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ABSTRACT 

 
 (Fe1-xMnx)75P15C10 (x=0.0, 0.10, 0.20 and 0.30) alloys have been prepared in the form 

of ribbon by standard melt-spinning technique in air with  wheel speed of 25 m/sec 

and cooling rate 1.8x106 K/sec. The prepared samples have been characterized by the 

structural, transport and magnetic properties measurements. The structural property of 

the alloys is confirmed by an X-ray diffraction experiment. X-ray diffraction patterns 

confirm the amorphous nature of the samples. The transport property is carried out at 

room temperature and the temperature range (93-298)K. Room temperature resistivity 

increases with the increase of Mn in the system. The magnetic impurities, scattering 

and topological spin disorder are thought to be responsible for the increase of 

resistivity of the samples. Normalized resistivity increases slightly with decrease in 

temperature for samples x=0.10 and x=0.20 and decreases with the decrease in 

temperature for samples x=0.00, 0.30. But for x=0.30, normalized resistivity gradually 

decreases upto 137K afterwards the resistivity increases with the decrease in 

temperature. This behavior is assumed to have been originated from the structural and 

topological scattering contribution. The magnetoresistance of the samples varied from 

0 to 6% upto 0.57T applied magnetic field. Room temperature Hall resistivity 

measurement shows that the anomalous Hall effect which is attributed to the 

anisotropic spin scattering centers, magnons and the magnetic impurities.  

DTA measurement shows that an exothermic peak arises above 690 K for each 

sample which indicates the onset of crystallization of the grains. TGA measurement 

shows that mass is slightly gained in all samples.  

The real permeability decreases with the increase of Mn content and also with the 

frequency. Imaginary permeability increases linearly with the frequency which means 

that at higher frequency domains do not follow the applied force. 

Magnetization measurement shows that saturation magnetization and the average 

magnetic moment per formula unit of (Fe1-xMnx)75P15C10 decreases with the increase 

of Mn content.  
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Chapter-1  

 

Introduction 
 

 

1.1 Introduction 
An amorphous metal is a metallic material with a disordered atomic-scale structure. In 

contrast to most metals, which are crystalline and therefore have a highly ordered 

arrangement of atoms. Amorphous alloys are non-crystalline materials in which  

disordered structure is produced directly from the liquid state during cooling are 

called "glasses", and so amorphous metals are commonly referred to as "metallic 

glasses" or "glassy metals". The first reported metallic glass was an alloy Au75Si25 

produced at Caltech by W. Klement, Willens and Duwez in 1960 [1]. This and other 

early glass-forming alloys had to be cooled rapidly to avoid crystallization. An 

important consequence of this was that metallic glasses could only be produced in a 

limited number of forms typically ribbons, foils, or wires in which one dimension was 

small so that heat could be extracted quickly enough to achieve the necessary cooling 

rate. As a result, metallic glass specimens were limited to thicknesses of less than one 

hundred micrometers. In 1976, H. Liebermann and C. Graham developed a new 

method of manufacturing thin ribbons of amorphous metal on a super cooled fast-

spinning wheel [2]. 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 

Pd55Pb22.5Sb22.5 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. It is discovered by 

Yoshizawa et al [3] [in 1988. 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 

atom % Fe, Co, or Ni with the remainder being 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. The present study involves the preparation of Fe based 
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amorphous ribbons. In this amorphous ribbons P and C have been used as glass 

forming materials. Here the Fe have been partially replaced by Mn, the general 

composition being (Fe1-xMnx)75P15C10 [x=0.00, 0.10, 0.20 and  0.30]. 

The melt-spinning technique has been used for the preparation of (Fe1-xMnx)75P15C10 

[x=0.00, 0.10, 0.20 and 0.30]  ribbons. The methods of the preparation of the ribbons 

are described in chapter-2 along with the procedure and conditions for glass forming 

amorphous materials. 

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 properties 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 (dc) or dynamic (ac) 

properties of the amorphous system. 

Moreover, the temperature dependence and the stability and cost of materials are to be 

considered besides their magnetic properties. The dc and ac properties provided 

characteristics suitable for different types of applications. Generally high electrical 

resistivity, high mechanical strength, good corrosion resistance, and absence of 

crystalline anisotropy, structural defects and grain boundaries characterize 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, results in very low core losses, which is of interest for power electronics at 

high frequencies. For application in small electronic devices, the amorphous ribbons 

have somewhat poorer losses 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. 
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1.2 Aim of this Work 

Amorphous ferromagnetism has been a subject of considerable interest in recent years 

[4].Both experimental and theoretical progress have been made towards  a better 

understanding of the ferromagnetic ordering in solids which do not possess long- 

range periodicity in the atomic arrangement. In recent years, metallic glasses have 

received considerable experimental and theoretical attention owing to their anomalous 

magnetotransport and soft 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. 

They have already been put into applications in the devices e.g., choke coils, high 

frequency transformers and the magnetic thin film heads, reported in 1991 by 

Yoshizawa et al [5].  

. 

The objective of this work is to study structural, temperature and field dependence  

electrical resistivity, magnetoresistance, Hall resistivity, thermal property,  

magnetization and frequency dependent complex permeability of (Fe1-xMnx)75P15C10 

magnetic alloys, and the effect of manganese (Mn) there on.  The studies involved in 

the present work would provide useful information about its potentials in high 

frequency switching, spin wave devices and sensor devices as well as low and high 

temperature power applications. In order to achieve the aforesaid objective, the 

following main steps are included in the present work:  

(1) X- ray diffraction analysis 

(2) The I~V measurement for resistivity and magnetoresistance in different magnetic   

fields that ranges form 0 to 0.57T at room temperature, low temperature, range: 

(93- 298)K  

(3) Hall coefficient and Hall resistivity in the range 0-0.57T magnetic field at room     

temperature.  

(4)  Magnetization measurement at room temperature  
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(5) The measurement of Differential Thermal Analysis (DTA), Thermo Gravimetric 

Analysis (TGA) and Differential Thermo Gravimetric (DTG) Analysis for the 

investigation of thermal response of the ribbons 

   (6) The measurement of permeability at room temperature in the low frequency range  

        (100Hz- 100 MHz)  

1.3 Review of the Previous Work 

The main intrinsic properties of metallic glasses so far investigated are the 

ferromagnetic Curie temperature (TC), and Mössbauer study. As the extrinsic 

properties, coercive force, remenance to saturation magnetic ratio has been studied. 

Another important field of study on metallic glass system is to investigate the 

transport and magneto transport properties.   

Transport and magnetic properties of amorphous (Fe1-xMnx)75P15C10 alloys have been 

studied with x=0.05 and x= 0.5 by Heinemann K. and Barner K.[6], found zero 

coercive field Hc; for x=0.05 and upper limit Hc≤1.5G, the crystallization temperatures 

Tcr=740 K (x=0.5) and Tcr=710 K (x=0.05),  resistivity of the order of 10-6 Ω-m, Curie 

temperature Tc is 552 K, magnetic moment per cation is 0.42 µB. 

Thermoelectric Power of some (Fe1-x Mn x)75P15C10 amorphous Alloys (x=0, 0.05, 

0.20, 0.30) were studied my Kraus E. et. al.[7]. Variation of x from 0 to 1 changes the  

magnetic transition from an amorphous ferromagnetic Fe75P15C10 to an amorphous 

antiferromagnetic Mn75P15C10 [8,9].  

Pressure derivative of Tc in amorphous (Fe100-xMnx)75P15C10 alloys with  x = 0, 5, 10, 

20, 30 have been investigated by Medvedeva I.V. et. al.[10]. They showed that the 

Curie temperature Tc decreases with pressure.  
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Chapter-2 

 

Preparation of Amorphous Ribbons 
 

2.1 Introduction 

Amorphous solid glass which has no precise meaning, it believed from the long time 

that amorphous system could not exist ferromagnetism. There are different methods 

produced to prepare the amorphous ribbons. This trend abolishes after the discovery 

of metallic glass by Klement, J.W et. al.[1] and Gobonov in the same time. There 

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 Pond, R. Jr and Maddin, R [2] reported on the 

preparation of continuous ribbons of amorphous alloys. 

The technological interest developed after Pond, R. Jr and Maddin, R [2] reported on 

the preparation of continuous ribbons of amorphous alloys. 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 there 

after by Tsuei and Duwez [3] in their work on split-cooled Pd-20at% Si containing 

some ferromagnetic element partially substituted for the Pd. 

The positive ways to have the amorphous state of pure metal like Fe, Ni, Co etc at low 

temperature. Alloys of these metals with glass forming materials can be obtained in 

the amorphous state by cooling the melt at least a million degrees per second which 

can remain in the metastable state over an extended range of temperature. 

Two important classes of amorphous magnetic materials are being studied intensively 

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

rare-earth transition metal glass (RE-TM) reported by R. Alben et. al.[4] and G. S. 

Cargil III [5]. TM-M glasses are stable for composition around 75-80% of TM (Fe, 

Co, Ni etc. or in their combinations) and 25-20% of the metalloid (P, C, Si, B or Al in 

their combinations). Typical composition for RE-TM glass is RE33-TM67 where RE 

is one of the rare-earth metals like Gd, Tb, Dy, Y etc. and TM is one of the 3d 

transition metals like Fe, Co or Ni. Recently the metalloids in 
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TM-M glass is replaced by non-magnetic metals like Zr, Hf, etc. by T. Masumoto et. 

al.[6]. The new amorphous and metastable alloys prepared by such techniques were 

used in the early works to explore the many possibilities opened up by these new 

rapid quenching techniques. 

 

2.2 Conditions for glass formation of amorphous materials 
In terms of viscosity and diffusion co-efficient we can find the conditions for 

formation glass. 

(a) In metals atomic bonding is metallic and viscosity is low and the diffusion 

co-efficient and mobility is high. 

(b) In the case of amorphous material viscosity is very high and the mobility 

and the diffusion co-efficient are low. Atomic bonds tend to be covalent as 

in the case of silicate (SiO2) 

 

2.3 Preparation technique of amorphous ribbon 

There are various techniques is used to produce a metallic alloy in an amorphous state 

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

experimental techniques developed to produce amorphous metallic glass can be 

classified into two groups. 

(a) The atomic deposition methods and 

(b) The fast cooling of the melt  
 

2.3.1 The atomic deposition methods  
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 due to cooling and 

increased viscosity. The atomic deposition methods include condensation of a vapor 

on a cooled substrate by 

(i) Vapor deposition 

(ii) Sputtering deposition 

(iii) Electro deposition 

(iv) Chemical deposition 



                                                                                                  

 8

2.3.2 The fast cooling of the melt  

For producing of an amorphous state by any of the liquid quenching devices, the alloy 

must be cooled through the temperature range from the melting temperature (Tm) to 

the glass transition temperature (Tg) very fast allowing no time for crystallization. The 

factors controlling Tg and crystallization 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 [7] 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 of Duwez et. al. [8], a number of devices has 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 used in preparing amorphous metallic ribbons are 

mentioned here, only the melt spinning technique which was used to prepare the 

specimens for the present work will be discussed. 

 

2.3.2.1 The Melt Spinning Technique 

The metallic glasses are prepared by several methods employing special 

techniques which involve rapid solidification of the melt. Melt spinning is one such 

technique used to prepare metallic glasses. In order to prepare (Fe1-xMnx)75P15C10 

metallic glasses, the required quantity of metal-metal or metal-metalloid alloys are 
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taken in a quartz tube in their stoichiometric ratio wt%. A set of heater coils surround 

the quartz tube at one end and the temperature of the heater coil is kept more than the 

melting point of the alloy compound. Therefore, the melt of the alloy compound is 

formed at one end of the quartz tube. The melt is kept above the melting point of 

alloy until a homogeneous mixing in obtained. An inert gas is flows through the 

other end of the quartz tube after the homogeneous mixing is formed. The molten 

alloy flow through the outlet of the quartz tube and it is cooled at an ultra-fast rate 

with the help of a rotating cooled copper cylinder. On impact with the rotation drum, 

the melt is frozen within a few milli-second producing a long ribbon of metallic 

glasses. The experimental set up used for the above process is shown in Fig- 2.1 

 
         

 

Figure 2.1: The experimental set up used for the melt spinning technique 

 

2.4 Experimental details for the preparation of amorphous 

ribbon 
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 from the top by rubber ‘O’ rings and 

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

cleaning of the roller surface and adjusting its speed to the desired value, as measured 

High frequency generator 
Pressure of Argon Gas 

To Motor 

Cold Copper Disk 

Ribbon of amorphous metal 

Induction 
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by stroboscope, the induction furnace is powered using high frequency generator. 

When the melting temperature is reached as observed through a protective spectacle, 

the injection pressure is applied by opening the pressure valve. To avoid the 

turbulence of the wind, 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 

  

          (a) Angular velocity, ~2000 rev/min. 

 (b) Surface velocity, v ~ 25 m/s 

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

(ii) Oscillations of the rotating copper drum both static and dynamic have 

maximum displacement of ~ 1.5 m 

(iii) Pressure = 0.2 to 0.3 argon atmosphere. 

(iv) Temperature of the metal Tm ≈ 1500ºC. The temperature should not 

exceed 1800° C otherwise quartz tube would melt. 

(v) Stability is ensured for the drop to fall on the surface of the spinning drum  

 

2.5 Factors contributing to glass formation 
There are three interrelated factors that determine glass-forming tendency. These are 

thermodynamic conditions that favor the liquid phase relative to the crystalline phase, 

the kinetic conditions that inhibit crystallization and the process factors that arise due 

to experimental conditions. 

The thermodynamic factors for glass formation are liquids temperature Tm at which 

the alloy melts, the heat of vaporization and the free energy of all the phases that arise 

or could potentially arise during solidification process. Viscosity of the melt, the glass 

transition temperature Tg and the homogeneous nucleation rate belongs to kinetic 

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

the viscosity approached 15 poise. Processing parameters are the cooling rate, the 

heterogeneous nucleation rate and the super cooling temperature interval. The 

temperature of the glass transition is slightly depend on the cooling rate at each 

cooling rate the glass will freeze in a different state of internal energy , shown in Fig 

2.2. At the melting point Tm the enthalpy H of a crystal includes latent heat of fusion 

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

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

energy rate. Heat treatment, relaxation and stability are thus important considerations 

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

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

formation. 

 

 

 

 

 

 

 

 

 

 

 

 

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

transition temperature to the melting temperature defined as higher values of τ 

obviously favor glass formation. For metallic glass to be formed by rapid cooling, τ = 

m

g

T
T

 should be greater than 0.45 by H. S. Chen [9]. Based on alloy composition there 

are two major groups that rapidly form glasses. In one of these groups the metal is 

form Fe, Co, Pd, or Pt and the metalloid is B, C, Si, Ge, or P, these metallic glasses 

constitute soft amorphous magnetic materials. 
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Figure 2.2: Temperature dependence of enthalpy H and G correspond   
to glass transition and S correspond to the crystalline state 
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Chapter-3 

 
Theoretical Perspective  

In this chapter we have described basic theories which are needed for calculations 

and the explanation of experimental results. We describe here the theories for 

Structural, resistivity, magnetization, frequency dependent AC permeability and 

thermal treatment of (Fe1-xMnx)75P15C10. 

3.1 X-ray Diffraction 

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  is 

incident on a periodic crystal plane at an angle  and is diffracted at the same angle 

as shown in Fig. 3.1, the Bragg diffraction condition for X-rays is given by 

 nSind 2        (3.1) 

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

represents the order of reflection. Equation (3.1) is known as Bragg law. This 

Bragg law suggests that the diffraction is only possible when  ≤ 2d [1]. For this 

reason we cannot use the visible light to determine the crystal structure of a material. 

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

structure. 

 

 

 

 

 

 
        Figure 3.1: Bragg law of x-ray diffraction 



                                                                                                  

 14 

3.2 DC Electrical Resistivity 

The law of electrical conduction in metals is obtained from Ohm's law which is given 

by  

I = 
V
R           (3.2)  

Where, I is the current, V is the potential difference, and R is the resistance. From 

laws of resistance, we have 

R = ρ
L
A      

  (3.3) 

Where, ρ is the resistivity that is the characteristic property of a metal, L is the length 

and A is the cross-sectional area of the material. Again by the definition of electric 

field, we know that the electric field, E is 

E = 
V
L           (3.4) 

Now putting the values from equations (3.3) and (3.4) into equation- (3.2), we get  

I =


EA         (3.5) 

In general the current density is defined, as the current per unit cross-sectional area of 

the specimen, hence, the current density using equation-(3.5), will be as:  

J = 
I
A =


E = σE        (3.6) 

Equation (3.6) is another form of Ohm's law, where σ is the electrical conductivity, 

which is again the inverse of resistivity ρ. Since the dimension of resistivity is ohm-m, 

so the conductivity σ has dimension (ohm-m)-1. 

Now we want to express σ in terms of the microscopic properties pertaining to the 

conduction electrons. These conduction electrons are responsible for the current flow 

under the influence of electric field because the ions are attached to and vibrate about 

their lattice sites. They have no net translation motion and hence do not contribute to 

the current. For the purpose, let us now treat the motion of the conduction electron in 
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an electric field. In this regard we consider one typical electron. The field exerts a 

force –eE on the electron. There is also a frictional force due to collision of the form – 

m*

v , v is the velocity of the electron and τ is a constant called the collision time.  

Using Newton's law of motion, we have  

m*
dv
dt = – eE – m*


v       (3.7) 

Where m* is the effective mass of electron. We see that the effect of the collision as 

usual in friction or viscous forces tends to reduce the velocity to zero. If we consider 

the steady-state condition for our purpose, then after putting 
dv
dt  = 0, the appropriate 

solution of equation- (3.7) will be as:   

v = –
*m
e E       (3.8) 

This is the steady-state velocity of the electron, which is also known as terminal 

velocity that arises from the friction. It is opposite to the electric field, E because the 

charge of electron is negative. When a field is applied to a metallic wire/or material 

under test, there will be two different velocities associated with the electron. The 

velocity appearing in equation (3.8) is called the drift velocity. This is superimposed 

on a much higher velocity or speed, known as the random velocity that arises from the 

random motion of electron like gas even in the absence of electric field. This is due to 

the fact that the electrons move about and occasionally scatter and change direction. 

This random motion contributes zero current and also exists in the presence of electric 

field, but in that case, there is an additional net velocity opposite to the field, as given 

by equation (3.8) vd and v, denote these two velocities for distinction. Now the current 

density can be calculated from equation (3.8). Since there is a charge (–Ne) per unit 

volume, and since each electron has a drift velocity given by equation-(3.8), it follows 

that the amount of charge crossing per unit area per unit time is  

J= – (Ne)vd = –(Ne)( – 
*m
e E) = 

*m

2Ne E           (3.9) 

This current is parallel to the electric field, E. Now comparing equation (3.6) and 

equation (3.9), we get the expression for the conductivity as: 
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σ =
*m

2Ne        (3.10) 

From equation (3.10), it is seen that σ increases as N increases. This is reasonable 

because N, the concentration increases; there are more current carriers. The 

conductivity σ is inversely proportional to m* which is also expected, since the larger 

m* is, the more sluggish the particle, and harder it is for move. The proportionality to 

τ follows because τ is actually the time between two consecutive collisions, i.e. the 

mean free lifetime. Therefore the larger τ is, the more time the electron has to be 

accelerated by the field between collisions, and hence the large the drift velocity 

[equation (3.8)], and also the larger σ is. The time τ is also called the relaxation time. 

To see the reason for this naming, let us apply an electric field to the material long 

enough for a drift velocity vd(0) to be established. Now let the field is suddenly 

removed at some instant. The drift velocity after this instant is governed by the 

following relation with E=0 as:  

m* 
dv
dt  = – eE – m*


v  

or, m* 
dv
dt = – m*


v                 (3.11) 

The solution appropriate to the initial condition is now 

 vd(t)=vd(0)e-

t

           (3.12) 

Since t is the time between two successive collisions, it may be expressed as:  

 τ =
rv
l               (3.13) 

Where l is the distance between two successive collisions and vr is the random 

velocity. In terms of these σ becomes:  

  = 
rv
lNe

*m

2

       (3.14) 

Let us now discuss the origin of collision time. It seems natural to assume that the 

frictional force is caused by the collision of electrons with ions. According to this 

particular model of collision, an electron, as it moves in the lattice, collides with ions, 
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which has the effect of slowing down the electrons momentum. This model turns out 

to be untenable because it leads to many points of disagreement with experiment. To 

cite only one: the mean free path l can be calculated from equation (3.13). If we 

substitute the values τ 10-14s and vr= 106 ms-1, we find that l = 102Ǻ. This means 

that, between two collisions, the electron travels a distance of more than 20 times the 

inter-atomic distance, which one would expect. But in closed-packed structures, in 

which atoms are densely packed, it is difficult to see how the electrons could travel so 

far between collisions. This paradox can only be explained by the use of quantum 

concept. According to quantum mechanics, an electron has a wave character. The De-

Broglie relation gives this wavelength in the lattice:  

 = 
rv

h
*m

          (3.15) 

It is well known from the theory of wave propagation in discrete structures that, when 

a wave passes through a periodic lattice, it continues propagating indefinitely without 

scattering. The effect of atoms in the lattice is to absorb energy from the wave radiate 

it back, so that the net result is that the wave continues without modification in either 

direction or intensity. The velocity of propagation, however, is modified. This is what 

happens in the case of an electron wave in a regular lattice, except that in this case we 

are dealing with a matter wave. 

3.2.1 Electrical Resistivity  

In general, the resistivity is defined as the reciprocal of the conductivity, i.e. 

ρ = 
1

   =  -1       (3.16) 

Using equation (3.10), we get the expression for the resistivity as:  

ρ = 
m*
Ne2  


1        (3.17) 

We know from the interpretation that 

1  is actually equal to the probability of the 

electron suffering a scattering per unit time. Thus, if relaxation time is τ = 10-14s, then 

the electron undergoes 1014 collisions in one second. But we see that the electron 
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undergoes a collision only because the lattice is not perfectly regular. We group the 

derivations from a perfect lattice into two classes 

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

to thermal excitation of the ions.  

b. All static imperfections, such as foreign impurities or crystal defects.  

 

Among these the latter group we shall take impurities as an example. Now the 

probabilities of electrons being scattered by phonons and by impurities are additive, 

since these two mechanisms are assumed to act independently. Therefore, we may 

write  


1 =

ph
1 +

i
1                 (3.18) 

Where the first term on the right is due to phonons and the second term is due to 

impurities. The former is expected to depend on T and the later on impurities, but not 

on T. If we now substitute equation (3.18) into equation (3.17), we readily find 

 

ρ = ρi + ρph = 
m*
Ne2 (

ph
1 +

i
1 )     (3.19) 

From equation (3.19) it is seen that it has split into two terms: a term ρi is due to 

scattering by impurities, which is independent of temperature, called residual 

resistivity. Another term added to this is ρph arises from the scattering by phonons and 

therefore temperature dependent. This is called ideal resistivity. Furthermore, since 

crystalline defects serve as scattering centers for conduction electrons in metals, 

increasing their numbers raises the resistivity. The concentration of these 

imperfections depends on temperature, composition, and the degree of cold work of a 

metal specimen. In fact, it has been observed experimentally that the total resistivity 

of a metal is the sum of the contributions of thermal vibrations, impurities and plastic 

deformation; that is, the scattering mechanism acts independently of one another. This 

may be represented in mathematical form as follows:  

 

ρ = ρi + ρph + ρd (Plastic deformation causes by the magnetic annealing)   (3.20)  
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At low temperature, scattering by phonons is negligible because the amplitudes of 

oscillations are very small; in that region τph , ρph  and hence ρ = ρi is a 

constant. As temperature increases, scattering by phonons becomes more effective 

and ρph(T) increases; this is why ρ increases. When temperature becomes sufficiently 

large, scattering by phonons dominates and ρρph(T). In the high-temperature region, 

ρph(T) increases linearly with temperature. The part of ρ which is independent of 

temperature is called Matthiessen rule. From equation (3.20), it is expected that ρi is 

proportional to the impurity concentration Ni. Resistivity linearly increases with 

temperature up to the melting point for the case of pure element. 

3.3 Magnetoresistance 

The magnetoresistance 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 then the material is said to have the 

magnetoresistance. The magnetoresistance usually expressed in percentage and is 

calculated by the following way 

%100
)0(

)0()(% 



R

RHRMR      (3.21) 

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

in absence of magnetic field. 

 

All metals show some MR, but up to only a few percent. Nonmagnetic metals such as 

Au, exhibits small MR, but the magnitude is somewhat greater (up to 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 40fold change at 24T [2]. Cu is more typical 
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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 B2 

(B=applied magnetic field) in half metallic ferromagnets such as CrO2, Fe3O4 at low 

temperature [3]. It is absent in the free electron gas [4] 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. A 

classification of magnetoresistance phenomenon is based on the distinction familiar in 

magnetism between intrinsic composition and purity and extrinsic properties of the 

sample.  

 

The phenomenology of the magnetoresistance effect is similar to that of 

magnetostriction. This effect can be classified into two categories: one is the part, 

which depends on the intensity of spontaneous magnetization that corresponds to the 

volume magnetostriction. 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 00K the potential for the 

conduction electron is periodic, because the spin of 3d electrons of all the 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. 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 is given by Harris et. al. [5] 
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considers 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 is 

assumed in order to take into account the fluctuation in the amorphous alloys as taken 

by Handrich [6]. Both the approaches are unrealistic and in fact no rigorous theory of 

the high temperature behavior for amorphous material has been developed.  

 

3.4 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. If one connects the sides to another conductor, a current transverse to 

the initial current flows though it, which is called a Hall current. In this way the Hall 

effect is viewed as a source for transverse electromotive force (EMF), a kind of 

generator. Other origins for the Hall effect which included the asymmetric scattering 

(known as skew scattering) from impurities with spin-orbit coupling and a more 

esoteric quantum mechanical effect arising from the time delay in scattering events 

that in the presence of spin-orbit scattering produced a “side jump”, i.e., when one 

traced the path of a scattered electron back to the scattering region it was displaced to 

one side of the scattering center [7].  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 

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. 
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3.5 Differential Thermal Analysis (DTA) 

DTA means the differential thermal analysis. Differential thermal analysis 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. 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 in the ref. sample.  

3.5.1 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 decomposition of potassium chlorate 

into potassium chloride and oxygen will take place only so long as the compound is 

heated from outside. Similarly, the reaction of hydrogen and iodine to from 

hydro-iodic acid takes place with absorption of heat.  

 

e.g.  H2 + I2  = 2HI   1.2 kcal.  

  C   + 2S = CS2  1.5 kcal.  

The compounds which are formed by endothermic reactions, such hydrogen peroxide, 

H2O2 and hydro-iodic acid, HI, are thermally unstable. This means that the internal 

energies of the molecules of H2O2 and HI tend to break the bonds holding the atoms 

together.  

3.5.2 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 
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of energy from outside. The burning of magnesium, carbon, methane, etc, in air, are 

all exothermic reactions.  

 

 e.g. C +    O2 = CO2   +   97   kcal.  

  2Mg +  O2 = 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.  

3.5.3 Peak Area, Peak Temperature  

When no reaction occurs in the specimen then 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 a peak develops on 

the curve for temperature difference against time (T/t) or temperature (T/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. Peak area (BC  

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 
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Figure 3.2: Variation of DTA Curve with temperature 
 

 
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. 

 

 

 

 

 

 

Figure 3.3: DTA endothermic peak analysis of the sample 

3.5.4 Effect of heating rate 

Peak area increases with rapid change of temperature (i.e. rate of heating). Peak shape 

change with finer particle size to more reaction centers. 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. 
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3. 5.5 Transition state 

A chemical reaction is presumably a continuous process involving a gradual transition 

from reactants to produce an arrangement of atoms at an intermediate stage of 

reaction as though it is an actual molecule. This intermediate structure is called the 

transition state. The reaction sequences are as follow.  

Reactants                  Transition state                   Products 

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

difference in energy content between reactant and transition state. 

3.5.6 Activation Energy, Eact 

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

occur is called the activation energy. It is denoted by Eact. When heat is liberated, the  

heat content enthalpy H of the molecules them selves must decrease, the change in 

heat content. H 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 H) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Activation energy for a reaction to start in DTA experiment 
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3. 5.7 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 3.5: A Schematic diagram of the DTA assembly. 

3.5.8 Experimental set-up of the DTA apparatus 

 DTA assembly consists of a sample holder to place the sample.  

 Thermocouples for measuring temperatures.  

 A furnace to heat the sample  

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

  And a recorder for registering the temperature difference between the 

sample and the reference material.  
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3.6 Thermo Gravimetric Analysis (TGA) 

The thermo Gravimetric analysis (TGA) are often called TG% and been done with the 

experiment of DTA at the same time to compare the result of DTA and TG% to find 

out more accurately what happened in the test material at each rising temperatures. 

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. The TG% peak helps to analyze the 

DTA curves more accurately. 

3.7 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 

dT
dm  is plotted against Temperature T or time t in the other axis. At the peak the rate 

of mass loss/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 

3.8 Experimental set up for magnetization measurement 

3.8.1 The principle of VSM  
The vibrating sample magnetometer 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 
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Foner [8] 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. 

Measurements of magnetic moment are small as 5×10-5 emu /g are possible in 

magnetic fields from zero to 4 Tesla. Maximum applied fields of 2- Tesla are reached 

using conventional laboratory electromagnets. Vibrating sample magnetometers 

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, and 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. 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 5X10-4emu. 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 1T. The field is 

measured directly by using Gauss meter. 
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3.8.2 Electronic circuits of the VSM 
The function of the associated electronic circuits is 

(i) To permit accurate calibration of the signal out put from the detection 

coils. 

(ii) To produce a convenient AC output signal which is directly related to the 

input and which can be recorded  

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

 

The block diagram of the electronic circuit used for the vibrating sample 

magnetometer (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:  

The sample magnetized by the electromagnet generates an e.m.f. in the pick up coils 

PC. The strength of this signal is proportional to the magnetization of the sample. The 

vibrating permanent magnet also generates an e.m.f. of fixed amplitude in the 

surrounding reference coils. This reference signal is stepped down with the help of a 

ratio transformer so that its amplitude is equal to that 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. The ratio transformer reading is to be calibrating using spherical 

shape sample S of 99.99% pure nickel. The circuit diagram of VSM as shown bellow 

fig 3.6. 

                         

Figure. 3.6 Block diagram of Vibrating Sample Magnetometer 
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3.8.3 Sensitivity limits  

Limits of sensitivity are determined by signal to noise ratio at the input circuit, where 

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

The major sources of noise are the Johnson noise of the wire used for the pick up coils 

and the magnetic responses of the sample holder, which superimposes undesired 

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. 

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 was spherical shaped specimens of 

mass 152mg of pure nickel (99.99%).  

 

3.8.4 Stability tests differential measurements 
 

With only the lock – in amplifier and the oscilloscope as a null detector, it was found 

that that 152mg Ni 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. Chosen synchronous phase detector added differential 

changes about one- tenth the size that could be recorded reproducibly. 

 

3.8.5 Vibration amplitude 
The pick- to –pick vibration amplitude has been varied from less than o.1mm upto  

1.0 mm in order to examine errors caused by amplitude changes, such tests show  

that the measured magnetic moment varied by less than 0.5% over these range of 

amplitude, although at higher variation of amplitudes , because of the larger signals 

involved. 
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3.8.6 Vibration frequency 
The vibration frequency is not critical. High frequency operational is limited by the 

driving mechanism and capacitive shunting in the detection coils. Frequencies of 

100Hz or less permit the use of inexpensive components and minimize eddy current 

shielding by the vacuum chamber. The measurements are completely independent of 

eddy currents in the surrounding parts, if the measurements and calibration are made 

at the same temperature. The thickness of conducting parts has been minimized, so 

that the temperature dependence of penetration depth is less than 1%. 

 

3.8.7 Vibration Problems 
Mechanical coupling between the vibrating system and the fixed detection coils must 

be avoided. Although the coils are arranged for minimum sensitivity to external 

vibration, a noticeable background signal is obtained when the vacuum chamber 

contacts the detection coils. Such mechanical effects are difficult to eliminate 

electronically, because the spurious background signal has the same frequency as the 

sample signal and maintains a 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.  

 

3.9 Complex Permeability Measurements 
Permeability is the degree of magnetization of a material that responds linearly to an 

applied magnetic field. Magnetic permeability is represented by the symbol µ. This 

term was coined in September, 1885 by Oliver Heaviside. 

In SI units, permeability is measured in henrys per metre, or newtons per ampere 

squared. The constant value µ0 is known as the magnetic constant or the permeability 

of vacuum. The permeablity can be given as 

H
B


        (3.26) 

WWhheerree,,  BB  iiss  tthhee  mmaaggnneettiicc  fflluuxx  ddeennssiittyy  pprroodduucceedd  bbyy  tthhee  mmaaggnneettiizziinngg  ffoorrccee  HH..  
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FFiigguurree--33..77::  BB~~HH  CCuurrvvee  iilllluussttrraatteess  tthhee  pprroocceedduurree  ttoo  ddeetteerrmmiinnee  tthhee  ppeerrmmeeaabbiilliittyy  

IItt  iiss  cclleeaarr  tthhaatt  tthhiiss  eeqquuaattiioonn  aabboovvee  ddeessccrriibbeess  tthhee  ssllooppee  ooff  tthhee  ccuurrvvee  aatt  aannyy  ppooiinntt  oonn  tthhee  

hhyysstteerreessiiss  lloooopp..  TThhee  mmaaxxiimmuumm  ppeerrmmeeaabbiilliittyy  iiss  tthhee  ppooiinntt  wwhheerree  tthhee  ssllooppee  ooff  tthhee  BB~~HH  

ccuurrvvee  ffoorr  uunn--mmaaggnneettiizzeedd  mmaatteerriiaall  iiss  tthhee  ggrreeaatteesstt..  TThhiiss  ppooiinntt  iiss  oofftteenn  ttaakkeenn  aass  tthhee  ppooiinntt  

wwhheerree  aa  ssttrraaiigghhtt  lliinnee  ffrroomm  tthhee  oorriiggiinn  iiss  ttaannggeenntt  ttoo  tthhee  BB//HH  ccuurrvvee..  TThhee  rreellaattiivvee  

ppeerrmmeeaabbiilliittyy  iiss  ddeeffiinneedd  aass  tthhee  rraattiioo  ooff  tthhee  mmaatteerriiaall''ss  ppeerrmmeeaabbiilliittyy  ttoo  tthhee  ppeerrmmeeaabbiilliittyy  

iinn  ffrreeee  ssppaaccee..      

0
 r                 ((33..2277))  

WWhheerree,, mH /104 7
0

    

TThhee  mmeeaassuurreemmeenntt  ooff  ppeerrmmeeaabbiilliittyy  hhaass  ssiiggnniiffiiccaanntt  rroollee  ttoo  ddeetteecctt  hhaarrdd  mmaaggnneettiicc  

mmaatteerriiaallss  aass  wweellll  aass  ssoofftt  mmaaggnneettiicc  mmaatteerriiaallss..  FFoorr  hhaarrdd  mmaaggnneettiicc  mmaatteerriiaallss,,  tthhee  vvaalluuee  ooff  

tthhee  rreellaattiivvee  ppeerrmmeeaabbiilliittyy  iiss  llooww  tthhaatt  iinn  ttuurrnn  lleeaaddss  ttoo  hhaavvee  hhiigghh  ccooeerrcciivvee  ffiieelldd..  OOnn  tthhee  

ootthheerr  hhaanndd,,  tthhee  hhiigghh  ppeerrmmeeaabbiilliittyy  iiss  tthhee  iinnddiiccaattiioonn  ooff  ssoofftt  mmaaggnneettiicc  mmaatteerriiaallss  tthhaatt  iinn  

ttuurrnn  lleeaaddss  ttoo  hhaavvee  llooww  ccooeerrcciivvee  ffiieelldd..    

The above discussion on permeability is only considering the application of static 

fields. The dynamic response of the magnetic domains to the external field determines 

the complex permeability. The value of complex permeability provides the 

information about the inertia of the domains, their distribution and mutual coupling. 

The phase lag between the applied field and the response of magnetic domains 

determine the real ′ and imaginary ″ parts of the complex permeability.  

 
 

H 

Saturation 

Magnetizing Force 

The slope of the line that is tangent to the B~H 
curve at this point is used to determine a 
materials maximum permeability 
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AAss  tthhee  ddeessiirraabbllee  pprrooppeerrttiieess  ffoorr  ssoofftt  mmaaggnneettiicc  mmaatteerriiaallss  aarree  hhiigghh  ppeerrmmeeaabbiilliittyy  aanndd  llooww  

lloossss  ssoo  wwee  hhaavvee  ttoo  ccoonnssiiddeerr  tthhee  lloosssseess  aanndd  rreessoonnaannccee,,  wwhhiicchh  aaffffeecctt  tthhee  ppeerrmmeeaabbiilliittyy  ooff  

ssoofftt  mmaaggnneettiicc  mmaatteerriiaallss  iinn  vvaarriioouuss  rraannggeess  ooff  ffrreeqquueenncciieess..  IIff  aa  mmaaggnneettiicc  mmaatteerriiaall  iiss  

mmaaggnneettiizzeedd  bbyy  tthhee  aalltteerrnnaattiinngg  mmaaggnneettiicc  ffiieelldd,,  tjeHH 
0 ,,  tthhaatt  mmaaggnneettiicc  fflluuxx  ddeennssiittyy  

ooff  BB  iiss  ggeenneerraallllyy  ddeellaayyeedd  bbyy  tthhee  pphhaassee  aannggllee   bbeeccaauussee  ooff  tthhee  pprreesseennccee  ooff  lloossss  aanndd  iiss  

tthhuuss  eexxpprreesssseedd  aass  )(
0

  tjeBB ..  TThhee  ppeerrmmeeaabbiilliittyy  iiss  tthheenn  wwiillll  bbee  aa  ccoommpplleexx  oonnee  aanndd  

ccaann  bbee  eexxpprreesssseedd  aass::  

"'

0

0

0

)(
0  





je
H
B

eH
eB

H
B j

tj

tj

 


                                                    ((33..2288))  

wwhheerree,,    iiss  tthhee  rreeaall  ppaarrtt  wwhhiicchh  iiss  aaccttuuaallllyy  tthhee  eenneerrggyy  ssttoorraaggee  ppaarrtt  aanndd  ″″  iiss  tthhee  

iimmaaggiinnaarryy  ppaarrtt  wwhhiicchh  iiss  ccaalllleedd  lloossss  ffaaccttoorr..  TThhiiss  ccoommpplleexx  ppeerrmmeeaabbiilliittyy  iiss  tthheenn  rreellaatteedd  

ttoo  ttwwoo  ddiiffffeerreenntt  mmaaggnneettiizziinngg  mmeecchhaanniissmmss..  OOnnee  iiss  tthhee  ssppiinn  rroottaattiioonnaall  mmaaggnneettiizzaattiioonn  

aanndd  tthhee  ootthheerr  iiss  tthhee  ddoommaaiinn  wwaallll  mmoottiioonn..  IInn  oorrddeerr  ttoo  eexxppllaaiinn,,  wwee  ccaann  ccoonnssiiddeerr  tthhee  

hhyysstteerreessiiss  lloooopp,,  wwhhiicchh  iiss  tthhee  mmaaggnneettiizzaattiioonn  ttrraaccee  oowwiinngg  ttoo  tthhee  aalltteerrnnaattiinngg  mmaaggnneettiicc  

ffiieelldd,,  aapppplliieedd  ttoo  tthhee  ssaammppllee..  TThhiiss  hhyysstteerreessiiss  iimmpplliieess  tthhee  eexxiisstteennccee  ooff  eenneerrggyy  lloosssseess  iinn  

tthhee  ssyysstteemm  aanndd  tthheessee  lloosseess  iiss  pprrooppoorrttiioonnaall  ttoo  tthhee  aarreeaa  ooff  tthhee  lloooopp..  

3.9.1 Techniques for the Permeability Measurement  

Measurements of permeability normally involve the measurements of the 

change in self-inductance of a coil in presence of the magnetic core. The 

behavior of a self-inductance can now be described as follows. We assume an ideal 

loss less air coil of inductance 0L . On insertion of a magnetic core with permeability , 

the inductance will be 0L . The complex impedance Z  of this coil can be expressed as 

follows: 

  )( ///
00  jLjLjjXRZ               (3.29) 

where the resistive part is 
//

0LR                                                                                            (3.30) 
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 and the reactive part is             
/

0LX                                                                                                   (3.31) 

The RF permeability can be derived from the complex impedance of a coil, Z, 

given by equation (3.29). The core is taken as toroidal to avoid demagnetizing 

effects. The quantity Lo is inductance of the winding coil without the sample core. 
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EXPERIMENTAL TECHNIQUES 
 

The structural property of (Fe1-xMnx)75P15C10 samples have been investigated through 

X-ray diffraction (XRD) experiment. The transport properties have been investigated 

through measurements of normal electrical resistivity, temperature dependence 

resistivity, Hall resistivity and the magnetoresistance of the material. The magnetic 

properties carried out by the measurement of magnetization, AC permeability and the 

thermal property was carried out by DTA, TGA and DTG measurements. 

 

4.1 Resistivity Measurement Technique 
There are various types of electrical methods for resistivity/conductivity 

measurements. The technique, that has been used here to measure the resistance of the 

Metallic glass ribbon a conventional 4-probe technique 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: I~V Curve for the determination of resistance 

 

The current (0-0.20A) passed through the sample and the corresponding voltage was 

measured. The resistance is then calculated from the slope after fitting the trend 

(straight) line to I~V curve as shown in figure-4.1    
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In this method, two of the probes have been 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-4.2.  For the electrical contacts silver glue has been used in 

the present work to avoid the difficulty. In this case the spacing between inner probes 

has been taken as effective length, l to calculate the resistivity as: 

 meterohm
l
AR        (4.1) 

where, R is the resistance of the sample, A is the cross-sectional area, which is the 

product of the width and thickness. 

However, to measure the resistivity as a function of temperature and Hall resistivity, 

this 4-probe method has been used with the following experimental setup, and those 

are discussed here separately: 

 

 

 

 W 

 

 

 

                                                                         

 

                      Figure-4.2: 4-probe technique to measure resistivity  

 

4. 1.1 Room Temperature resistivity measurements  
 

Figure-4.2 shows the schematic diagram of experimental setup for resistivity 

measurement at room temperature (298K).  Current (0 mA to 200 mA with an interval 

of 10 mA) passed through the sample from the regulated power supply in c.c mode; 

corresponding voltage across the inner two probes has been recorded by the digital 

voltmeter. 

 

 

 

l 
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4.1.2 Temperature dependence resistivity measurement 
 

Figure-4.3 shows the experimental setup for low temperature (93K to 298 K) 

resistivity measurement. We prepared this set up for four probe method to measure 

low temperature transport property. In this set up both the sample and the 

thermocouple were attached in the sample holder and downed slowly in the liquid 

nitrogen container. When the reading of the digital voltmeter reached in milivolt at the  

desired  temperature  that was  recorded from chromel Constantan temperature 

calibration chart. At this position (0 mA to 200 mA with an interval of 10 mA) current 

passed through the sample from the regulated power supply in c.c mode and the 

corresponding voltage across the inner two probes has been recorded by the digital 

voltmeter. This procedure is repeated from 93K to 298K with interval 10K. From this 

recording data we have calculated low temperature resistivity of the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Low temperature resistivity measurement setup 

 

4.2 Magnetoresistance Measurement 
Magnetoresistance measurement is done by the calculation method from the 

resistivity, measured by the standard 4-probe method as discussed in section 4.2. By 

the definition of magnetoresistance, it is given by 
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       (4.2) 

Where 0H  is the resistivity at magnetic field, H=0 kilogauss and xH  is the 

resistivity at magnetic field, H=x (x=0-0.57) T corresponding to current (0-8) Amp. 

 

4.3 Hall effect measurement 
 

The Hall-coefficient is related to the electric field in the y-direction, Ey the x-directed 

the electric current density, Jx and the component of the magnetic field in the z-

direction, Hz by the relation: 

 

 

 

 

 

 

  

 

 

zx

y
H BJ

E
R                     ( 4.3) 

Consider a specimen with the geometry as shown in figure-4.7. Three quantities must 

be measured, Magnetic field, Hz along the z direction, Voltage developed, Vy along 

the y direction and Current, I along the x direction. The current density can be 

determined by dividing the total current by the cross-sectional area of the sample. 

Thus Hz=H; Jx=1/wt and Ey=Vy/t,  

 

IH
wV

R y
H          (4.4) 

 

where, t is the thickness  and w is the width  of the sample. In case of thin film, the 

working formula for calculating the Hall coefficient, RH reduces to: 

y 

x 
z 

w 

l 
t 

Figure 4.4: Hall resistivity measurement 
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H
wRRH          (4.5) 

 

Where R is the resistance measured by the 4-probe method. 

The Hall resistivity is   ρH =RHx A/L                                                              (4.6) 

 

4.4 DTA, TGA and DTG measurements 
 

For the investigation of thermal response of the ribbons we have taken DTA, TGA 

and DTG of the ribbons. For this purpose we have used the lab facility of Bangladesh 

Council of Scientific and Industrial Research, Dhaka 

 

4.5 Magnetization measurement   

 
Magnetization is the magnetic moment per unit volume. There are various ways of the 

measuring of magnetization. In the present work, magnetization was measured by 

using a Vibrating Sample Magnetometer (VSM) at room temperature with covering a 

wide range of magnetic field.  The sample, usually a sphere or small disc, is cemented 

to the lower end of a rod, the other end of which is fixed to a mechanical vibrator. 

Current through the vibrator and vibrate the rod at about 37cycle/sec with amplitude 

of about 7/pp 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 of this 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. The magnetization 

measurement was performed (0-0.3)T magnetic field for all samples.  
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Figure 4.5: Vibrating Sample Magnetometer 

 

4.5.1 Calibration of the VSM 
There are usually two methods of calibration of a vibrating magnetometer  

(i) by using a standard sample and 

(ii) by using a coil of small size whose moment can be calculated from the 

magnitude of the d.c current through it.  

 

We have calibrated the V.S.M. using a 152mg 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 is obtained by actual measurement 

from the relation  

 

M=KK/                                                                                               (4.7) 

Where M is magnetic moment, K/ is saturation ratio transformer reading and K is 

VSM calibration constant. But 
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M=mσ                                                                                        (4.8) 

 

Where, σ is the specific magnetization and m is the mass of the sample. From (4.7) 

and (4.8) calibration constant is given by  

 

K=mσ/K/                                                                                         (4.9) 

  

 The accuracy of this calibration, however, depends on the reliability of the 

standard nickel sample, the accuracy of the ratio transformer and the gain of 

amplifier. The equipment has been operated repeatedly with the same standard 

sample and stability has been found to be within 1 part in100.  

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Calibration graph for vibrating sample magnetometer 

 

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 is used, the major error ± 1% is introduced by the 

estimation of standard nickel sample. The relative accuracy of these instruments 

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

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

magnetic field Vs ratio transformer reading is shown in fig.4.6 
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Calibration Data 

       (i)  Sensitivity =100µV  

(ii) Reference phase =89.9° 

(iii)Time constant =1s  

(iv) Peak to peak voltage =7V 

(v) Bandwidth =12dB 

(vi)Reference frequency, f =37Hz 

(vii) Mass of the pure nickel sample,m =152x10-6 kg 

(viii)Bohr magnetron, s =58.5 Am2/kg 

  (ix)) Ratio  transformer reading, K/ =5.05V 

(x) Saturation magnetic field= 1.8KG and 

 

Putting the of m, K/ and s values in eqn. (5.3) we get 

 

K= 152x10-6x58.5/ 5.05 

   = 1.760 emu/V 

The magnetization of the ribbons samples were calculated by using the following  

eqn (4.10) 

m
KVM     emu/g                                                                                          (4.10) 

 

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 at 0°K and the number of Bohr 

magnetrons, nB per molecule (Fe1-xMnx)75P15C10 

MsMn 
5585B                                                                                               (4.11) 

Where, M is the molecular weight of the substance [3]. 
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4.6. Permeability Measurement 
 

The frequency characteristics of (Fe1-xMnx)75P15C10 samples i.e. the initial 

permeability spectra were investigated using an Agilent Impedance Analyzer (model 

no.  4294A as shown in Fig. 4.6 ). The complex permeability measurements on toroid 

shaped specimens were carried out at room temperature on all the samples in the 

frequency range 1 kHz - 13 MHz. The real part )( /
i  and imaginary part )( //

i  of the 

complex permeability were calculated using the following relations   

0
/ LLsi   and                                                                                    (4.12) 

 tan///
ii    

where Ls is the self-inductance of the sample core and dSNL o  2
0   is derived 

geometrically. Here Lo is the inductance of the winding coil without the sample core, 

N is the number of turns of the coil (N = 5), S is the area of cross section of the 

toroidal sample as given below:  

hdS  , 

where  
2

12 ddd 
 , 

  1d  Inner diameter, 

  2d  Outer diameter,  

h  Height 

and 


d  is the mean diameter of the toroidal sample as given below:  

 
2

21 ddd 
  

The relative quality factor is determined from the ratio



tan

/
i . 
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Figure 4.7:  Agilent impedance analyzer 

 

 

Reference 
 

    1. Shukla, S J, Jadhav, K M, Bichile, G K, “Stuky of bulk magnetic properties of 

the mixed spinel MgCrxFe2-xO4,” Indian Journal of Pure  & Applied Physics, 

39,226 (2001).  

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                  

 46 

300

400

500

600

700

800

35 45 55 65 75
2 (Degree)

In
te

ns
ity

, I
 (a

.u
)

x=0.00
x=0.10
x=0.20
 x=0.30

Chapter-5 

 
 Results and Discussion 
 

5.1 Characterization of (Fe1-xMnx)75P15C10  

 We have investigated in this thesis work, structural, transport and magnetic properties 

of double exchange (Fe1-xMnx)75P15C10 (x=0.00, 0.10, 0.20 and 0.30) amorphous 

ferromagnetic alloys. 

 

5.1.1 Structural property 
In order to check the structural property of (Fe1-xMnx)75P15C10, X-ray diffraction of as 

cast samples were  taken with CuK (λ= 1.54178 Å) radiation by an X-ray 

diffractometer (model: PW 3040-X’Pert PRO Philips) at BAED . Fig.5.1 illustrates 

the X-ray diffraction patterns for all as cast samples within scanning angular range 

from 35°to 80º. From fig.5.1 we see that each sample contains a small broad peak 

which confirms that the samples are amorphous in nature.     

 

        Figure 5.1:  X-ray diffraction pattern of varies (Fe1-xMnx)75P15C10  
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5.2.1Transport properties measurement 
 

Two important characteristics of the electrical resistivity of metallic glass are  

(1) their resistivity is relatively high, greater than 1μΩm at room temperature 

 (2) their temperature coefficient of resistivity is very small and can be positive or 

negative. The combination of these two properties leads to a very high residual 

resistivity at 0K. 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 temperature coefficient of resistivity. 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 [1].  

The temperature dependence of the resistivity for amorphous alloys is well 

approximated as 

 

   )(0 T  )](2exp[ TW                                                                                                              (5.1) 

  ...))(0()( 



D

TWTW                                                                                        (5.2) 

DBK
KW



8

)(3)0(
2                                                                                               (5.3) 

where, D (w) is the phonon density of the states per atom. ρ0 is the residual resistivity, 

∆ρ(T) is the term arising from the inelastic eletron- phonon interaction and the 

exponential term )](2exp[ TW   represents the Debye –Wallar factor . The term   

∆ρ(T) is shown to exhibit +T2 dependence at low temperatures and +T at higher 

temperatures. The Debye -Wallar factor yields (1-αT2) dependence at low temperature 

and the (1-ßT) above about several tens of degrees K. The quantity α and ß are the 

temperature coefficient of resistivity factors at low and high temperature respectively. 

The validity of equation (5.1) has been experimentally confirmed by Mizutani [2] for 

amorphous alloys.  
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5.2.2 Room Temperature Resistivity 
 Isotropic and anisotropic spin scattering mechanisms should contribute to the 

resistivity in magnetically ordered amorphous metals [3-7]. For the scattering centers 

magnons, magnetic impurities and topological spin disorder have been proposed [3, 7, 

and 8]. In some cases, the structural disorder of the atomic sites introducing magnetic 

scattering to the resistivity [3, 9]. Fig.5.2 shows the room temperature resistivity of 

(Fe1-xMnx)75P15C10. Resistivity of the examine samples increases with the increase of 

Mn content. According to the previous report of “some thermal properties of 

amorphous (Fe1-xMnx)75P15C10 ribbons”[13], if we increase Mn content in the system 

the magnetic impurities, scattering  and topological spin disorder are thought to be  

responsible for the increase of resistivity.  

 

 

 Figure 5.2: Room temperature resistivity of varies (Fe1-xMnx)75P15C10 
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Table 5.1: Room temperature (298K) resistivity of varies (Fe1-xMnx)75P15C 
 

 

 

 

 

 

 

5.2.3 Temperature dependent Resistivity 
Fig.5.3 shows the temperature dependent resistivity of varies (Fe1-xMnx)75P15C10. 

Resistivity decreases almost linearly with the decreases in temperature for sample, 

x=0.00. In this case there is no contribution of Mn, the decrease in resistivity with 

decrease in temperature may be assumed that the incoherent electron-magnon 

scattering decreases. But for x=0.30 resistivity decreases upto Curie temperature (Tc) 

and also the resistivity shallow minima observed which has been assigned to a 

competition of structural and spin scattering [11]. Spin scattering is maximal at Tc and 

then stay constant [12]. Thus the rises of ρ (T) occur above and below Tc suggesting 

that there have two conductivity regimes. The Curie temperature ( Tc) of x= 0.30 is 

166K [13]. Resistivity increases above and blow this Curie temperature is due to 

structural topological scattering.  In the case of x=0.10 and x=0.20 the resistivity 

increases with the decrease in temperature. Since the Curie temperature (Tc) of x 

=0.10 is 420K and x=0.20 is 350K [13] respectively. Thus the resistivity increases 

below the Curie temperature is due to the structural topological scattering. The 

temperature coefficient of resistivity (TCR) is negative below the Curie temperature 

for samples x=0.10, 0.20, 0.30 and (TCR)   is positive for sample x=0.0. The 

diffraction model says that in the case of metallic glasses ρ (T) will be straight line in 

the temperature range 120K≤ T ≥300K and in the region 50K≤ T ≥100K, ρ (T) would 

be follow T2 law. These two conditions are consistence with our resistivity results.  

 

Sample ρ0 (ohm-m)  ρ0 (ohm-m),  Ref. [9] 

x=0.00 1.2810-6 1.51310-6 

x=0.10 1.3210-6 1.60710-6 

x=0.20 1.3710-6 1.73010-6 

x=0.30 1.57 10-6  1.82510-6 
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 Figure 5.3:  Temperature dependent resistivity of ( Fe1-xMnx)75P15C10   
 

Table 5.2: Resistivity at room temperature ρ0 and temperature coefficients of the 

resistivity α in the range of 110K<T<273K. 

 

 

 

From table 5.2 we see that temperature coefficient of resistivity is very small. Since 

metallic glass is random atomic structure arrangement. In such a random structure, the 

phonon contribution to the scattering of electrons is small, hence the small 

temperature coefficient of resistivity 

 

5.2.4 Normalized Resistivity 
Fig.5.4 shows the normalized resistivity versus temperature for ( Fe1-xMnx)75P15C10. 

From the suppressed scale one reads that ρ increases for x=0.10, 0.20, 0.30 below the 

Curie temperature and decreases for x=0.00 which one generally expect for this 

amorphous alloys [10]. In the case of x=0.30 we find a minimum in ρ which 

indicating that there is a magnetic contribution to the scattering process. 

Sample 
x 

ρ0 
(10-6 Ω-m) 

T (K) αo (10-10 µΩ-m/k) 
(114-273)K 

0.00 1.28 298 54 
0.10 1.31 298 -3.8 
0.20 1.35 298 -8.22 
0.30 1.57 298 -62 
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Figure 5.4: Normalized resistivity of varies (Fe1-xMnx)75P15C10 

 

5.2.5 Hall resistivity  
 The Hall effect measurement is carried out using the configuration shown in fig. 4.4. 

An electrical current is feed along the x direction in a rectangular specimen and a 

magnetic field is applied to the z direction. Since no current flows along the y and z 

directions, the condition Jx =Jy=0 holds. The transverse electric field Ey is developed 

along the y direction. The Hall coefficient RH and Hall Resistivity, ρH were calculated 

using equations (4.5) and (4.6) respectively. Fig 5.5 shows the Hall resistivity of   

(Fe1-xMnx)75P15C10 alloys as a function of magnetic field applied along the z- 

direction. It is seen that the Hall resistivity initially increases very rapidly. Once 

saturation is achieved and there is no domain motion as it has assumed a single 

domain. For crystalline materials the origin of the Hall voltage is superimposed on 

that due to the free carriers if magnetic order is present [14]. One must consider the 

quantum mechanical side jump mechanism [9, 15] according to which the electrons a 

small transverse deflection   at each scattering event. If this mechanism were 

dominant in our alloys pH should be proportional to ρ2. One or more of the scattering 

processes, impurity, phonon and spin disorder scattering give dominant contribution 

to the anomalous Hall effect.  
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 The non linear behavior of the ρH ~ µ 0H curve decomposed into the normal Hall 

effect due to the lorentz force and a strongly depend on the magnetization component 

and is explicitly written as  

ssH MRHR  00  

The first term, characterized by the ordinary Hall coefficient R0, is the contribution   

from the ordinary Hall effect for the Lorentz force. The second term characterized by 

the extraordinary or anomalous Hall coefficient Rs, represents a strongly dependent on 

the magnetization of the materials.  
 

.     

 

 

 

 

 

 

 

 

     

 

 

 

Figure 5.5:  Hall resistivity vs Magnetic field of (Fe1-xMnx)75P15C10 

 

From figure 5.6 we see that Hall coefficient increases with the increase of Mn 

concentration and it is sharply increases upto a certain magnetic field after that RH 

exponentially decreases with the increase applied magnetic field. Thus the value of the 

Hall coefficient depends on the type, number, impurity, spin disorder and properties 

of the charge carriers that constitute the current. 
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Figure-5.6:  Hall coefficient vs Magnetic field of (Fe1-xMnx)75P15C10 

 

.  

5.2.6 Magnetoresistance Measurement  

The magnetoresistance of the samples were calculated using the following formula 

 

 

 

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

in absence of magnetic field. The magnetoresistance measurement was carried out by 

measuring current, applied magnetic field and the developing voltage.  The magnetic 

field is applied to the perpendicular of current. The magnetoresistance measurement 

can disclose the presence or absent of preferred domain orientations in the 

demagnetized state. The physical origin of the magnetoresistance effect lies in spin 

orbit coupling. As M 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. During the demagnetization process the 

magnetic domains and the conduction electron scatterings take part to contribute to 

the electrical resistivity and the magnetoresistance. Fig-5.7 shows the MR% at room 

temperature for different manganese (Mn) concentrations. It is seen from the figure 

that MR% increases with increase of manganese concentration. According to the 

previous report if Mn concentration increase in the system topological spin disorder 

%100
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increases and hence MR% increases with Mn concentration. 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 has assumed a single domain. The only contribution to the electrical 

resistivity and the magnetoresistance comes at this stage is from the conduction 

electron scattering due to the collision between themselves and the electron mean 

free-path is much longer in this stage. The MR% varies from 0 to 6% with the 

variation of Mn content. 

 

 

 

 

 

 

 

 

 

 

 

                     

Figure 5.7: Variation of Magnetoresistance varies of (Fe1-xMnx)75P15C10 

5.3 DTA, TGA, DTG Analysis 

Figure 5.9(a-d) shows the differential thermal analysis (DTA), thermo-gravimetric 

analysis (TGA) and differential thermo-gravimetric (DTG) of the ribbons. The 

heating rate was 20C/min. 

 DTA: In the DTA curve only one exothermic peak rises occurred for each sample. 

The peak of each sample is attributed to the crystallization temperature. 

Crystallization temperature increases with increase of Mn content in the                          

(Fe1-xMnx)75P15C10 system which is shown in fig.5.8. Crystallization temperature of 

different samples is also given in table 5.3 
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Table-5.3: DTA peak values of different (Fe1-xMnx)75P15C10 samples 

Samples Peak (C) 

x=0.00 419 

x=0.10 436 

x=0.20 439 

x=0.30 472 

 

 

 

 

 

 

 
 

 

 

 

Figure 5.8: DTA peak values varies with Mn content 

TGA %: In TGA % vs T curve we observed that mass is slightly gained in all 

samples. As temperature is increased the micro voids which formed during the growth 

process of the ribbons during melts spinning is gradually eliminated. This results in 

densification of the matrix of the more ordered crystallites in the samples at higher 

temperature. At higher temperature Fe and Mn ions absorb “O” from the experimental 

environment and hence mass are slightly gained at higher temperature. Gained of the 

mass increases with the increase of Mn concentration into the (Fe1-xMnx)75P15C10 

because the ionic radius of Mn (0.89 Ǻ) is larger than the ionic radius of Fe (0.74 Ǻ ).       

 

DTG: In DTG% vs T curves we see that some small peaks are found for samples 

x=0.0 and 0.20 which means that there is a small change of mass with a small 
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difference heating temperature. But for x=0.10 and 0.30 some broad peaks are found 

which indicating that there is large change of mass occur within small difference of 

the heating temperature 
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          Figure 5.9 (a):  DTA, TGA, DTG curve for sample, x=0.00 

 

                Figure 5.9 (b):  DTA, TGA, DTG curve for sample, x=0.10 
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                   Figure 5.9 (c):  DTA, TGA, DTG curve for sample, x=0.20 

 

                 

                      Figure 5.9 (d):  DTA, TGA, DTG curve for sample, x=0.30 
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5.4 Magnetization Measurement 
The magnetization of the samples was determined with the help of Vibrating Sample 

Magnetometer. We have calibrated the VSM using a 152mg spherical sample of 

99.99% pure nickel of known saturation magnetic moment. The current was applied 

to the electromagnet by Agilent power supply upto 8 ampere and the corresponding 

magnetic field was measured by the Gauss meter. The ratio transformer reading was 

recorded and the actual calibration of the VSM was determined from the relation (4.9) 

and   the magnetization of the ribbons samples were calculated using the following 

eqn  

m
KVM     emu/g                                                          (5.2) 

where, M= Magnetization  

             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 at 0°K and the number of Bohr 

magnetrons, nB per molecule is  

MsMn 
5585B                                                                    (5.3) 

Where, M is the molecular weight of the substance. 

Magnetization measurements of (Fel-xMnx)75P15C10 amorphous alloys represented in 

fig 5.10. From figs. 5.10 and 5.11 we see that the saturation magnetization decreases 

with the increase of Mn content into the (Fel-xMnx)75P15C10 system. Saturation 

magnetization is related to the average magnetic moment per formula                     

(Fel-xMnx)75P15C10 unit. Since the saturation magnetization decreases the average 

magnetic moment per formula unit decreases according to equation (5.3). If Mn 

content increases in the system isolated AF- coupled sites simply order antiparallel to 

the majority FM order. This means that the antiferromgnetic interactions introduced 

by Mn atoms cause deviations from a pure ferromagnetic structure also at low Mn 

concentration and hence the total magnetization and the average magnetic moment 

per formula unit of (Fe1-xMnx)75P15C10 decreases with the increase of Mn content [16].   
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Figure 5.10: Variation of magnetization of (Fe1-xMnx)75P15C1 with Mn and applied   
magnetic field                                                                       

 

 

 

 

 

 

 

 

 

 

 

 

Figure.5.11: Variation of saturation magnetization of (Fe1-xMnx)75P15C10  with Mn   
content                                                                                
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Table-5.4: Data for Saturation Magnetization  

  

Samples Saturation Magnetization , Ms 

(emu/g 

Bohr Magneton per formula 

unit  

x=0.00 155 1.33 

x=0.10 114 0.97 

x=0.20 83 0.71 

x=0.30 32 0.23 

 

 

5.5 Permeability Measurement 

5.5.1 Complex permeability 
The dynamic response of the magnetic domains to the external magnetic field 

determines the complex permeability. The value of complex permeability provides the 

information about the inertia of the domains, their distribution and mutual coupling. 

The phase lag between the applied field and the response of magnetic domains 

determine the real,  and imaginary,  parts of the complex permeability. The studied 

sample is obtained by a quenching method with nominal composition of                  

(Fe1-xMnx)75P15C10. Since this sample is as prepared, so its grains size is assumed to be 

uniform.  

The complex permeability is related into two mechanisms; one is the domain wall 

movement, which dependents on the grain size and the other is spin rotation as 

reported by A. Paduraru et al [17].  

The real and imaginary parts of the complex permeability were measured as a 

function of frequency ranges from 100Hz to 100 MHz for as cast   samples. The 

measured technique was based on the determination of complex impedance of a 

loaded circuit with a toroidal-shaped samples using LF Impedance Analyzer [4192A, 

5Hz- 110 MHz] at BCSIR.  

The real, / and imaginary, , parts of complex permeability for as cast samples are 

presented separately as a function of frequency in figures-5.12 and 5.13.   
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Figure.5.12: Variation of real permeability of (Fe1-xMnx)75P15C10  with frequency 

 

 

 

 

 
 

 

 

 

 

Figure 5.13: Variation of imaginary permeability of (Fe1-xMnx)75P15C10  with           

frequency 

 

The real permeability decreases with the increase of Mn content as shown in fig. 5.14 

and also with the frequency. Imaginary permeability increases linearly with the 

increase in frequency which means that at higher frequency domains do not follow the 

applied field.  

At low frequency permeability originating from the Bloch wall motion since the 

permeability does not drop to zero, the permeability originating from BW-motion is 

not very high, i.e. the BW's are not very mobile from the start. That in turn suggests 

very broad BW’s. When the frequency gets higher, the BW cannot follow the applied 
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force. But the Bloch wall oscillations could yield a very strong oscillator with a high 

loss developing near to the BW-motion regime.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14:  Decrease of real permeability with Mn content 
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Chapter-6 
 
 Conclusions and Future Work 
 
 
6.1 Conclusions 
 
The melt spinning technique have been described in this study to obtain amorphous 

(Fe1-xMnx)75P15C10 ribbons. The effects of varying the composition, structural, 

transport and magnetic properties were studied of the prepared samples. The results of 

the present work are summarized and the following conclusive statements can be 

made from this research work.  

The X-ray diffraction patterns show that each sample contains a small broad peak 

which confirms the samples are amorphous in nature. 

 Room temperature resistivity increases with the increase of Mn content in the system. 

Resistivity decreases with decrease in temperature for sample, x=0.00. Since there is 

no contribution of Mn, the decrease in resistivity is assumed that the incoherent 

electron-magnon scattering decreases with the decrease in temperature. Resistivity 

increases below the Curie temperature for samples x=0.10 and x=0.20. But for x=0.30 

resistivity decreases, upto Curie temperature and then resistivity increases with 

decreases in temperature. Increase of resistivity above and blow the Curie temperature 

is due to structural topological scattering.  

 

The Hall resistivity has shown sharp increase initially with magnetic field. Once 

saturation is achieved, there is no domain motion as it has assumed a single domain. 

Hall resistivity increases with increasing of Mn concentration and also the applied 

magnetic field. If we increase Mn, magnetic impurities and topological spin disorder 

increases which may be  responsible for the increases of Hall resistivity with Mn. One 

or more of the scattering processes 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  
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The Magnetoresistance (MR%) initial large change occur in the low field which 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 has 

assumed a single domain. The only contribution to the electrical resistivity and the 

magnetoresistance comes at this stage is from the conduction electron scattering due 

to the collision between themselves and the electron mean free-path is much longer in 

this stage. The MR% varies from 0 to 6% with the increase of Mn content. 

In DTA curve only one exothermic peak arises occurred for each sample.  The peak 

values increases with increase in Mn concentration. Theses Peaks are attributed to the 

crystallization temperature. 

In TGA % curve we see that as the temperature is increased the micro voids which 

formed during the growth process of the ribbons during melts spinning is gradually 

eliminated. This results in densification of the matrix of the more ordered crystallites 

in the samples at higher temperature. At higher temperature Fe and Mn ions absorb O 

from the experimental environment and hence mass are slightly gained at higher 

temperature. Mass gained increases with the increase of Mn concentration into the 

(Fe1-xMnx)75P15C10      

Magnetization of (Fe1-xMnx)75P15C10  decreases with increase of Mn content. If we 

increase Mn, isolated AF interaction introducing increases with the majority FM 

order.Thus the antiferromagnetic interactions introduced by Mn atoms cause 

deviations from a pure ferromagnetic structure at low Mn concentration and hence 

total magnetization and the average magnetic moment per formula unit of             

(Fe1-xMnx)75P15C10   decreases with the increase of Mn content.  

The real permeability decreases with the increase of Mn content and also with the 

frequency. Imaginary permeability increases with the frequency which means that at 

higher frequency domain does not follow the applied field.     

 (Fe1-xMnx)75P15C10   alloys have shown soft magnetic properties. This alloy can be 

very useful material for manufacturing different kinds of switching devices. The alloy 

has shown superior magnetic and electrical properties which can be very useful in 

selecting the domain within which the devices can work to serve some specific 

purpose for its application. This alloy can also work in other magnetic phases and is 

specialized application. 
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6.2 Suggestions for future work 
 
The following experiments can be carried out for understanding the 
magneto-transport and the structural properties of (Fe1-xMnx)75P15C10 

1. Temperature dependent magnetic a.c. permeability and magnetization may be 

measured to determine the Curie temperature (Tc). 

2. Neutron scattering  can be done to identify the magnetic structure  

3. Field cool (FZ) and zero field cool (ZFC) experiment would be performed 

4. Magnetic anisotropic constant measurement  

5. Spin wave resonance justify experiment 

6. Structure can be done with high resolution of SEM .  
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List of Symbols and Nomenclature 
 

 
A  - Stiffness Constant 

Fe  - Iron 

Cu  - Copper 

Nb  - Niobium 

Ta  - Tantalum 

Si  - Silicon 

B  - Boron 

Co  - Cobalt 

Mn                   -           manganese 

C                      -          Carbon  

P                       -         Phosphorus 

(0)  - Resistivity at room temperature. 

(T)  - Resistivity at any temperature (other than room temperature) 

)0(
)(


 T  -             Normalized resistivity 

)0(
   - Magnetoresistance 


                -            Reduced resistivity 

MR%  - Magnetoresistance in percent. 

  - Wall width  

MI  - Magnetoimpedance 

GMR  - Giant Magnetoresistance 

GMI  - Giant magnetoimpedance 

R  - Resistance 

X  - Reactance 

QF  - Quality factor 

DF  - Dissipation factor 

L  - Inductance 

Lex  - Exchange interaction length 



                                                                                                  

 70 

0   -          Permeability in free space. 

µi  - Initial permeability 

’  - Real part of complex permeability 

µ  - Imaginary part of complex permeability 

Hc  - Coercivity 

Ek  - Anisotropy energy  

Ms  - Saturation magnetization 

D  - Grain diameter 

TC  - Curie temperature 

TG  - Glass transition temperature 

KG  - Kilogauss 

MHz  - Megahertz 

GHz  - Gigahertz 

AHE                -           Anomalous Hall effect 

SWR               -           Spin wave resonance 

FM  - Ferromagnetic  

AFM  - Anti-ferromagnetic 

FMR                -          Ferromagnetic resonance  

WB                  -          Bloch wall 

DTA                -          Differential Thermal Analysis 

TGA                -          Thermogravometric Analysis 

DTG                -          Differential Thermal Gravimetric 
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APPENDIX 
 
  
Table-1: Room temperature (298K) resistivity  

 
 A. Sample: (Fe1-xMnx)75P15C10 [x=0.00, 0.10, 0.20 and 0.30] 
 
B. Sample Size: 
 

Length:    l=1.2x10-2 m. 
Width:        w= 8 x 10-4 m 
Thickness:  t= 25 x 10-6 m 

 
 

Magnetic field, 
 H (T) 

Resistivity, 
ρ(ohm-m)x10-6 

x=0.00 

Resistivity, 
ρ(ohm-m) x10-6 
x=0.10 

Resistivity, 
ρ(ohm-m) x10-6 
x=0.20 

 Resistivity, 
ρ(ohm-m) x10-6 
x=0.30 

0 1.27163 1.3214 1.3562 1.5665 
0.0748 1.2889 1.402563 1.43351 1.60187 
0.1453 1.4111 1.46724 1.47941 1.631 
0.2175 1.3048 1.47123 1.47941 1.67204 
0.291 1.37827 1.503124 1.53802 1.62655 
0.362 1.2881 1.52231 1.54446 1.66928 
0.432 1.26536 1.482365 1.56186 1.67904 
0.501 1.36015 1.46562 1.544927 1.65413 

0.57 1.39645 1.4423156 1.544592 1.68405 
 
 
Table-2: Temperature (93-298) K dependence resistivity  
 
 
A. Sample: (Fe1-xMnx)75P15C10 [x=0.00, 0.10, 0.20 and 0.30] 
 
 
B. Sample Size: 
               Length:    l=1.2x10-2 m. 

Width:        w= 8 x 10-4 m 
Thickness:  t= 25 x 10-6 m 
 
 
 
 

Temperature, 
T(K) 

Resistivity, 
ρ(ohm-m) x10-6 
x=0.00 

Resistivity, 
ρ(ohm-m) x10-6 
x=0.10 

Resistivity, 
ρ(ohm-m) x10-6 
x=0.20 

 Resistivity, 
ρ(ohm-m) x10-6 
x=0.30 

298 1.27163 1.3214 1.3562 1.5665 
273 1.211989 1.321796 1.358641 1.527338 
253 1.131417 1.322457 1.363668 1.432643 
233 1.028458 1.323648 1.371441 1.319464 
213 0.919442 1.326162 1.382275 1.183559 
193 0.804511 1.329876 1.395822 1.036798 
173 0.688662 1.335727 1.412572 0.884388 
153 0.574344 1.343474 1.43489 0.734042 
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133 0.466942 1.353685 1.463588 0.619532 
113 0.373553 1.365191 1.495055 0.557579 

93 0.29879 1.377887 1.531385 0.540918 
 
Table-3: Normalized resistivity (ρ/ρ0 ) for temperature (93-298) K  
 
A. Sample:  (Fe1-xMnx)75P15C10  [x=0.00, 0.10, 0.20 and 0.30] 
 
B.Sample Size: 

Length:    l=1.2x10-2 m. 
Width:        w= 8 x 10-4 m 
Thickness:  t= 25 x 10-6 m 
 

Temperature, T 
(K) ρ/ρ0 (x=0.00) ρ/ρ0 (x=0.10) ρ/ρ0 (x=0.20) ρ/ρ0 (x=0.30) 

298 1 1 1 1 
273 0.953 1.0003 1.0018 0.975 
253 0.933 1.0005 1.0037 0.938 
233 0.909 1.0009 1.0057 0.921 
213 0.894 1.0019 1.0079 0.897 
193 0.875 1.0028 1.0098 0.876 
173 0.856 1.0044 1.012 0.853 
153 0.834 1.0058 1.0158 0.830 
133 0.813 1.0076 1.02 0.844 
113 0.8124 1.0085 1.0215 0.900 
93 0.799 1.0093 1.020 0.970 

 
 
Table-4.: Hall coefficient measurement at room temperature 
 
 
A. Sample:  (Fe1-xMnx)75P15C10   
 
 
B. Sample Size: 

Length:    l=1.2x10-2 m. 
Width:        w= 8 x 10-4 m 
Thickness:  t= 25 x 10-6 m 
 
 
 

Magnetic 
Field, H 
(Tesla) 

Hall 
coefficient, RH 
( Ohm-m)/T 
x10-3,   
x=0.00 

Hall  
coefficient, RH 
( Ohm-m)/T 
x10-3,   
x=0.10 

Hall 
coefficient, RH 
( Ohm-m)/T 
x10-3,   
x=0.20 

Hall 
coefficient, RH 
( Ohm-m)/T 
x10-3,   
x=0.30 

0 0 0 0 0 
0.018 16.48333 16.25556 12.77777778 17.84167 

0.03 12.92167 14.20517 14.27166667 13.72667 
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0.0413 11.66102 12.38499 12.38983051 12.38499 
0.05 10.62037 11.43519 11.60277778 12.40741 

0.0748 8.682487 9.346257 9.759358289 10.02005 
0.1453 4.73159 5.056779 5.247763248 5.368204 
0.2175 3.16092 3.356322 3.517241379 3.650575 
0.291 2.360825 2.560137 2.651202749 2.792096 
0.362 1.906077 2.071823 2.154696133 2.237569 
0.432 1.631944 1.747685 1.805555556 1.886574 
0.501 1.44012 1.526946 1.576846307 1.636727 

0.57 1.278947 1.345614 1.407894737 1.491228 
 
Table-5: Hall resistivity at room temperature 
 
A. Sample:  (Fe1-xMnx)75P15C10   
 
B. Sample Size: 

Length:    l=1.2x10-2 m. 
Width:        w= 8 x 10-4 m 
Thickness:  t= 25 x 10-6 m 
 

Magnetic 
Field,  
H (tesla) 
 

ρH(Ohm-m)x 
10-8, x=0.00 
 

ρH(Ohm-m)x 
10-8, x=0.10 
 

ρH(Ohm-m)x 
10-8, x=0.20 
 

ρH(Ohm-m)x 
10-8, x=0.30 
 

0 0 0 0 0 
0.025 0.5934 0.5852 0.48 0.6423 
0.033 0.7753 0.85231 0.8563 0.8236 

0.0413 0.9632 1.023 1.0234 1.023 
0.054 1.147 1.235 1.2531 1.34 

0.0748 1.2989 1.3982 1.46 1.53 
0.1453 1.375 1.4695 1.54 1.58 
0.2175 1.375 1.46 1.53 1.588 
0.291 1.374 1.47 1.53 1.625 
0.362 1.38 1.5 1.54 1.62 
0.432 1.41 1.51 1.56 1.63 
0.501 1.443 1.53 1.58 1.64 

0.57 1.458 1.51 1.58 1.7 
 

 
Table-6: Magnetoresistance (MR%) room temperature 
 
 
 
Magnetic field, H 
(T) MR%, x=0.00 

MR%, 
x=0.10 MR%, x=0.20 MR%, x=0.30 

0 0 0 0 0 
0.0748 1.6 1.85 2.08 2.26 
0.1453 3.14 3.6 3.82 4.12 
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0.2175 3.4 4.07 4.64 5.5 
0.291 3.03 3.87 4.4 5.23 
0.362 2.8 3.66 4.43 5.28 
0.432 3 3.91 4.89 5.74 
0.501 3.87 4.4 5.39 6.04 
0.57 4.77 5.4 6.57 7.50 

 
 
 

Table-7: Real permeability at room temperature  
 
Frequency, f 
(MHz) 

µ/,   x=0.00 µ/,  x=0.10 µ/,  x=0.20 

0.0001 3.7692E+00 3.7589E+00 3.7471E+00 
0.001 3.7924E+00 3.7823E+00 3.7623E+00 
0.01 3.9860E+00 3.8624E+00 3.8423E+00 

0.5 4.2756E+00 4.1846E+00 3.9061E+00 
1 4.3855E+00 4.1842E+00 4.0864E+00 

1.5 4.5540E+00 4.4421E+00 4.3548E+00 
2 4.7314E+00 4.5213E+00 4.6652E+00 

2.5 5.0110E+00 4.9875E+00 5.0681E+00 
3 5.2923E+00 5.1245E+00 5.4707E+00 

3.5 5.6620E+00 5.4423E+00 5.8990E+00 
4 6.0421E+00 6.0123E+00 6.3200E+00 

4.5 6.4953E+00 6.4231E+00 6.7461E+00 
5 6.9639E+00 6.9452E+00 7.1317E+00 

5.5 7.4898E+00 7.4237E+00 7.4908E+00 
6 8.0338E+00 8.0133E+00 7.8250E+00 

6.5 8.6155E+00 8.5214E+00 8.1315E+00 
7 9.2444E+00 9.1245E+00 8.4603E+00 

7.5 9.9146E+00 9.9012E+00 8.7810E+00 
8 1.0594E+01 1.0486E+01 9.1229E+00 

8.5 1.1320E+01 1.1223E+01 9.4746E+00 
9 1.2044E+01 1.2033E+01 9.8142E+00 

9.5 1.2818E+01 1.2786E+01 1.0174E+01 
10.5 1.3542E+01 1.3496E+01 1.0499E+01 

11 1.4320E+01 1.4223E+01 1.0875E+01 
11.5 1.5037E+01 1.5031E+01 1.1217E+01 

12 1.5763E+01 1.5722E+01 1.1567E+01 
12.5 1.6464E+01 1.6412E+01 1.1917E+01 

13 1.7119E+01 1.7093E+01 1.2243E+01 
13.5 1.7745E+01 1.7682E+01 1.2610E+01 
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14 1.8333E+01 1.6324E+01 1.2957E+01 
14.5 1.8893E+01 1.5540E+01 1.3301E+01 

15 1.9424E+01 1.7300E+01 1.3643E+01 
15.5 1.9910E+01 1.7325E+01 1.4088E+01 

16 2.0423E+01 1.8255E+01 1.4431E+01 
16.5 2.0878E+01 1.8865E+01 1.4783E+01 

17 2.1263E+01 1.8992E+01 1.5117E+01 
17.5 2.1702E+01 1.9215E+01 1.5457E+01 

18 2.2086E+01 1.9992E+01 1.5779E+01 
18.5 2.2486E+01 2.0021E+01 1.6148E+01 

19 2.2854E+01 2.0123E+01 1.6450E+01 
19.5 2.3251E+01 2.0230E+01 1.6739E+01 

20 2.3607E+01 2.0324E+01 1.7088E+01 
20.5 2.4021E+01 2.1235E+01 1.7432E+01 

21 2.4348E+01 2.1569E+01 1.7741E+01 
21.5 2.4713E+01 2.1896E+01 1.8065E+01 

22 2.5142E+01 2.2456E+01 1.8384E+01 
22.5 2.5486E+01 2.2568E+01 1.8676E+01 

23 2.5886E+01 2.2790E+01 1.9019E+01 
23.5 2.6289E+01 2.2897E+01 1.9312E+01 

24 2.6721E+01 2.3421E+01 1.9662E+01 
24.5 2.7055E+01 2.3965E+01 1.9941E+01 

25 2.7465E+01 2.3996E+01 2.0228E+01 
25.5 2.7880E+01 2.4880E+01 2.0546E+01 

26 2.8327E+01 2.4365E+01 2.0828E+01 
26.5 2.8704E+01 2.4854E+01 2.1158E+01 

27 2.9148E+01 2.5012E+01 2.1444E+01 
27.5 2.9607E+01 2.5214E+01 2.1743E+01 

28 2.9974E+01 2.5865E+01 2.2035E+01 
28.5 3.0427E+01 2.6324E+01 2.2369E+01 

29 3.0875E+01 2.6356E+01 2.2646E+01 
29.5 3.1347E+01 2.7365E+01 2.2923E+01 

30 3.1768E+01 2.7986E+01 2.3212E+01 
30.5 3.2221E+01 2.8000E+01 2.3509E+01 

31 3.2712E+01 2.8366E+01 2.3886E+01 
31.5 3.3170E+01 2.9569E+01 2.4123E+01 

32 3.3603E+01 3.0236E+01 2.4387E+01 
32.5 3.4085E+01 3.0759E+01 2.4708E+01 

33 3.4503E+01 3.0986E+01 2.4934E+01 
33.5 3.4977E+01 3.1217E+01 2.5278E+01 
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34 3.5413E+01 3.1786E+01 2.5539E+01 
34.5 3.5906E+01 3.2569E+01 2.5851E+01 

35 3.6362E+01 3.2749E+01 2.6133E+01 
35.5 3.6832E+01 3.3215E+01 2.6415E+01 

36 3.7320E+01 3.3990E+01 2.6744E+01 
36.5 3.7790E+01 3.4256E+01 2.7071E+01 

37 3.8248E+01 3.4990E+01 2.7376E+01 
37.5 3.8691E+01 3.5265E+01 2.7631E+01 

38 3.9183E+01 3.5968E+01 2.7955E+01 
38.5 3.9641E+01 3.6321E+01 2.8298E+01 

39 4.0152E+01 3.6456E+01 2.8573E+01 
39.5 4.0641E+01 3.7123E+01 2.8958E+01 

40 4.1135E+01 3.7956E+01 2.9253E+01 
40.5 4.1538E+01 3.8032E+01 2.9586E+01 

41 4.2059E+01 3.9012E+01 2.9844E+01 
41.5 4.2481E+01 3.9587E+01 3.0258E+01 

42 4.2989E+01 3.9876E+01 3.0498E+01 
42.5 4.3393E+01 3.9987E+01 3.0896E+01 

43 4.3883E+01 4.0256E+01 3.1121E+01 
43.5 4.4350E+01 4.0959E+01 3.1465E+01 

44 4.4832E+01 4.1256E+01 3.1850E+01 
44.5 4.5241E+01 4.1986E+01 3.2117E+01 

45 4.5648E+01 4.2365E+01 3.2477E+01 
45.5 4.6136E+01 4.2896E+01 3.2799E+01 

46 4.6649E+01 4.3996E+01 3.3149E+01 
46.5 4.7094E+01 4.4569E+01 3.3452E+01 

47 4.7554E+01 4.4996E+01 3.3810E+01 
47.5 4.8014E+01 4.5263E+01 3.4158E+01 

48 4.8461E+01 4.5367E+01 3.4468E+01 
48.5 4.8895E+01 4.5996E+01 3.4807E+01 

49 4.9372E+01 4.6356E+01 3.5229E+01 
49.5 4.9788E+01 4.6896E+01 3.5495E+01 

50 5.0252E+01 4.7023E+01 3.5856E+01 
50.5 5.0728E+01 4.7698E+01 3.6224E+01 

51 5.1175E+01 4.8563E+01 3.6605E+01 
51.5 5.1628E+01 4.8965E+01 3.6997E+01 

52 5.2108E+01 4.9365E+01 3.7370E+01 
52.5 5.2527E+01 4.9965E+01 3.7737E+01 

53 5.3013E+01 5.0123E+01 3.8093E+01 
53.5 5.3412E+01 5.0698E+01 3.8443E+01 
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54 5.3817E+01 5.0965E+01 3.8868E+01 
54.5 5.4377E+01 5.1236E+01 3.9282E+01 

55 5.4789E+01 5.1896E+01 3.9611E+01 
55.5 5.5232E+01 5.2169E+01 3.9953E+01 

56 5.5659E+01 5.2869E+01 4.0351E+01 
56.5 5.6069E+01 5.3245E+01 4.0756E+01 

57 5.6585E+01 5.3965E+01 4.1012E+01 
57.5 5.6977E+01 5.3996E+01 4.1443E+01 

58 5.7401E+01 5.4365E+01 4.1839E+01 
58.5 5.7849E+01 5.4896E+01 4.2111E+01 

59 5.8290E+01 5.5360E+01 4.2612E+01 
59.5 5.8826E+01 5.5756E+01 4.2989E+01 

60 5.9234E+01 5.6698E+01 4.3358E+01 
60.5 5.9626E+01 5.6897E+01 4.3708E+01 

61 6.0208E+01 5.7365E+01 4.4154E+01 
61.5 6.0584E+01 5.7897E+01 4.4548E+01 

62 6.0897E+01 5.7996E+01 4.4947E+01 
62.5 6.1420E+01 5.8424E+01 4.5316E+01 

63 6.1891E+01 5.8896E+01 4.5638E+01 
63.5 6.2313E+01 5.9456E+01 4.6035E+01 

64 6.2607E+01 5.9896E+01 4.6423E+01 
64.5 6.3091E+01 6.0456E+01 4.6753E+01 

65 6.3551E+01 6.0896E+01 4.7202E+01 
65.5 6.3934E+01 6.0996E+01 4.7601E+01 

66 6.4358E+01 6.1123E+01 4.7988E+01 
66.5 6.4908E+01 6.1756E+01 4.8411E+01 

67 6.5318E+01 6.1965E+01 4.8833E+01 
67.5 6.5690E+01 6.2586E+01 4.9202E+01 

68 6.6089E+01 6.2965E+01 4.9646E+01 
68.5 6.6469E+01 6.2990E+01 5.0012E+01 

69 6.6896E+01 6.3123E+01 5.0447E+01 
69.5 6.7273E+01 6.3568E+01 5.0659E+01 

70 6.7713E+01 6.4235E+01 5.1108E+01 
70.5 6.8093E+01 6.4897E+01 5.1427E+01 

71 6.8487E+01 6.5324E+01 5.1824E+01 
71.5 6.8882E+01 6.5897E+01 5.2248E+01 

72 6.9280E+01 6.6356E+01 5.2589E+01 
72.5 6.9664E+01 6.6896E+01 5.3001E+01 

73 7.0091E+01 6.7024E+01 5.3406E+01 
73.5 7.0536E+01 6.7986E+01 5.3811E+01 
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74 7.0991E+01 6.7993E+01 5.4255E+01 
74.5 7.1298E+01 6.8000E+01 5.4446E+01 

75 7.1618E+01 6.8658E+01 5.4967E+01 
75.5 7.2090E+01 6.9356E+01 5.5229E+01 

76 7.2396E+01 6.9896E+01 5.5551E+01 
76.5 7.2719E+01 7.0213E+01 5.5943E+01 

77 7.3130E+01 7.0236E+01 5.6309E+01 
77.5 7.3577E+01 7.0965E+01 5.6616E+01 

78 7.3869E+01 7.1236E+01 5.7061E+01 
78.5 7.4142E+01 7.1866E+01 5.7238E+01 

79 7.4641E+01 7.2356E+01 5.7713E+01 
79.5 7.4884E+01 7.2896E+01 5.8069E+01 

80 7.5389E+01 7.3265E+01 5.8390E+01 
80.5 7.5629E+01 7.2963E+01 5.8860E+01 

81 7.5944E+01 7.3456E+01 5.9154E+01 
81.5 7.6306E+01 7.3966E+01 5.9431E+01 

82 7.6669E+01 7.4369E+01 5.9839E+01 
82.5 7.6914E+01 7.4986E+01 6.0153E+01 

83 7.7275E+01 7.5360E+01 6.0427E+01 
83.5 7.7673E+01 7.5896E+01 6.0924E+01 

84 7.7878E+01 7.5996E+01 6.1232E+01 
84.5 7.8319E+01 7.6123E+01 6.1442E+01 

85 7.8566E+01 7.6456E+01 6.2005E+01 
85.5 7.8875E+01 7.6896E+01 6.2221E+01 

86 7.9210E+01 7.7856E+01 6.2439E+01 
86.5 7.9492E+01 7.7965E+01 6.2871E+01 

87 7.9760E+01 7.8023E+01 6.3130E+01 
87.5 7.9965E+01 7.8658E+01 6.3315E+01 

88 8.0344E+01 7.8996E+01 6.3682E+01 
88.5 8.0567E+01 7.9123E+01 6.4048E+01 

89 8.0825E+01 7.9563E+01 6.4236E+01 
89.5 8.1170E+01 7.9963E+01 6.4602E+01 

90 8.1371E+01 8.0236E+01 6.4829E+01 
90.5 8.1582E+01 8.0456E+01 6.5095E+01 

91 8.1715E+01 8.0596E+01 6.5458E+01 
91.5 8.1984E+01 8.0896E+01 6.5577E+01 

92 8.2260E+01 8.1023E+01 6.5826E+01 
92.5 8.2543E+01 8.0563E+01 6.6103E+01 

93 8.2767E+01 8.0968E+01 6.6391E+01 
93.5 8.2895E+01 8.1236E+01 6.6571E+01 
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94 8.3158E+01 8.1768E+01 6.6919E+01 
94.5 8.3348E+01 8.1996E+01 6.7081E+01 

95 8.3638E+01 8.2042E+01 6.7313E+01 
95.5 8.3687E+01 8.2365E+01 6.7583E+01 

96 8.3887E+01 8.2896E+01 6.7621E+01 
96.5 8.4189E+01 8.2996E+01 6.7829E+01 

97 8.4133E+01 8.3236E+01 6.7984E+01 
97.5 8.4419E+01 8.3568E+01 6.8321E+01 

98 8.4439E+01 8.3966E+01 6.8556E+01 
98.5 8.4640E+01 8.4012E+01 6.8752E+01 

99 8.4827E+01 8.4366E+01 6.8876E+01 
99.5 8.4889E+01 8.4568E+01 6.9188E+01 
100 8.4967E+01 8.4786E+01 6.9211E+01 

 
 
 
 

Table-8: Imaginary permeability at room temperature  
 
 
 
Frequency, f 
(MHz) 

 µ//,  x=0.00 µ//,    x=0.10 µ//,  x=0.20 

0.0001 1.9747E+03 1.8192E+03 1.2746E+03 
0.001 1.9650E+03 1.7972E+03 1.2563E+03 
0.01 1.9422E+03 1.7861E+03 1.2346E+03 

0.5 1908.24531 1777.68011 1198.07427 
1 1877.63388 1753.86613 1187.74503 

1.5 1869.15363 1745.56042 1182.8269 
2 1862.35971 1732.71602 1179.41696 

2.5 1857.12302 1723.06263 1173.00351 
3 1853.51248 1712.39788 1166.74971 

3.5 1848.32531 1695.50358 1160.16023 
4 1844.68467 1681.79468 1154.11462 

4.5 1837.9529 1670.94558 1147.90702 
5 1834.53944 1655.44952 1142.46316 

5.5 1828.91538 1647.0522 1136.60526 
6 1824.75438 1642.725 1132.00702 

6.5 1819.72739 1631.37302 1128.02339 
7 1814.35672 1621.71692 1124.80877 

7.5 1809.12974 1614.56348 1121.36316 
8 1803.66588 1612.80591 1118.65789 
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8.5 1798.0593 1601.34825 1115.59123 
9 1791.53916 1594.12288 1113.3655 

9.5 1786.07627 1580.09372 1111.26608 
10.5 1779.07751 1578.21353 1108.96608 

11 1771.90303 1567.45066 1106.70526 
11.5 1764.92952 1556.79291 1104.57368 

12 1757.82203 1548.21587 1102.80643 
12.5 1750.91064 1545.71005 1101.39006 

13 1744.04489 1541.2647 1099.85848 
13.5 1737.64708 1534.8697 1098.34444 

14 1731.06773 1530.51373 1097.05556 
14.5 1724.61652 1528.19961 1095.59591 

15 1718.67792 1523.91548 1094.37661 
15.5 1710.61901 1518.65757 1091.41871 

16 1705.1464 1515.42472 1090.07953 
16.5 1700.25339 1512.21389 1088.89825 

17 1695.40503 1510.02399 1087.47719 
17.5 1690.98579 1507.84855 1086.1076 

18 1687.05099 1502.68898 1084.80994 
18.5 1683.42394 1498.54175 1083.60643 

19 1679.81923 1493.40619 1082.14971 
19.5 1676.49703 1482.28103 1080.92807 

20 1673.61559 1475.16501 1079.79825 
20.5 1670.96521 1472.06132 1078.18655 

21 1668.03813 1472.55605 1077.29942 
21.5 1665.53435 1465.67641 1075.92924 

22 1663.12667 1464.76512 1074.82632 
22.5 1661.10636 1461.87016 1073.63099 

23 1658.75209 1457.37036 1072.67076 
23.5 1656.55606 1450.74516 1071.57953 

24 1654.95321 1446.231 1070.80877 
24.5 1652.85232 1442.012 1069.88538 

25 1651.10675 1438.214 1069.15848 
25.5 1649.58157 1434.352 1068.33626 

26 1648.09134 1430.14 1067.50409 
26.5 1645.81278 1426.11 1066.7 

27 1644.61671 1421.18 1066.11111 
27.5 1643.05658 1416.15 1065.11871 

28 1641.29451 1413.07 1064.47661 
28.5 1639.6703 1409.12 1063.71813 
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29 1638.1791 1407.2 1062.77135 
29.5 1636.85488 1405.22 1062.21579 

30 1635.66949 1401.174 1061.4117 
30.5 1634.14528 1394.5 1060.7807 

31 1632.6065 1391.92742 1060.07427 
31.5 1630.93084 1383.24194 1059.46784 

32 1629.14353 1376.46774 1058.90585 
32.5 1628.09503 1375.16 1058.61637 

33 1626.56499 1373.83871 1058.24678 
33.5 1624.8369 1370.89516 1057.68304 

34 1623.75636 1372.30242 1057.18772 
34.5 1622.35641 1366.98387 1056.93626 

35 1620.82249 1365.02823 1056.39766 
35.5 1619.37789 1359.10081 1056.08187 

36 1618.31482 1357.37097 1055.62982 
36.5 1617.03138 1356.12097 1055.15965 

37 1615.4994 1354.22984 1054.5848 
37.5 1614.10625 1350.35484 1054.02924 

38 1612.55776 1349.24194 1053.27719 
38.5 1611.65974 1347.78629 1052.78012 

39 1609.80836 1343.875 1052.16374 
39.5 1608.66568 1338.875 1051.51637 

40 1607.36088 1336.77823 1050.8655 
40.5 1606.06578 1334.87903 1050.14912 

41 1604.69011 1332.17742 1049.3117 
41.5 1603.68141 1331.40323 1048.69006 

42 1602.05817 1330.29032 1048.02982 
42.5 1600.72424 1325.93548 1047.43567 

43 1599.75341 1324.83065 1046.89064 
43.5 1598.5321 1323.8871 1046.26023 

44 1597.10594 1318.76613 1045.74152 
44.5 1595.91375 1314.35887 1045.42749 

45 1594.83418 1310.22581 1044.98363 
45.5 1593.43909 1306.76613 1044.87895 

46 1592.20322 1302.61694 1044.63275 
46.5 1591.0751 1298.87097 1044.38012 

47 1589.98097 1287.51613 1044.12865 
47.5 1588.72956 1283.35887 1043.94503 

48 1587.55 1282.34677 1043.59591 
48.5 1586.39859 1279.81855 1043.55439 
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49 1585.52872 1276.16129 1043.41228 
49.5 1583.98897 1272.82661 1043.34211 

50 1583.09871 1268.22984 1043.44678 
50.5 1581.82304 1266.40323 1043.14561 

51 1580.86967 1262.14 1042.86725 
51.5 1579.37944 1261.452 1042.63275 

52 1578.52122 1256.81452 1042.23333 
52.5 1577.3368 1256.10484 1041.95263 

53 1576.25626 1253.40726 1041.60058 
53.5 1575.19028 1245.70968 1041.11053 

54 1574.434 1241.96371 1040.80058 
54.5 1573.11075 1234.58871 1040.11111 

55 1571.94575 1231.75 1039.47953 
55.5 1571.20889 1228.39234 1038.91637 

56 1570.05262 1227.65887 1038.08421 
56.5 1568.93422 1222.48589 1037.33333 

57 1567.73038 1220.64637 1036.62515 
57.5 1567.00711 1214.80403 1035.90877 

58 1565.89647 1211.65565 1035.07135 
58.5 1564.60623 1209.13024 1034.60234 

59 1563.36841 1207.94274 1033.9076 
59.5 1562.42088 1205.24153 1033.58363 

60 1561.60829 1203.50161 1032.84971 
60.5 1560.69958 1201.78387 1032.37427 

61 1559.63943 1199.03871 1032 
61.5 1558.88315 1197.1 1031.54386 

62 1557.70747 1196.21008 1031.40468 
62.5 1556.62887 1195.69153 1031.57427 

63 1555.93181 1194.13468 1031.46374 
63.5 1554.51148 1193.16452 1031.33158 

64 1553.44161 1191.48185 1031.12047 
64.5 1552.31447 1189.57379 1031.00702 

65 1551.78148 1188.77339 1030.98246 
65.5 1550.40484 1187.54234 1030.77719 

66 1549.24275 1185.30444 1030.57018 
66.5 1548.63792 1182.74153 1030.33333 

67 1547.77873 1181.42702 1029.9848 
67.5 1546.43121 1180.59718 1029.5269 

68 1545.91569 1179.06653 1029.3076 
68.5 1544.76234 1177.64556 1028.69649 
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69 1544.04975 1175.81411 1028.29006 
69.5 1542.83426 1173.00161 1027.72456 

70 1542.20904 1172.37823 1027.05673 
70.5 1541.23238 1170.08306 1026.5614 

71 1540.07708 1171.85766 1025.97836 
71.5 1539.03052 1168.08387 1025.37251 

72 1538.24997 1166.29839 1024.82632 
72.5 1536.98594 1165.56653 1024.27193 

73 1536.09957 1165.93911 1023.50409 
73.5 1535.2365 1163.50202 1022.86023 

74 1534.19867 1162.47903 1022.12339 
74.5 1533.11813 1161.01774 1021.42398 

75 1532.45602 1159.91935 1020.83216 
75.5 1531.52305 1157.05927 1019.99415 

76 1530.38814 1155.32984 1019.58363 
76.5 1529.44255 1154.84073 1018.95439 

77 1528.77946 1152.72379 1018.37485 
77.5 1527.73679 1152.87581 1017.99883 

78 1526.74071 1150.18468 1017.27836 
78.5 1525.74172 1149.62097 1016.98538 

79 1524.74564 1147.87298 1016.77135 
79.5 1523.58064 1143.34758 1016.27953 

80 1522.55543 1142.6371 1016.02573 
80.5 1521.73799 1142.78508 1016.00643 

81 1520.99627 1139.21855 1015.50292 
81.5 1520.02738 1137.89556 1015.55673 

82 1519.26624 1135.8254 1015.35146 
82.5 1518.30997 1133.71653 1014.72924 

83 1517.16244 1132.92379 1014.78889 
83.5 1516.51198 1130.68105 1014.21053 

84 1515.76832 1128.0879 1013.4462 
84.5 1514.68681 1126.31008 1013.10409 

85 1513.66161 1126.12903 1012.25205 
85.5 1512.82572 1124.46855 1011.73158 

86 1512.07623 1123.62863 1011.48421 
86.5 1511.1384 1121.74839 1010.65965 

87 1509.93845 1119.05685 1010.12222 
87.5 1509.25983 1117.00484 1009.72047 

88 1508.44822 1114.49597 1009 
88.5 1507.5599 1112.08589 1008.52807 
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89 1506.72789 1110.52782 1008.11462 
89.5 1505.9056 1109.71048 1007.3614 

90 1505.1066 1107.99315 1007.00819 
90.5 1503.95907 1105.28306 1006.5462 

91 1503.18046 1104.43992 1006.01462 
91.5 1502.43874 1102.47339 1005.82398 

92 1501.52324 1100.39718 1005.22865 
92.5 1500.62036 1099.8004 1004.48889 

93 1499.82719 1097.93548 1004.34503 
93.5 1498.97383 1096.11935 1003.63684 

94 1497.93891 1094.76411 1003.14269 
94.5 1497.16322 1092.35565 1003.06023 

95 1496.25646 1091.39395 1002.5117 
95.5 1495.68755 1089.66048 1002.23099 

96 1494.76331 1088.00968 1001.93977 
96.5 1493.89053 1087.325 1001.64737 

97 1493.30123 1085.93911 1001.35556 
97.5 1492.41583 1084.94073 1001.53801 

98 1491.46635 1082.97863 1001.13099 
98.5 1490.80327 1080.99516 1001.04854 

99 1490.01495 1078.0125 1001.08304 
99.5 1489.0179 1079.55806 1000.80234 
100 1488.2888 1078.01008 1001.01053 

 
 
Table- 9: Magnetization measurement  
 
 

Magnetic 
field, H  

magnetization, 
 M (emu/g), 
x=0.00 

magnetization,  
M (emu/g), 
x=0.10 

magnetization, 
M(emu/g), 
x=0.20 

magnetization,  
M (emu/g), 
x=0.30 

0 0 0 0 0 
27 10 5.5 3.2 2.3 
77 39.1 16 10.3 6.23 

167 76.8 32 22.2 12.8 
237 100 44.2 32 17.3 
277 110 53 38.1 21.284 
347 125.6056 64 48.6 23.924 
437 139.5634 76.9 60 27.5 
467 142.8 80.9 65 28.2 
547 147.5 88.3 71.4 29.81 
617 150.2817 95.1 76.3 30.36 
697 152.2817 102.5 80 30.99 
767 153.5211 108 82.5 31.53 
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827 155.5211 111.2 83.2 31.98 
930 155.5211 113.7 83.2 32.24 

1000 155.5211 113.8646 83.2 32.24 
1070 155.5211 113.8646 83.2 32.24 
1141 155.5211 113.8646 83.2 32.24 
1212 155.5211 113.8646 83.2 32.24 
1284 155.5211 113.8646 83.2 32.24 
1360 155.5211 113.8646 83.2 32.24 
1426 155.5211 113.8646 83.2 32.24 
1498 155.5211 113.8646 83.2 32.24 
1570 155.5211 113.8646 83.2 32.24 
1663 155.5211 113.8646 83.2 32.24 
1719 155.5211 113.8646 83.2 32.24 
1792 155.5211 113.8646 83.2 32.24 
1861 155.5211 113.8646 83.2 32.24 
1934 155.5211 113.8646 83.2 32.24 
2007 155.5211 113.8646 83.2 32.24 
2082 155.5211 113.8646 83.4 32.24 
2153 155.5211 113.8646 83.2 32.24 
2277 155.5211 113.8646 83.2 32.24 
2347 155.5211 113.8646 83.2 32.24 
2417 155.5211 113.8646 83.2 32.24 
2477 155.5211 113.8646 83.2 32.24 
2547 155.5211 113.8646 83.2 32.24 
2617 155.5211 113.8646 83.2 32.24 
2687 155.5211 113.8646 83.2 32.24 
2747 155.5211 113.8646 83.2 32.24 
2817 155.5211 113.8646 83.2 32.24 

 
 
Table-10: Data for Saturation Magnetization  

  

Samples Saturation Magnetization , Ms 

(emu/g 

Bohr Magneton per formula 

unit  

x=0.00 155 1.33 

x=0.10 114 0.97 

x=0.20 83 0.71 

x=0.30 32 0.23 
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Table-11: DTA peak values of the different samples 

Samples temperature (C) 
x=0.0 418 
x=0.10 436 
x=0.20 439 
x=0.30 472 
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