
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far as the Window method Is concerned. Recently, Le Caer et al

(1979) have proposed an Improved version of the Hesse and

Rubartsch method (1974).

There |Is one more binomial distribution (BD) method (Vincze
et al 1974) In which the assymetry of the |ine pattern can be
fitted by releasing the conditions that IS = 16 and AEq = O.
However, the P(H) distributions obtained with FS and BD methods

were the same within the error limits (Schaafsma 1981).

Fourier series method :

In this method the P(H) Is expanded In a cosine-series. We
know that
m
P(H) = |?1 an fnlX(H)] 5-16
where fL(X) = Cos(nX) - (-1)" and X = w [(H-Hmn)/(Hmax-Hmin)]:
(H < H<CH ). The Mdssbauer spectrum |Is calculated by

min = = ‘max
convolution of P(H), given by Eqn. 5-16 with a sextuplet of

lorentzian |ines LB(H.V)=

Hmax

Yeai(V) = ag ¢ J P(H) Lg(H,V) dH 5-17

Hmin

where a is the free parameter for the constant background.
o

There are (M+1) unknown parameters of a, = (1=0,1,2,...M).

Suppose, the measured spectrum has been collected In N channels
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where the number of counts in channel | Is given by Ymean(vl)'
Then, the (M+1) unknown parameters can be solved directly from
the wusual condition that the sum of squares of the deviations
aY = [Ycal(V)) - Ymeas(V{)12 is minimal, with the additional
condition that P(H) should be normalized. The P(H) obtained
depends on the choices for the following parameters, viz., IS,
AEq, I'o, b, Hpin, Hpax and the number of terms In the expansion
M. The first 4 parameters appear in the well know expression for
Le(H.V). The choices IS : IS and AEq:=0 are good approximations.
Fo Is the line width of the lorentzian Iines for which we choose
the value equal to 0.28 mm’sec (average inner line width of the

natural Iron at room temperature(RT)).

The paramenter b represents the priori unknown Intensity
ratio of lines 2 and S to 3 and 4. The correct choice for b IS
only problamatic. The correct value of b corresponds to ( not at

low fields ) value of b to a sharp minimum of the goodness of fit

parameter x2, defined by

1 N  [Ycal(V)) - Ymeas(V()]?
x2 = >4

[N-(M+1)] |

5-18

1 Ymeas(V))

optimal choices for the remaining parameters Hmln' Hmax and M are

sufficiently high so that

strongly correlated. Hj, - = O and Hoax
400 to 500 KOe (450 KOe In our

n

P(Hmax) = 0, for Instance, H_

case) for a typical Mossbauer spectrum for transition metal-

metalioid glass are the optimal cholces. These choices Imply
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rather high value of M (M : 9 to 25 and M = 9 |In our case)

In order to obtain a satisfactory fit.

A Mossbauer spectrum of Fe7oNl1aB168!a amorphous alloy at
80 K Is tried for different cholces of fitting using Window's
programme. The average field, H and the mean square deviation,
x€ |Is plotted against the M values and the number of Fourler
coefficients as shown In Figure 5-2. It has been observed that
as M value increases the x decreases and H Increases. For M > 12
the H seems to saturate towards a constant value and change In x°
reduces to smalier values. It Is also observed that for M = 12
the oscillations are more In the P(H) vs. H graph when compared
toM = 9 and also the difference In H between M=9 and 12 Is only
e KOe (Fig. 5-2b). Hence, M = 9 |s selected for the evaluation
of P(H) during all of our measurements. The values of a,b and c,
the relative Intensities of the three types of transitions
(section 5.2.3) are varied (keeping a and ¢ as constants and

varying b value alone) to get good correlation Dbetween

theoretical and observed Mdssbauer spectrum.
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S.% RESULTS AND DISCUSSION :

5.4.1 Mdssbauer spectra of metallic glasses :

All the spectra of iron-rich ferromagnetic metallic glasses
consist of six overlapping broad lines Indicative of the
ferromagnetic state of each sample. The absorption |ines have
rather large line widths (0.5 to 1.9 mm “sec) which are about
filve to six times the width of the absorption I|ines In the
Mossbauer spectrum of a thin Fe-foll. This is a characteristic
feature observed Iin the Mossbauer spectra of all metallic
glasses. In pure crystalline iron all the iron atoms ocCcupy
crystal!ogréﬁlcally equivalent positions, and therefore, a single
set of the hyperfine parameters Ha¢s, |S and AEq characterize
the iron Mdssbauer spectrum. The mean Isomer shift |Is determined
from the centroid of elther the doublet or sextuplet spectrum. In
crystalline compounds and dilute iron alloy each Mossbauer
spectrum consists of reasonably sharp absorbption peaks. Since
the number of different neighbourhoods IS small In such cases, |t
is usually not difficult to establish a correspondence between

the different sets of Heff, |S and AEq and compound. However, the

situation is quite different In metallic glasses.

The tlarge line widths In six-1ine Mossbauer spectra of

metallic glasses are usually explained by Invoking the existence

of a distribution of values of magnetic hyperfine fields,

effective fleld gradients at Mossbauer probe atom, and

isomer shift which are consequences of amorphous nature of the
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solid which |Is responsible for a wide distribution In the
neighbours of any of iron atom in the solid, |.e., all Iron atoms
sites are crystallographically inequivalent In an amorphous
solid. However, It Is observed that the line width increases from
the central to the outermost Ilines of the spectrum, |.e., [y ¢ >
ra,s > P3'4. This shows that the major broadening |Is caused by
the magnetic hyperfine fleld distribution and the effect of the
distribution of other hyperfine parameters |Is comparitively less
(Eibschutz et al 1973). It Is not easy to extract Information
about the local surroundings of the Iron atom from the observed
MSssbauer spectrum since the difference between the various
neighbourhoods of the Iron atom are too small to be resolved
seperately In the spectrum. However, since the Mossbauer spectrum
still shows a well resolved six lines below Tc' It Is possible to
get Iinformation about the average magnetic behaviour of the
sample directly from the spectrum. The characteristic features of
the M8ssbauer spectrum of particular metallic glasses |lke

Fe-Co-B-S| and Fe-NI-Mo-B-S| glasses and their resuilts will be

discussed in the following sections.

5.4.2 Room temperature Missbauer spectra of Fe-Co-B-8| alloys :

The room temperature (RT) Mdssbauer measurements of

. ¢ x ¢ 0.12) alloys have been carried
(Fe,_,C0,)7gB, 081y (0-O0 £ X 2

out and shown In Figure 5-3. The right hand side of the figure

contains the P(H) analysis of the respective samples from O to

450 KOe. Al| samples show siml lar six broad line spectra at RT.
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it may be noted that the adssymetry In line widths and |ine
Intensities exists in the Spectra, l.e., the Intensities and the
widths of lines J and (7-)) (J = 1,2,3) are different. At RT, the
line widths of these samples are F ¢ Tg p< 's, '3 ¢ 'y, where

ry Is the line width of the Iine J. The values of these Iine

widths are listed In Table 5-1.

Various explanations have been proposed to explaln this
assymetry. Some of them are (1) linear relationship between IS

and Heff (Takacs 1980), (il) linear relationship between I-Ieff and

IS + AEq (Vincze 1978). Le Caer et al (1981) have shown that It
Is possible to account for this assymetry In the Mossbauer

spectra by assuming the anisotroplc hyperfine filelds (Ha)

observed Iin related crystalline systems such as Iron borldes
(Weisman et al 1969 and Takacs et al 1975). In addition to the
variation of Heff with IS, major contribution coming from the
former. They found that the best fit to the Mossbauer spectrum of

a-Fe75325 was given for Ha > 14 KOe (Le Caer et al 1981) a value

approximately (1/20)th of Heff' In our analysis, we have not

included this effect which |Is expected to improve the fit.

Figure 5-3 shows the room temperature Mossbauer spectra of

(F C0,),cB,,8!,5 (0.00 ¢ x ¢ 0.12) alloys and their hyperfine

€4-x 75°10

field distribution. It Is quite Interesting to note that all the

spectra look alike Including the cobaltless sample. The

assymetries In amplitude and areas are observed simllar to other

ferromagnetic metallic glasses (Chappert 1982 and Bhatnagar

1985a). The hyperfine fleld IS 254 « 3 Koe for Fe,_B, 8i . alloy,
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Table 5-1: The Mdssbauer |ine widths of (Fe RCox)TSB Si

1 107 15
(0.00 ¢ x < 0.12) alloys &t room temperature.

X ry rp ry ry 's | 7Y
at.» mm/'s mnv's mm/s mm/s mm/s mm’s
0.00 1.580 0.991 0.626 0.655 1.255 1.690
0.02 1.524 1.011 0.580 0.618 1.225 1.540
0.0 1.427 1.039 0.356 0. 511 1.241 1.443
0.06 1.4614 0.987 0.499 0.631 1.201 1.615
0.08 1.550 1.001 0.511 0.593 1.203 1.550
0.10 1.507 0.970 0.552 0.554 1.189 1.557
0.12 1.525 0.995 0.54¢2 0.614 1.206 1.559
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whereas It Is 237 « 3 KOe for the alloy with 1.5 at.Xx of Co In

the above glass. Further adition of Co at the steps of 1.5 at.»

increases the hyperfine field but not linearly. Similar
observation can be found In case of Isomer shift, mean flelid,
H, peak field (Hp). and In half width at half maximum (HWHM), the
results of which are tabulated In Table 5-2. Here Hp and HWHM are
the peak field and half width at half maximum of the prominant
peak. However, |If we look Into the results of the samples for
x = 0.00, 0.04 , 0.08 and 0.12 carefully, an Increase In trend In
all the above mentioned properties Is observed. This unexpected
and slightly nonlinear trend may be attributed to the changes In
physical conditions while forming the glass, which can iead to
the magnetic structure different from the expected one. If we
compare the hyperfine fieids of these alloys to the alloy with
out SiI and with 10 at.% of Co (Bhatnagar et al 1985) with

composition Fe 4(:o B It Is well understood that the

7 10716’
hyperfine fleld Is less by about 20 KOe. This Is not unusual as

it has been suggested that P(H) Is sensitive to s-p atoms
around Fe-sites than Fe nearest neighbours (Durand 1983). The
small peak in probabllity analysis, which has been attributed to

be due to the fitting procedure, has the maximum at around

122 KOe and It shifts slightly towards the positive side by about

4 KOe and for all other cobalt containing alloys It Is almost at

H, H

the same place. The physical parameters like 18, Heff(RT), b

and HWHM (AH) are plotted against Co at.% in Figure 5-4.
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Table 5-2: Isomershift (I1S), effective fleld ( H Mean fleld

eff)
(H), peak fleld (Hp). Curie temperature (Tc) and Half width at

half maximum (HW
(HWHM) of (F°1-xc°x)753108'15 (0.0 ¢ x ¢ 0.12)

metallic glasses.

x
X IS Heff(RT) H H T HWHM

p c
at.%  (20.02) (s 3 KOe) (+ 3 KOe)(+ 3 KOe)(+ 2 K) (s 3 KOe)

(mm-/sec)
0.00 0.054 251 c42 26e 682 49.5
0.02 0.082 237 239 254 712 48.0
0.04 0.075 248 236 254 77 47.5
0.06 0.074 250 236 254 737 47.3
0.08 0.077 251 237 257 728 46.7
0.10 0.061 255 239 261 739 16.2
0.12 0.083 252 237 259 723 46.2

* Values taken from DSC studies
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S5.4.3 Room temperature Mossbauer spectra of Fe-Ni-Mo-B-8I|

alloys :

The room temperature Mossbauer spectra of
Fe7oNi12_xMoxB168|a (0O < x < 4) alloys are shown In Figure 5-5.
As usual all the samples show broad peaks which |Is a
characteristic feature of amorphous alloys due to random
distribution of atoms. The assymetries In the lines IS evident
from the figure which Is also an observed feature In Fe-Co-B-Si
alloys and other ferromagnetic metalllic glasses (Bhatnagar et al,
1985). The average IS obtained by least square fitted peak
positions of Fe-NIi-Mo-B-S| alloys are given In Table 5-3. These
values lie between 0.10 to 0.26 + 0.02 mm “sec. This coulombic
shift in molybdenumiess alloy (x = O) Is nearly half of that of

Mo containing al loys.

Figure 5-5 also shows the distribution of hyperfine flelds
of Fe.roNlm_xMowaSla (0O < x < 4) alloys obtained for the RT
MOssbauer spectra. The results have been reproduced after
optimising the parameters required for the analysis, which gave
rise to 8 minimum x2 value. The hyperfine field distribution
shows a prominent peak at 272 KOe for x = O and the peak shifts

slightly towards lower fields with the addition of Mo. Simllar

shift In hyperfine fleld distribution Is observed In case of

amorphous Fe.’aNl‘o_xMomeSia alloys (Narendra Babu et al 1986).
A relatively weak peak at ~“150 KOe is observed for all the alloys

and this peak does not increase with Increase Iin Mo content. The
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(a) Room temperature Mossbauer spectra of
amorphous Fe.’o'Nlﬁ_waBl2 alloys.

(b) Distribution of hyperfine fileld of
amorphous F‘empll‘a_xMowaSla alloys.
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Table 5-3: Isomershift (1S), Curle temperature (Tc), Heff(RT).
average hyperfine field (H), most probable fleld (Hp). full

width at half maximum (AH) and the ratio of average hyperfine

fleld to the average magnetic moment, H/{ of amorphous
FeTON'12-xM°xB1GS'2 (O < x < 4) alloys at room temperature.

IS Te Hess(RT)  Hp H AH Ru
Sample

(£ 0.02) (s 2 (= 3) (2 3) (= 3) (£ 3) (£0.1)

(mm-/sec) (K) (KOe) (KOe) (KOe) (KOe) KOe-gm”emu
Xx = O 0.10 697 267 ere 252 87.8 1.53
x = 1 0.18 668 256 260 241 94.0 1.52
X =2 0.26 627 251 2514 234 101.3 1.62
Xx = 3 0.20 587 245 250 227 108.0 1.60
X = 4 0.21 590 243 248 227 105.0 1.70
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weak peak at the lower fileids Is a common observation for many
metallic glasses and it depends on the fitting procedure (Chien
et al 1979a and Duniap et al 1985). The shift In the major peak
position arises due to the change in the Internal magnetic fileld
with Mo content. A change in the peak width (AH) |Is observed
with Mo addition. The AH Increases by ~ 10 KOe per one Mo at.X up
to x = 3. For x = 4 there Is no significant change In AH from
that of x = 3. At room temperature the effective hyperfine field
Is 267 + 3 KOe for Mo less sample and Heff decreases with the

addition of Mo content as shown In Table 5-3. This Is in contrast

to the alloys (FexMo ),P,.B AI3 (Chien et al 1979a) Iin which

75 166
there |Is 8 drastic decrease with x.

1-x%

The ratio of hyperfine field to saturation magnetization at
room temperature iIs found to be ~ 1.6 «+ 0.1 KOe-gm”emu for these
glasses. It has been previously reported (Chien 1981) that the
measured values of the average hyperfine field H_ .. and the
average magnetic moment ﬁpe of the Iiron-atoms are proportiocnal to
a8 good approximation, in iron- metallold crystaliine compounds,
that iIs ﬁ;ff = a ﬁ?e- where a ~ 130 KOe/ug and ug |Is the Bohr
magneton. This 1Is clearly shown In Fig.5-6. The data In the
Figure are collected from Lischer et al (1974). Vincze et al
(1974) and Raj et al (1978). Data on crystalline ferromagnetic
compound Fe3P (Lischer et al 1974) suggests that (1) the Iron

magnetic moment |s determined mainly by the number of metallolid

57

first neighbours, and (11) H .. at the ~ Fe nucleus |Is determined

mainly by the magnetic moment of the parent Fe-atom. Flgure 5-6
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Fig. 5-6 : Average iron hyperfine field vs.
average iron moment In some iron-
metallold crystalline compounds
and amorphous alloys (a) for
measurents at T < RT (room
temperature).
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also shows that In iron-rich metallic glasses the average
hyperfine fields are apporoximately proportional to the average
magnetic moments with constant proportionality being
approximately the same. The comparison may regarded as seml-
quant itative and suggested as a trend In view of the fact that It
would be more appropriate to plot the data at very low
temperatures to avoid any errors due to temperature dependence of
the moments and the flelds and different materials having

different Tc'

Addition of 1.5 at.X of Co does not seem to change much the

hyperfine field of Fe__B SI15 glass. Whereas, even 1 at.x of Mo

75710
addition shifts Hp towards lower flelds side In
F’e.’oNlia_xMowaSIa metallic glasses. This Invokes that the Fe-

magnetic moment |s reducing by the addition of a non-magnetic

atom,

5.4.4 Magnetization axis :

The direction of saturation magnetization, Ms of an Iron-
rich ferromagnetic alloy can be inferred from the ratio of
intensities of the second (fifth) Iine to the first (sixth) line

in the 57Fe Mossbauer spectrum. The ratio Is given by

A 4 sine
2,5 5-20

-
-

A1, 6 3(1 + cose)

where © |Is the angle between the 14.4 KeV gamma rays and the
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direction of the magnetization. The values of Aa.szi.G vary
from O to 43 as © changes from O to 90 degrees. If a sample
contains more than one magnetization direction then the values of
A2,5/A1,6 has to be averaged suitably. It Is, therfore, possible
to derive Information about the magnetization axis from the

Mossbauer spectrum. For a glassy sample since the six Mdossbauer

lines do not have the same |ine width, because of a hyperfine

fleld distribution, one compares area ratios instead of Iline

intensity ratios. For the same reason we have chosen to compare
e

area ratios (A2+A5) (A1¢A6) rather than AE/A1 or AS/AG. These

ratios are plotted Iin Figure 5-7, for x= O, 1, 2 and 3 In case of
Fe.’o.lil1a_xMoxB1GSl2 alloys as a function of temperature. It may
be pointed out that all of our samplies were clamped between two
copper rings. Due to some unavoidable experimental difficulties,
measurements could not be taken on the unclamped samples.
Therefore, the area ratios as a function of temperature as shown
In Figure 5-7 may not be true representatives of the behaviour of
the magnetization axis, since the difference iIn thermal
expansions of copper and a8 glassy sample would Induce a stress In
the sample which would change the magnetization axis In the
sample. However, for the sake of completeness, we present and

discuss these results. The area ratios for each glassy sample

studied at the room temperature (RT) for Fe-Ni-Mo-B-Si alloys are

listed In Table 5-4.

It has peen previously reported by Chien (1978) that

magnetization axils of glassy Feaopzo and Fe4°NI4°P1486 lie In the
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respectively.
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Table 5-4: Area ratios of Fe?ON'1a-x“°xB168'a (0 ¢ x ¢ 3) alloys

at room temperature for the six peaks of Mdssbauer spectrum. A'.

o 3 A‘. A5 and As represents the areas of six peaks In the

MOssbauer spectrum.

A A

X A1 Aa A3 Aq AS Aﬁ (Aavhs) (A3+A4)

at.x» (105) (105) (105) (105) (105) (105) (A1+A6) (A1+A6)

o 2.147 2.245 0.768 O0.745 2.441 2.105 1.1021 0.356
1 3.908 3.262 1.119 1.325 3.678 3.445 0.9940 0.332
e 9.033 9.329 2.701 3.314 9.819 8.510 1.0915 0.343

3 7.305 9.156 2.121 2.728 10.099 6.617 1.3831 0.348

150



Table 5-5: Area rati
os of (Fei_x00x)758105115 (0.00 ¢ x ¢ 0.12)

alloys at room temperature for the six peaks of Mossbauer

spectrum. A Ao A Ay Ag and A, represents the areas of six

1’ 5
peaks In the Mossbauer spectrum.

X A1 Aa A3 Aq AS AG (A2+A5) (AaoAq)

at.x (10°) (10°) (10%) (10 (10%) (105 (A +Ag) (A +A

6’

0.00 10.298 7.777 3.325 3.317 8.750 10.495 0.795 0.319
0.02 3.586 3.137 1.072 1.021 3.460 3.429 0.940 0.298
0.04 2.709 3.259 0.603 0.820 3.360 2.696 1.2285 0.263
0.06 5.850 6.166 1.662 1.904 6.530 6.145 1.058 0.297
0.08 7.131 6.866 2.029 2.120 7.460 6.771 1.031 0.299
0.10 5.330 5.464 1.745 1.611 6.050 5.393 1.074 0.313

0.12 13.855 13.755 4.168 4.352 14.792 13.794 1.033 0.308
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plane of the ribbon, 1I.e.,the value of Aa.5/A1‘6 ratio variles
from 0.944 to 1.3831 depending upon the sample. This means that
the magnetization axis Is not In plane of the ribbon. This has
also been reported for other samples |like FesaB1ESlG(OK et al

1980) and F°a1913.ss'3.5°a (Saegusa et al 1982).

The room temperature area ratios for (F COx) B..SI

€1-x 75°10°'15
(0.00¢ x €0.12) alloys are shown In Table 5-5. It Is clear that
the ratios of AE+A5/A1+A6 for all the allioys |Iile between 0.8 to
1.2 depending upon the sample. The similar observation in case of
Fe-Ni-Mo-B-Si alloys reveals that as far as magnetization axis |Is
concerned, there |Is not much change with respect to chemical
composition In these metallic glasses. It Is seen from the
temperature dependence of area ratios for each sample as |In
Figure 5-7 that In each sample A, +A7A +A, Increases with
temperature while the ratio A3+A4/A1+A6 remains essentially
constant with temperature. A similar effect of temperature on
the clamped sample was determined by a8 Saegusa et al (1982). oK
et al (1980) have shown that the unc lamped Fe828128I6 sample does
not show any temperature dependence of the magnetization axlis.
It is the stress induced In a clamped sampie (due to differential
thermal expansion) which |Is responsible for the observed

temperature dependence of the magnetization axlis. Hence the

observed effect in our samples IS obviously not an intrinsic

effect. However, It |Is clear from RT measurements that the

magnet ization does not lle in the plane of the ribbon of any of

the samples studied. its direction Is out of plane of the

ribbon.
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5.4.5 Thermal Scan Method :

Thermal scan method IS wused to detect Curle and
crystallization temperatures at zero source velocity. The Curle
temperature , Tc IS the temperature above which the ferromagnetic
order is destroyed, l.e., a ferromagnetic solid becomes
paramagnetic. The crystallization temperature , Tx Is the
temperature at which the amorphous to crystalline transformation
takes place. Experimentally, It |Is observed that the Tc for
amorphous materials |Is always less than thelir crystalline
counterparts. This Implies that the T. |s decreased by amorphous
nature although there are a few exceptions in rare-earth cobalt

systems (Rhyne et al 1979).

Gubanov (1960b) has predicted that an increase or decrease
of Tc can occur in amorphous magnetic alloys depending on the

variation of J the exchange Integral, with PIJ and on the

J’
shape of the radial distribution function (| and J refer to spin
states | and J). Later, Kobe et al (1971 and 1972) showed that
the structural fluctuations always lead to a decrease.of Tc In
agreement with experimental observations. A similar conclusion
was drawn by Montgomery et al (1970) and Schreiber (1974) using
temperature dependent Green functions. More recently, Slechta

(1970) has shown that the structure filuctuations of the exchange

can lead In principle to both a decrease or an increase of Tc as

predicted by Gubanov (1960Db).
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The Tc of the iron-rich transition metal-metallold g lasses
are always smaller than the ferromagnetic metal. The structural
and chemical disorder affects Tc of glassy alloys tremendeously.
Substitution of the metals |ike Mo and Cr decreases the T. of
iron-rich metallic glasses by a large amount. We have measured
the Tc of our samples using Mossbauer technique. The Tx also can
be identified using this method. However, for sz this method
may not be so accurate, as the change In slope of the counts
versus temperature graph at Tx Is sometimes not clearly traced.
Also, It Is very difficult to analyze the Mossbauer data near but
be low Tc' because of the overlap of |ines resuliting from the

reduced HEf and possibly line broadening due to relaxation

f
effects. Therefore, Tc in this method IS determined by an
extrapoliation of the Heff(T) vs. T curve to the value I-leff = O as
shown In Fig. 5-8. So, the error in the determination of Tc In
this method IS usually large. This Is the reason why we have

concentrated on thermal scan method and DSC for comforming Tcs

and sz of our metallic glasses.

In thermal! scan method, the velocity of the transducer |Is
set at zero which corresponds to the line position of the higher
velocity component of the quadrupole doublet Just above Tc' The
counts are recorded for a fixed time of about 30 sec. while the

temperature is raised at a fixed heating rate of approximately

S K’min from 300 to 900 K. The results of the thermal scan for

Fe,2C038,6845

Figures 5-9 and 5-10.

s are as shown |In
and Fe70yl1opoaa15812 alloy
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Fig. 5-8 : Temperature dependence of hyperfine fileld, Heff
of amorphous Fe.’oNl.Ia_xMowaSIz alloy.
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Fig. 5-9 : Counts measured for 30 sec. at zero Doppler

velocity as a function of temperature of
amorphous Fe72003B1O§I15 alloy.
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wWhen the magnetic ordering starts disappearing the count
rate starts falling, till then the count rate was almost
constant. The T for Fe720033108l15 alloy Is around 724 + 3 K by
this method. The Insert in the Figure 5-9 shows the DSC scan at
the heating rate of 10 K/min has the T, around 717 « 3 K for
Fe7200381°SI15 metaillic glass. The difference In Tc can be
attributed to the difference In heating rates, the more the
annealing the higher the Tc Iin these materiails (Flg. 3-11).
Hence, for lesser heating rates In Mossbauer measurements the Tc
is showing higher values. The sz are lidentifiled as the
temperature where the count vs. temperature graph starts
changing Its slope. The T s are In good agreement with In the
experimental .error with the Tcs obtained by DSC and resistivity
measurements for the respective samples (chapter 3). For
Fe_ Ni Mo_B,_Si_, alloy the Tc Is around 650 + 3 K and the T Is

70 10 216 2 x1
around 755 K by thermal scan method. Further details of Tcs and

Tx of (Fe1_xCOx)7581°Sl15 (0.00¢ x <0.12) and FETONI12-xM°xB168|2

(0O ¢ x ¢ 3) alloys are discussed |In the chapter 3.

5.4.6 Temperature dependence studies of Mossbauer spectra of

Fe-Ni-Mo-B-81 alloys :

The MYssbauer studies on FeToNI‘la_xMowaSI2 (0 ¢ x ¢«3)

alloys In the temperature range 80 K to Tc (see Table 5-1 for Tc

values) have been carried out and shown In Fligures 5-11, 5-ig,

5-13 and 5-14. As usual all the sampies show six broad peaks

which Is a common observation for ferromagnet ic metalllic glasses.
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Filg. 5-11 : Mdssbauer spectra of amorphous Fe7°NI1zB1 68'2
alloy at different temperatures.
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Fig. 5-12 : MOssbauer spectra of amorphous Fe, Mo NI, B, Si,
alloy at different temperatures.
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Filg. 5-13 : Mbssbauer spectra of amorphous Fe, Mo_Ni, B,  _SI|
alloy at different temperatures. 70MoaN110%16% ' 2
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Filg. 5-14 : M&ssbauer spectra of amorphous Fe, Mo NI B, SI
alloy at different temperatures. 77073 9716 2
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Here the line widths at room temperature for all the compositions
from x = 1 to 3 arerly >g, Iy ¢ Ig, '3 ¢Tq. The values of 1S,
Ter Hers(RT): Hpeanr Hp 8Nd H are tabulated In Table 5-3. In the
following sections we discuss about the temperature dependence of

magnetic hyperfine fields, isomer shifts and |ine widths of these

metallic glasses.
5.4.6a Magnetic hyperfine interactions :

The temperatﬁre dependence of magnetic hyperfine
interactions are calculated for Fe, NI , Mo B, Si, alloys for
x = 0, 1, 2 and 3. The absence of long range crystalline order In
metallic glasses IS responsible for a distribution of hyperfine
interaction parameters which broaden M8ssbauer |ines. we have
analysed the data with M = 9 corresponding to the minimum x2. The
results of the analysis carried out for the spectra of these
amorphous alloys between 80 to 573 K are shown Iin Filgures 5-15
and 5-16. The parameters evaluated |lke full width at half
maximum (FwWHM), mean fleld (H), peak fleid (Hp). effective
hyperfine fleld (Hesf(T)) and the corresponding x2 are tabulated
in Tables 5-6, 5-7, 5-8 and 5-9 for x = o, 1, 2 and 3
respectively. It Is observesd that H and Hp and FWHM decreases
for x = O from 80 to 573 K continuously and for x = 1,2 and 3,
FWHM Is almost a constant with temperature. However, the FWHM
Increases with Increase In Mo concentration (Flg. 5-5). The

Hogs(T) values calculated directly from the spectra, coincides
e

well with H_ values evaluated from P(H) analysis within the
p
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Table 5-6: Temperature (T), most probabie field (Hp). average
fleld (ﬁ). hyperfine field (Heff) and full width at half maximum
(AH) of FeyoNiq12-xMOyB1gSio alloys.

Sample x = O:

TEMP. Hp H Ho ¢ (RT) AH xe

(+ 2 K) (+3 KOe) (23 KOe) (& 3 kOe) (+3 kOe) (+0.05)

80 288.0 266.1 280.0 92.3 1.22
298 272.0 25¢2.0 267.0 87.8 1.25
373 261.0 238.7 e53.¢2 85.5 1.14
473 240.8 213.1 e3e.5 78.8 1.3
S73 216.0 208.5 c09.14 76.5 1.70
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Table 5-7: Temperature (T), most probable field (Hp), average

field (H), hyperfine field (Heff) and full width at half maximum

(AH) of FejoNiqpo-yMOyB1gSip alloys.

Sample x = 1:

- H 2
TEMP Hy H Hog ¢ (RT) AH X

(+ 2 K)(+3 KOe) (23 KOe) (+ 3 kOe)  (+3 kOe) (+0.05)

80 283.5 260.3 274.5 99.0 1.32
300 260.0 240.7 256.0 94.0 1.10
373 247.5 230.8 258.8 90.0 1.19
472 2e5.0 218.6 218.6 94.5 1.39
573 198.0 196.8 191.7 94.5 1.36
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Table 5-8: Temperature (T), most probable field (Hp). average
field (H), hyperfine field (Heff) and full width at half maximum
(AH) of FejyoNiqj2-yMOyB1eSlio alloys.

Sample x = ¢2:

. e
TEMP Hp H Heff(RT) AH x

(+2 K) (+3 KOe) (+3 KOe) (s 3 kOe) (+3 kOe) (+0.05)

80 274.5 254.6 269.3 103.5 1.30
300 254.0 234.0 250.6 101.3 1.21
400 236.3 232.6 eetl.2 101.3 1.20
548 c07.0 204.2 206.0 103.5 1.20
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Table 5-9: Temperature (T), most probable fleld (Hp). average fleld

(F), hyperfine field (H_..) and full width at

of Fe7oNl12_xMoxB1esia alloys.

sample x = 3:

ha!f maximum (AH)

TEMP. Hy H Hgg g (RT) AH xe
(+ 2 K)(+3 KOe) (23 KOe) (x 3 kOe) (+3 kOe) (+0.05)
80 276.8 251.1 268.8 108.0 1.62
300 250.0 227.0 245.0 108.0 1.51
373 229.5 207.6 228.5 108.0 1.09
473 193.5 188.6 195.0 108.0 1.37
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experimental accuracy. This Suggests that the values of H

p

evaluated from the dnalysis of the spectra are reasonably

correct.

In the simple glasses |ike Fexa100-x (72 ¢ x ¢<86) the peak

in P(H) Is usually symmetric, and shifts towards higher H, as x
increases (Chien et al 1979b). This Is expected since the
moment of Fe will scale with x. Since (Heff> Is approximately
proportional to i, It Is clear that a distribution of Haegs Vvalues
in the amorphous glasses refer to a distribution of dagnetlc
moments. For example, the magnetic moments In amorphous
FegoP14Be have a range from 1.3 pg to 2.4 pg (Chien et al 1978b),
the upper value of | being greater than the moment of
a-Fe(2.2 ug). This distribution in g has been derived from the
hyperfine fleld distribution. The effect of adding other
transition metals or different metalloids like NI, P, B, Mo and
Al etc., gave rise to different types of P(H) distribution. For
exampie, the P(H) obtained for amorphous F°40Niqoryaao-y (Chien
et al 1978a) alloys show that In the absence of phosphorous the

P(H) curve |Is slightly assymetric when compared to Feaopao

amorphous alloy and the presence of P slightly Increases the

assymetry and shows very small shoulders at lower temperatures.

Here the Hp does not seem to shift towards lower fields. But If

we change NI concentration In amorphous Fe-NI-P-B alloys keeping

P and B as constants, the Hp seems to shift towards lower flelds

(Chien et al 1978a).
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The P(H) distribution of Mo containing alloys seems to be
quite different of all the above mentioned systems. For
instance, In case of (FexMoi-x)75P1636A'3 amorphous alloys (Chien
et al 1979a) and for x = 1, a major peak Is seen at 300 KOe and a
insignificant structure at lower flelds. As Mo concentration
increases the amplitude of the smaller peak grows at the expense
of the amplitude of the major peak. For x = 0.7, the lower fleld
outgrows the high field peak. This peak at low field represents
the fraction of Fe-atoms that do not experience a hyperfine fleld
and this fraction Increases as x decreases. In case of
amorphours Fe39Nl39Mo4B1GSia alloy the lower peak (lower fleld
side) seems to become prominant with Increase In temperature
(~451 KOe) and |t has been attributed due to the iron sites
containing Mo near neighbours giving rise to an antiferromagnetic
interaction (Bhanu prasad et al 1987). Simi larly In amorphous
Fe72N|1o-xM°x9163|2 alloys (Narendra Babu et al 1986) for x = 2
and 6, the AH Is found to be 112 and 140 KOe respectively, which
are significantly larger than the value of AH ~ 90 KOe obtained
for other metallic glasses containing no transition metal other

than Iron, cobalt and nickel, is definitely indicative of a

bimoda! distribution due to contribution to the hyperfine fei ld

from nearest and next nearest neighbours due to the presence of

Mo which can give rise to an ant | ferromagnetic exchange
interaction with the other transitional metal lons (Narendra Babu
et al 1986).

it Is quite Interesting to see that In Fe.,oNl,anma alloy
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the AH decreases with iIncrease in temperature indicating a common

ordering temperature for alil the lons. If the temperature

dependence of the hyperfine field for lons Is Identical, then H
should decrease and hence the AH decreases steadl ly as one goes
from low temperatures to near Tc‘ This may be the reason for the
decrease In AH In case of x = 0 In Fe-NI-Mo-B-SI alloys. The
dominant contribution to P(H) arises mainly from the Iron-iron
and iron-nickel ferromagnetic interaction (Hatherly et al 1964).
They derived the exchange integral between atom pairs In Iron-
nickel alloy' from experiments on the spin-wave scattering of

neutrons. They have determined the second moment of the exchange

@ _ _ () _
integral between atom pairs to be JFe-Fe' 9 meV, JFe-NI‘ 39 meVv
and J(E) = 52 meV. |In addition to the large difference Iin the

NI=-NI~
values of the exchange Iintegral between atom pairs, the range of

the exchange interaction |Is a very Iimportant factor In
considering the fluctuation of the exchange fleld. If the
exchange Interaction Is a very long-range one, the local
fluctuation of. the exchange field should be small even If the
exchange Interaction between different kinds of atom pairs has
large differences, so that the magnetization and hence the
internal fleld has no distribution at high temperatures. Oon the

other hand, when the interaction is a very short-range one, |.e.,

If only the nearest nelghbour interaction is dominant, the alloy

should have a large local fluctuation of the exchange ¢fleld

according to the neighbouring atomic conf iguration. Thus the

variations In the near-neighbour environment 8lisS0o causes a

distribution In exchange flelds throughout the material, and as a
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result different ions may have hyperfine flelds that show quite
different temperature dependences (Tomiyoshli et al 1971 and

Jaccarino et al 1964). In general this will have a tendency to

cause AH to increase as the temperature increases.

in all other (x = 1, 2 and 3) cases the P(H) distribution
gave rise to two peaks, one major peak at higher fleld and one
minor peak at lower field (around 90 to 100 KG). The minor peak
has been suggested to be due to an artifact effect In the method
of analysis (Moorjani et a! 1984). The major peak Is much more
sensitive to temperature effect shifting to lower values with
increase In temperature. This Is to be.expected as the hyperfine
fleld decreases with Increase In temperature. The minor peaks are
fairly temperature sensitive. For x = O, the major peak Is quite
symmetric, The FWHM decreases systematically with Increase In
temperature. For this observation we take those distributions,
where the artifact effect will cause any error |In determining
FWHM. For x = 1, 2 and 3 samples, the major peak Is significantly
assymetric eveﬁ at the lowest temperature, where the artifact
effect Is far away from the major peak. This clearly shows that
there Is a bimodality In the distribution of hyperfine fleld.
Iin temperature, the line width for the P(H)

With Increase

distribution remains more or less constant. Any small fluctuation

may arise on account of the error Iin determining the line width

in all assymetric profile with bimodal distribution suggested.

The sudden Increase In FWHM for high temperature data arises due

to overlap of the major peak with the minor peak attributed to
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the artifact effect. This may therefore be omitted for discussion

purposes. The bimodality In the major peak arises due to the

presence of Mo. Molybdenum, which Is a second row transition-

metal Ilike Cr and V in the first row can contribute to Fe-Mo
antiferromagnetic exchange Interactions and magnetic dilution
effects contributing to the distribution In the lower fleld
region and thereby giving rise to the bimodal distribution. The
temperature dependence of the width of the distribution can be
attributed @o different flelds having diffrent temperature
dependences. This |Is also suggested by the temperature dependence
of Iline widths as discussed later wherein it Is concluded that

the long-range and short-range order interactions are I(mportant

for those alloys In which Mo Is present.

5.4.6b Temperature dependence of Isomer shift :

The temperature dependence of Isomershift for amorphous

i died and discussed
F°70N11a-xM°xB168'2 (0 ¢ x ¢ 3) alloys are stu a S

In the following section. The detal |s about the isomer shift has
aiready been discussed In section 5.3. Briefly, this Is a shift
of the centroid of the spectrum of an absorber with respect to

the source. This shift arises from the coulombic Interaction of

the nuclear charge density at the nucleus. As a result, the

nuclear energy levels of the Mossbauer nucleus become shifted by

-4
a small but measurable amount (~10 7). The Isomer shift, 18 for a

given Mossbauer nucleus IS a measure of the relative s-electron

density at the nucleus and hence provides Information concerning
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the valence state of the Mossbauer nuclel In the solid. The

temperature dependence of IS can yleld an estimate of the Debye

temperature of the solid.

The IS of the samples (x = 0,1,2 and 3) at RT are O0.10,
0.18, 0.26 and 0.20 mmwsec, respectively. The temperature
dependence of the isomer shift for these alloys are plotted INn
Fig. 5-17 and the values are |listed In Table 5-10. This
temperature dependent shift arises due to the thermal motion of
the Mossbauer nuclelr and Is referred to as the second order
Doppler effect. No doubt, there iIs a distribution In all the
hyperfine parameters Including Isomershift In an amorphous
system. But, the simpie LSF values should in principle correspond
to Isomer shift of maximum probabllity. So, analysis of
temperature dependence of the IS data obtained should through
light on whether the amorphous sollds can be approximated to a
Debye model, an approximation of the harmonic force coupling
between the atoms gives rise to a |inear temperature dependence
of IS (werthelﬁ 1964) given by d(18)7dT = -(3ko/aMCE)Ey. where
ko is the Boltzmann constant, M Is the atomic mass of the nuc leus

and Ey is the energy of unperturbed gamma rays (Josephson 1960).

For F7Fe Mossbauer nucleus (Ey = 14.4 Kev), the theoretical

value of the siope Is -7.3x10" Y mm/sec-k (OK et al 1980). A

computer it to our exper imental points for FeTON'1a-xM°x9168'a

(x =0, 1, 2 and 3) alloys gives the siopes as -(6.05, 6.10, 5.39

and 6.45) X 10-1 mm’sec-k, respectively, which with In

experimental accuracy Is In the value quoted above. Thus one may
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Table 5-10:

Temperature dependence of Isomershift of
FesoN!12-xM0B6S12 (0 £ X < 3) alloys.
x = O X = 1 X = 2 X = 3

TEMP. IS TEMP. IS TEMP. IS TEMP. 1S
(+2) (£0.02) (#2) (£0.02) (+2) (20.02) (£ 5) (& 0.02)

(X) (mmss) (X) (mm/s) (K) (mm’/s) (x) (mmv's)

80.0 0.13 80.0 0.13 80.0 0.15 80.0 0.114
298.0 0.01 300.0 0.02 300.0 0.03 300.0 0.02
373.0 -0.03 373.0 -0.03 400.0 -0.03 373.0 -0.03
473.0 -0.10 472.0 -0.10 548.0 -0.10 473.0 -0.1¢
573.0 -0.17 573.0 -0.17 ———— essss  SSSss TEEET
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infer that the coupling between atoms in these metallic glasses

is harmonic to a good approximation.
S.4.6c Temperature dependence of |ine widths @

As per earlier discussions, It Is well known that the first
and sixth lines of a Mossbauer spectrum shows large line widths,
which are due to a distribution In hyperfine fields present In
the Mossbauer probe. Therefore, they are a measure of P(H). A
study of temperature dependence of the Iine width of the
outermost lines can also provide information regarding IS, FWHM
iIn P(H) as well as the short-range or long-range magnetic
interactions present In the sample. As the temperature |Is
increased the line width of the outermost |ines may vary In one

of the following ways. (a) |If Heff(T)/Heff(o) has simllar

temperature dependence for all possible sites, then the Iline

width will decrease monotonically. (b) The decrease of
small values of H . in this

Heff(T)/Heff(O) is faster for eff

situation the line width will Increase first and then decrease

7/ s slower for the small values of
near Tc‘ (c) Heff(T) Heffcn) |
Heff' This results In decrease of the line width first followed
by an Increase before another decrease as T tends to Tc'

Balogh (1978) has analyzed the behaviour of magnetic moment

versus temperature. Case (a) |Is the narrow distribution of

exchange Interactions where the values fall monotonically, the

distribution also fall monotonically and converges at Tc' This Is

the case where all the magnet ic moments has the same temperature
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Fig. 5-18 @

(a)

(b)

(c)

o

Te 1

Schemat ic temperature behaviour of the

magnet ic moment distribution iIn the

case of @

(a) narrow exchange interaction distri-
pution Indicating predominant long-

range Interactions;

(b) & (c) large exchange Interaction

distribution, characteristic of predo-

minant short-range interactions.
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Fig. 5-19 : Average |ine widths of Fe 12 xMo 3168'2
(0 ¢ x ¢ 3) alloys. r,_6 = (Iy + Fg)e,

similarly 'p 5 and '3, 4.
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dependence. Cases  (b) and (c) are similar, The fleld

corresponding to long-range order follow the brillouin behaviour.

The fleld corresponding to short-range order does not.

Consequently, the systematic variation in the magnetic moment

distribution Is lost. The corresponding picture In Mdssbauer

spectroscopy will be dependent on the temperature effect of Iine

width assuming that the Iline width corresponding to the

distribution of the magnetic moment or a quantity propotional to
it which is the hyperfine field In this case. This behaviour of

magnetic moment vs. temperature Is shown In Filgure 5-18.

The systematic 7Fall In line width due to temperature will
imply case (a), any other behaviour will imply cases (b) and (c)
indicating that the both short-range and long-range |Interactions

are important.

Figure 5-19 shows the temperature dependence of average
(HWHM) of lines 1 and 6, 2 and 5 and 3 and 4 of six-line

Mossbauer spectra of amorphous Fe70ﬂl1a_xMoxB1GSla (0¢ x ¢ 3)

alloys. In the present discussion the average line widths of

lines 1 and 6, 2 and 5 and 3 and 4 (represented by F,e 2,5

and I3 4) decreases monotonically as a function of temperature
]

for x = O and falls In the category (a) Indicating narrow

distribution of exchange Interactions, as expected for

interactions of dominant long-range order. This Is true for

= I. alloys. On the otherhand for x = 1,2
x = 0In F°7oﬂ'1a-xM°xB168 2 y

and 3, where the alloys contain 1,
endence of average line widths Shows a

2 and 3 at.» of Mo content,

the temperature dep
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different kind of behaviour for different |ines. l.e., Iy, ¢ and

F3, 4 still follow the category (8) where the Iine widths decrease

monotonically and 2,5 shows a decrease In behaviour first and

then Increases before It decreases again. This behaviour Is very

clear In case of x = 3 as shown In Figure 5-19. This essentlially
means that the long-range order may be mixed with short-range
order In Mo containing alloys, which Is the cause for a
complicated P(H) as shown In hyperfine field distribution of

these alloys In the ealier section.

5.5 SUMMARY :

A . X%
ddition of 1.5 at of Co to Fe758108l15 metalliic glass

decreases H from 242 to 239 KOe and Iincreases Tc from 682 to
712 K. Further addition of Co at the steps of 1.5 at.X does not

seem to affect H and Tc significantly, although there is a slight
decrease In trend In Curie temperatures. On the other hand In
Fe-Ni-Mo-B-SI alloys H and ‘Tc decreases steadlly till 3 at.X of
Mo addition and for x = 4, not much change In these values are

observed. The ratio of average hyperfine fleld to average

magnetic moment of Fe-N|-Mo-B-S| alloys at room temperature |Is

around 1.6 + 0.1 KOe-gm/emu. Tcs by thermal scan method Is very

well agreeing with that of DSC and resistivity measurements. H

decreases with temperature in Mo containing alloys. The bimoda-

lity Iin the major peak arises due to the presence of Mo which can

contribute to Fe-Mo ant | ferromagnet ic exchange Interactions and

magnetic di lution effects contributing to the distribution in the

lower fleld reglion.
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CHAPTER VI

This chapter gives the crystallization studies of amorphous
FeyaoN!3gMo4Big 2110y and discusses the resuits. The differential
scanning calorimetry (DSC) has been used for the experimental
measurements. Isothermal! and nonisothermal techniques are applled
seperately to cheque the extent of deviation of the crystalliza-

tion parameters |ike activation energy, Avrami exponent etc.

E.1 INTRODUCTION :

During the last decade the theoretical as well as
experimental studies on phase transformations In metallic glasses
have been extensively studied (Henderson 1979, Scott 1983, Russew
et al 1985 and Uwe Koster 1985). In all cases Isothermal
experimental analysis techniques are definitive (Calka and
Stewart 1985 and Akhtar 1986), whereas the nonisothermal
experimental analysis techniques are advantageous (Henderson
1979) for the following reasons. Firstly, certain Industrial
processes often depend on the kinetic behaviour of the systems
undergoing phase transformations under nonisothermal conditions

because of Its simplicity Iin dolng experiments and sensitivity

towards rapid phase transformations. Secondly, nonisothermal

experiments can be used to extend the temperature measurements

beyond that accessibie to Isotherma! experiments.
in the following Investigations we have taken amorphous

ta-
las 2826 MB) alloy and studied Its crys
Feqon | 3gM0,B, g (Metg
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I1izatlon kinetics by isothermal and nonisotherma | techniques.

Isothermal analysis Is carried out on the basis of Johnson-Mehl-

Avraml  (JMA)  transformation (Johnson 1939) procedure and

nonisothermal analysis by the Kissinger method (Kissinger 1956).
The alloy of nominal composition FesoN!3gM0 B, 4 exhibited
remarkable soft magnetic properties (Cumbrera et al 1979). The
previous authors (Majumdar and Nigam 1980, Cumbrera et al 1982
and RaJa et al 1987) have studied the crystallization process In
the same alloy using DSC. The first two authors observed a three
stage crystallization whereas the third one observed a two stage
crystallization process. Hence, It may be of interest to see the
crystallization process in detall In this metalliic glass. Also
nonisothermal method which is considered to be having several
experimental conveniences (Henderson 1979) |Is yet to be
considered for the fast data analysis. Because, Isothermal method
is mathematically more rigorous and definitive (Chen 1978 and

Henderson 1979). Hence It may be a good |dea to find out the

extent of deviation of nonisothermal resulit from that of

isothermal one.

E.2 ISOTHERMAL TRANSFORMATION :

The Johnson-Mehl-Avraml equation is usually written In the

form (Johnson 1939)

6-1
X =1 - exp(-Ktn)

where x |Is the fraction of the transformation completed at
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ime t.
t K Is a function of temperature and Iin general depends on

both the nucleation rate and the growth rate and n Is the "Avrami

exponent which reflects the nucleation rate and or the growth

morphology. K Is of the form

K = K, exp(~-E/RT) 6-2

where E Is the activation energy and R |Is gas constant. By

logarithmic manipulation, Eqn. 6-1 can be written as
IN[-IN(1-x)) = INK « n In t 6-3

which essentially means that the plot between In[-In(1-x)] versus
Ingtt) 1Is a straight line with a siope equal ton and Intercept

equal to In K.

The detalls of n can be evaluated following the procedure

given by Christian (1975). The equation for n IS given by
X = a + pd 6-4

where p = 1 for linear growth, p = 172 for parabolic growth;

d = 1,2 or 3 for one, two or three-dimensional growth; a = O for

no nucleation (i.e., zero nucleation rate), a = 1 for constant

nucleation rate, O ¢ a < 1 for a decreasing nucleation rate and

a > 1 for an Increasing nucleation rate.

The activation engergy, E , In Isothermal transformation

can be evaluated making use of Arrhenius relation (Akhtar 1986)

6-5
- d
t_ = t_ exp (E/RT)
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where tp Is the time required to complete p percent of

transformation at temperature T. gq. 6-5 implies that In(Ct.)
P

vs. 17T plot gives rise to a siope equal to E/R, where R Is gas

constant.

6.3 NONISOTHERMAL TRANSFORMATION :

in metallic glasses and particulariy In crystaillization
processes It |Is the enthalpy change with temperature variation
which gives rise to exotherms. In the an?lysls of nonisothermal
processes, Kissinger (1956) procedure Is used to evaluate
activation energy, E. The details of Kissinger procedure is as

follows.

The basic equation that relates the rate of reaction to the
fraction of the material decomposed may be written as (Murray et

al 1949 and Vaughan 1955)

X

C )T = KT(1-%) 6-6

at

where x |Is the fraction of the material decomposed, KT IS the

magnitude of the rate constant and Is given by the Arrhenius

equation

-E/RT 6-7
KT = Ae

where A and E are the freguency factor and activation energy

respectively. The former |s a measure of the probability that a
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ecu
mol le having energy E will participate In a reaction and the

later IS energy barrier Opposing the reaction (Kissinger 1956).

By applying the condition that the reaction rate |s max|mum

when its  derivative with respect to time Is zero and

simultaneously applying a few mathematical manipulations one can

obtain an equation of the form (Chen 1978 and 1981)

e

E Tp
= In [—~——] + constant 6-8

kBTp ’ 0

where Tp |Is the peak temperature, ¢ Is the heating rate and kg |s
4
the Boltzmann constant. In a In (&Tp) vs. 1/Tp plot the slope

will give the E/KB.

G.4 EXPERIMENTAL RESULTS AND DISCUSSION :

we have selected a single amorphous Fe,  Ni Mo, B, alloy
(Metglass 2826 MB) for which the isothermal and nonisothermal
analyses are carried out. The nonisothermal run with the heating
rate of 12.5 K/min shows two peaks having Tp at 706 and 807 K as
shown in Fig.6-1(a) conforming two stage crystallization

processes. This Is a common observation for this alloy (RajJa et

al 1987). Using nonisothermal procedure, Antonione et al (1978)

observed a two stage crystallization process at 703 and 777 K

for the Metglas 2826 MB with activation energies 296 and

334 KJ/mole respectively for the first and second crystallization

reactions. However, Majumdar and Nigam (1980) and Cumbrera et al
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(1982) observed a three stage crystallization peaks at 728, 810

and 863 K for the first, second and thirg crystallization peaks,

respectively. Cumbrera et aj (1982) determined activation

energles both from Kissinger (288 and 355 KJ’mole) and isothermal
(288 and 451 KJ/mole) methods using Differential Therma ! Analysis
(DTA), Differential Scanning Calorimatry (DSC) and resistivity
- measurements for the first two crystallization processes. It may
be noted here that the activation energy deduced from Isothermal
me}hod for the second crystallization differs significantiy from
that obtained by Kissinger method (Cumbrera et al 1982). The two
stage crystallization process formed In our case (Fig. 6-1a) Is
supported by the fact that for a variety of (Fe-NI-Mo)B glasses a
doublie crystallization is observed (Bhanuprasad 1987). Also, the
resistivity measurements on the same alloy (Fe, Ni_.Mo,B,.)
showed a double crystallization at temperatures 700 and 810 K
which Is supporting beyond doubt the two stage crystalilization
process In this allioy. The crystallization temperatures obtained
by resistivity measurements are very well agreeing with the

values obtalned by DSC measurements as shown In Fig. 6-1d.

Isothermal annealing studies on the first peak at 717, 726

and 731.2 K and on the second peak at 763.3, 767.3 and 770.3 K

are carried out. Figures 6-1(b) and (c) shows the typical

Isothermal plots of metglas 2826 M8 for the first and second

crystallization processes respectively. These figures show the

incubation time, T, (time required to start the process) |Is

0.5 + 0.05 min for the first crystallization process and nearly
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8.0 + 0.5 min
for the second crystaliization process. The

incubatin period was taken as time interval between the specimen

reaching  the' annealing temperature and the start of the

transformation. The start of the transformation was taken as that

instant at which the base Iine deviated from |linearity. The
nonisothermal runs are carried out with the heating rates 1.5, 14,
8, 12.5 and 20 K/min. In all the cases a two stage
crystallization process is observed. The peak area in these plots
increases with heating rates. This Is expected because as the
heating rate increases the rate of reaction and hence the dH/dt
(H |Is enthalpy) changes rapidly with the temperature. The peak
temperature, Tp moves towards higher temperatures with the

increase In heating rates. Following Kissinger method and hence

the EqQn.6-8, the activation energlies for these two peaks are
4
calculated. The graph between In(4/Tp) versus 103/Tp Is as shown

in Figure 6-2. The activation energles for the first and second
peaks are calculated to be 291 and 343 KJ’mole, respectively.

These values are in good agreement with the values deduced Dby

Antonione et al (1978) as shown in Table 6-1.

In isothermal analysis , the fraction of crystaliization, X

at any time t Is calculated as the ratio A(t)7A(total) where A(t)

and A(total) are the areas under the Isothermal exotherm at the

time t and the total area of the exotherm, respectively. Plots of

X versus time at different temperatures ylielded sigmoidal curves

and are shown In Figures 6-3(a) and 6-1(a). The activation

energies of the crystallization processes are calculated from the
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Table 6-1: Activation energies for the crystaillization processes

of amorphous Few'hIIBBMo"B18 (Metglas 2826 MB) alloy.

S.No. Peak 1 Peak 2 method reference

KJ7mole KJ’mole

1 c84 374 isothermal present work

2 291 343 nonisothermal present work

3 296 334 nonisothermal Antonione et al (1978)
4 288 355 Kissinger Cumbrera et al (1982)
S 270 375 Kissinger RajJa et al (1987)
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Fig. 6-2 : Kissinger plots for the first and second
crystallization processes of amorphous

Fe‘loNI%Mo‘B18 glass.

194



Isothermal exotherms making use of EqQ. 6-5. The plots of In(t)
versus 10°/T for the first and second crystallization peaks are
as shown In Figures 6-3(b) are 6-4(b), respectively. In all the
above plots the Iincubation time Is substracted before plotting
the graphs. The activation energies found by Isothermal studies
are 298 and 401 KJ/mole at 60*% fraction of crystallization and
284 and 374 KJ/mole for 80% fraction of crystallization for the
first and second crystallization processes, respectively. The
activation energies obtained agree very well with the activation
energies deduced by other authors for the same alloy as shown In
Table 6-1. The activation energies at 80% fraction of
crystallization (284 and 374 KJ/mole) agree within experimental
error with the nonisothermally deduced activation energlies (291

and 343 KJ/mole) for the first and second crystallization

processes.

The Avrami exponent, n IS calculated using the Eqn. 6-3 by
plotting In[-In(1-x)] versus In t and evaluating the sliope of the
straight line. The sliope directly gives us the value of n. The
plots are shown In Flgures 6-5(a) and (b). The average value of n
calculated 1Is 1.72 + 0.03 for the first peak and 3.06 +« 0.07 for
the second peak. The Interpretation of the nucleation and
growth for these values |Is done by Equation 6-4 and |Is as

follows.

For the first peak the value of n iIs 1.72 ¢« 0.03. This
alilows us to select d =3, p=172and 0 < a < 1 and Implies a

three dimensional and parabolic growth with decreasing nucleation
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rate (see section 6-2). In metaliic glasses a8 three-dimentional
growth {Is a common observation during crystalliization (Mathur et
al 1987). For the second peak, n Is between 3.06 « 0.07, which

implies d 172 and 8 > 1. This can also allows us to

n

L

L=
n

consider d

1]

W

O
1]

1 and a < 1. But Greer (1982) has suggested
that the experimentally observed Avrami exponent falls short of
the actual value because of certain Instrumental and theoretical
factors. It should be noted In Figure 6-4 that the vailue of E,
increases with |Increase In the fraction transformed, X.

Ranganathan et al (1981) have proposed a relationship

n E_ +n_E
E = [——"—3 9 6-9

n

Where subscripts n and g correspond to nucleation and growth,
respectively. The activation energlies for nucleation, En have
been found to be considerably higher than the activation
energies for growth, Eg in the same glass (Luborsky 1983). The
increase of activation energy of the total process, E with
transformed fraction ( or time ), thus Implies that nucleation
rate Is increasing with time. Hence, d = 3, p= 172 and a > 1 Is
the suitable choice for the second crystallization process which

suggested a three dimensional and parabolic growth with

increasing nucleation rate.

Similar calculations of n have been tried In nonisothermal
peaks adopting the same procedure as that of Isothermal described

above. Though the fraction of crystallization versus time plots
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shown In Figur -
gures 6-6a ang (b) shows simiiar sigmoidal plots as

that of Isot
hermal, n vaiyes differ drastically and ylelded

higher - values.
g €s. For exampie, the n value calculated from non-

Isothermal plots for the first peak Is between 3.75 to 5.63.

sSurpr
prisingly, for the Second peak and for |ower heating rates

(1.5 and 4 K“min ), the n vaiye IS 3.22 + 0.07 and agree within

experimental error with the Isothermal iy deduced value (3.06).

However, for higher reating rates, n Increases towards higher

values (3.6 to 4.7 ). The plots of In[-In(1-x)) vs. In(t) for the

nonisothermal peaks are shown in Filgures 6-7(a) and (b).

It has been stated that JUMA transformation rate equation can
only be applied to transformations Involving nucleation and
growth In a limited number of special cases under nonisothermal
conditions and particularly when the rate of transformation,
dx7dt depends only on fraction of crystaillization, X and
temperature, T (Henderson 1979). For a slow transformation and at
lower heating rates, it is quite possible that the above
condition may be satisfled. This may be the reasan why the n

value deduced by both isothermal and nonisothermal techniques In

the present study are matching within experimental error for the

heating rates below 4 K/min (for the second peak In our case).

For the heating rates above 4 K/min the transformation depends on

T as well as time and therfore violating one of the fundamental

assumptions of JMA tranformation ( |.e., growth of a phase must

depend on temperature and not on time). Hence, nonisothermal

method can be safely used below the heating rates 4 K/min for the
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second stage of crystallizat

9 y zation of Feqo"‘3€“°131a alioy. The
first stage of crystallization Is not a siow one. Therefore, only
isothermal conditions have to be used to elucidate the

crystallization kinetics.

E.5 SUMMARY :

The crysatilization kinetics of amorphous Fe40Ni38M0481B
(Metglas 2826 MB) alloy has been studied by both Isothermal and
nonisothermal heating techniques wusing DSC. A two step
crystallization process having peaks at 706 and 807 K |Is observed
with a heating rate of 12.5 K“/min. A similar crysatilization
process is obtained by resistivity measurements with a8 heating
rate of 5 K“min. A slope change in resistivity vs. temperature |Is
observed at 700 and 810 K, which is Iin good agreement with the
va lues deduced by DSC measurements. The Avrami exponents
calculated using isothermal technique (DSC) are 1.72 «+ 0.03 for
the first peak and 3.06 + 0.07 for the second peak. The first stage
of crystallization |Is suggested to be having three-dimensional
and parabolic growth with decreasing nucleation rate. The second
stage of crystallization is attributed to three-dimensional and
parabolic growth with Incresing nuclteation rate. Simi lar
calculations on nonisothermal runs yielded high values of n for
the first (3.75 < n ¢ 5.3) and second (3.22 ¢ n < 4.75) stages of
crystallization. In case of amorphous FeqoylsaMo4B18 alloy, It is
suggested that the nonisothermal heating technique can be applied

for the second peak at lower heating rates ( < 14 K/min).
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CHAPTER VII

7.1 OVERALL CONCLUSIONS OF THE PRESENT WORK :

The iron-rich ferromagnetic metallic glasses of the type

(Fe, _,Co,) S| (0.OO ¢ x ¢ 0.12), Fe_ Ni Mo B..Si

75810 15 70 "12-x x 16~ '2
(0O ¢ x < 3) and Fequ'3aM°qa1a (Metglas 2826 MB) have been
investigated in the temperature range 1.5 to 900 K by eilectrical
resistivity, thermoelectric power, Md&ssbauer spectroscopy and DSC
techniques, aithough, the whole temperature range and all the

above mentioned techniques have not been necessarily used for all

the sample measurements.

The electrical resistivity measurements of

(F Cox) B 8115 alloys In the temperature range 1.5 to 300 K

€1-x 75°10

for compositions x = 0.00 to 0.08 and in the temperature range 80
to 900 K for compositions 0.00 < X < 0.12 have been performed.
Also, the resistivity measurements of F870N|12—XMOXB168'2
(0O < x ¢<3) alloys have been studied In the temperature range 4.2
to 900 K. The quantitative comparison of our results with
theoretical predictions allows us to draw the following
conclusions. Both the electron-ion potential scattering and
electron-magnon scattering contribute to electrical resistivity.
the structural contribution to resistivity dominates over the
magnetic contribution Iin the entire temperature range for all the

alloys studied and the ppag(T) Is found to follow quadratic

behaviour. All the glasses showed a minimum In resistivity CPmind
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between 1.5 and 60 K. For all the Co containing alloys of the
form Fe-Co-B-Si, the minimum in resistivity Is around 20 K.
Whereas for Fe-Ni|-Mo-B-S| alloys, It varies drastically from 11 K

for x = O to 60 K for x = 3. Logarithmic behaviour in T for

e
T < Tmin @nd T dependence for T > Tmln < 100 K |Is observed for

Fe-Co-B-Si alloys. Above 100 K the temperature dependence of

resistivity Is slightly parabolic with a small and positive T2

coefficient (~10" 7). At T. @ slight change in the slope of the
resistivity ratio versus temperature graph Is observed Iin case of
Fe-Co-B-Si alloys. In Fe-NiI-Mo-B-Si| alloys this siope change |Is
not very clear. The temperature coefficient of resistivity, a,
seems to be more or less same Iin Co containing alloys atleast
1—xc°x)758108'15 alloys. On the
other hand the a for Fe-Ni-Mo-B-S| alloys seems to decrease fast

till 9 at.* of Co addition to (Fe

with Mo addition. The absolute temperature resistivities for all
the alloys lie below 150 uQ-cms and as a increases p decreases.

Hence, It seems to follow the Mool j correlation.

The Curie temperature, T_ Increases for even a small
addition of cobalt (1.5 at.*) to Fe7SB1OSI15 gltass. Further
addition of Co to these glasses changes Tc slightly. The Tc for
Fe-NiI-Mo-B-Si| alloys decreases drastically from 697 to 587 K with
3 at.¥ of Mo substitution. AIll the samples showed double
crystallization indicating the two stage crystallization
processes. The starting point of crystallization, Tx1 Increases
from 715 to 795 K for 1.5 at.% of Co addition In Fe-Co-B-Si

glasses. Similar to Tc' Tx1 also does not seem to Increase with
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further cobalt substitution at the steps of 1.5 at.% each time
atleast till 9 at.X of cobalt content. However, close
observation of Tx1 reveal that there Is a slight but small
decrease of T , for x = 0.10 onwards. The intensity of second
crystallization peak diminishes with the addition of cobalt to
Fe-Co-B-S| glasses. This Is suggested due to the precipitation of
(Fe-Co) alloy with (Fe-Co)B-SiI amorphous matrix, which then
crystaliize further with higher concentration of cobalt, more
(Fe-Co) alloy precipitates leaving to a sharper drop In
resistivity. Similarly, in case of Fe-Ni-Mo-B-SiI alloys the
initial formation of (Fe-Ni-Mo) and Fe-Ni-B are expected and then
these phases may dissociate to give more stable (Fe-Ni)B and
Fe-Mo phases. The Debye temperature, ©p of all the Co contailnig
alloys are around 300 to 350 K. Whereas the ©p for Fe-Ni-Mo-B-Si
alloys are about 100 K less than the Fe-Co-B-S| metalllic glasses.

These values are obtained by sustracting an extra Ta

term at
higher temperatures which has been attributed to the magnetic
scattering. The Debye temperatures evaluated from these
measurements which are In agreement with the 6p values of other

ferromagnetic glasses supports the magnetic contribution to

electrical resistivity.

The thermoelectric power (TEP) of (Fe1-xc°x)758108|15
(0.00 ¢ x ¢ O0.12) alloys In the temperature range 80 to 400 K has
been studied. All the samples showed negative TEP through out the
temperature range and It is linear below T (< Tmax (Tmax Is the

temperature at (Spaxl)- A broad maximum in |S| around 300 to
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400 K Is observed at temperatures approximately equal to che.
This maximum has the value of |S| equal to 3.8 uvs/K for
Fe?SB1OSl15 glass and with the addition of 1.5 at.% of cobalt to
this glass It decreases to 2.8 uv/K. The decrease In |Spax! for

further addition of Co content Is feeble, |If there Is any. This
implies that the parabolic behaviour between 80 K to
crystallization temperature is decreasing with the addition of
cobalt. There was no any correlation between the minimum In
resisivity, pPpin 8nd the maximum in |S|. However, both the
resistivity and TEP are not changlﬁg much with the addition of
small quantities of cobalt. No theoretical model seems to explain
complietely the TEP behaviour of metallic glasses In the entire

temperature range. l.e., T << Tc to T z_Tc.

M8ssbauer spectroscopy measurements for Fe-NI-Mo-B-S| alloys
have been performed in the temperature range 80 to 900 K and for
Fe-Co-B-S| alloys the room temperature spectra have been studied.
Broad six-line spectra of the samples show that the sample Is In
the ferromagnetic state with random atomic arrangements and
inequivalent Fe-sites. The absorption lines have large line
widths which are about five to six times larger than the Iron-
foil line width at room temperature, which iIs a characteristic
feature observed in all ferromagnetic metallic galsses. Major
broadening |In Mbssbauer spectral lines |Is caused by the magnetic
hyperfine fleld distribution. The thermal scan method shows that
the ‘Tc of the samples are very much in agreement with the values

obtained by DSC. The Tc in thermal scan method Is taken at a
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place where thé magnetic order completely collapses. The
difference in the Tc determined by different methods Ilke DSC,
resistivity and Mdssbauer has been attributed to the change In
the heating rates which essentially increases Tc by annealing.
Room temperature Moéssbauer measurements show that the
magnetization axis does not lie perfectly Iin the plane of the
ribbon of any of the samples studied and its direction is out of

plane of the ribbon.

Fourier analyﬁis of the six~1ine Mssbauer spectra shows a
well defined peak In P(H) vs. H graph. With the addition of Mo,
this peak shifts to lower fields In case of Fe-Ni-Mo-B-8I| alloys.
whereas In Co containig alloys the shift In the peak fileld |Is
zero or small. Since a large contribution (60 to 90%) Is expected
due to core polarization by the local moment on the Fe-atom,
negligible effect of Co addition to Fe-B-SiI system in the H and
P(H) indicates that the moments on Fe-atom are not substantially
affected due to the presence of Co in the neighbourhood (Panissod
et al 1982). However Iincrease of Tc implies stronger exchange
interms of elither J.,_ ., ©OF Jeo-co’ probably the former.
Additional peaks (on the right side of P(H)) are observed at

higher flelids which have no physical meaning but arises due to

the polynomial fitting.

For x = O sample, the major peak Is quite symmetric, the

FWHM decreases systematically with increase In temperature,

whereas for x = 1, 2 and 3 samples the major peak |Is

significantly assymetric even at lowest temperatures where the
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artifact effect Is far away from the major peak. This clearly
shows the bimodality In the distribution of hyperfine fieid. With
increase In temperature, the line width (FWwHM) for the P(H)
distribution remains more or less constant. Any fluctuation may
arise on account of the error In determining the line width In
assymetric profile with bimodality suggested. The sudden Increase
in FWHM arises due to the overlap of major peak with the minor
peak attributed to the artifact effect. The bimodality In the
major peak arises due to the presence of Mo. Molybdenum, which Is
a second row transition-metal iike Cr and V Iin the first row can
contribute to Fe-Mo antiferromagnetic exchange Interaction and
magnetic dilution effects contributing to the distribution Iin the
lower fleld region and there by giving rise to the bimodal
distribution. The temperature independence of the width of the
distribution can be attributed to different filelds having
different temperature dependences. This also suggested by the

temperature dependence of |ine widths.

The average |ine width, Ty g of the first and sixth peaks of
the six-line Mdssbauer spectra of Fe7oNI12_xMoxB1GSla alloys
decreases with Increase In temperature indicating the narrow
distribution of exchange interactions as expected for
interactions of dominant long-range order. Addition of Mo to
these glasses shows a different kind of behaviour. |.e., Ty ¢ and
T3, 4 decreases monotonically with temperature, whereas T2 g shows
decrease In behaviour first and then Increases before It

a
decreases agaln indicating the mixture of long-range and short-

range order In Mo containig alloys.
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Crystallization studies using DSC shows that the Isothermal
method Is the convenient and accurate method to elucidate
crystallization kinetics. The activation energies and Avrami
exponents (n) for the crystallization processes are 284 and 374
KJmole and 1.7 and 3.1 for the first and second peaks,
respectively of Fe4°N138M04818 alloy. The n values deduced here
suggests a three-dimensional and parabolic growth with decreasing
nucleation rate and three-dimensional and parabolic growth with
increasing nucleation rate for - the first and second
crystallization processes respectively. The activation energies
determined by Kissinger method using nonisothermal technique are
agreeing well (291 and 343 KJ/mole) with the isothermal values.
However, the Avramli exponents are not agreeing with the
isothermally deduced values. The nonisothermal runs to study the
crystallization kinetics can be used only at very Ilow heat ing
rates and only for certain reactions where the thermal history
dependence does not exist. In particular, In Fe4°ﬂl3aMo“B1B alloy

the nonisothermal kinetics can be used at lower heating rates

(below 4 K“/min) and for the second crystallization process only.

7.2 SUGGESTION FOR FUTURE WORK :

Due to the lack of experimental facilitlies and time factor
the thesis has been presented with requisite experimental detalls
and their analysis. This work can be extended into more detalls

and many physical and chemical properties can be thoroughly

understood.
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Firstly, the magnetic contribution to electrical
resistivity, pmag(T) has been suggested by taking into account
the Debye temperature, 6p and Its agreement with other similar
iron-rich ferromagnetic materials Iin the Iiterature. On the
other hand Pmag(T) can be proved theoretically by taking Into
account the diffraction model for the amorphous materials.
Theoretical Iinvestigations of Bergmann et al (1978) and Richter
et al (1979) showed that Pmag(T) has two types of contributions,
one going as Ta. as In the case of crystalline ferromanets, and

the other going as T> 2, which arises only In amorphous alloys.

The T:y2 contribution Is atleast two orders of magnitude greater

than the TE term. Therefore, the theories mentioned above

predicted a T3/a power faw In contrast to the T2 dependence found
in our iron-rich ferromagnetic amorphous alloys. Our experimental
investigations of T2 dependence of pmag(T) Is supported by Kaul

et al (1986), where they found a dominant T2 contribution to
Pmag(T). The T372 |n their ferromagnetic alloys |Is negligibly
small compared to T2 term. Therefore, It may be interesting to
see the results by fitting the data nonlineariy to the
theoretical Egn. 3-8b (by guessing the parameters of a1. aa. w(0o)
and 6p) and there by evaluating 6p. The equation (Eqn. 3-8b) from
diffraction model does not take Iinto account the pmag(T). ¢ has
| inear temperature dependence for T 2> 6p and quadratic
temperature dependence for T << ©p. This quadratic temperature
dependence has been shown to be due to structural as well as

magnetic contributions to resistivity (Kaul et al 1986),

although, structural contribution is dominated over the magnetic
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contribution (chapter 111). These physical parameters can be
checked by noniinearily fitting the theoretical Eqgn. 3-8b with
some additional parameter(s) such as ™ (m Iis the number) and
then evaluating ©6p seperately In each case. The evaluated values
of ©p are then compared with the experimentally deduced values.

The method of evaluation of 6p Is as follows.

If we assume that the theoretical Egn. 3-8b as x1(T) and
c

magnetlg contribution to electrical resistivity as T andsor
T3/a. then the following equations can be formulated.

r(T) = xX1(T) « 33 Ta = x2(T) 7-1
F(T) = X1(T) + a, ™ . aqua = x3(T) 7-2
FETY = XM + a, T2 2 xa(m 7-3

where p(T) |Is the normalized resistivity ratios. These three
equations are symultaneously solved to get the 6p theoretically
and then compared with the experimentally deduced ©6p values,
calculated In chapter I1i1l. The additional advantage of this
procedure Is that, It allows us to evaluate the structure factor,
So(akF) using Eqn. 3-10 with the heip of the coefficlents a, and
a,. The five parameters, viz., a,, a,, wW(0), ©p and Sg(2kg) can

be used to recalculate the normalized resistivity ratios,

P(TIZ7P(To), (To is the ice temperature) and temperature

coefficlent of resistivity, a, theoretically.

Secondly, in thermoelectric power (S8) measurements, the
boundaries for the temperature variation (80 to 400 K) have been

fixed to our experimental investigations presented In the theslis
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due to low temperature |imitations. This can be extended from low
(¢ 4.2 K) to high temperatures (> T.,)- This enables us to find
out the exact magnetic contribution to thermopower by the
metallic glasses. This can be done experimentaliy by fitting the
data between Tc and Tx' where the magnetic contribution to
thermopower is nil and then substracting this with the
thermopower data below Tc' where the mixture of magnetic and
other contributions are present. The theoretical analysis of this
data together with the resistivity data might give us 8 clear

understanding of the mechanisms present in the alloys.

Thirdly, we have |imited our M8ssbauer studies to only
isomer shifts and hyperfine interactions. The detal led
invest igations can be further carried out using Handrich's model
by fitting the data to an equation simllar to the magnetization
relation to temperature In crystalline ferromagnets, as the
hyperfine fields in amorphous ferromagnets are proportional to
the magnetization. Also, the spin-wave exclitations and critical

exponents can be studied using Mlissbauer spectra.

Last ly, the crystallization process(es) of the metallic
glasses can be clearly understood by systematic study of metallic
glasses using x-ray, transmission electron microscopy (TEM) and
pDSC. All these techniques have to be extensively used to
understand the growth, nucleation, stabllity and crystallized
products. These techniques needs an accurate annealing and

quenching of the samples prior to their experimentation.
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Further work on the same lines can be carried out by
preparing the glasses with higher compositions of cobalt in
Fe-Co-B-Si (lron-rich) alloys and also by replacing cobailt with
Ni and Mo Independent Iy in the same series. This enables us to
know the effects of these elements on the physical as well as

chemical properties of metallic glasses.
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