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ABSTRACT

Structural, thermal, transport and magnetic properties of (Feigo-xVx)75P15C10 (X=0, 5,
10 and 15) amorphous ribbons prepared by melt spinning technique were studied. The
XRD of the as prepared samples shows a broad peak that confirms the samples are in
amorphous nature. The re-crystallization phenomenon of the alloys was studied by
XRD for annealing temperatures from 400 to 650 °C for 30 minutes annealing time.
The XRD pattern shows that all compositions remain in the b.c.c phase within the
annealing temperature range between 400 and 450 °C, and transform into hexagonal
phase within the annealing temperature range between 500 and 650 °C. The lattice
parameter ‘a’ of the b.c.c structure changes from 2.854 to 2.870 A. The lattice
parameters ‘a’ and ‘c’ of the hexagonal structure are (5.011-5.045) A and (13.676-
13.822) A, respectively. The grain size is found to vary from 10 to 60 nm depending
on the annealing temperature. The DTA curves of the as prepared samples show an
exothermic peak for each sample. The crystallization temperatures increase with the
increases of V content. Surface micrograph of the as prepared samples shows that
porosity decreases with the increase of V content. The resistivity at room temperature
of the as prepared samples increases with the increase of V content and attributed to
the isotropic, anisotropic and topological scattering of the conduction electrons. The
resistivity of the as prepared samples follows Mooij-correlation in the temperature
range 298-93K. The magnetoresistance of the as prepared samples vary from 0 to 8%
which is typical of metallic glass system. The origin of magnetoresistance is assumed
to be magnon-electron and/or phonon-electron interaction. Room temperature Hall
resistivity of the as prepared samples show anomalous Hall effect due to the impurity,
phonon and spin disorder scattering. The skew-scattering and the side-jump
mechanism are also responsible for anomalous Hall effect. Room temperature
saturation magnetization of the as prepared samples decreases with the increase of V
content. This decrease is due to the replacement of ferromagnetic Fe by paramagnetic

V and also due to the reduction of the overall interatomic exchange interaction.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

An amorphous material is a material which has disordered atomic structure. In
contrast to most metals, that is crystalline in nature and has a highly ordered atomic
structure. Amorphous alloys are non-crystalline materials in which disordered
structure is produced directly from the liquid state during cooling, and so these
materials are commonly referred to as metallic glasses or glassy metals. The first
reported metallic glass was an alloy of AusSizs produced by J. W. Klement et al [1]
in 1960. This and other early glass-forming alloys had to be cooled rapidly to avoid
crystallization. Metallic glasses could only be produced in a limited number of forms
typically ribbons, foils, wires etc. The specimens of metallic glasses were limited to
thicknesses of less than one hundred micrometers. In 1976, H. Liebermann et al [2]
developed a new method of manufacturing thin ribbons of amorphous metal on a
super cooled fast-spinning wheel. This was an alloy of iron, nickel, phosphorus and
boron. In the early 1980s, glassy ingots with 5 mm diameter were produced from the
alloy of PdssPb2,5Shys by surface etching followed with heating-cooling cycles.
Using boron oxide flux, the achievable thickness was increased to a centimeter.
Metallic glasses have been found to be promising for technological applications in
1988 [3]. There are two technologically important classes of magnetic amorphous
alloys; the transition metal-metalloid (TM-M) alloys and the rare earth-transition
metal (RE-TM) alloys. The TM-M alloys typically contain about 80 % Fe, Co, or Ni
atom with the remaining are B, C, Si, P or Al as glass forming materials. The presence
of the metalloids is necessary to lower the melting point, making it possible to quench

the alloy through its glass temperature rapidly enough to form the amorphous phase.

Amorphous ferromagnetic material has been a subject of considerable interest in
recent years [4]. The present study involves the preparation and characterization of Fe
based amorphous ribbons. The melt spinning technique [5] has been used for the
preparation of (Feio0-xVx)75P15C10 (x=0, 5, 10 and 15) ribbons. Here Fe has been
partially replaced by V content.



The methods of the preparation of the ribbons are described in chapter-3 along with
the procedure and conditions for glass forming amorphous materials. In this alloys P
and C have been used as glass forming materials. It has received considerable
experimental and theoretical attention owing to the structural, transport and magnetic
properties. These materials are interesting from both the fundamental and applied
viewpoints. Because of various superior mechanical, magnetic and electrical
properties, in comparison with those of the crystalline state, metallic glasses form a
class of technologically important materials. It has already been put into applications
in different devices e.g., choke coils, high frequency transformers and the magnetic
thin film heads [6]. The structural property studies of the materials are most important
for the explanation of behavior of that material due to engineering and scientific
applications. The studies of the magnetic property of amorphous ribbons are
significant for a variety of applications such as power generator transformers,
magnetic heads, magnetic shielding etc. These applications may be determined by
static or dynamic properties of the amorphous material. Generally high electrical
resistivity, high mechanical strength, good corrosion resistance, and absence of
crystalline anisotropy, structural defects and grain boundaries characterize the
amorphous ribbons. The magnetic properties such as saturation flux density, curie
temperature, magnetostriction and induced anisotropy can be controlled by the alloy

composition and a subsequent heat treatment.

The high electrical resistivity and the small thickness of the melt-quenched ribbons
lead to low eddy current losses. The low hysteresis losses and, results in very low core
losses, which are of interest for power electronics at high frequencies. For application
in small electronic devices, the amorphous ribbons have somewhat poorer losses than
the conventional Fe-Ni-B ribbon. The design optimization requires lower cost of
amorphous ribbons, higher induction compared to Fe-Ni-B ribbons. Amorphous
ribbons have many refined applications also like development of magnetic bubbles for
computer memory, amorphous superconductors etc. Research in the theoretical
understanding, development and application of amorphous ribbons can thus be

profitable, especially at its present new phase.



1.2 Review of the previous work

The rate of crystallization and the behavior of crystallization of an amorphous
FessP15Cyo alloy [7, 8] obtained by rapid cooling from the liquid state had been
studied by thermal analysis, XRD, electron microscopy and electrical resistivity. The
results of these investigations showed that the rate, as well as the morphology of the
amorphous to crystalline transformation greatly depends on the rate of heating. At
very high rates of heating (above about 300 °C/min) the transformation is very rapid
and is accompanied by a large heat release of about of the order of 900 Cal/mole. The
results of experiments performed at a relatively small rate of heating of 1 °C/min
confirm the more or less discontinuous nature of the process of nucleation and growth
of the equilibrium phases. It evidenced by the sudden increase in the peak intensity of
the Fe and FesP XRD peaks around 430 °C, which is near the temperature at which
sudden crystallization occurs at high rates of heating. A better understanding of the
early stages of crystallization were gained by making isothermal aging experiments
within the critical temperature range between 340 °C and 460 °C and studied the
progress of crystallization over very long periods of time. The experiments indicated
that during the initial stages of crystallization, very small crystallites are formed in the
amorphous matrix. Transformation of the amorphous Fe;sP1sCio alloy to the
crystalline phases takes place by the nucleation and growth processes. The
morphology of crystalline phases consisting of a-iron and Fe,P in FessP15Cyp alloys
first becomes pronounced after annealing at 360 °C. The FesP phase was detected
upon annealing between 380 and 400 °C. After a 96 h anneal at 400 °C, FesC was also
formed with the micro structure consisting of a-iron, FesP and Fe;C. At 420°C the
above phases were formed and the transformation of amorphous FesP15Cyo alloy to

crystalline phases seems to be complete.

The resistivity, magnetoresistance and the Hall resistivity of amorphous (Feigo-
xMny)75P15C10 alloys [9] upto 30% Mn were measured using amorphous ribbons. The
temperature and field dependence of resistivity and Hall resistivity suggest a variety
of structural and spin scattering centers; in particular, temperature dependant
resistivity to be governed by structural (isotropic) scattering centers while temperature
dependant of Hall resistivity dominated by topological (anisotropic) spin scattering

centers.



Transport and magnetic properties of amorphous (Fe;-xMny)7sP15C1o alloys [10] with
x=0.05 and x=0.5 showed that zero coercive field H; for x=0.05 and upper limit
H:<1.5G for x=0.5. The crystallization temperatures were 740 K and 710 K for x=0.5
and x=0.05 respectively. The resistivity was the order of 10° Q-m and magnetic
moment per cation was 0.42 pg. Pressure derivative of the Curie temperature (T¢) [11]
showed that T. decreases with pressure. Thermoelectric power of some (Fei-
xMny)7sP15C10 amorphous alloys were studied by E. Kraus et al [12]. Variation of x
from O to 1 changes the magnetic transition from an amorphous ferromagnetic

FezsP15C10 to an amorphous antiferromagnetic MnzsP15Cio [13, 14].

The electrical resistivity of amorphous and crystalline Fego.xVxB14Sis alloys [15] was
studied as a function of temperature between 4 K and 1200 K. The crystallization
temperature increases from 681 K for FegB14Sis to 868 K for FessVi6B14Sis. A
minimum resistivity was observed in the amorphous state at low temperature for
samples with 4<x<16; however this behavior could not show the samples in the

crystalline state. The values of T, were changes slightly with increase of V content.

The influence of Fe substitution by V was studied in amorphous and nanocrystalline
Fez35xVxCuiNb3Si;zsBg alloys on their structure and magnetic properties [16].
Nanocrystalline state of the samples was represented by Fe(V)sSi nanocrystals with
cubic lattice and mean grain size of the crystals was about 15 nm. V increases the
crystallization temperature of the Fe(V)sSi phase. For higher V content (x>5) the
ferromagnetic exchange interactions between the grains were less efficient and then

the coercivity increases and magnetization decreases.

The low temperature resistivity measurement in FegoB20.xCx [17] showed a resistivity
minimum which increases slightly with an increase in the carbon concentration. The
depth of the minimum was also increased with an increase in the carbon
concentration. The result suggests strong evidence against the existence of a dominant
magnetic contribution to the origin of the resistivity minimum. The low-temperature
data of the ribbon samples between 4.2 and 11 K fit better with InT than T2 The
magnetoresistance data seem to suggest that both localization and correlation effects
to be incorporated in describing the effect of a magnetic field on the electrical

resistivity.



Experimental results of magnetization and Mossbauer measurements on an
amorphous ferromagnetic alloy FezsP15Ci0 [18] showed that there was a significant
magnetization distribution in an amorphous ferromagnet. It was concluded that the
magnetic properties such as saturation magnetization and T were determined mainly
by short-range order and was not significantly affected as a result of losing the long-
range structural order. The overall temperature dependence of the magnetization of an
amorphous alloy can be qualitatively understood in terms of the spin-wave “impurity”
states in ferromagnet, if a distribution of exchange interaction among the magnetic
constituents was assumed. A magnetization fluctuation in amorphous alloys was also
consistent with the experimental observation of the coexistence of the Kondo-type

resistance minimum in ferromagnetism.

1.3 Aim and objective of the research

The aim and objective of the present work is to study the melt spun (Fejoo-
xVx)75P15C10 (x=0, 5, 10 and 15) amorphous metallic ribbons through structural,

thermal, transport, and magnetic properties.

(i) The structure of as the prepared and annealed samples will be studied by XRD.

(if) DTA, TG% and DTG of the as prepared samples will be done to investigate the
crystallization temperature, mass loss/gain and small change of mass with heating
temperature respectively.

(iii) Surface micrographs of the as prepared samples will be studied using a scanning
electron microscope.

(iv) The resistivity of the as prepared samples will be measured by four-probe
technique at room temperature.

(v) The temperature dependent resistivity of the as prepared samples will be carried
out in a liquid nitrogen atmosphere in the temperature range 298-93 K.

(vi) Both the magnetoresistance (MR) and the Hall resistivity of the as prepared
samples will be carried out at room temperature upto 0.57 T magnetic field.

(vii) DC magnetization of the as prepared samples will be measured at room

temperature in a VSM in the presence of magnetic field upto 1.2 kG.



1.4 Organization of the thesis paper

The organization of the thesis paper is as follows:

Chapter-1 deals with a brief overview of materials, importance and aim of the
research work.

Chapter-2 gives the theoretical background of the amorphous materials.

Chapter-3 gives the details of the technique of sample preparation.

Chapter-4 describes the experimental part and descriptions of different measurement
techniques that has been used in this research work.

Chapter-5 is devoted to the results of various investigations of the study and their
interpretation based on the existing theories.

Chapter-6 gives the conclusion of the research work.
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CHAPTER 2
THEORETICAL PERSPECTIVE

2.1 Classification of amorphous alloys

The amorphous alloys classify into five groups to facilitate the discussion of the
electron transport properties of these non-periodic substances. The Bloch theorem
fails in a non-periodic system and, hence, the mean free path of sp conduction
electrons is certainly shorter than that in a crystal. Thus, the d electrons at the Fermi
level having more localized character can contribute to the electron conduction,

together with sp electrons.

The behavior of the conduction electrons becomes more complex in magnetic systems
because of their interaction with magnetic moments. The classifications of the

amorphous alloys are discussed below.

Group (I): Ferromagnetic, having T, well above of 300K. The carrier of the fermi
level is mainly d electrons. (i. e. alloys Fe—-Co-Zr, Fe-Co-B-Si, Co-B)

Group (I1): Weakly ferromagnetic, having T, well below of 300 K. The carrier of the
fermi level is mainly d electrons. (i. e. alloys Fe-Zr, Fe—Hf)

Group (11): It has no spontaneous magnetization over the whole temperature range.
But they exhibit a strongly temperature dependent magnetic susceptibility. Those
exhibiting spin-glass behaviors and the Kondo effect are included in this group.

The carrier of the fermi level is mainly d electrons or (d+sp) electrons. (i.e. alloys Fe—
Mn-B-Si, Pd-Si-Mn)

Group (IV): It is non-magnetic, with a fairly large Pauli paramagnetism. The carrier
of the fermi level is mainly d electrons or (d+sp) electrons. (i. e. alloys Cu-Zr, Cu-Ti,
Ni-Zr, Y-Al, La-Al, Ca-Al, Ca-Mg, Ni-P)

Group (V): It is also non-magnetic, with a small Pauli paramagnetism. The carrier of
the fermi level is mainly d electrons or sp electrons. (i. e. alloys Mg-Zn-Ga, Ag—Cu-—
Mg, Ag—Cu-Ge, Mg-Cu)



2.2 Electron transport properties of liquid and amorphous metals

One of the most challenging objectives in the studies of liquid and amorphous alloys
is to gain a deeper insight into the electron conduction mechanism in non-periodic
systems. Electron conduction in amorphous alloys is certainly due to electrons at
fermi surface, whose number density generally amounts to the order of 10%/cm®.
However, a breakthrough was brought about by the Ziman theory put forward in
1961, which successfully explained the electrical resistivity behavior of simple liquid
metals like pure Na and Zn [1]. This implies that the Ziman theory had been widely
accepted as a valid model for liquid metals in group (V). But the role of d electrons in
group (V) still remained unsettled at that time. Unfortunately, however, the measured
resistivity and its temperature dependence had been frequently discussed on the basis
of the Ziman theory for simple liquid metals without seriously considering the limit of
its applicability. To avoid complications due to possible d electron contributions, we
choose the nearly-free-electron model where the resistivity decreases slightly with
increasing temperature in the amorphous phase. Thus, the temperature coefficient of
resistivity, TCR (=(1/p)(dp/dT)) is negative in the amorphous phase. Crystallization
proceeds in two steps at about 400 K and 500 K for this group and is accompanied by
a larger drop in resistivity at the second crystallization. The TCR becomes positive
after complete crystallization. It is clear that not only the magnitude of the resistivity
is substantially different but also the sign of TCR changes between amorphous and
crystalline phases. In contrast, the resistivity in the liquid phase is close to the value
obtained by extrapolating the temperature dependence of the resistivity in the
amorphous phase, and its TCR is negative in agreement with that in the amorphous
phase. Characteristic features of the electrical resistivities of liquid and amorphous

alloys are summarized below.

1. The residual resistivity of amorphous alloys is generally in the range 20-1000 pQ-
cm and is 5-100 times that in the crystallized phase. The resistivity values in
amorphous alloys are comparable to liquid metals.

2. The resistivity of amorphous alloys changes with temperature only by a few % over
the temperature range 2-300K. The change in resistivity with temperature is also

fairly small in liquid metals.



3. The sign of TCR in amorphous alloys and liquid metals is either positive or
negative and is sometimes extremely close to zero, depending on the composition of a

given alloy system.

Thus the electron transport properties of amorphous alloys are definitely different
from those in crystals but are seemingly similar to those of the corresponding liquid
phase. However, there exists a distinctive difference in the electron transport
mechanism between liquid and amorphous phases.

Elastic scattering dominates in the liquid phase whereas inelastic scattering and/or the
quantum interference effect play a key role in the amorphous phase at temperatures
below 300K.

2.3 Electron transport theories in a disordered system

The negative TCR phenomenon is a characteristic feature of a semiconductor with a
well-defined energy gap. Thus, one may address a naive question as to why a negative
TCR, though its magnitude is small, appears for many liquid and amorphous alloys, in
which the carrier concentration is as high as 10%?/cm® and a well-defined fermi edge
exists without any energy gap. Various theories have been proposed to shed more
light on the electron transport mechanism including the origin of a negative TCR in a
disordered metallic system. The Ziman theory developed for simple liquid metals was
frequently employed without much success to explain the occurrence of a negative
TCR observed in various amorphous alloys in groups (1) to (IV). Apart from the
Ziman theory, the Anderson localization theory [2] has played a crucial role in the
progress of the electron theory of a disordered system. N, F. Mott [3, 4] has made
further important contributions to this field and laid the basis for the concept of the

weak localization effect.

2.4 Important characteristics of the electrical resistivity of metallic glasses
Two important characteristics of the electrical resistivity of metallic glass are:

(1) Their resistivity is relatively high, greater than 100 uQ-cm at room temperature.

(2) Their TCR is very small and can be positive or negative.
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The combination of these two properties leads to a very high residual resistivity at 0
K. The high resistivity of amorphous alloy compared with that of the same alloy in the
crystalline state is related to the increased scattering of the conduction electrons due
to a random atomic arrangement. In such a random structure, the phonon contribution
to the scattering of electrons is small, hence the small TCR. A single theory which not
to be able to provide any quantitative description of the low temperature transport
properties of the transition metal alloy. Moreover, there are no theoretical grounds for
believing that there is common explanation for the anomalous behavior of the
resistivity with respect to temperature because of complicated interplay between

configuration, thermal and magnetic disorder [5].

2.5 Ziman theory for simple liquid metals

Ziman resistivity formula is constructed on the basis of the following three
assumptions.

(i) Firstly, the linearized Boltzmann transport equation is assumed. It implies that the
mean free path of the conduction electron must be longer than an average atomic
distance and, hence, the Ziman theory will work only for systems with resistivities
less than about 150 pQ-cm.

(if) Secondly, the Born approximation is assumed to calculate the transition
probability. This is justified by the pseudopotential approach, which holds only for
systems in group (V) but fails for systems in group (IV).

(iii) Thirdly, elastic scattering is assumed.

This limits the applicability of the Ziman formula only to liquid metals, because
elastic scattering dominates either at very low temperatures or at temperatures well
above the ®p. The sign of TCR can also be predicted from Ziman theory. When the
temperature of a liquid metal is increased, an increase of free volume and structural
disorder is obtained. The resistivity will increase with increasing temperature for
monovalent metals. This explains well the occurrence of a positive TCR in
monovalent and polyvalent metals. The Ziman theory also explains the negative TCR
for divalent metals with increasing the temperature that contributes to reduce the

resistivity.
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2.6 Baym-Meisel-Cote theory for amorphous alloys

Among the three underlying assumptions in the Ziman theory, the linearized
Boltzmann transport equation and the Born approximation are equally justified for
amorphous alloys. However, the assumption of the elastic scattering collapses in
amorphous alloys, since their electron transport properties are discussed at
temperatures well below the ®p or below 300K in most cases. At such low
temperatures, ions can no longer be treated as independent particles but the concept of
collective excitations of phonons must be introduced to treat the thermal vibrations of
ions. A proper evaluation of the inelastic electron-phonon interaction is of prime
importance in dealing with the electron transport properties of amorphous alloys at
temperatures below ®p. The Ziman theory has abandoned and, instead, employs the
Baym resistivity formula as a starting equation through which the inelastic electron—
phonon interaction is incorporated. The details have been described by Meisel and
Cote [6, 7]. The temperature dependence of the resistivity for amorphous alloys is

well approximated as

p =[p, + Ap(T)] exp[-2W (T)] (2.2)

W(r)=W(0)(®L)+... 2.2)

Where, po is the residual resistivity at 0 K, Ap(T) is the term arising from the inelastic
electron-phonon interaction and the exponential term exp[-2wW (T)] represents the

Debye-Wallar factor. The term Ap(T) is shown to exhibit +T? dependence at lower
temperatures and +T at higher temperatures. The Debye-Wallar factor yields (1-oT?)
dependence at lower temperature and the (1-BT) at higher temperatures. The quantity
a and B are the TCR’s at lower and higher temperature respectively. The validity of
equation (2.1) has been experimentally confirmed [8, 9] for amorphous alloys. In the
case of amorphous alloys with resistivities at room temperature lower than about 50—
60 uQ-cm, the term Ap(T) dominates and +T2 dependence is observed at temperatures
below about 90K whereas +T at temperatures above about 90K. Hence, the TCR is
positive over the whole temperature range 2-300K. This p—T behavior is hereafter

called type (a) and is illustrated in figure 2.1.
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As p gradually increases beyond 60 puQ-cm, the Debye—Waller factor begins to play a
more important role at higher temperatures. Type (b) is assigned to the p—T behavior
characterized by +T? dependence at lower temperatures but (1-BT) at higher
temperatures. This naturally results in a shallow resistivity maximum at an
intermediate temperature, as shown in figure 2.1. With increasing p, the resistivity
maximum is shifted to lower temperatures and finally vanishes [8, 9]. Now the p-T
dependence is dominated only by the Debye-Waller factor over the whole
temperature range: (1-oT?) at lower temperatures and (1-BT) at higher temperatures.
This is type (c), which is obviously characterized by a negative TCR over the whole
temperature range. Type (c) is generally observed amorphous alloys with resistivities
in the range 100-160 pQ-cm.

Figure 2.1.Temperature dependent of resistivity of amorphous alloys

They always appear in the sequence (a) — (b) —(c) — (d) — (e) with increasing
resistivities, as illustrated in figure 2.1. The gradual change in types (a) — (b) — (c)
is accompanied by shortening of the mean free path down to an average atomic
distance [8, 9]. An increase in resistivity in this regime is due entirely to the mean free

path effect and is free from the band structure effect.
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Indeed, the data are well explained in terms of equation (2.1) within the framework of
the Baym—Meisel-Cote theory based on the Boltzmann transport equation. The sign
of TCR shown in figure refers to that near room temperature and, hence, a positive
TCR corresponds to type (a) whereas a negative TCR to the remaining types (b) —
(e). This means that the sign of TCR in amorphous alloys is determined by the
interplay between Ap(T)exp[-2W(T)] and poexp[-2W(T)] in equation (2.1). The p-T
behavior of types (d) and (e) are exclusively observed in high-resistivity amorphous
alloys with resistivities exceeding about 200 puQ-cm. This indicates that the mean free
path is shortened to an average atomic distance of a few A. An increase in resistivity
in this regime should be caused by a change in the electronic structure, since the mean

free path can no longer be decreased.

2.7 Anderson localization theory

According to the Anderson localization theory the conduction electron with an
average energy E, are loosely bound in the periodic potential. The Bloch wave
derived from the tight-binding approximation will form a relatively narrow band with
a width W. Now some disorder is introduced into the potential distribution. Its
amplitude is assumed to vary irregularly in the range -Vo/2<V<+V,/2. Anderson [4]
proved that all electrons within the band cannot form the Bloch wave but localize in
real space, if the ratio Vo/W exceeds some critical value. At finite temperatures,
localized electrons will be able to exchange their energy with phonons and to hop
from one site to another. This is termed hopping conduction. The Anderson
localization theory has been further elucidated by Mott and others and concepts such
as weak localization, mobility edge, and minimum metallic conductivity, scaling law
and metal-insulator transition have been established. The inelastic electron—-phonon
interaction plays a key role in determining the temperature dependence of the
electrical resistivity in amorphous alloys but its contribution becomes less important
as the residual resistivity increases. The residual resistivity arises from the elastic
scattering of conduction electrons due to random distributions of ions at absolute zero.

The elastic scattering is indeed essential in the Anderson localization theory.
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2.8 Mooij correlation for metallic glasses

Mooij [10] pointed out a remarkable correlation between the magnitude of electrical
resistivity in concentrated disordered transition metallic alloys and its TCR. He
observed that a large number of disordered alloys containing transition metals have
similar conduction properties, both in bulk and as a thin film. These anomalous
conduction properties are probably caused by the very small electron mean free path
in these materials. Furthermore, Mooij observed that TCR changes sign in a relatively
narrow range of resistivity (i. e., the critical resistivity for which TCR=0, p.~ 100-160
uQ-cm). In the literature, a resistivity value of 160 pQ-cm has often been given
fundamental significance in the sense that it serves as a universal boundary which
divides the positive TCR and negative TCR’s. For p>160 pQ-cm, the resistivity
usually decreases as temperature T increases, in contrast to the normal metallic
behavior seen for lower resistivity systems. Most theoretical approaches to the Mooij
correlation are based on quantum-mechanical coherence effects, namely, the incipient
Anderson localization. It has been argued that the breakdown of the adiabatic
approximation, leads to phonon-assisted tunneling and, therefore, to a negative TCR.
To explain these results it can be noted that the high resistivity of all these materials
indicates that the conduction electron mean free path is small. A rough estimate for
NiCr, based on the Boltzmann transport [11] and assuming one conduction electron
per atom yields a mean free path of 4 A, only slightly larger than the interatomic
distance. The high scatter in these materials is usually caused by the high amount of
disorder. This disorder can be the random distribution of the elements over the lattice
sites in a disordered alloy; in other materials it is also the structural disorder of an
amorphous solid. In the compounds with a low TCR the strong scatter is probably of
magnetic origin [12]. In alloys containing transition metals the scatter is increased by
the possibility of s-d scatter [11]. The behavior of electrical conduction in the alloys
with a low TCR can be understood to a great deal if it is assumed that in these alloys a
lower limit is reached in the electron mean free path. Such a limit must exist, as the
mean free path cannot be smaller than the interatomic distance [13]. If this limit is
reached, a further decrease of the mean free path due to phonons is impossible and a
low TCR results. Between different alloys the interatomic distance and the conduction
electron density only vary within rather narrow limits, and this explains why all

resistivities lie in a restricted range.
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In the same way the insensitivity of the electrical properties to changes in crystal
structure and the limited and gradual effect of additions of other elements can be
understood. However, a negative TCR is frequently observed. A straightforward
explanation within this model is only possible if it is assumed that the number of
conduction electrons increases with temperature. It may be that localization of
electrons due to the high scatter leads to the occurrence of bound states, from which
the electrons can be thermally excited. It is of course also possible that the occurrence
of a negative TCR is due to some completely different mechanism. In all cases the
correlation between TCR and the resistivity suggests that the negative contribution to
TCR becomes larger as the resistivity increases. This phenomenon is found in
disordered metallic systems, especially in concentrated disordered alloys. Nearly
always these systems contain at least one transition metal. The origin of this
phenomenon is probably associated with the strong scatter in these materials. Many,
but not all, properties of these materials can be explained on the basis of the

assumption that the electron mean free path in these systems is near to a lower limit.

2.9 Ziman-Faber theory for metallic glasses

Disordered and glassy metals are a challenge to understand since they require theories
that differ markedly from those employed to describe crystalline and liquid states of
matter. Several of the anomalous physical properties of disordered metals have
resisted clear explanations for over a decade. In particular, these materials often
exhibit negative TCR that are difficult to reconcile with any of the existing transport
theories. The Ziman-Faber theory of resistivity in highly disordered metals yields
quantitative results. In this theory the resistive structure factor and the x-ray structure
factor are assumed to be identical; the temperature dependence of this structure factor
determines the temperature dependence of the resistivity. However, in disordered

solids the x-ray and resistive structure factors are significantly different [14].

2.10 Differential thermal analysis (DTA)

DTA is the process of accurately measuring the difference of temperature in between
the test sample and the reference when both are being heated or cooled at the same

rate under identical environment.
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Differences in temperature between the test sample and reference may arise when
physical or chemical changes take place in the test material. The change of
temperatures are observed either by endothermic or exothermic peak as a function of
time or temperature. These changes may due to dehydration, transition from one
crystalline variety to another, destruction of crystalline lattice, oxidation,
hydrogenation, melting and boiling of the materials etc. Hence reference is used as a
baseline which is thermally stable and uncreative i.e. no reaction can take place with
the reference sample. Metallic glasses, which are in a metastable state, can crystallize
when heated or held at elevated temperatures for a sufficient time. Crystallization
involves a change in properties, such as heat capacity, electrical resistivity, volume
and magnetization properties [15]. DTA techniques are the most frequently used
method to study the crystallization behavior. However, the reaction needs to occur
with a relatively large heat of crystallization and is not very useful when the reaction
rate is slow or if only a small heat transfer is involved. The crystallization behavior of
metallic glasses has been extensively studied [16-21]. An amorphous phase is
metastable and does not exist in the equilibrium phase diagram. Hence, it crystallizes
upon heating. The temperature at which crystallization occurs is referred to as the Ty
and is generally several degrees higher than the Ty Figure 2.2 illustrates the

temperature dependence of the free volume of a given substance.

Figure 2.2. Temperature dependent of free volume of amorphous alloys
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The volume of a liquid decreases with decreasing temperature and discontinuously
drops upon solidification at the Ty, as can be seen in figure 2.2 (line AB). During the
cooling process, the supercooling phenomenon may occur. This is apt to proceed,
particularly if the cooling rate is very high. The motion of atoms in a supercooled
liquid becomes sluggish as the supercooling proceeds. If its viscosity exceeds some
critical value of about 10* poise, the motion of the atoms is practically frozen. This
result gives the formation of an amorphous phase. The temperature at which the
viscosity reaches this critical value is called the T4 Upon heating, the amorphous
phase may enter the supercooled liquid state, if crystallization is somehow suppressed
across the Ty, but eventually crystallizes, say, at a temperature at point F below the
Tm. The volume corresponding to the first derivative of the free energy is continuous
but its slope changes across the Ty marked as the point D. The same is true in the
temperature dependence of the entropy. Thus, the specific heat corresponding to the
second derivative of the free energy shows a discontinuous jump at T4. Both the Ty
and Tg4 can be experimentally determined using DTA or DSC. In DTA measurement,
an amorphous alloy is heated together with a reference material possessing
approximately the same heat capacity as the sample. DTA records the temperature
difference between them as a function of temperature. The relation Ty<T,<Tn
generally holds. We can determine both T4 and Ty from the measured spectra, since a
small endothermic reaction occurs at T4 but the exthothermic reaction occurs at T in
the heating process. It is to be noted that they are not properties inherent in a given
amorphous alloy but depend on the heating rate. It may also be noted that the DTA
measurement allows us to determine the enthalpy difference between an amorphous
phase and the crystallized phases by integrating the total area of the exothermic peak

upon crystallization.

2.10.1 The endothermic reaction

Reactions are accompanied by the absorption of heat is known as endothermic process
or reactions. Reactions of this type require a continuous supply of energy from the

outside to keep them going. For example, the reaction of hydrogen and iodine to form

hydro-iodic acid takes place with absorption of heat.
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The compounds which are formed by endothermic reactions, such hydrogen peroxide,
H,O, and hydro-iodic acid, HI, are thermally unstable. This means that the internal
energies of the molecules of H,O, and HI tend to break the bonds holding the atoms
together.
e.g. Hy + 1, = 2HI 1.2 keal.
C +2S CS; 1.5 keal.

2.10.2 The exothermic reaction

The reactions which are accompanied by the evolution of heat, is known as the
exothermic reaction. Exothermic reaction may proceed in the absence of any supply
of energy from outside. The burning of magnesium, carbon, methane, etc, in air, are

all exothermic reactions.

eg. C + 0,
2|V|g + 0O,

CO, + 97 kcal
2MgO + 148 kcal

Thus, carbon will continue to burn in oxygen with the evolution of heat until the
supply of carbon or oxygen is exhausted. It may be noted here that compounds which
are formed by highly exothermic reactions, such as carbon dioxide, magnesium oxide,
are stable towards heat. These are said to be thermally stable. This means that a very

high temperature is required to separate them into their component elements.

2.10.3 Peak area, peak temperature

When no reaction occurs in the specimen, no temperature difference between the
specimen and the reference sample is observed. But as soon as a reaction commences
the specimen becomes hotter or cooler than the inert material and thus a peak
develops on the curve for temperature difference against time (AT/t) or temperature
(AT/T). Along the line AB the difference is zero since no reaction is occurring but at
B an endothermic reaction starts and gives rise to the peak BCD with its minimum at
C, where, the rate of heat absorption by the reaction is equal to the difference between

the rate of supply of heat to the specimen and to the inert material.
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Figure 2.3. Variation of DTA curve with temperature

Figure 2.4. DTA endothermic peak analysis of the sample

Peak area (BC x DE) is proportional to the amount of reacting material. The distance
BD is usually referred as the peak width and the distance EC as the peak height or
amplitude. The area enclosed by the peak has to be accurately determined for
quantitative work. In this method two tangents are drawn on both sides of the peak
and a straight line AB joined the points of tangency. The area enclosed by ABC
formed the peak area. Peak area increases with rapid change of temperature (i.e. rate

of heating). Peak shape change with finer particle size to more reaction centers.
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The random stacking of the layers, coupled with disruption caused by removal of inter
layer water, would be expected to expose more nuclei to dehydration at any moment
for a given weight of mineral as slow heating rate reduces the sharpness of the peaks

unduly and very fast rates tend to cause overlapping of neighboring reactions.

2.10.4 Activation energy

The minimum amount of energy that must be provided by a collision for reaction to

occur is called the activation energy, Eact.

Figure 2.5. Activation energy for a reaction to start in DTA experiment

When heat is liberated, the heat content enthalpy H of the molecules themselves must
decrease the change in heat content. AH is therefore given a negative sign. In the case
of an endothermic reaction, where heat is absorbed, the increase in heat content of the
molecules is indicated by a positive AH. AH is the difference in energy content

between reactants and products, so Ea is the difference in energy content between

reactant and transition state.
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2.10.5 Change of phase

A change of phase or phase change occurs when a crystalline solid becomes liquid or
when a liquid becomes a vapor, or when the reverse of either of these processes takes

place.

Figure 2.6. A schematic diagram of the DTA assembly

DTA assembly consists of the following parts:

(i) A sample holder to place the sample.

(if) Thermocouples for measuring temperatures.

(iii) A furnace to heat the sample.

(iv) A program controller to heat the sample at a uniform rate.

(v) A recorder for registering the temperature difference between the sample and the

reference material.

2.11 Thermo gravimetric (TG)

TG has been done at the same time of the experiment of DTA to compare the result of
DTA. The TG means the mass loss or mass gain at different temperatures often
calculated at percentages. The TG results are usually shown in graphical mood in
which the temperature or time is plotted against mass change in percentage. When any
reaction occurs, the reaction may be endothermic or exothermic may also associated
with mass change due to evaporation of fundamental element from the sample or may

be the mass gain due to new formation of compound.
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2.12 Differential thermo gravimetric (DTG)

DTG calculates the rate of mass change at any temperature with respect to the
differential change of temperature or time at that temperature. This calculation is done
in association with a TG analysis. It is done for the following reason. Some time in
TG curve, there may be one peak due to two or more successive reactions that
happens with in a very short time interval and that cannot be detected with the TG
peak. TG gives one peak for very close successive reactions. On the other hand, the
DTG peaks are so useful tool that it can differentiate very clearly that closed reactions
with giving separate peaks for each of the successive reactions. In DTG analysis the
dm/dT is plotted against temperature or time. At the peak the rate of mass loss or gain
is maximum. The area under the DTG peak is proportional to the mass change dm.
Height of the peak at any time or temperature indicates the rate of mass change at that

temperature

2.13 Magnetoresistance (MR)

The MR refers to the change in electrical resistance of a specimen in response to the
magnetic field applied to the specimen externally. The resistance change occurs with
the magnetic field when the field is sufficient enough to change the orientation of the
electrons of the atoms. In that case the path of the electron becomes curved and do not
go exactly in the direction of the superimposed electric field. The change of
orientation of the atomic electrons occurs such that the conduction electron find more
mean free path with less number of collision with the atomic ions and the atomic
electrons, then the resistance decreases other wise it increases or remain constant.
When the resistance of a material changes with the application of the magnetic field,
the material is said to have the MR. The MR usually expressed in percentage and is
calculated by the following way.

R(H) - R(0)

MR% = x100% (2.3)

Where, R (H) is the resistance in presence of magnetic field and R (0) is the resistance

in absence of magnetic field.
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All metals show some MR, but upto only a few percent. Nonmagnetic metals such as
Au, exhibits small MR, but the magnitude is somewhat greater (upto 15%) in
ferromagnetic metals such as Fe and Co. The semimetal Bi also shows~18% MR in a
transverse field of 0.6T which rises to a 40 fold change at 24T [22]. Cu is more
typical in the same very powerful field (24T) gives rise to change of only ~ 2% at
room temperature. This is the classical positive magnetoresistance that varies as B
(B=applied magnetic field) in metallic ferromagnet such as CrO,, Fe;O, at low
temperature [23]. It is absent in the free electron gas [24] but appears when the fermi
surface is non spherical. This MR originates from the impact of the Lorentz force on
the moving charge carriers similar to the Hall effect. Its value is ~10% at 10T. The
phenomenology of the MR effect is similar to that of magnetostriction. This effect can

be classified into two categories:

(i) One is the part, which depends on the intensity of spontaneous magnetization that
corresponds to the volume magnetostriction.
(if) The second is that change caused by the rotation of spontaneous magnetization,

which corresponds to the usual magnetostriction.

Mott interpreted this phenomenon in terms of the scattering probability of the
conduction electrons into 3d holes. If the substance is in a ferromagnetic state, half of
the 3d shell is filled up, so that the scattering of 4s electrons into the plus state of 3d
shell is forbidden. This scattering is however, permitted in a nonmagnetic state in
which both the plus spin state and the minus spin state of the upper 3d levels are
vacant. Mott explained the temperature variation of resistivity fairly well by this
model. Kasuya interpreted this phenomenon from a standpoint quite different from
Mott theory. He considered that d electrons are localized at the lattice points and
interact with the conduction electrons through the exchange interaction. At 0°K the
potential for the conduction electron is periodic, because the spin of 3d electrons of
the entire lattice points in the same direction. At finite temperature, spins of 3d
electrons are thermally agitated and the thermal motion may break the periodicity of
the potential. The 4s electrons are scattered by an irregularity of the periodic potential

which results in additional resistivity.
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Kasuya postulated that the temperature dependence of the resistivity of ferromagnetic
metal is composed of a monotonically increasing part due to lattice vibration and an
anomalous part due to magnetic scattering, the magnitude of the later being explained
by this theory. The effect of high temperature has been treated in two different
approaches. The first approach [25] is to consider a constant exchange interaction
between magnetic atoms and a random distribution of the local anisotropy field is
considered which changes with temperature. The other approach is to consider a
distribution of exchange integral in order to take into account the fluctuation in the
amorphous alloys [26]. Both the approaches are unrealistic and in fact no rigorous

theory of the high temperature behavior for amorphous material has been developed.

2.14 Hall effect

The ordinary Hall effect was discovered in 1879 by Edwin Hall. It refers to the
difference in potential produced on the opposite sides of a conductor when a current is
flowing in the presence of a magnetic filed applied perpendicular to the current. The
effect arises from the Lorentz force acting on a moving charge in a magnetic field that
curves its trajectory away from its straight-line path. This causes charge to accumulate
on one side of a conductor and create a potential difference across the opposite sides
of a conductor. Other origins for the Hall effect which included the asymmetric
scattering (known as skew scattering) from impurities with spin-orbit coupling. There
are indeed two different manifestations of spin-orbit scattering contributing to the
additional Hall effects (called the extraordinary Hall effect). The first is skew
scattering and the second is the side jump [27] which arises not only from spin-orbit
scattering of impurities, but also from ordinary scattering when the electron

conduction wave functions have their spin and orbit coupled together.

The Hall effect in magnetic materials is measured using the geometrical configuration
as shown in figure 2.7. If the magnetic field is applied along the z direction and the
electrical current is applied along the x-direction of a specimen, the resulting Hall
voltage generated along the y-direction. A conduction electron subject to the Lorentz

force contributes to the Hall effect.
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Figure 2.7. The geometry for the Hall effect measurement

If the Hall resistivity py is defined as the ratio of the transverse electric field E, over
the current density Jy, we have the relation py=RnB, for non-magnetic materials.
Obviously, measured values of pn, when plotted against the applied magnetic
induction B,, fall on a straight line passing through the origin, since Ry is independent
of B,. This is, however, no longer true in magnetic metals because of the additional
contribution arising from the localized magnetic moment. Figure 2.8 shows the Hall
resistivity of the ferromagnetic alloy as a function of the magnetic field applied along

the z-direction.

Figure 2.8. The Hall resistivity is decomposed into the normal and anomalous

contributions
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It is seen that the Hall resistivity initially increases very rapidly but its slope becomes
small with increasing magnetic field. The non-linear behavior of the py—B curve is
decomposed into the normal Hall effect due to the Lorentz force and a strongly
temperature dependent component proportional to magnetization M, and is explicitly

written as

pH:Ey/‘]X:ROBZ+RSMZ (2.4)

Where Ry is the normal Hall coefficient and Rs is the anomalous Hall coefficient. The
second term can be present in a ferromagnetic domain even in the absence of an
applied field. Thus, it is a spontaneous contribution to py in this case. The anomalous
Hall coefficient is deduced from a slope of the py—B curve at high magnetic fields
while the normal Hall coefficient can be roughly estimated from the initial slope. The
details about the Hall coefficient in ferromagnetic metals will be found in the
literature [28].

2.15 Principle of vibrating sample magnetometer (VSM)

The VSM has become a widely used instrument for determining magnetic properties
of a large variety of materials: diamagnetic, paramagnetic, ferromagnetic and
antiferromagnetic. The method was developed by S. Forner [29] and on the flux
change in a coil when the sample is vibrated near it. It has a flexible design and
combines high sensitivity with easy of sample mounting and exchange. Samples may
be interchange rapidly even at any operating temperature. Measurement of magnetic
moment is small as 5x10° emu/g is possible in magnetic fields from zero to 4T.
Maximum applied fields of 2T are reached using conventional laboratory
electromagnets. VSM normally operate over a temperature range of 20 to 1050 K.
When the sample of a magnetic material is placed in a uniform magnetic field, a
dipole moment proportional to the product of the sample susceptibility times the
applied field is induced in the sample. If the sample is made to undergo a sinusoidal
motion, electrical signal is induced in suitability located stationary pick-up coils. This
signal which is at the vibrating frequency, is proportional to the magnetic moment,

vibration amplitude and vibration frequency.
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In order to obtain the reading of the moment only, a capacitor is made to generate
another signal for comparison which varies in its moment, vibration amplitudes and
vibration frequency in the same manner as does the signal from the pick up coil.
These two signals are applied to the inputs of a differential amplifier, and because the
differential amplifier passes only difference between the two signals, the effect of
vibration amplitude and frequency changes is cancelled. Thus only the moment
determines the amplitude of the signal at the output of the differential amplifier. This
signal is in turn applied to a lock-in amplifier, where it is compared with the reference
signal which is at its internal oscillator frequency and is also applied to the transducer
which oscillates the sample rod. Thus the output of the lock-in amplifier is
proportional to the magnetic moment of the samples only avoiding any noise of
frequency other that of the magnetic moment of the signal. The absolute accuracy of
this system is yields an accuracy of 0.05% of full scale. The absolute accuracy of this
system is better than 2% and reproducibility is better than 1%. Least measurable
moment is 5x10™emu. Variation magnetic field is achieved with a Newport
Electromagnet Type 177 with 17.7 cm diameter pole pieces. The magnet is mounted
on a graduated rotating base. The standard model is modified to provide an adjustable
pole gap in order that the highest possible field strength is available. The field can

vary from 0 to 1 T and is measured directly by using Gauss meter.

2.15.1 Electronic circuits of the VSM

The functions of the associated electronic circuits are

(i) to permit accurate calibration of the signal out put from the detection coils.

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

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

The block diagram of an electronic circuit used for the VSM consists of a mechanical
vibrator, a sine wave generator, an audio amplifier, a ratio transformer, a phase-
shifter, a lock-in amplifier, 4 pick-up coils system, a reference coil system, an electric
power supply, an electromagnets and PID regulator as shown in figure 2.9. The
sample magnetized by the electromagnet generates an e.m.f. in the pick up coils PC.

The strength of this signal is proportional to the magnetization of the sample.
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The vibrating permanent magnet also generates an e.m.f. of fixed amplitude in the
surrounding reference coils. This reference signal is stepped down with the help of a
ratio transformer so that its amplitude is equal to that sample signal. The two signals
are then brought in phase and put to the lock in amplifier. The lock in amplifier works
as a null detector. Limits of sensitivity are determined by signal to noise ratio at the
input circuit, where noise is defined as any signal not arising from the magnetic
moment of the sample. The major sources of noise are the Johnson noise of the wire
used for the pick up coils and the magnetic responses of the sample holder, which
superimposes undesired signals in phase with the wanted signal.

Use of a minimum mass of weakly diamagnetic materials for a sample holder,
carefully checked to contain no ferromagnetic impurities, is essentials to minimize

this coherent noise contribution.

Figure 2.9. Electronic circuits of the vibrating sample magnetometer (VSM)

Corrections for the small magnetic contribution of the samples holder can then be
made by measurements with the sample removed. This correction is much less than
the equivalent case with a moving coil system. We used a standard sample for the
calibration which was spherical shaped specimens of mass 152mg of pure nickel
(99.99%). With only the lock-in amplifier and the oscilloscope as a null detector, it
was found that 152mg nickel sample signal could be balanced reproducibility. Such
reproducibility indicated that the long time drifts caused by the combined effects of
vibration, amplitude changes and frequency changes a bridge sample position and

offer effects were negligible.
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The pick-to-pick vibration amplitude has been varied from 0.1mm to 1.0 mm in order
to examine errors caused by amplitude changes. Frequencies of 100Hz or less permit
the use of inexpensive components and minimize eddy current shielding by the
vacuum chamber. The measurements are completely independent of eddy currents in
the surrounding parts, if the measurements and calibration are made at the same
temperature. Mechanical coupling between the vibrating system and the fixed
detection coils must be avoided. Although the coils are arranged for minimum
sensitivity to external vibration, a noticeable background signal is obtained when the
vacuum chamber contacts the detection coils. Such mechanical effects are difficult to
eliminate electronically, because the spurious background signal has the same
frequency as the sample signal and maintains a constants phase differences with
respect to the sample signal. Usually the magnetometer and detection coils are both
supported by the magnetic coupling, so that some mechanical coupling may be

noticed as highest sensitivity.
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CHAPTER 3
PREPARATION OF AMORPHOUS MATERIALS

3.1 Introduction

For a long time, it was believed that amorphous system could not exist in
ferromagnetism. It was abolished by the discovery of metallic glass by J. W. Klement
et al in 1960 [1]. The argument was based on the evidence that the electronic band
structure of crystalline solids did not changes in any fundamental way on transition on
the liquid state. A real technological interest developed after the preparation of
continuous ribbons of amorphous alloys [2]. The theoretically expected retention of
ferromagnetic behavior in amorphous solids was first demonstrated by Marder and
Nowick in their work on vacuum deposited Co-Au alloys and soon thereafter [3] their

work on split-cooled Pd-20at% Si containing some ferromagnetic element.

3.2 Preparation technique of amorphous ribbon

In terms of viscosity and diffusion co-efficient we can find the conditions for
formation of glass. In metals viscosity is low but the diffusion co-efficient and
mobility is high. In the case of amorphous material viscosity is very high but the
mobility and the diffusion co-efficient is low. Atomic bonds tend to be covalent as in
the case of silicate (SiO,). There are various techniques used to produce a metallic
alloy in an amorphous state. The different experimental techniques developed to
produce amorphous metallic glass can be classified into two groups. The atomic

deposition method and the fast cooling melt method.

3.2.1 The atomic deposition methods

The atomic deposition methods include condensation of a vapor on a cooled substrate
by wvapor deposition, sputtering deposition, electro deposition and chemical

deposition. Deposition can be described in terms of whether the added atom is

prevented from diffusing more than an atomic distance before it is fixed in position.
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3.2.2 The fast cooling of the melt

For producing of an amorphous state by any of the liquid quenching devices, the alloy
must be cooled very fast from T, to T4. The factors controlling Ty and Ty are both
structural and kinetic. The structural factors are concerned with atomic arrangement,
bonding and atomic size effects. The kinetic factors as discussed by Turnbull [6] are
the nucleation, crystal growth rate and diffusion rate compared to the cooling rate.
The interest in this method stems from the wide variety of alloys that can be made as
well as from the potential low cost of preparation. In the pioneering work [7], a
number of devices have been reported for obtaining the necessary high quenching
rates and for producing continuous filaments. The methods using the principle of fast
cooling of melt techniques are:

(i) The gun technique (ii) The melt spinning technique (iii) Double roller rapid
quenching technique (iv) Centrifuge and rotary split quenching technique (v) Torsion
catapult technique (vi) Plasma-jet spray technique (vii) Filamentary casting technique

(viii) Melt extraction technique (ix) Free jet spinning technique

Although the different methods are used in preparing amorphous metallic ribbons,
only the melt spinning technique was used to prepare the metallic ribbons for the

present work.

3.2.2.1 The melt spinning technique

Melt spinning technique [8] was used to prepare the (Feigo-xVx)75P15C10 (X=0, 5, 10
and 15) metallic glasses in the form of ribbon. In order to prepare the samples, the
required quantities of metal-metal or metal-metalloid alloys are taken in a quartz
tube in their stoichiometric ratio wt%. A set of heater coils are surrounded the quartz
tube and this coil is connected to the rf power generator. The temperature of the heater
coil is kept more than the melting temperature of the alloy compound. The melt is
kept above the melting point of alloy until a homogeneous mixing in obtained. An
inert gas flows through the quartz tube after the homogeneous mixing is formed.
Then the molten alloys fall on a rotating copper wheel through the outlet of the
quartz tube. This alloy is cooled at an ultra-fast rate with the help of the rotating

copper wheel.

34



On impact with the rotation drum, the melt is frozen within a few milli-second and
producing a long ribbon of metallic glasses. The experimental set up used for the
above process is shown in figure 3.1. The metallic glass ribbons are usually prepared
in a furnace with an argon atmosphere (0.2 to 0.3 atmps). The buttons prepared are of
about 50 grams each. Care is taken to ensure thorough mixing and homogeneity of the
alloy composition, by turning over and re-melting each button few times. The mother
alloys, formed in the form of buttons in a furnace by sudden cooling, are then cut into
small pieces and is inserted in the quartz tube. The quartz tube is connected to the
argon cylinder through a valve and a pressure gauge. After proper cleaning of the
roller surface and adjusting its speed to the desired value, as measured by
stroboscope, the induction furnace is powered using high frequency rf power

generator.

l C1IZ11 LI SYUCLIVY PUWEL Zelieldiul

‘ A\ _~  Copper wheel

Figure 3.1. Experimental set up used for the melt spinning technique

When the melting temperature is reached as observed through a protective spectacle,
the injection pressure is applied by opening the pressure valve. To avoid the
turbulence of the wind, arising from the high speed roller in distributing the melt
puddle, cotton pad and metallic shield are usually used just beneath the roller. To
avoid oxidation of the ribbon during its formation, an inert atmosphere is created
around the roller by a slow stream of helium gas. The speed of the roller, the
volumetric flow rate, the orifice diameter, the substrate orifice distance, the injection
angle etc. are adjusted by trial and error to get the best result in respect of the quality
and the geometry of the ribbons. Important factors to control the thickness of ribbons

are as follows.
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(i) Angular velocity, o ~ 6000 rev/min or surface velocity, v ~ 25 m/s.

(if) Gap between the nozzle and rotating copper drum is ~ 100 to 150 um.

(iii) Oscillations of the rotating copper drum both static and dynamic have maximum
displacement of ~ 1.5 um

(iv) Pressure from 0.2 to 0.3 argon atmosphere.

(v) Temperature of the metal T,,~ 1500 'C. The temperature should not exceed 1800°
C otherwise quartz tube would melt.

(vi) Stability is ensured for the drop to fall on the surface of the spinning drum.
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Chapter 4
EXPERIMENTAL TECHNIQUES

4.1 XRD measurement

Bragg reflection is a coherent elastic scattering in which the energy of the X-ray is
not changed on reflection. If a beam of monochromatic radiation of wavelength A is
incident on a periodic crystal plane at an angle 6 and is diffracted at the same angle

as shown in Fig. 3.1, the Bragg diffraction condition for X-rays is given by
2dsinf=nkA (4.1)

Where, d is the distance between crystal planes and n is the positive integer which

represents the order of reflection. Equation (4.1) is known as Bragg law. It suggest

that the diffraction is only possible when A <2d [1].

For this reason we cannot use the visible light to determine the crystal structure of a

material. X-ray diffraction (XRD) provides substantial information on the crystal

structure.

Figure 4.1. Bragg law of XRD

An X’Pert PRO XRD PW 3040 (Phillips) XRD was used to get X-ray data for the

samples at the Magnetic Materials Division of the Atomic Energy Centre of Dhaka.
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The powder diffraction technique was used with a primary beam power of 40 kV and
30 mA for Cu radiation. A nickel filter was used to reduce CuKoa radiation and finally
CuKa radiation of wave length A=1.54178 A was used for the XRD measurement..
The 20 values were carried out from 30° to 65°. The sampling pitch and the time for
each stem data collection were 0.02° and 1.0 s respectively. All data of the samples
were stored in a computer memory and later analyzed them using computer software
“X’PERT HIGHSCORE”. XRD was carried out with an X-ray diffractometer for the
powder samples of (Fe1po-xVx)7sP15C10 (=0, 5, 10 and 15).

4.2 Lattice parameter determination

In the present case, the lattice parameter (a) of the BCC structure was calculated for
(110) plane of the annealing temperature of 400 °C and 450 °C for 30 minutes

annealing time by the following equation [1].

a=d, h?+k?+I? (4.2)

The lattice parameters (a and c) of the hexagonal structure were calculated for the
planes (116) and (214) of the annealing temperature from 500 °C to 650 °C for 30

minutes annealing time by the following equation [1].

1 4h*+hk+k?) |2
L= ( +3a2+ )+C_2 (4.3)
hkl

A
2sin@

h, k and | are the indices of the crystalline plane.

where, d and A=1.54178 A for CuKo radiation.

hkl —

4.3 Grain size determination

The crystalline grain size of the powder samples was estimated from the broadening

of the corresponding X-ray spectral peaks using the Scherrer formula [2].

3 09x2
(B—-0.05)xcos @ (4.4)
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Where L is the grain size, A the wavelength of the CuKa radiation (\=1.54178 A),
0.05 is the instrumentation broadening, B is the full width at half-maximum (FWHM)

of a diffraction peak expressed in radians and 0 is the Bragg angle.

4.4 DTA, TG and DTG measurements

The transition temperature of the samples was monitored by a differential thermal
analyzer [Seiko-Ex-STAR-6300, Japan]. The measurements of DTA, TG and DTG
were carried out from 40 °C to 600 °C at a heating rate of 20 °C min™ under nitrogen
gas flow. The DTA traces give the crystallization temperature as determined from the
exothermic versus temperature curves where as the TG curves provides the
percentage of weight change with respect to temperature. DTG curves give the small
change of mass with a small difference heating temperature. For this purpose we used
the lab facility of Bangladesh Council of Scientific and Industrial Research (BCSIR),
Dhaka.

4.5 Surface morphology measurement
Hitachi S-3400N variable pressure SEM was used for surface morphology of the as

prepared samples as shown in figure 4.2. For this purpose we used the lab facility of
Bangladesh Council of Scientific and Industrial Research (BCSIR), Dhaka.

Figure 4.2. External view of Hitachi S-3400N scanning electron microscope
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SEM measurement setup
(i) Accelerating voltage=15000V, (ii) Deceleration voltage=0V,

(iif) Magnification=100, (iv) Working distance=9800 um, (v) Emission
current=70000 nA, (vi) Photo size=1000, (vii) Micron marker=500000,

(viii) Sub magnification=0, (ix) Specimen bias=0 V, (x) Condencer1=50000,

(xi) Scan Speed= Slow3, (xii) Calibration scan speed=8, (xiii) Color mode=Grayscale,
(xiv) Condition=Vacuum=15kV (xv) Magnification= x100, (xvi) WD=9.8mm

(xvii) Stage position X=47880000, Y=28511000, Z=10000000.

4.6 Resistivity measurement by four probe technique

There are various types of techniques for resistivity measurements. Here, we have
used four-point probe technique for the measurement of resistivity. In this technique,
two of the probes were used to measure the potential difference between two points,
while the other terminals were used to pass current through the sample as shown in
figure 4.3. The resistance is then calculated from the slope of current versus voltage
curve after fitting the trend (straight) line. To avoid the difficulty, silver glue were

used for the electrical contacts.

|11
E/
.f |
o I‘_l_’| .

Figure 4.3. Four probe technique to measure the resistivity
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The resistivity of the samples was calculated by using the following formula [3].
p=R xI—A (4.5)

Where, R is the resistance of the sample, A is the cross-sectional area which is the
product of the width and thickness and the length between inner probes is I. However,
to measure the resistivity as a function of temperature and Hall resistivity at room
temperature, this four-probe technique has been used with the above experimental
setup. Current (0 mA to 200 mA with an interval of 10 mA) was passed through the
sample from the regulated power supply in constant current mode (Model 6177C) and
the corresponding voltage across the inner two probes were recorded by Keithley

digital nanovoltmeter (Model 181).
4.6.1 Temperature dependent of resistivity measurement

The experimental setup of the temperature dependence of resistivity of the rectangular
strip size samples were measured at low temperature (298 K- 93 K) in a liquid

nitrogen atmosphere as shown in figure 4.4.

Figure 4.4. Low temperature resistivity measurement setup

In this set up both the sample and the thermocouple were attached in the sample
holder and lowered slowly in the liquid nitrogen atmosphere. Hewlett-Packard
constant-current power supply (Model 6177C) and Keithley digital nanovoltmeter
(Model 181) along with chromel constantan thermocouple were used in the

measurement setup.
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At this position (0 mA to 200 mA with an interval of 10 mA) current passed through
the sample from the regulated power supply and the corresponding voltage across the
inner two probes has been recorded by the digital voltmeter. The measurements were
taken from 298 to 93K with an interval of 10 K.

4.7 Magnetoresistance (MR) measurement at room temperature

When the resistance of a material changes with the application of the magnetic field,
the material is said to have the MR. The measurement of MR was done by the
calculation method of resistivity. It was also measured by the standard four-probe
technique as discussed in section 4.6. The MR of the samples was calculated by using

the following formula [4].

MR(%) = 2H)=P(H =0) 44, (4.6)
p(H=0)

Where, p(H=0) is the resistivity at zero magnetic field and p(H) is the resistivity at
any magnetic field (H=0-0.57 T).

4.8 Hall resistivity measurement at room temperature

The Hall-coefficient is related to the electric field in the y-direction (Ey), the electric
current density in the x-direction (Jx) and the component of the magnetic field in the
z-direction (H) by the following relation.

E

R, =— 4.7
"B, (4.7)

Consider a specimen with the geometry as shown in figure 4.5. Three quantities must
be measured for this measurement. Magnetic field along the z direction (H.), voltage
developed along the y direction (Vy) and current along the x direction (I). The current
density can be determined by dividing the total current by the cross-sectional area of
the sample. Thus H,=H, J,=1/wt and E,=V,/t

R W, (4.8)
"TIH '

Where, t is the thickness and w is the width of the sample.
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Figure 4.5. Hall resistivity measurement

Thus the Hall resistivity is measured bythe following formula [4].

PH :RHA/L (49)

Where, A is the area of the cross section and L is the length.

4.9 Magnetization measurement at room temperature

Magnetization is the magnetic moment per unit volume. There are various ways of the
measuring of magnetization. A high quality, low cost vibrating sample magnetometer
(VSM) for the study of magnetic properties of materials in high magnetic fields in the
temperature range 80-350 K has been constructed by A. Niazi et al [5]. In the present
work, DC magnetization was measured by using a home built VSM at room
temperature with magnetic field from 0 to 1.172 kG as shown in figure 4.6. The
sample, usually a sphere or small disc, was cemented to the lower end of a rod while
the other end was fixed to a mechanical vibrator. Current through the vibrator with a
frequency of about 37 Hz and peak to peak amplitude of about 7 V in a direction at
right angles to the magnetic field. The oscillating magnetic field of the sample induces
an alternation emf in the direction coils. The vibrating rod also carries a reference
specimen, in the form of a small permanent magnet near its upper end; the oscillating
field induces another emf in two reference coils. The two voltage form two sets of
coils are compared, and the difference is proportional to the magnetic moment of the

sample.
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Figure 4.6. Vibrating sample magnetometer (VSM) setup

4.9.1 Calibration of the VSM
We calibrated the VSM using a 152 mg spherical sample of 99.99% pure nickel. The
sample was made spherical with the help of the sample shaping device. The saturation
magnetic moment of the sample has been calculated using available data. The ratio
transformer reading was obtained by the following relation.

M=KK’ (4.10)
Where M is magnetic moment, K’ is saturation ratio transformer reading and K is
VSM calibration constant.

M=mo (4.11)

Where, o is the specific magnetization and m is the mass of the sample.

From (4.7) and (4.8) the calibration constant is given by

K=mo/K’ (4.12)
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The accuracy of this calibration, however, depends on the reliability of the standard
nickel sample, the accuracy of the ratio transformer and the gain of amplifier. The
equipment was operated repeatedly with the same standard sample and stability was
found to be within 1 part in 100. The absolute accuracy of the instrument depends on
the knowledge of the magnetic properties of the calibration standard and
reproducibility of the sample position. When the substitution of calibration was used,
the major error £ 1% was introduced by the estimation of standard nickel sample.

The relative accuracy of these instruments depends on accurate calibration of the
precision resistor divider network. The total error here can be kept less than 0.5%. A

typical calibration curve of VSM is shown in figure 4.7.

Figure 4.7. Calibration curve of VSM

Calibration data

(i) Sensitivity =100V (ii) Reference phase =89.9" (iii) Time constant =1 sec

(iv) Peak to peak voltage =7V (v) Bandwidth =12dB (vi) Reference frequency
f=37Hz (vii) Mass of the pure nickel m =152x10° kg (viii) Bohr magneton of pure
nickel s =58.5 Am?/kg (ix)) Ratio transformer reading K’ =5.05V (x) Saturation
magnetic field= 1.8 kG.

Putting the of m, K’ and s values in equation (4.9) we get

K= 152x10°x58.5/5.05
=1.76 emu/V
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The magnetization of the ribbons samples were calculated by using the following

equation [4].
M=—o (4.13)

Where, M= Magnetization of the experimental sample, m= Mass of the experimental
sample, V= Voltage correspond to the magnetization, K= Calibration constant of the
VSM

The relation between the saturation magnetization (Ms) and the Bohr magneton (ug)

per formula of (FeipoxVx)7sP15C10 (X=0, 5, 10 and 15) are as follows [6].

He= % x Ms (4.14)

Where, M is the molecular weight of the substance.
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 XRD analysis for as prepared samples

Since the width of the as prepared ribbons was very small (~ 0.8 mm), it was not
possible to measure the XRD from this ribbon samples. For this reason, some ribbons
(no. 10-15) of the as prepared samples of the same composition were taken into a
crucible and were ground carefully until it became fine powder. XRD data was taken
of this fine powder to check the amorphous nature. The 260 values were carried out
from 30° to 65° by using an X’Pert PRO XRD PW 3040 (Phillips) and CuKa
radiation (A=1.54178 A). Figures (5.1-5.4) shows the XRD pattern of the as prepared
(Fe100-xVx)75P15C10 (X=0, 5, 10 and 15) samples in powder form.
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Figure 5.1. XRD of the as prepared Fe;sP15C1oSample in powder form

700

600

500 A

o

@]

@]
|

Intensity (a. u.)
N 98]
Q o
Q o
| |

=

Q

Q
|

o

35 40 45 50 55 60 65
20

Figure 5.2. XRD of the as prepared Fez: 25V375P15C10 Sample in powder form
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Figure 5.4. XRD of the as prepared Fegs 75V11.25P15C10 Sample in powder form

We have seen that each figure of the as prepared samples contains a broad peak
within the 26 values from 42° to 47° which confirms the samples are amorphous in

nature.

5.2 XRD analysis for re-crystallization phenomenon

To show the re-crystallization phenomenon of this alloy, the fine powder was put in
an aluminum foil (1.5 cmx1.5 cm) and folded it. The folded sample was put in a
digital furnace (Carbolite, Sheffield, England) at annealing temperature 400 °C for 30
minutes annealing time. Then the furnace was switched off and allowed to cool to
room temperature. When the furnace had cooled down to room temperature, the

sample was taken out and ground until it became fine powder.
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Then the XRD was taken of this fine powder. The power samples were annealed at
400 °C, 450 °C, 500 °C, 550 °C, 600 °C and 650 °C for 30 minutes annealing
temperature and XRD data were taken in each case. The whole procedure was
repeated for the other composition. Figures (5.5-5.8) shows the XRD pattern of the
(Fe100xVx)75P15C10 (X=0, 5, 10 and 15) alloys of annealing temperature from 400 °C to
650 °C for 30 minutes annealing time . The diffraction peaks were identified as (301),
(231), (112), (110) and (411) planes at around 35°, 40", 43", 45" and 46 for FesP,
FesP, FesP, aFe and FesP respectively. Vanadium phosphides are not expected to
show clearly as the larger V content is only 11.25% of the Fe content. The pattern of
the samples for temperatures between 400 °C and 450 °C are consistent with a BCC

structure.

Figure 5.5. XRD for Fe;sP15Cy powder sample at annealing temperatures from 400

°C to 650 °C for 30 minutes annealing time
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The lattice parameter (a) of the BCC structure was calculated by using the following
formula [1].

a=d,vh® +k?+1? (5.1)

Where, h, kand | are the indices of the crystalline plane.

At 400 °C the lattice parameter ‘a’ of the samples for (110) plane is 2.854 A, 2.859 A,
2.864 A and 2.869 A and at 450 °C it is 2.852 A, 2.854 A, 2.857 A and 2.857 A for
x=0, 5, 10 and 15 respectively. The lattice parameter increases with increasing of V
content into the samples. The increase in lattice parameter and hence the unit cell
volume with increasing V content is due to a volume expansion effect as V has the
larger atomic radius (1.92 A) compared to Fe (1.72 A).

Figure 5.6. XRD for Fe7;.25V375P15C10 powder sample at annealing temperatures from
400 °C to 650 °C for 30 minutes annealing time
50



This behavior is an agreement with [2]. The linear increase of the lattice parameter of
these alloys with increasing V content suggests a simple dilution process. When we
increase the temperature from 400 °C to 450 °C, we observe that the intensity of the
(110) plane decreases and simultaneously some new peaks of very low intensity are
generated. These new diffraction peaks are identified as (113), (024), (116), (122),
(214) and (300) at around 41°, 50", 54°, 57, 62" and 64 respectively [3]. From 450 °C
to 650 °C these peaks increased in amplitude. This indicates a structural change of the

samples from 500 °C to higher temperatures.

Figure 5.7. XRD for Feg75V75P15C1o powder sample at annealing temperatures from

400 °C to 650 °C for 30 minutes annealing time
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The structure of these alloys is consistent with a hexagonal structure (JCPDS card No.
80-0042) and with the XRD machine code reference 76-0182. The lattice parameters
(a and c) of this structure were calculated for the planes (116) and (214). The lattice
parameters (a and c) of the hexagonal structure were calculated by using the following

formula [1].

2 2 2
1 _ AR’ +hk+k*) I° 52)

2 2 2
dig 3a c

Where, h, kand | are the indices of the crystalline plane.

Figure 5.8. XRD for Fess 75V11.25P15C10 powder sample at annealing temperatures from
400 °C to 650 °C for 30 minutes annealing time
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For the hexagonal structure the lattice parameter ‘a’ is almost constant (~ 5.023 A) for
all samples whereas the lattice parameter ‘c’ increases linearly with the increase of V
content in the temperature range 500 °C to 650 °C as shown in table 5.1. At 500 °C
the lattice parameter ‘c’ of the samples taken from the (116) plane is 13.678 A,
13.697A, 13.725 A and 13.725 A and at 550 °C it is 13.682 A, 13.704 A, 13.803 A
and 13.808 A for x=0, 5, 10 and 15 respectively. On the other hand, at 600 °C the
lattice parameter ‘c’ from the (116) plane is 13.676 A, 13.682 A, 13.709 A and 13.707
A and at 650 °C it is 13.684 A, 13.690 A, 13.705 A and 13.713 A for x=0, 5, 10 and
15, respectively. The transformation of the amorphous alloy to the crystalline phases
takes place by the nucleation and growth processes. A similar mechanism has also
been reported in various amorphous alloys [4-8]. We have observed that the onset of
crystalline phase begins from 400 °C for 30 minutes annealing time. These results

correspond well with the crystallization temperature as measured in the DTA.

5.3 Grain sizes

The grain size of the powder samples was estimated from the broadening of the
highest intensity peak (110) for BCC structure and (116) and (214) peaks for

hexagonal structure of the XRD pattern by using the following Scherrer formula [9].

3 09x2
(B—-0.05)xcos @

(5.3)

Where L is the grain size, A the wavelength of the CuKo radiation (A\=1.54178 A),
0.05 is the instrumentation broadening, B is the full width at half-maximum (FWHM)

of a diffraction peak expressed in radians and 0 is the Bragg angle.

The grain size of the samples of (FeigoxVx)75P15C10 (X=0, 5, 10 and 15) was calculated
at annealing temperatures of 400 °C, 450 °C, 500 °C, 550 °C, 600 °C and 650 °C for
30 minutes annealing time. The grain size of the annealed (Fei1po-xVx)75P15C10 (X=0, 5,
10 and 15) sample is tabulated in table 5.1. The grain size was 20-52 nm, 16-52 nm,
10-48 nm, 40-48 nm, 26-61 nm and 40-54 nm for annealing temperatures of 400 °C,
450 °C, 500 °C, 550 °C, 600 °C and 650 °C respectively. So, the grain size is

dependent on the annealing temperature.
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Table 5.1. Lattice parameters and grain size at annealing temperatures from 400 °C
to 650 °C for 30 minutes annealing time of the (Fe100-xVx)75P15C10 (X=0, 5, 10 and

15) powder samples

Sample Planes Temp. Latt. par. Latt. par. Grain size
X (hkl) T (°C) a(A) c(A) (nm)
0 2.854 52
5 110 400 2.859 38
10 2.865 32
15 2.870 20
0 2.853 52
5 110 450 2.854 20
10 2.858 28
15 2.858 16
0 116 5.016 13.678 15
5 & 500 5.013 13.697 48
10 214 5.015 13.725 48
15 5.015 13.725 10
0 116 5.040 13.682 40
5 & 550 5.018 13.704 48
10 214 5.045 13.822 48
15 5.027 13.808 48
0 116 5.011 13.676 34
5 & 600 5.022 13.682 61
10 214 5.023 13.709 40
15 5.023 13.707 26
0 116 5.022 13.684 40
5 & 650 5.023 13.690 54
10 214 5.021 13.705 54
15 5.024 13.713 43

54 DTA, TGA, DTG of the as prepared samples

DTA techniques are the most frequently used method to study the crystallization
behavior. The transition temperature of the samples was monitored by a differential
thermal analyzer [Seiko-Ex-STAR-6300, Japan]. The measurements of DTA, TG and
DTG were carried out from 40 to 600 °C at a heating rate of 20 °C min™ under
nitrogen gas flow. Figures (5.9-5.12) shows the DTA, TG% and DTG curve of the as
prepared samples. In the DTA curve only one exothermic peak occurred for each
sample at around 400 °C. The peak of each sample is attributed to the crystallization
temperature. Crystallization temperature increases with the increase of V content in
the as prepared (FeigoxVx)75P15C10 (X=0, 5, 10 and 15) samples. This is due to the

crystallization temperature of V is higher than the crystallization temperature of Fe.
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In the TG curve, it has observed that mass is slightly gained for all samples. Passively,
as the temperature is increased the micro voids which formed during the growth
process of the ribbon during melt spinning are gradually eliminated. Then at higher
temperatures Fe and V ions absorb oxygen from the environment and hence the mass
could be slightly enhanced. This mass gain had been also founded in TG measurement
of different compositions of (Feip0xMny)75P15C10 amorphous ribbons [10].
Crystallization temperature and TG% of the as prepared samples of (Feigo-

xVx)75P15C10 (x=0, 5, 10 and 15) are given in table 5.2.
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Figure 5.9. DTA, TG% and DTG of the as prepared FezsP15Cyo ribbon
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Figure 5.10. DTA, TG% and DTG of the as prepared Fe;;.25V3.75P15C1o ribbon
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Figure 5.11. DTA, TG% and DTG of the as prepared Feg;5V7.5P15C1o ribbon

Figure 5.12. DTA, TG% and DTG of the as prepared Fegs75V11.25P15C10 ribbon

Table 5.2. Crystallization temperature (Tx) and TG% of the as prepared
(Fe100-xVx)75P15C10 (X=0, 5, 10 and 15) ribbons

Samples, x T« (°C) TG % at 500 °C
0 418.9 1.7
5 447.3 7.5
10 448.7 5.9
15 462.4 13.2
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Crystallization temperature as a function of x [%] of (Feipo-xVx)75P15C10 IS shown in
figure 5.13. From figure we see that crystallization temperature vary linearly with the

V composition.

475

(FeipoxV x)75P15C 1o

1] ] 10 14

%[%]
Figure 5.13. Crystallization temperature (T,) as a function of x [%] of the as
prepared (FeiooxVx)7sP1sCio (X=0, 5, 10 and 15) ribbons

In the DTG curves some small peaks are found for the samples x=5 and 10 which
means that there is a small change of mass, but for x=15 some broad peaks are found
which indicates that there is large change of mass, within small ranges of the heating

temperature.
5.5 Surface micrographs of the as prepared samples

Hitachi S-3400N variable pressure SEM was used for surface morphology. Surface
micrographs of as prepared samples are shown in figures (5.14-5.17). For the purpose
of Fe-V-P-C alloy Fe, V, P and C were kept in a quartz tube in their stoichiometric
ratio and the melt of the composition is kept above the melting point of alloy until a
homogeneous mixing in obtained. The molten alloy flow through the outlet of the
quartz tube and it is cooled at an ultra fast rate (~10° °C/min) with the help of a
rotating cooled copper cylinder. So, after melting the atoms of different composition
were kept in random orientation. SEM image of as prepared sample shows of this
random orientation of the molted atoms. From the micrographs, we have observed

some black dots that indicate the pore in the micrographs.
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These acute sizes of pore are observed in the alloy due to rapid cooling of the molten
alloy and very high Cu spinning (~ 6000 rev/min). With the increases of V content
into the samples, the concentration fluctuations increase while the porosity decreases.
With the increase of V content into the samples the malleability of the samples
increases. The non magnetic atoms of P and C are glass forming materials which
changes the physical properties of the ribbon i.e., elasticity, softness, etc. It also
influences the grain size of the annealed samples. Micrographs of the annealed sample
could not be studied because of the low resolution of the SEM machine. It needs TEM

for the study of annealed samples.

(i) Resolution 5000 (i) Resolution 10000

Figure 5.14. Surface micrographs of the as prepared Fe;sP15Cyo ribbon at resolutions
(i) 5000 (ii) 10000

(i) Resolution 5000 (i) Resolution 10000

Figure 5.15. Surface micrographs of the as prepared Fez: 25V375P15C1 ribbon at resolutions
(i) 5000 (ii) 10000
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(i) Resolution 5000 (i) Resolution 10000

Figure 5.16. Surface micrographs of the as prepared Feg;5V75P15Cyo ribbon at resolutions
(i) 5000 (ii) 10000

(i) Resolution 2000 (i) Resolution 10000

Figure 5.17. Surface micrographs of the as prepared Fegs 75V 11.25P15Cyp ribbon at resolutions
(i) 2000 (ii) 10000

5.6 Resistivity of the as prepared samples at room temperature

Figure 5.18 shows the resistivity with V content at room temperature (298 K) of the as
prepared samples of (Feioo-xVx)75P15C10 (X=0, 5, 10 and 15). The resistivity of the
samples increases with the increase of V content at room temperature. Resistivity of
different samples is also shown in table 5.3. Isotropic and anisotropic spin scattering
mechanisms contribute to the resistivity in magnetically ordered amorphous metals
[11-15]. For the scattering centers, magnons and magnetic impurities have been
proposed for the increase of resistivity [16]. In some cases, the structural disorder of
the atomic sites introducing magnetic scattering to the resistivity [17]. Topological
spin disorders are also thought to be responsible for the increase of resistivity.
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Figure 5.18. Resistivity as a function of x [%] of the as prepared (Feioo-xVx)75P15C10
(x=0, 5, 10 and 15) ribbons at room temperature

Table 5.3. Resistivity of the as prepared (Fe1o0-xVx)75P15C10 (x=0, 5, 10 and
15) ribbons at room temperature

Samples, x Resistivity, p (Q-m)x10°
0 141
5 1.60
10 1.91
15 2.06

5.7 Temperature dependent of normalized resistivity of the as prepared
samples

Figure 5.19 shows the temperature dependent of normalized resistivity of the as

prepared samples. Resistivity decreases with the decrease in temperature for sample

x=0 and 5. This may be happening due to the decrease of incoherent electron-magnon

scattering. In the case of x=10, 15 the resistivity increases with the decrease in

temperature. This is due to the structural topological scattering. The TCR is positive

for sample x=0, 5 while TCR negative for samples x=10, 15. These results follow the

Mooij-correlation [18] of metallic glasses which is based on quantum mechanical

coherence effects, namely incipient Anderson localization [19].
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This correlation states that if the resistivity of amorphous alloys with d-bands is
greater than the saturation value p*~160 pQ-cm, TCR is negative and it changes to
positive values when p<p*. For the sample x=0 and 5 the measured resistivity at room
temperature was 141 uQ-cm and 160 uQ-cm respectively that show positive TCR. On
the other hand, for the sample x=10 and 15 the measured resistivity at room
temperature was 191 pQ-cm and 206 uQ-cm respectively that show negative TCR.

Such transport phenomena deviates from the conventional Boltzmann’s transport.
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Figure 5.19. Temperature dependent of normalized resistivity of the as prepared
(Feloo_xvx)75P15C10 (XZO, 5, 10 and 15) ribbons

In the case of disorder metals, the wavelength of the conduction electron is
comparable with the atomic distances which result in interference between scattering
waves. The negative TCR is the result of reduction of interferences with temperature
rises. Again, the gradual change from positive TCR to negative TCR with V content is
accompanied by shortening of the mean free path down to an average atomic distance.
An increase in resistivity in this regime is due entirely to the mean free path effect and

is free from the band structure effect.
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5.8 Magnetoresistance (MR) of the as prepared samples at room

temperature

The MR measurement of the as prepared samples was carried out by measuring
current, applied magnetic field and the developing voltage at room temperature. The
magnetic field is applied to the perpendicular of current. The MR of the as prepared
samples was calculated by using the following formula [20].

R(H)—-R(0)

MR% = x100% (54)

Where, R(H) is the resistance in presence of magnetic field and R(0) is the resistance

in the absence of magnetic field.

Figure 5.20 shows the MR% of the as prepared samples at room temperature for

different V content as a function of magnetic field upto 0.6 T.
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Figure 5.20. Variation of MR with applied field of the as prepared (Feio0.xVx)75P15C10

(x=0, 5, 10 and 15) ribbons at room temperature

An initial large change in resistivity is accompanied by growth of magnetic domain
parallel to the direction of the magnetic field. Once the magnetic saturation is

achieved there is no domain motion as it becomes a single domain.
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The only contribution to the MR comes at this stage is from the conduction electron
scattering due to the collision between themselves and hence the electron mean free-
path is much longer in this stage. The physical origin of the MR effect lies in spin
orbit coupling. As magnetic moment rotates, the electron cloud about each nucleus
deforms slightly and this deformation changes the amount of scattering undergone by
the conduction electrons in their passage through the lattice. It is seen from the figure
that MR% increases with increase of V content. If V content increases, the topological
spin disorder increases in the system and hence MR% increases. The MR varies from

0 to 8% with the increase of V content and also with the applied magnetic field.

5.9 Hall resistivity of the as prepared samples at room temperature

Figure 5.21 shows the Hall resistivity as a function of magnetic field of the as
prepared samples at room temperature. It is seen that the Hall resistivity initially
increases very rapidly and then saturates with the applied magnetic field. Hall
resistivity also increases with the increase of V content. Once saturation is achieved

there is no domain motion as it has assumed a single domain.
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Figure 5.21. Hall resistivity as a function of magnetic field of the as prepared

(Fe100xVx)75P15C10 (x=0, 5, 10 and 15) ribbons at room temperature
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One must consider the quantum mechanical side jump mechanism [21] according to
which the electrons a small transverse deflection at each scattering event. If this
mechanism were dominant in our alloys, py should be proportional to p?. While the V
content increase in the alloys, magnetic impurities and also topological spin disorder
increases that may be responsible for the increase of Hall resistivity. One or more of
the scattering processes i. e. impurity, phonon and spin disorder scattering give
dominant contribution to the anomalous Hall effect in different filed which, in turn,
are different for different samples. The anomalous Hall effect results from anisotropic
scattering and this in turn comes from an interplay of internal polarization, (spin)
scattering centers and spin-orbit coupling. The internal polarization can be provided
by the spontaneous magnetization inside a domain or by an induced magnetization.
The non linear behavior of the py vs poH curve decomposed into the normal Hall

effect and anomalous Hall effect that can be written are as follows [19].

Pu = RopgH +RM (5.5)

The first term, characterized by the ordinary Hall coefficient (Ro) and the second term
characterized by the extraordinary or anomalous Hall coefficient (Rs). From this
figure we have seen that there is a saturation in the ferromagnetic regime always,
indicating that the anomalous Hall effect dominates. This is not found in equivalent
crystalline materials [22]. As elementary anisotropic scattering mechanisms, so far,
the quasi-classical skew scattering (first order [23]) and the quantum mechanical
(second order) side jump have been proposed. These mechanisms have been
investigated in relation to certain (spin) scattering centers, such as spin waves [23] or
spin impurities [24], but apparently other possible spin scattering centers have not
been covered as yet. Accordingly, the anomalous Hall constant, Rs = c1p + cap? have
been proposed [25], where c1, » are supposed to refer to the first order (skew) and
second order (side jump) mechanisms. For amorphous systems often it is argued that
because of the large number of scattering centers the quadratic term should dominate
and since the side jump supposedly does not depend very much on the type of
scattering potential, it has deal with the same scattering situation in case of p and py

and therefore py ~ p® might be valid [26].
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5.10 DC magnetization of the as prepared samples at room temperature

The DC magnetization as a function of applied magnetic field of the as prepared
(Fe100xVx)75P15C10 (x=0, 5, 10 and 15) samples was measured at room temperature
(298K) is shown in figure 5.22. The magnetization of all samples increases linearly
with increasing the applied magnetic field up to 0.5 kG. Beyond this field
magnetization increases slowly and then saturation occurs. Therefore, it is clear that at
room temperature all samples are in ferromagnetic state. When a magnetic field is
applied, the magnetic domains align along the field direction and the magnetization
saturates, here for relatively low applied fields. The saturation magnetization is

decreases with increase of V content.
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Figure 5.22. DC magnetization as a function of magnetic field of the as prepared

(Fe100xVx)75P15C10 (=0, 5, 10 and 15) ribbons at room temperature

The saturation magnetization (Ms) and Bohr magneton (g) per Fe atom of the as
prepared (Feioo-xVx)75P15C10 (X=0, 5, 10 and 15) samples at room temperature are
shown in table 5.4. Bohr magneton per formula of (Fe1p0-xVx)75P15C10 (x=0, 5, 10 and

15) samples can be obtained by using the following formula [27].

Ug= x Ms (5.6)

5585
Where, M is the molecular weight of the substance and M is the saturation

magnetization.
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Table 5.4. Saturation magnetization and Bohr magneton of the as prepared

(Fe100-xVx)75P15C10 (X=0, 5, 10 and 15) ribbons at room temperature

Samples, x Saturation magnetization Bohr magneton
M; (emu/q) (us) per Fe atom

0 154 1.275

5 109 0.894

10 70 0.573

15 40 0.328

Figure 5.23 shows the saturation magnetization as a function of V content. The
decrease of saturation magnetization and hence the Bohr magneton is due to the
replacement of ferromagnetic Fe by paramagnetic V. This reduction also happened
due to the overall interatomic exchange interaction of the Fe atoms. The value of

saturation magnetization is consistent with the literature value [28].
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Figure 5.23. Saturation magnetization as a function of x [%] of the as prepared

(Fe100xVx)75P15C10 (x=0, 5, 10 and 15) ribbons at room temperature
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CHAPTER 6
CONCLUSIONS

6.1 Conclusions
The results of the structural, thermal, transport and magnetic properties of the melt-
spun (Feioo-xVx)75P15C10 (X=0, 5, 10 and 15) amorphous ribbons are summarized and

the following conclusive statements can be made from this research work.

XRD patterns of the as prepared samples show that each sample contains a broad peak
which confirms the samples are amorphous in nature. The re-crystallization
phenomenon of the alloys was studied by XRD for annealing temperatures from 400
°C to 650 °C within 30 minutes annealing time. The BCC structure was observed for
the temperatures from 400 °C to 450 °C while the hexagonal structure for
temperatures from 500 °C to 650 °C. The lattice parameter ‘a’ of the BCC structure
was calculated for (110) plane and it changes from 2.854 A to 2.870 A. The lattice
parameters ‘a’ and ‘c’ of the hexagonal structure were calculated for the planes (116)
and (214). The lattice parameter ‘a’ is almost constant (~ 5.023 A) for all samples
whereas the lattice parameter ‘c’ changes from 13.676 A to 13.822 A. The
transformation of the amorphous alloy to the crystalline phases takes place by the
nucleation and growth processes. The crystalline grain size of the samples was
estimated by using the Scherrer formula and is found to vary from 10 nm to 60 nm in

the annealing temperature from 400 °C to 650 °C for 30 minutes annealing time.

In DTA curve of the as prepared samples shows an exothermic peak for each sample
and these peak values increases with increase of V content which attributed to the
crystallization temperature. The crystallization temperatures are 418.9 °C, 447.3 °C,
448.7 °C and 462.4 °C for x=0, 5, 10 and 15 respectively. Crystallization temperature
increases with increase of V content because the melting point of V is higher than Fe.
TG% curve shows that as the temperature increases, mass is slightly gained for all
samples. At higher temperature Fe and V ions absorb oxygen from the experimental
environment and hence mass are slightly gained at higher temperature. The
volume/grain increases also with the increase of the V content because the ionic
radius of V (1.92 A) is larger than the ionic radius of Fe (1.72 A).
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In the DTG curves some small peaks are found for the samples x=5 and 10 which
means that there is a small change of mass, but for x=15 some broad peaks are found
which indicates that there is large change of mass, within small ranges of the heating

temperature.

Surface micrograph of the as prepared samples was measured by the scanning
electron microscope. It shows that the concentrations fluctuation increases with the
increase of V content into the samples. This also shows that the porosity decreases
with the increase of V content. Micrographs of the annealed sample could not be
studied because of the low resolution of the SEM machine. It needs TEM for the

study of grain sizes of the annealed samples.

Resistivity of the as prepared samples at room temperature increases with the increase
of V content in the system due to the magnetic impurities, scattering and topological
spin disorder. For the samples x=0 and 5 the measured resistivity at room temperature
was 141 pQ-cm and 160 pQ-cm respectively that show positive TCR. For the samples
x=10 and 15 the measured resistivity at room temperature was 191 pQ-cm and 206
puQ-cm respectively that show negative TCR. These results follow the Mooij-
correlation of metallic glasses. Such transport phenomena deviates from the
conventional Boltzmann’s transport. The resistivity of metallic amorphous alloys can
also explain by the Ziman-Faber model, which is an expansion of the Ziman model
for the resistivity measurement of non-magnetic liquid (amorphous) metals. In this
approach the scattering is related to the structure factor; in particular, the resistivity is
considered to be a weighted integral of the structure factor, with integration up to the
Fermi surface. This model or extensions of it is also used to explain the Mooij-
correlation, i.e. the empirically observed correlation between the absolute value of the

resistivity and its temperature derivative.

The initial large change in the MR of the as prepared samples at room temperature
occurs in the low field due to the growth of magnetic domain parallel to the direction
of the magnetic field. Once the magnetic saturation is achieved there is no domain
motion as it has assumed a single domain. The only contribution to the MR comes at

this stage is from the conduction electron scattering.
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The electron mean free path is much longer in this stage. The MR varies from 0 to 8
% with the applied magnetic field. MR% also increases with the increase of V content

because as V content increase into the alloy the topological disorder increases.

Hall resistivity of the as prepared samples at room temperature increases with the
increase of applied magnetic field and also V content. The non linear behavior of the
pn Vs B curve indicates that the samples show the anomalous Hall effect. One or more
of the scattering processes i. e., impurity, phonon and spin disorder scattering give
dominant contribution to the anomalous Hall effect. While the V content increases,
magnetic impurities and also topological spin disorder increases that may be
responsible for the increase of Hall resistivity. The skew-scattering and the side-jump

mechanism also responsible for anomalous Hall effect.

The saturation magnetization of the as prepared samples at room temperature are 154,
109, 70 and 40 emu/g for x=0, 5, 10 and 15 respectively. The saturation magnetization
decreases with the increase of V content of the samples. This decrease is due to the
replacement of ferromagnetic Fe by paramagnetic V and also due to the reduction of
the overall interatomic exchange interaction. Hence, the Bohr magneton for x=0, 5,
10, 15 are 1.275, 0.894, 0.573 and 0.328 per Fe atom in the samples respectively.
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APPENDIX

Table 1: XRD data for annealing temperature of 400 °C

x=0
Position Height FWHM d-spacing Rel. Int.
[°2Th.] [cts] [°2Th.] (A) [%]
35.2686 101.15 0.1181 2.54484 40.14
35.6954 113.5 0.3149 2.51539 45.04
41.3167 139.2 0.3149 2.18523 55.24
43.0523 122.2 0.2362 2.10107 48.49
44.861 252.02 0.2165 2.01847 100
46.1369 92.9 0.384 1.9659 36.86
X=5
35.7066 59.94 0.4723 2.51463 19.86
41.38 151.76 0.3149 2.18203 50.27
43.0412 130.36 0.3936 2.10159 43.18
44,8257 301.88 0.2755 2.02198 100
46.1492 124.66 0.4723 1.96703 41.3
51.834 36.52 1.152 1.76242 12.1
x=10
35.5397 177.2 0.1968 2.52606 100
41.3037 64.62 0.4723 2.18589 36.47
43.0063 46.52 0.9446 2.10321 26.25
44,7335 122.76 0.3149 2.02594 69.28
62.6488 55.62 0.576 1.48168 31.39
x=15
35.6231 62.36 0.6298 2.52033 55.68
41.4055 55.12 0.4723 2.18075 49.21
44,7998 112 0.48 2.02942 100
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Table 2:

XRD data for annealing temperature of 450 °C

x=0
Position Height FWHM d-spacing Rel. Int.
[°2Th.] [cts] [°2Th.] (A) [%]
35.2686 101.15 0.1181 2.54484 40.14
35.6954 113.5 0.3149 2.51539 45.04
41.3167 139.2 0.3149 2.18523 55.24
43.0523 122.2 0.2362 2.10107 48.49
44.861 252.02 0.2165 2.01747 100
46.1369 92.9 0.384 1.9659 36.86
X=5
33.4168 145.44 0.2165 2.68151 58.59
35.7058 248.24 0.2952 2.51468 100
40.6011 77.46 0.3542 2.22208 31.21
43.1721 64.66 0.4723 2.09552 26.05
44,9047 75.4 0.4723 2.01861 30.37
54.3891 61.81 0.4723 1.6869 24.9
57.1872 68.1 0.4723 1.61084 27.43
62.7225 118.91 0.336 1.48011 47.9
x=10
33.3671 73.41 0.1968 2.68539 39.14
35.6249 187.55 0.2165 2.52021 100
40.8943 17.64 0.9446 2.20682 9.4
44,8462 60.34 0.3542 2.02111 32.17
57.1615 46.63 0.3542 1.6115 24.86
62.7459 89.41 0.288 1.47962 47.67
x=15
33.3237 34.59 0.94446 2.68879 24.91
35.6161 138.89 0.1968 2.52081 100
44.8394 56.06 0.576 2.02105 26
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Table 3: XRD data for annealing temperature of 500 °C

x=0
Position Height FWHM d-spacing Rel. Int.
[°2Th.] [cts] [°2Th.] (A) [%]
33.3812 149.45 0.2362 2.68429 60.53
35.7018 246.89 0.2558 2.51495 100
40.9473 45.67 30.9446 2.20408 18.5
44,8522 72.77 0.4723 2.02085 29.48
54.386 65.21 0.6298 1.68699 26.41
57.1428 71.75 0.3149 1.61198 29.06
62.72 133.06 0.384 1.48017 53.9
X=5
33.4222 207.06 0.1968 2.68109 58.88
35.705 351.66 0.2952 2.51474 100
40.8775 48.98 0.9446 2.20769 13.93
43.2861 72.92 0.2362 2.09026 20.74
49.7639 83.96 0.3149 1.83229 23.88
54.3605 106.85 0.2362 1.68772 30.38
57.2025 103.71 0.3149 1.61044 29.49
62.7427 185.9 0.288 1.47969 52.86
x=10
33.3367 145.13 0.2165 2.68777 42.8
35.5897 339.07 0.2165 2.52262 100
40.4266 89.65 0.3149 2.23126 26.44
43.2176 73.04 0.2362 2.09342 21.54
49.6384 53.31 0.4723 1.83663 15.72
54.28 80.14 0.2362 1.69004 23.63
57.1207 98.7 0.2362 1.61256 29.11
62.6845 75.26 0.36 1.48092 51.69
x=15
33.3638 48.75 0.4723 2.68565 40.54
35.6429 120.24 0.2362 2.51897 100
40.846 20.51 0.9446 2.20932 17.06
54.2841 28.92 0.9446 1.68992 24.05
62.6921 70.94 0.384 1.48076 59
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Table 4: XRD data for annealing temperature of 550 °C

x=0
Position Height FWHM d-spacing Rel. Int.
[°2Th.] [cts] [°2Th.] (A) [%]
32.9826 323.83 0.2165 2.71581 96.29
35.2455 277.6 0.264 2.54435 82.54
35.4216 336.32 0.1771 2.5342 100
40.5637 46.21 0.9446 2.22404 13.74
49.3563 113.73 0.3542 1.84647 33.81
53.9516 167.56 0.2755 1.69254 49.82
57.1098 39.59 0.9446 1.61284 11.77
62.3808 158.33 0.3936 1.48863 47.08
63.8727 78.29 0.576 1.45621 23.28
X=5
33.4027 461.77 0.2165 2.68261 100
35.7773 403.35 0.2558 2.50982 87.35
41.1243 108.58 0.2165 2.19501 23.51
49.7094 156.02 0.2362 1.83417 33.79
54.3154 202.2 0.2362 1.68902 43.79
57.1788 93.06 0.2362 1.61105 20.15
62.73 221.04 0.3149 1.48118 47.87
64.2442 111.05 0.3149 1.44988 24.05
72.3525 42.68 0.576 1.30499 9.24
x=10
32.926 218.75 0.2362 2.72035 91.3
35.2515 239.6 0.1968 2.54604 100
40.3052 28.22 0.9446 2.2377 11.78
49.3067 82.04 0.2362 1.84821 34.24
53.901 110.02 0.2362 1.70102 45.92
56.7459 70.18 0.2362 1.62231 29.29
62.3193 179.34 0.2165 1.48995 74.85
63.8392 70.92 0.576 1.45689 29.6
x=15
33.0549 118.56 0.2165 2.71003 57.93
35.3565 204.66 0.2165 2.53872 100
40.1605 59.14 0.3149 2.24543 28.89
49.4272 42.8 0.4723 1.84398 20.91
54.0264 77.76 0.2362 1.69737 37.99
56.8621 69.71 0.2362 1.61927 34.06
62.475 117.57 0.336 1.48538 57.45
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Table 5: XRD data of annealing temperature 600 °C

x=0
Position Height FWHM d-spacing Rel. Int.
[°2Th.] [cts] [°2Th.] (A) [%]
33.5233 320.1 0.2362 2.67324 89.86
35.9435 356.23 0.3739 2.4986 100
41.2857 64.21 0.9446 2.1868 18.03
49.8193 124.35 0.3149 1.83038 34.91
54.4223 152.04 0.3149 1.68595 42.68
57.6942 28.29 0.9446 1.59788 7.94
62.8458 149.9 0.2755 1.47873 42.08
64.3898 86.79 0.576 1.44575 24.36
X=5
33.4243 442.32 0.2165 2.68093 100
35.8643 368.05 0.2165 2.50393 83.21
41.1135 93.49 0.2362 2.19556 21.14
43.3022 56.8 0.3149 2.08952 12.84
49.7511 171.15 0.2165 1.83273 38.69
54.3483 218.75 0.1968 1.68807 49.45
62.7117 194.39 0.3542 1.48157 43.95
64.2493 129.79 0.312 1.44858 29.34
x=10
33.3565 302 0.2165 2.68622 100
35.7463 274.28 0.3936 2.51193 90.82
41.0821 77.02 0.2362 2.19716 25.5
49.6754 114.44 0.3149 1.83535 37.89
54.2778 153.06 0.2755 1.6901 50.68
62.6717 178.54 0.2755 1.48242 59.12
64.1999 86.11 0.288 1.44957 28.51
x=15
33.3553 158.21 0.2362 2.68631 79.35
35.6584 199.39 0.2362 2.51792 100
40.7792 36.07 0.9446 2.21278 18.09
49.6346 45.46 0.9446 1.83676 22.8
54.2798 96.18 0.3936 1.69004 48.23
57.1545 55.79 0.4723 1.61168 27.98
62.6692 139.82 0.3149 1.48247 70.12
64.1647 57.99 0.576 1.45028 29.08
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Table 6: XRD data of annealing temperature 650 °C

x=0
Position Height FWHM d-spacing Rel. Int.
[°2Th.] [cts] [°2Th.] (A) [%]
33.381 415.08 0.2362 2.68431 96.96
35.8168 428.08 0.2952 2.50715 100
41.1111 98.08 0.3149 2.19568 22.91
49.6939 146.59 0.3149 1.83471 34.24
54.3095 192.42 0.2755 1.68819 44.95
62.7103 177.73 0.2165 1.4816 41.52
64.2504 133.98 0.384 1.44855 31.3
X=5
33.3933 368.59 0.2362 2.68334 100
35.8303 322.15 0.2558 2.50623 87.4
41.0964 100.44 0.2362 2.19643 27.25
49.6977 161.63 0.2362 1.83458 43.85
54.3207 209.59 0.2165 1.68887 56.86
62.6854 193.63 0.1968 1.48213 52.53
64.2114 128.42 0.312 1.44934 34.84
x=10
33.3954 300.48 0.2165 2.68318 100
35.8415 231.72 0.2165 2.50547 77.12
41.1014 68.26 0.2362 2.19618 22.72
49.6816 133.52 0.1968 1.83514 44.43
54.3346 175.5 0.2165 1.68947 58.41
62.6997 162.15 0.2362 1.48182 53.96
64.235 105.45 0.384 1.44886 35.09
x=15
33.3406 340.45 0.2362 2.68746 100
35.786 262.32 0.3149 2.50923 77.05
41.0557 81.17 0.2165 2.19852 23.84
49.6399 135.71 0.1968 1.83658 39.86
54.2644 182.99 0.2558 1.69048 53.75
62.6588 158.9 0.2755 1.48269 46.67
64.1909 118.07 0.288 1.44975 34.68
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Table 7: Room temperature (298 K) resistivity of the as prepared

samples

A. Sample: (Feloo-xvx)75P15C10 (X:0, 5,10 and 15)

B. Sample Size: Length, 1=1.2x10? m, Width, w= 8 x 10* m, Thickness, t= 25 x 10° m

H (Tesla) p(Q-m)x10° | p(Q-m)x10° | p(Q-m)x10®° p(Q-m)x107°

x=0 x=5 x=10 x=15

0 1.471 1.623 1.913 2.059
0.024 1.512 1.654 1.925 2.098
0.056 1.556 1.715 1.945 2.132
0.075 1.568 1.731 1.953 2.145
0.145 1.587 1.75 1.964 2.143
0.218 1.58 1.746 1.964 2.145
0.289 1.585 1.755 1.964 2.15
0.362 1.591 1.755 1.964 2.153
0.432 1.591 1.76 1.967 2.164
0.501 1.591 1.764 1.972 2.177
0.570 1.595 1.772 1.975 2.186

Table 8: Normalized resistivity, p(T)/p(RT) for temperature (93-298)K

of the as prepared samples

T (K) p(T)/p(RT) p(T)/p(RT) p(T)/p(RT) p(T)/p(RT)
(x=0) (x=5) (x=10) (x=15)
93 0.832 0.633 1.144 1.688
113 0.836 0.643 1.108 1.546
133 0.828 0.664 1.086 1.444
157 0.817 0.733 1.067 1.367
173 0.825 0.785 1.048 1.279
193 0.811 0.862 1.047 1.174
213 0.811 0.899 1.037 1.115
233 0.826 0.910 1.033 1.076
253 0.860 0.963 1.021 1.055
273 0.924 0.982 1.006 1.032
298 0.999 0.999 1.000 1.000
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Table 9: Magnetoresistance (MR) at 298K of the as prepared samples

H (Tesla) x=0 x=5 x=10 x=15
0 0 0 0 0
0.024 2.35 2.88 2.66 3.05
0.056 4.35 5 5.55 5.46
0.076 4.73 5.8 6.26 6.72
0.145 4.92 6.06 6.65 7.04
0.218 5.14 6.09 7 7.4
0.298 5.2 6.13 7.15 7.65
0.362 5.47 6.37 7.53 7.8
0.432 5.7 6.76 7.77 8.13
0.501 5.92 7.12 8.16 8.55
0.570 6.35 7.65 9.18 9.3

Table 10: Hall resistivity measurement at 298 K of the as prepared

samples
H (Tesla) | pu(Q-m)x10° | pu(Q-m)x10° | pu(Q-m)x10° | pu(Q-m)x10°
x=0 x=5 x=10 x=15
0 0 0 0 0

0.024 0.55 0.65 0.58 0.744
0.056 1.1 1.18 1.32 1.44
0.076 1.256 1.334 1.552 1.644
0.145 1.269 1.340 1.557 1.646
0.218 1.249 1.359 1.565 1.647
0.298 1.267 1.350 1.558 1.672
0.362 1.257 1.358 1.565 1.654
0.432 1.272 1.346 1.574 1.662
0.501 1.268 1.364 1.572 1.656
0.570 1.276 1.369 1.580 1.669
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Table 11: Magnetization measurement at 298 K of the as prepared

samples

H (kG) M (emu/g) M (emu/g) M(emu/qg) M (emu/g)
x=0 X=5 x=10 x=15
0 5.25 3.25 1.25 0.99
0.112 44.25 23.25 13.80 6.25
0.169 65.13 34.6 20.40 10.80
0.237 91.15 46.96 29.67 14.80
0.296 118.03 59.04 35.47 18.88
0.357 135.86 69.36 40.28 22.52
0.423 150.28 81.36 48.54 25.62
0.496 154.28 90.4 54.72 29.22
0.557 154.28 98.68 58.44 31.23
0.621 154.28 104.22 63.72 33.22
0.69 154.28 106.96 66.81 34.72
0.755 154.28 108.72 68.44 37.60
0.828 154.28 108.72 69.28 38.82
0.899 154.28 108.72 69.98 39.41
0.96 154.28 108.72 69.98 40.20
1.036 154.28 108.72 69.98 40.20
1.103 154.28 108.72 69.98 40.20
1.172 154.28 108.72 69.98 40.20
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