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ABSTRACT 

The irreversibility line has been determined for three different polycrystalline 

supercQnducting samples. These samples are of composition (Bh.6 Pbo.3 SbO.I)Sr2 Ca2 CU3 0 9-0 , YI 

Ba2 CU3 0 7-5 and HgI Ba2 Ca2 CU3 Ox+8. The irreversibility line has been obtained from two 

methods, viz. vanishing of hysteresis in dc magnetization loops and comparing the temperature 

dependence ofField Cooled (FC) and Zero Field Cooled (ZFC) ac susceptibilities. Both the 

methods give very close results. The irreversibility field H* obeys a relation of the form: 

H* = Reo [I -TITer 

The value ofn lies in the range 0.6 ~ n ~ 0.8. The form of this irreversibility line is 

compared to the literature and possible explanation ofn ~ 0.66 is given in terms of the Re2(T) 

dependence observed for at least one of the sample. 

vii 



CHAPTER 1 

INTRODUCTION 

(1. 1) Irreversible effects in superconductors 

The phenomenon of superconductivity was discovered over half a century ago by 

Kammerlingh Onnes. He observed that the electrical resistance of various metals such as mercury, 

lead and tin disappeared completely at a certain critical temperature "Tc"[1-3]. Until quite recently 

it was strictly a low temperature phenomenon. The discovery of the new oxide superconductors, 

with transition temperatures up to 125K or higher, has opened a new temperature realm for 

superconducting devices [4] and presented new challenges for both theory and experiment. 

Historically, the term "Hysterisis" or "irreversible effect" was first used in the 1930s 

when it was found that in a certain class of superconductors the Meissner effect[5] occurs over a 

very limited field region. In these so called hard superconductors, flux penetrates gradually over a 

wide range of magnetic fields and in decreasing field most of the flux remains trapped in the 

specimen [6]. 

T~us in order to have a clear insight into the irreversible effects it will be quite valuable to 

review the following important topics. 

(1 .2) Mixed state 

(1. 3) Flux pinning 

(1.4) Thermally activated flux motion 
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(1. 5) Flux creep 

(1.2) Mixed state 

In the mixed state of the type-II superconductors the magnetic field penetrates into the 

specimen in quantized form called vortices. In this state magnetic flux lines enter into the body of 

a superconductor without destroying its superconductivity. These flux lines consist of normal 

regions surrounded by superconducting domains. Superconducting electrons circulate around 

these flux lines, giving rise to shielding or screening currents. 

The mixed state sets up in the field range ( HcJ < H < Hc2). Here HcJ & Hc2 are the lower 

and upper critical fields, respectively. Type-II superconductivity had been theoretically predicted 

first by Abrikosov [7] from the general phenomenological theory of Ginzburg and L,andau [8] of 

superconducting phase transition. This state is possible because of the existence of negative 

surface energy, which ensures that it is energetically favorable for the vortices to be formed and 

enter into the superconducting sample. 

(1.3) Flux P inning 

Flux pinning is closely analogous to the trapping of a mobile charged particle in a 

potential well. In case of superconductors the value of the critical current Jc can only be non-zero 

if there is some mechanism to prevent the movement of the vortices despite the Lorentz like 

driving forces . 

.. .. .. 
FL = J x B 

or 1 x $0 per vortex 

This effect is called pinning of vortices. Any defect (line, planer, point etc.) in the crystal 

structure of magnetic inhomogenity on the scale of coherence length can act as a center of 
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pinning. That is, a vortex prefers to reside in a site of 10caIly disturbed crystalline and 

superconducting order. Typical values of pinning energies are of the order of eiectron volts (ev) 

for low 'Tc' superconductors and have even smaller magnitude for high 'Tc' superconductors. 

When a vortex is pinned, the net force on it is the sum of the Lorentz-like force "FL" and 

~ 

pinning force "Fp" i.e. 
~ ~ ~ 

F = FL + Fp = 0 (in equilibrium) 

(1.4) Thermally activated flux motion 

In high field applications of type-II superconductors, ideally one would wish to operate 

as closely as possible to the critical current at which the Lorentz force and pinning force are in a 

statistical sense, balanced, to achieve maximum utilization of the current carrying capacity of the 

superconducting material. Since flux motion is necessarily attended by heat generation, and 

because the pinning force itself is temperature dependent, thermally activated flux motion plays a 

crucial role in the stability of this balance. 

A vortex pinned at a particular site will need to surmount a potential energy barrier (u) 

before being able to move under the influence of local Lorentz force. Thermal energy even at 

cryogenic temperatures is sufficient to free pinned vortices at a constant average rate i.e. 

R ex e--VIKT
. Once released the vortices are propelled by the driving force J x B, generating noise 

voltages and heat until trapped again at another pinning center. In fact the vortices move in 

groups known as flux bundles, each carrying many vortices (perhaps as many as hundred) because . 
of the magnetic interaction between them. 

(1.5) Flux creep 

Flux creep or the slow movement of vortices over pinning barriers aided by the flux 

density barrier, proceeds under steady state conditions for "J" well below the critical current at an 
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an orderly pace. This becomes progressively slower with time as flux density gradients are 

gradually reduced by vortex dispiacement. In practice flux creep can be determined easiiy oniy 

immediately after a transient change, in externally applied magnetic field or current, has been 

made. This is because it decays logrithmically with time. Equally, flux creep never disappears 

completely, but the motion reverts to a randomly directed form, as the '1 x 13 driving force decays. 

~ 

Here the current density J may be the result of externally applied transport currents or 

macroscopic screening currents induced in the bulk of a hard type-II material. In both cases a 

gradient of flux density is supported by the available pinning force and is related to the current 

density through Ampere's law. 

(1.6) Critical state model 

If it were possible to reduce flux pinning to arbitrarily low levels, reversible magnetization 

curves would be obtained for bulk type-II materials even for field excursion over the complete 

range (Hel < H < Hc2). 

Consider a material with no pinning centers and then examine the mixed-state behavior as 

the pinning strength is increased. Irreversible magnetic behavior is usually discussed in terms of 

the hysteresis losses observed under cyclic magnetization conditions. In type-II superconductors it 

is equally important to determine the effect of the irreversibility on the maximum direct current 

that can be carried without loss in the presence of a high ambient magnetic field, as in a solenoid 

for instance. 

The critical-state model, first proposed by Beans' [9], provided a phenomenological 

description of the way in which the critical current density is limited by the Lorentz force . We can 
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illustrate this approach by applying it to the case shown in the figure(1.1) . The locally averaged 

tlux density and screening current density are given for a type-II superconducting plate parallel to 

the plate surfaces. As H is increased above Hcl flux enters in the interior. In the absence of pinning 

there is no bulk screening current because the flux density is uniform throughout the plate. In the 

London penetration regions( the depth to which an applied magnetic field penetrates into the 

specimen despite its Meissner state) at the plate surfaces, the Meissner screening currents persist 

until H approaches Hc2 and diamagnetism of the plate disappears. If a moderate amount of pinning 

is present (e.g . fig. 1.1), the flux density profile in the interior of the plate depends on the pinning 

strength and the macroscopic screening currents which are induced in the bulk, in addition to the 

Meissner currents at the surface. In the Bean model for simplicity, the flux-density profile is taken 

to follow a constant gradient which gives a uniform screening current density Jscr. 

Thus, 

.. ~ 

pJscr= dB/dx = constant. (Beans' model) 

Increasing the available pinning force per unit volume' cx' permits larger flux density gradient and, 

therefore, larger screening current densities. For a stable configuration of flux in the plate, the 

Lorentz force at any point must not exceed the available local value of pinning strength 'cxc ' , so 

we may write; 
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(a) (b) 

Fig[1.I] Internal flux density profiles for: 

(a) Increasing & (b) Decreasing external magnetic field. 
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Where ' Cie ' is a function of iocai average flux density and temperature. Its value will also depend 

on the density and type of pinning center present. The relation between the critical current Je and 

the hysteresis is as: 

Here k is a geometrical factor, and Je, which can be evaluated from the width of the M(H) loop, 

approaches zero when hysteresis in the M(H) loop arises i.e. ~m = O. The Bean model is more 

useful at low temperature and high critical current materials. However, it is too simple to 

completely explain the complex behavior which is generally observed. 

(1. 7) R ole of equilibrium magnetization in the critical state model 

If reversible magnetization i.e. the value obtained for a homogenous type II 

superconductor on the basis of free energy minimization, [(8G/8B) = 0] is zero as assumed in the 

Bean-Kim's model, then irreversible M and B should be symmetric about H-axis [fig. l .2(a)]. 

However, this is not observed in the experimental M(H) or B(H) curves [fig, 1.2(b)]. M\H) is the 

value of magnetization at applied field H for increasing field and M-(H) is the magnetization at 

field H for decreasing field . This is because the reversible magnetization is not zero and becomes 

significant for low field materials. For such magnetization loops, we can find M(rev) 

magnetization from total M which comprises two parts, i.e. 

M = M rev + Mirrev 

From fig .l .2(b) we can find: 

where ~ is the value for increasing fields . 
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(0) H ---po 

. (b) 

H 

Fig[1.2] Critical state magnetization behavior for type-II superconductors with: 

(a) Zero reversible magnetization & (b) Non-zero reversible magnetization. 
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where M- is the value for decreasing fields . 

According to criticai state: 

or, 

i.e. the sum of the irreversible magnetization value for increasing fields and decreasing fields 

become equal to zero when the critical state is reached. 

Adding equations (I) & (ii), we can get Mrev as: 

Mrev(H) = [~(H) + M-(H)]/2 

(1.8) Anderson-Kim m odel 

In most superconductors, particularly in the high Tc superconductors field dependence of 

~ 

' Jc ' cannot be ignored, thus, the model put forward by Bean, where' Jc = constant', is not very 

useful. The field dependence of the critical current is incorporated in the Anderson-Kim model 

[25] by using the following form for Jc(B): 

..a. -4 ~ 

Jc = a/[B +Bo] (1) 

i.e. the critical current and the loop width decrease inversely with the magnetic field . 

~ ~ ...Jo 

Here '0:' is the pinning density, 'Bo' is the fi eld parameter which limits lc as Bo+ O. 

As the critical state current obeys the ampere' s law i.e. 

~ ~ ..a. 
['V X B]/~lo = 4rrJ/c (2) 
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the possible internal field and current distribution are in principal determined by solving equations 

fl\/}.f'"l\ 
\ 1J u.. V-J· 

(1.9A) Irrevers ibility onset 

It is to be noted that the onset of irreversibility or irreversible magnetization will be a 

function of temperature & magnetic field, since pinning itself is a function of T & H. Secondly, 

this onset will manifest itself, in the case of dc magnetization loops, by non vanishing hysteresis 

i.e. Mirrev or "L'lm = M+ - M- = O. 

As the Anderson-Kim model suggests and most experiments clearly show that the 

hysteresis L'lm decreases with magnetic field and temperature. This is because L'lm depends on 

pinning which decreases with magnetic field and temperature. Thus for a particular temperature 

there is a particular maximum magnetic field upto which irreversibility effects persist 

(1.9B) T he irreversibility line 

The vanishing of hysteresis in dc magnetization loops can be attributed to several features 

viz., flux lattice melting, decrease of pinning and thermal activation effects. The melting of the 

flux lattice occurs due to the increased temperature and magnetic fields . Thus, at high temperature 

and magnetic field the vortex lattice becomes unstable. The vortices get unpaired and move freely 

. .... ~ 

because of the large J x B forces. This results in the decrease of pinning force . Apart from the 

decrease in pinning force, the thermal activation effects are also incorporated in the vanishing of 

the irreversibility in dc magnetization loops. The relatively high operating temperatures (e.g. in 

~....\ ~ 

high-Tc materials) enable vortices to jump out of pinning barriers even when (J x B) « Fp. This 

type of behavior is called Thermally Activated Flux Flow (T AAF) [26]. It is of great relevance to 
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high-Te materials, and has been used extensively to explain the field and current dependence of 

Several ~xperiments on high-Te superconductors can be explained by using the idea of 

T AFF and treated quantitatively by noting that the flux motion is a linear diffusion [26]. This 

diffusion of vortices is occurring along the flux density gradient. These features allow us to define 

an "irreversibility line" in the (H,T) plane, or more expressively called the" depinning line", Td(B) 

as suggested by Esqinazi [10], above which pinning effectively vanishes due to thermal, and 

magnetic effects. In the (H, T) region below the line, the material exhibits irreversible behavior. 

In real superconductors there is almost always some pinning present. The predicted "flux 

lattice melting" effects compete with the change of the average pinning force density JeB or 

critical current density Je, which in high-Te superconductors may drop rapidly with increasing 

B(magnetic field) or T (temperature) due to thermally activated depinning. 

The appearance of an "irreversibility line" T*(H) in high-Te superconductors was 

reported by Muller et al [11]. According to them the irreversibility line, (which is a line separating 

the region in the (H, T) plane where the material shows reversible magnetization from that in 

which the magnetization depends on the previous path or magnetic and thermal history of the 

samples) appears in the following form: 

1 - T*(H)/Te oc H 2I3 1.9(a) 

Here T*(H) is the irreversibility temperature and Te is the bulk critical temperature in 

zero applied field. As 1.9(a) indicates, with increasing temperature the field region where 

irreversible behavior may be seen, becomes increasingly reduced, and vice-versa. 
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Theoretically, de Almeida and Thouless [12] first derived the line separating 

ergodic(non-hysteric) and non-ergodic(hysteric) regions. 

l.9(b) 

where y = 312. 

Such a relation resembles known phenomena in spin glass physics [21] and was 

interpreted in terms of the "superconducting glass state". In this picture, the irreversibility line, 

typical of glassy systems, originates in the randomness of the superconducting state, due to the 

weak links in the system. This model however has not been widely used. The sketch of the 

irreversibility line in the (H, T) plane, is shown in the figure (l.3) . 

On the other hand Yeshurun and Malezemoff [13] derived a similar variation of T*(H) in 

the classical flux pinning picture, considering the limitation of the critical current density by 'giant' 

or very large thermally activated flux creep. This model will be used in our work 

(1.9.1) Effect of thermal activation on the shape of the irreversibility line 

We consider the role of thermal activation in the determination of critical current density 

using an approximate but well established relation for the variation of critical current density with 

magnetic field and temperature, viz. 

~ ..... ~ 

Je = JeO [l -(KTJUo)ln(BdOlEe)] l.9(c) 

..a. ~ 

Here JeO is the critical current in the absence of thermal activation, "B" is the magnetic 

induction, "d" is the distance between pinning centers, "0" is oscillation frequency of a flux line in 

a pinning well and "Ee" is minimum measurable voltage per meter. For typical parameters, the 
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fig[l.3] 

T(\<) 

Sketch of the irreversibility line in the H-T plane exhibiting a non-linear behavior 
, with H* going to zero at T=T~. The dotted lines _ depict the H* (onset field) 

value corresponding to the temperature. 
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logarithmic term is about 30, but since KTfUo is of the order of 10-3 in conventional low 

temperature superconductors, the thermai activation term is negiigibie to 3% correction . But in 

case high Te materials like YBCO, due to weak pinning and high temperature of operation the 

" (KTe)lUo" term is nearly equal to "0.04"; and the activation term can be almost close to unity. 

Thus from equation (3) it is apparent that, critical current measurements and even magnetic 

measurements of He2(T) may be strongly affected by thermally activated flux creep. In particular, 

the creep term in equation (3) could contribute to the large temperature dependence of the 

measured critical current. This was described as "giant flux creep" by Yeshurun and Malezemoff 

[13]. 

(1.9.2) F ield and temperature dependence of pinning potential "V o" 

Next we consider the field and temperature dependence ofUo following reference [13]. 

They adopt a general scaling approach to obtain possible behaviors . For example near Te and for 

sufficiently low applied field they use the Anderson-Kim form : 

1.9(d) 

with clean limit Ginzburg-Landau formulae [1] 

He = (1.73)Heo(l -t) (i) 

(ii) 
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where t = TlTe is the reduced temperature. Putting (i)&(ii) in equation [1.9(d)], gives: 

[1.9(e)] 

simplifying one get, 

[l.9(f)] 

ao is the flux lattice spacing given as is usual by, 

(iii) 

Also, ao = ~o or ~o = ao/f, with f about 6. Do becomes limited in the two dimensions by ao. 

Along the third dimension the minimum possible characteristic length is ~ . Thus, one expect Do to 

scale as: 

Do = [He2 ~2 ~]/8n 

or Uo = [H/(ao/f)2 ~]/8n 

[1.9(g)] 
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putting the values ofHc, ~ and £to from (i), (ii) & (iii) in [1.9(g)] one get: 

Simplifying we get, 

2 - 312 n1.a. Uo = [(2.56) Hco <llo~o(1-t) ]/Srrr B [1.9(h)] 

This simple scaling argument predicts that "Uo" decreases with temperature and leads to 

~ 

the conclusion that, thermal activation causes 'Jc' to drop below the measurement threshold above 

~ 

a critical temperature. This, brings about the onset of hysterisis . At this point "Jc" becomes zero, 

as the activation term of equation [1.9(c)] approaches to one (unity) . 

~ 

N ow putting Jc = 0 in equation [1. 9( c)] we get: 

~ ..... 
o = Jco[ l-(KT JUo)ln(BdOlEc)] 

~ 

or 1 = KT JUo In(BdOlEc) 

or [1.9(j)] 

Comparing equations [1.9(h)&(j)] we get, 

..:. 2..A 3/2 n1~ 
KTcln(BdOlEc) =, [(2.56 Hco <llo~o)(1-t) ]/Srrr B 

[1.9(k)] 
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Here the linear term of"B" is dominant over the logarithmic term, so we regard 

in(BnlEc) == constant = D. Hence equation takes the form: 

..... - 2~ 312 n! 
BKTcD = [(2.56 Hco <I>ol;o)(l-T/Tc) ]/Snr 

[1.9(1)] 

~ ..... 
Here, the field "B" is approximately equal to "H". So, we replace "B" with "H". 

or (l-t )3/2 ocR ; we put t = T/Tc 

or (I -t) oc il2/3 [ 1.9(m)] 

Equation [1. 9(m)] is the relation of the irreversibility line in the H-T plane. As the 

temperature is increased the field, at which the irreversibility point or magnetic hysteresis sets in, 

decreases correspondingly. Equation [1 .9(m)] manifests that the irreversibility field H* i.e. the 

field where the irreversible behavior appears first, decreases with the increasing temperature as a 

power of 2/3. It is to be noted, however, that the exponent of the irreversibility field H* depends 

on the choice ofHc2. The factor of 2/3 appears only if we take the following usual form ofHd 

HdT) oc (l -t) 

If the Hc2(T) variation is different from the above assumed form, the equation of the 

irreversibility line will be changed accordingly. 

In this dissertation we shall determine the onset of the irreversibility point at various 

temperatures experimentally, and see whether the relation [1.9(m)] is obeyed or not. Any 

deviation from this will be attempted to be explained. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

(2.1) Vibrating Sample Magnetometer (VSM) 

The measurement of magnetization with the applied magnetic field has been carried out 

by a VSM model BHV-50 ofRiken Denshi co. Ltd., Japan. This is a Foner type B-H curve tracer 

in which a magnetized sample is vibrated at a fixed small amplitude and frequency (30 Hz) and the 

magnetization strength is found directly from the magnitude of the electromotive force induced in 

a coil placed in proximity with the sample. The block diagram of BHV -50 model is shown in 

figure (2.1). 

The induced voltage can be obtained by placing a sensing coil, with cross-sectional area 

's' and number of turns 'N', at the XY-plane. The sample is allowed to vibrate at frequency 'w' 

in the z- direction and the field is along the x-direction. The induced voltage is obtained as, [15]. 

3NSawMxl4rrr5 exp(iwt) (2.1) 

here M is the magnetization of the sample, S is the cross sectional area of the sample, "a" is the 

amplitude and "x" is the direction of the field. 

v = Vo exp(iwt) (2.2) 

Thereby, V becomes a sinusoidal wave having a frequency ofw and an amplitude Yo, where: 

Vo =KafM: (2.3) 

Where f = wl2rr and is proportional to the vibrating frequency f and magnetic moment M of the 

sample. The proportionality constant K is given by [15] : 
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Fig[2_1] Block diagram of Vibrating Sample Magnetometer (VSM), BHV-50 model. 
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K = 3NSXJ2r (2 .4) 

The position and characteristics of the coil determines this constant K. If M is vibrated so that a 

and f remain constant then the electromotive force will be proportional to the magnetic moment 

M. 

(2.2) Sample holder 

A non-magnetic sample holder made of teflon has been used for measurements. Fig 2.2 

displays the dimensions of the holder. Over the entire temperature range (77K ~ T ~ 300K), a 

negligible magnetic signal of the holder has been observed even for the highest fields applied. 

(2.3) Temperature measurementffemperature control System 

Two meters of copper/copper-nickel type T thermocouple wire which was insulated by 

glass fiber sleeving was used for the temperature measurements. The hot junction tip was welded 

in an argon atmosphere to eliminate any oxidizing effects of the junction. Type T thermocouple is 

suitable for measurements in confined spaces. 

The thermocouple has been installed in the VSM in such a way that its wires passed 

through the vibrating rod ofVSM and the teflon holder. Its tip was adjusted so that it just touches 

the surface of the sample (mounted upon the teflon holder) . The reference junction was kept at 

273K (Zero degree centigrade) . The thermocouple voltage was noted by a DVM (Digital 

Voltmeter). The output voltage is then converted into temperature by consulting the table, 

prepared by calibrating against room temperature, and the freezing points of ice and ethanol. 
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(2.4) Cryostat 

(a) Glass Dewar 

A non-commercial glass dewar has been used for the measurements, since the 

measurements have been done at cryogenic temperatures (77K and above) . This glass dewar can 

hold liquid nitrogen for longer times i.e. upto 50 minutes without refilling. This is a double walled 

glass dewar and the space between the two walls is evacuated so as to minimize the heat 

conduction from the surroundings (constructed at PfNSTECH Glow Blowing Workshop). 

(b) Single walled glass tube 

A single walled glass tube was used to provide the sample surroundings with a space 

which had been evacuated. The temperature of the sample surroundings has been controlled 

through the volume of the liquid nitrogen in the glass dewar. 

(2.5) Susceptometer 

We have used a susceptometer for measuring the "ac-susceptibility" of different samples 

using the principle of electromagnetic induction. 

It consists of two coaxial coils, the primary and secondary coils are wound over non

magnetic ebonite core. The two halves of the secondary coil are wound in opposite senses to 

make the total induced emf equal to zero in the absence of a sample. Design and dimensions of 

this susceptometer are shown in figure(2 .3). 
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The coils were tested for the balancing, after winding. Ideally the output of secondary 

signal, the secondary turns have been adjusted so that the output signal becomes negligibly small 

(approx., 1 -2 ~lv) for the temperature ranges 77K ::;; T ::;; 150K. 

After assuring the minimum balanced signal, a stainless steel pipe has been attached with 

the coil, where core of the coil has a through hole of diameter 0.6cm. A copper-costantan 

thermocouple has been used to measure the temperature of the sample. Thermocouple wires were 

passed through the steel pipe and the coil and its lower end is maintained at the bottom of the coil 

where we placed our sample. 

The other end of the pipe is connected to a multi-pin connector. The contact of the coil 

wIres (primary and secondary) and the thermocouple wires with the equipment outside the 

cryostat has been made through this multi-pin socket. A coaxial cable with a multi-pin plug has 

been used for the above purpose. 

(2.6.1) Variable temperature cryostat 

The susceptometer has been used inside a commercial variable temperature liquid 

nitrogen cryostat model DN 1710 Oxford Instruments Ltd. 

In this cryostat a liquid nitrogen reservoir surrounds the central sample tube and supplies 

cryogen (liquid nitrogen) via capillary to a heat exchanger. During operation, the flow of liquid 

nitrogen is controlled by the gas exhaust valve on the cryostat top plate. The heat exchanger is 

fitted with a 100 ohm Platinum sensor, PT -100, and a heater for variable temperature operation in 

conjunction with the ITC-4 temperature controller. 
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(2.6.2) Temperature controller 

Temperature of the cryostat DN 1710 is being conlrolied by the temperature controlier 

model ITC-4. Heater of the cryostat is being operated and controlled by ITC-4. 

(2.6.3) Platinum resistance thermometry (Elements PT 100) 

Platinum film sensors are used for economical precise resistance temperature detection. It 

consists of a specially formulated platinum ink deposited on an alumina substrate, laser trimmed to 

form a highly stable metal resistance element. Rated between -SO°c and +SO°c the element 

characteristic conforms to the temperature resistance relationship defined by the international 

practical temperature scale 1968, and as such is a derivative of resistance temperature standards. 

These devices are easily installed by constructing simple bridge circuits, which generates an 

output voltage characteristic equivalent to the temperature change. This sensor is used to control 

the temperature in the inner chamber of the cryostat. 

(2.6.4) Lock-in amplifier 

Lock-In amplifiers are commonly used to get rid of unwanted signal or noise. Ithaco 

Model 3921, Ithaco, INC Lock-In amplifier has been used. By supplying the reference signal(at 

the frequency of the primary coil) to the amplifier input, we can take the amplified output with the 

amplification of upto 106 for the desired phase, i.e. we can monitor both the in phase and out of 

phase parts of the secondary voltage. For looking at different phases we can use either the manual 

or automatic mode. In manual mode the reference phase is fixed by the user, while in auto mode 

the Lock-in sear~hes for the phase where the largest signal is seen. 
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(2.7) Susceptibility measurement technique 

We have used a susceptometer for the measurements of susceptibility. The 

susceptometer, cryostat and temperature controlling system have been described in section (2.4) 

and the block diagram of the whole system is shown in figure (2.4). 

As the primary and secondary coils are designed as a solenoid, so whenever we pass a 

current "I" through the primary coil there is a uniform magnetic field "H" developed inside the 

solenoid. The value of "H" is given by the relation [16]: 

(2 .7.1) 

Where 1'= NV2b , ~ = b/a , I is the current in amperes, "N" is the number of turns of the primary 

coil, "2b" is the length and "a" is the internal radius of the solenoid. In our case it can be seen 

that: 

~/(1 +~2)112 == 1 

So the equation (2 .7 .1) reduces to: 

H = 4rr1'110 

This equation will be used in calculating "H" in Oersteds. 

(2.7 .2) 

(2.7 .3) 

When we pass the current through the primary coil, the sample experiences the field due 

to current inside the coil. Since the sample is placed in the lower half of the secondary coils, that 

part of the secondary coil would pick up the signal due to the sample and a net voltage is 
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developed around the secondary coil, i.e. the coils would go off balance. This voltage is taken to 

the Lock-In amplifier where it is filtered and amplified. 

The coil assembly has been placed inside the cryostat in order to be able to change the 

temperature during the experiment. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

The determination of the onset point of irreversibility of magnetization and its variation 

with sample type and temperature has been studied. The variation of the onset point with field 

and temperature is compared to the theory. 

The experimental work can be divided into two major portions. 

(3. 1) Measurements of dc magnetization loops of a variety of high-T c 

superconductors at various temperatures, and determination of the irreversibility 

line which separates the reversible region from the irreversible region in the H-T 

phase space. The onset of the irreversibility is determined by locating the fi eld 

where the hysterisis in the M(H) loop is fi rst observed. The process was carried 

out for several samples. 

(3 .2) Measurement and analysis of ac susceptibility Xac of one of the sample 

[Bi L6 Pbo.3 Sboo.d Sr2 Ca2 CU3 0 9-0] used in (3 .1). The variation of Xac with 

temperature has been studied for both the dc field cooled (FC) and zero field 

cooled (ZFC) measurements for several values of the dc applied field. A well 

defined temperature "T*" marks the FC and ZFC bifurcation, thus separating 

reversible and irreversible regimes[ 18]. When T approaches T*, from above, the 

value of X, for the zero field cooled and field cooled cases become different. The 

variation of T*(H) is compared to the results of (3.1), and to the predictions of 

chapter No.1. 
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The observation of M(H) loops at various temperatures in (3 .1) is impelled by the idea 

that the isothermal field dependence of the magnetization provides us with a method for 

obtaining the irreversibility line[ 17]. The temperature T* which is defined as the temperature 

which separates the reversible and irreversible regions is magnetic field dependent and scales 

with the applied field as H". The exponent On' varies considerably in high-Tc systems 

[11,13,18,19]. 

The procedure for getting the magnetization curve starts with zero field cooling (ZFC) of 

the sample to 77K. Then the magnetization is recorded while the field is increased upto a certain 

maximum value, and then the field is decreased to zero. The irreversibility or hysteresis between 

the increasing and decreasing branches is recorded. The onset of the hysteresis or irreversibility is 

thus obtained from the M(H) loop. This procedure is repeated at various temperatures and hence 

the field for onset of irreversibility (H*) is obtained as a function of temperature [17] . 

This procedure has been carried out for the following three samples. 

* (Labelled BPS) 

* (Labelled YBCO) 

* (Labelled Hg-4) 
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The samples labelled as BPS and YBCO were made in the Superconductivity 

Laboratory. Whereas, the sampie iabeiied as Hg-4 was acquired from Dr. Jamil A. Khan, of 

PINSTECH. All the three samples are of granular nature. 

Sample BPS has its Tc at 107K . The maximum magnetization "amax" measured for the 

BPS sample at the temperature of77K is 1.8 emu/cc as is shown in figure [3 .1(i)]. Whereas, at a 

higher temperature i.e. 99K the maximum magnetization value "amax" for the BPS sample 

reduces to 1.1 emu/cc. 

The Tc of sample YBCO is 93K . The maxImum magnetization "amax" obtained for 

sample YBCO is 4.2 emu/cc. This value of magnetization is observed at a temperature of 77K. 

Like BPS sample, here also at higher temperature i.e. 89 .3K the maximum magnetization value 

"amax" noted for YBCO sample decreases to 2.9 emu/cc. Figures [3 .2(i)] & [3 .2(vi)] portray 

these values respectively. 

The Tc of sample Hg-4 is 130K. The maximum magnetization "ama,," measured for the 

sample Hg-4 at the temperature of 77K is 9.3 emu/cc as is shown in figure [3 .3(i)]. At a higher 

temperature i.e.1 2SK the maximum magnetization value "amax" noted for the Hg-4 sample 

reduces to 4.7 emu/cc as shown in the figure [3 .3 (v)]. 

The three samples chosen to be studied differ in some important respects. The T cs of the 

these three samples, are markedly distinct and hence enabling us to analyze the irreversibility line 

for materials with different Tcs. Also, the YBCO sample has a relatively stronger pinning as 

evident from the hysterisis loop widths shown in the figures [3 .2 (i)]. The BPS sample is well 

known to be a weak pinning system, and the loop closes completely around H = 1700 Oe at T = 

77K , whereas, at T = 99K the M(H) loop closes at H = 1100 Oe as depicted in the figures 

[3.I(i) & (v)]. 
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Typical magnetization behavior of sample BPS at 77K with the variation of 
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of applied magnetic field. The maximum field applied is 5 Koe, whereas the arrow 
is indicating the onset point of the hysterisis (as defined in the text) at the field 

value H* = 502 Oe. 
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Fig[3 .2(i)] 
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Fig[3.2(vi)] 
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Typical magnetization behavior of sample YBCO at (89.3 ± 0.3) K with the 
variation of applied magnetic field . The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point of the hysterisis (as defined in the text) at 
the field value H* = 4004 Oe. 
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Typical magnet ization behavior of sample Hg-4 at 77 K with the 
variation of applied magnetic field . The maximum field applied is 20 Koe, whereas 
the arrow is indicating the onset point of the hyst erisis (as defined in the text) at 
the field value H* = 13870 Oe. 
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the arrow is indicating the onset point of the hysterisis (as defined in the text) at 
the field value H* = 3520 Oe. 
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Typical Magnetization behavior of the samples BPS, YBCO & Hg-4 at 77K with the 

variation of applied magnetic field is displayed in the figures [3.1 (i), 3.2(i), 3.3(I)]. 

The Hg-4 sample appears intermediate between samples BPS and YBCO regarding their 

loop widths. The loop width of sample Hg-4 is less than the loop width of sample YBCO but 

more than the sample BPS at the same temperature. Hence we are studying the effects In 

samples with a definite trend of decrease of pinning (YBCO ~Hg4 ~ BPS), 

It is illustrative here to set a criterion, so as to determine the onset point of the 

irreversible behavior in H-T plane from the M(H) loop. This condition is fulfilled by setting a 

definite standard for the definition of the hysterisis onset. 

Ideally, the point in the M(H) loops where ~M, the width of the loop is nearly equal to 

zero i.e. ~M - 0, should be selected as the onset point of the irreversible regime[ 17]. However, 

in practice this choice is not always feasible . For instance in our case the maximum field value 

available is not sufficient to close the hysteresis loops of the YBCO & Hg-4 samples. Hence a 

reasonable but consistent criterion has to be set which would be followed for a given sample. 

Even in the ideal case e.g. for BPS, where the loops do close, it is much more convenient to 

define a particular loop width as ~M == 0; rather than trying to identify actual ~M = 0. 

Hence in our case, we decided that the field at which the resolvable hysteresis In 

magnetization data on the XY charts is ~M - 1mm or the M+(H) and M"(H) are 1mm apal1 is 

considered to be the onset point of the irreversible regime. The value of ~M - 1 mm corresponds 

roughly to 3.5 % of maximum hysteresis for BPS and to 2.7% for Hg-4 at 77K. The above 

criterion has been set for Hg-4 & BPS samples. The behavior of the YBCO sample is quite 

different from these two samples, because of its relatively strong pinning strength. So we decided 

that the field at which ~M - 4mm would be considered to be the onset point of the irreversible 
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regime, where the choice of 4mm for YBCO corresponds to ~M/~M(max) = 4.3 % at 17K. 

W hile these choices of ~M = 1 mm & 4mm, appear very arbitrary, it should be emphasized that 

once a criterion has been set for a given sample and obeyed consistent ly for all temperatures, it 

can only result in an error in the definition of Te obtained from T* vs H curves, but not in the 

shape of the T*(H) function . This is because the data is used in scaled form i.e. [t=(T*/Tc)] 

where the irreversibility line is determined. 

Now consider the case of BPS sample, where the field has been increased upto 5Koe and 

then decreased to zero, at 77K temperature [fig(3 .1 (i)]. Using the above criterion of loop width 

~M = 1 mm as the onset of irreversibility, we find that above H = 1280 Oe applied field, the 

system enters into the reversible regime, whereas, below this field the system reverts to the 

irreversible region . Hence this field value of 1280 Oe (at 17K) is the onset point of the 

irreversible regime. Thus one M(H) loop at a certain temperature: yields one point in the H-T 

plane: H * & T*, i.e. the irreversible field H* corresponding to the temperature T*. This is the 

point obtained at the lowest temperature achievable by us i.e. 77K. 

Qualitatively very similar curves to fig [3.1 (i)] have been obtained at vanous 

temperatures for sample BPS. As the temperature increases the closure of the loops occur at 

relatively lower fields, e.g. at T = 92K, H* = 810 Oe, at T = 95K, H* = 697 Oe, at T = 97 .5 K, 

H* = 589 Oe, at T = 99K, H* = 502 as shown in the figures [3 .1 (i), (ii), (iii), (iv), (v)] . This 

data of T, t & H* is illustrated in table [I]. The graph of H* vs T is shown in the figure [3.4], 

exhibiting a non-linear behavior with H* going to zero at T = 107K. This is the irreversibility line 

in the H-T phase space. 

The same procedure has been adopted for the rest of the two samples i.e. YBCO and 

Hg4. The maximum field applied to these samples was 15KOe. For YBCO the onset of hysterisis 
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is taken as the point where ilM - 4mm, as discussed earlier. In this case the onset of hysteresis 

varies from H* =13552 Oe at T = 77K to H* = 4004 Oe at T = 89.3K approx. Figures 3.2 (I), 

(ii), (iii), (iv), (v), (vi) detail this behavior. This data is displayed in table [II] and the graph of 

H* vs T is shown in the figure [3 .5]. The graph extrapolates smoothly to zero at T - 92.5K; 

again as the critical temperature. 

We observed that in case of sample Hg-4 the onset of hysteresis (the onset point has 

been obtained with the help of the above defined criteria ilM = 1 mm) varies from H* = 13870 

Oe at T = 77K to H* = 3520 Oe at T = 125K approx. Figures, 3.3 (i), (ii), (iii), (iv), (v), (vi), 

(vii), (viii), (ix) shows the M(H) loops in this region . The variation of H*(T) is depicted in table 

[III] and the graph of H* vs T is shown in the figure [3 .6]. It seems suggested from the graph 

that the hysteresis vanishes at T = 130K, very close to the "Tc" measured by the resistivity and 

susceptibility. 

The fi eld dependence of T* is shown in the form of a field - temperature phase diagram. 

The data of all the three samples reveals that the irreversibility point shifts from higher fields to 

lower fields with the increase of temperature. This is as expected because with the increase of 

temperature the pinning decreases. It is also clear that H*(T) varies non-linearly. Also that H*(T) 

goes to zero at: 

T = 92 .5K, for YBCO sample 

T = 107K, for BPS sample 

T = 130K, for Hg-4 sample 
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Typical magnetization behavior of sample DPS at (92 ± O.3)K with the variation 
of applied magnetic fie ld. The 111axill1111l1 fie ld applied is 5 Koe, whereas the arrow 
is indicating the onset point of the hysterisis(as defined in the text) at the tield 
value H* == 810 Oe. 
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Typical magnetization behavior of sample BPS at (95 ± OA)K with the variation 
of applied magnetic field . The maximum field applied is 5 Koe, whereas the arrow 
is indicating the onset point of the hysterisis (as defined in the text) at the field 

value H* = 697 Oe. 
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Typical magnetization behavior of sample BPS at (97.5 :±: 0.3) K with the 
variation of applied magnetic field. The maximum field applied is 5 Koe, whereas 
the arrow is indicating the onset point of the hysterisis (as defined in the text) at 
the field value H* = 589 Oe. 
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Sample BPS (T: = 107K) 

T(K) t=T/ Tc H*(Oe) 

77 0.72 1282 

92 + 0.3 0.86 810 
I 

95 .± 0.4 0.89 697 

97.5.± 0.3 0.91 589 

99 .± 0.3 0.93 502 

Table [I]: Data of Temperature T(K), reduced temperature 
t (T ITc) and the magnetic f ield H* (Oe) at 
which the hysterisis of the M(H) loop f irst 
appears. 

44 



-OJ 
0 
~ 

'"0 
-J 

OJ 

u:: 

fig[3.4 ] 

1 ·5 

1· 25 

1'00 

0-75 

0'50 

0·25 

O r--.r-~--~--~--~--~---
7S 80 85 90 95 100 105 110 

T .. 

Gra ph of 11* vs T plotted on the data obtained from the de M(H) measurements 
of sample DPS. This is the irreversibility line in the H-T plane which 
c:-;hibits n non-linenr behnvior with II '" going to zero nt T == 1 07K (line is i\ guide 
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Sample YBCO (Tc = 93K) 

T(K) t=T/ Tc H*(Oe) 

77 0.83 13552 

84.1 ± 0.3 0.90 8932 

85.7 ± 0.2 \ 0.92 7700 

86.7 ± 0.2 0.93 6468 

88.4 ± 0.4 0.95 5236 

89.3 ± 0.3 0.96 4004 

Table [II]: Data of Temperature T(K), reduced temperature 
t (T I Tc) and the magnetic field H* (Oe) at 
which the hysterlsls of the M(H) loop first 
appears. 
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Typical magnetization behavior of sample YBCO a((84. I ± 0.3) K with the 

variation of applied magnctic field . The mll:-.:illllllll field applied is 15 Koc, whereas 

the arrow is indicating thc 011 set point of the hysterisis at the ficld vallie 

1-1 * = 8932 Oc. 
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Fig[3 .2(ii i)] 
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Typical magnetization behavior of sample YBCO at (85 .7 ± 0.2) K with the 
variation of applied magnetic field. The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point of the hysteri sis (as defin ed in the text) at 
the field value H* ;:; 7700 Oe. 
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Typical magnetization behavior of sample YBCO at (86.7 ± 0 .2) K with the 
variation of applied magnetic t1 eld . The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point or the hystcrisis (as detlned in the text) at 
the field value H~ = 6468 Oe. 
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Fig[3 .2(v)] 
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Typical magnetization behavior of sample YBCO at (88.4 ± 0.4) K with the 
variation of applied magnetic field. The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point of the hysterisis (as defined in the text) at 
the field value H* = 5236 Oe. 
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Fig(3.5] Graph ofH* vs T plotted on the data obtained from the de M(H) measurements 
of snmple YBCO. This is the irreversibility line in the H-T plane which 
exhibits a non-linear behavior with H * going to zero at T = 92 .SK(line is a guide 
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Typical magnetization behavior of sample Hg-4 at (93 ± 0.4) K with the 
variation of applied magnetic field . The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point of the hysterisis (as defined in the text) at 
the field value H" = I] 020 Oe. 
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Fig[3.3(iii)] Typical magnetization behavior of sample Hg-4 at (98 ± 0.3) K with the 
variation of applied magnetic field . The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point of the hysterisis (as detined in the text) at 
the field value l-P' == 9940 Oe. 
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Fig[3.3(iv)] Typical magnetization behavior of sample Hg-4 at (102.5 ± 0.5) K with the 

variation of applied magnetic field . The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point of the hysterisis (as defined in the text) at 
the field value H* = 9480 Oe. 
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Typical magnetization behavior of sample Hg-4 at (108 ± 0.4) K with the 
variation of applied magnetic field. The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point of the hysterisis (as defined in the text) at 
the field value H* .., 8340 Oe. 
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Typical magnetization behavior of sample Hg-4 at (111 ± 0.3) K with the 
variation of applied magnetic field . The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point of tile hysterisis (as defined in the text) at 
the field value H* = 7650 Oe. 
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Fig[3 .3(vii)] Typical magnetization behavior of sample Hg-4 at (116 ± 0.5) K with the . 
variation of applied magnetic field . The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point of the hysterisis (as defined in the text) at 
the fi eld value H* = 6500 Oe. 
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Fig[3.3(viii)] Typical magnetization behavior of sample Hg-4 at (1 20.5 ± 0.7) K with the 
variation of applied magnetic field. The maximum field applied is 15 Koe, whereas 
the arrow is indicating the onset point oflhe hysterisis (as defined in the tex t) at 
the Hcld vailic H* = 4660 Oe. 
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Sample Hg-4 (T c = 130K) 

T(K) t = T/ Tc H*(Oe) 

77 0.59 13870 

93 .± 0.4 0.71 11020 

98 .± 0.3 0.75 9940 

102.5.± 0.5 0.79 9480 

108 .± 0.4 0.83 8340 

111 .± 0.3 0.85 7650 

116.± 0.5 0.89 6500 

120.5.± 0.7 0.93.± 0.1 4660 

125 ± 0.4 0.96 3520 

Table [III]: Data of Temperature T(K) , reduced temperature 
t (T / Tc) and the magnetic field H* (Oe) at 
which the hysterisis of the M(H) loop first 
appears. 
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Graph of H· vs T plotted on the data obtained from the de M(H) measurements 
of sample Hg-4. This is the irreversibility line in the H-T plane which 
exhibits a non-linear behavior with H* going to zero at T = 130K(\ine is a guide 
to the eye). 
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These temperatures are used as critical temperatures "Te" in the analysis of the 

irreversibility line, i.e. the reduced temperature t = T */Te . Here T * corresponds to the 

temperature of a measured hysteresis loop. The figure (H* vs T) shows the separation of the 

reversible & irreversible regions of the samples. 

(3.1a) Obtaining the exponent n 

Finally the irreversible field versus the reduced temperature data is plotted on a log-log 

scale to obtain the exponent "n" in the equation: 

(H*r = C (1 -t) 

Taking log of both sides we get: 

nlogH = 10gC + log (1-t) 

10gH = (logC)/n+ (lin) log (1 -t) 

(3.1 ) 

(3.2) 

(3. 3) 

For the BPS sample the In(H) vs In(1-t) fit is shown in fig 3.7, from this we obtain a 

slope of 0.66 ± 0.02 (the data ofln(1-t) & In(H*) obtained for sample BPS from M(H) loops is 

given in table[IV]) . Since the slope here corresponds to (l In) in equation (3 .3), therefore, the 

exponent ofH viz. (n) in equation (3 .1) is equal to 1.51. This implies that (H*)u ex. (l -t) or 

H* ex. (1 _t)0.66. We further ascertain this result by checking it through curve fitting. Thus, we use 

the following equation for fitting a curve to the data ofH* and T : 

f = (lie) [l _T/Tc]l /n (3.4) 
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In the above equation the slope corresponds to lin. After fitting f to H*, we obtain n = 

1.48 and hence l/n = 0.68, as shown in the figure (3.8). The value of slope obtained from the 

curve fitting method is almost equal the value of the slope obtained from the linearity of 10g(1 -t) 

vs 10g(H*). Hence it is verified that the value of l/n is equal to 0.68 and also that H* oc (1_t)0.68. 

However, we observe that this is not in agreement with the predictions of Chapter 1. 
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Sample BPS (T c = 107K) 

In(1 -t) In(H*) 

- 0.5522 0.1078 

- 0.8532 - 0.0915 

- 0.9503 - 0.1567 

- 1.0515 - 0.2298 

- 1.1260 - 0.2992 

Table [IV] : Data of In(1 -t) vs In(H*). 
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Fig[3.7] Plot of In( I-t) vs In(H*) for sample BPS. From the linearity of the In( I-t) vs 

In(H*) a slope of 0.66 ± 0.02 is obtained. 
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Curve fit on the measurements obtained from the M(H) loops, recorded at 
different temperatures on sample BPS . In this tit lllc( 1-T/TJI/II is equated with a 

. function f, then fis fitted to H* yielding the value of I/n = 0.68. 
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Sample YBCO fTc = 93K) 

In(1-t) In(H*) 

- 0.7644 1.1320 

- 1.0191 0.9509 

- 1.1051 0.8860 

- 1.1694 0.8107 

- 1.3053 0.7189 

- 1.400 0.6024 

Table [V]: Data of In(1-t) vs In(H*). 
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Fig[3.9] 
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Plot ofln(l -t) vs In(H*) for sample YBCO. From the linearity of the In(1 -t) vs 
In(H*) a slope 0[0.70 ± 0.02 is obtained. 
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Fig[3.10] Curve fit on the measurements obtained from the M(H) loops recorded at 
different temperatures on sample YBCO. In this fit { lIc( 1-T/T~)l/n is equated with 
a function f, then fis fitted to H* yielding the value of lin :::: 0.78. 
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Fig[3.11 ] 
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Plot ofln( I-t) vs In(H*) for sample Hg-4. From the lineality of the In( I-t) vs 

In(H*) a slope of 0.60 ± 0.02 is obtained. 
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Sample Hg-4 (T c = 130K) 

In(1 -t) In(H*) 

- 0.3896 1.1420 

- 0.5457 1.0421 

- 0.6087 0.9973 

- 0.6746 0.9768 

- 0.7715 0.9212 

- 0.8350 0.8836 

- 0.9678 0.8129 

- 1.1361 0.6683 

- 1.4145 0.5465 

Table [VI]: Data of In(1 -t) vs In(H*). 
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Curve fit on the measurements obtained fl-om the M(H) loops recorded at 

different temperatures on sample Hg-4. In this fit {\ /c(\ -T/Tc)"11 is equated wilh a 

flUlction f, then f is fitted to H* yielding the value of lin = 0.58. 
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In the same manner we obtain a slope of 0.70 ± 0.02 for YBCO sample respectively as 

illustrated in the figure(3 .9) The data ofln(1 -t) & inCH") obtained for sampie YHCO from M(H) 

loops is given in table[V]. The slope here is also obtained from the linearity of In(1 -t) vs In(H*) 

and correspond to (lin) in equation (3 .3) . To confirm these values we employ curve fitting using 

equation (3.4) and fitting fto the H *. We obtain the value n = 1.28 and from this we obtain the 

slope lin = O. 78 ~ which implies that H* oc (1 -t)O.78, as shown in figure (3.10) 

The value n for sample Hg-4 is the same from both the 10g(1-t) vs 10g(H*) and curve 

fitting methods i.e. n =1.79 and thereby the slope lin = 0.59, which implies that H* oc (1_t)0.59 

Figure (3.11) & (3.12) are displaying these results. The data of In(1 -t) & In(H*) obtained for 

sample BPS from M(H) loops is given in table[VI]. 

However, the above mentioned results do not comply with the prediction of Chapter l. In 

view of the this disparity between our results and the predicted behavior, we decided to determine 

this slope by using a different technique, viz . "ac susceptibi lity measurements". This technique 

was employed in order to check that the results obtained by us from the M(H) loops hysteresis 

onset technique were correct. 

(3.2) ac Susceptibility Measurements 

The irreversibility line of BPS sample has been determined by comparing the zero-field

cooled (ZFC) and field-cooled (FC) ac susceptibility measurements . For an applied fie ld H, the 

temperature-dependent ZFC & FC susceptibility curves converge at T = T*(H), yielding a point 

on T*(H) line [22]. The work carried out by Y. Yeshurun [19] on magnetic measurements 

reports that the ZFC branch is clearly metastable and shows a pronounced time effect, whereas, 
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the FC branch is stable. The difference between FC & ZFC branches is understood to be due to 

flux trapping in the FC case. However, lhe lwo suscepiibiiiiy curves approach each other 

somehow asymptotically, and in the case of dc magnetization the determination of this point 

introduces appreciable errors. At constant temperature the irreversibility field can also be 

obtained as the field value where the ZFC magnetic moment of the sample equals its Meissner 

signal (i.e. the FC magnetic moment) . Apart from the above mentioned impediment, the time 

dependence of the magnetization and the difficulty of maintaining the apparatus zero point for a 

long time in classical dc magnetization measurements create new problems. These problems are 

less severe in ac susceptibility measurements. 

When the irreversibility line is reached, there are two curves which must be identical.. 

The proposed procedure is applicable for bulk sintered samples with a pronounced granular 

character. For such samples the transport critical current is limited by Josephson junctions [21] 

located at grain boundaries, which are very sensitive to applied magnetic fields [23]. On the other 

hand the intergranular critical current density is relatively high leading to appreciable differences 

between the grain magnetization in ZFC conditions and for increasing filed (pinning to flux entry) 

and that appearing in FC conditions (paramagnetically trapped flux at pinning centers). At the 

same time the local magnetic field at the intergrain contacts is directly related to the grain 

magnetization [24]. The local field at the intergrain contacts depends strongly on cooling 

conditions. The above differences vanish when the irreversibility point is reached, and in this way 

T*(H) can be determined, as the temperature at and above which the ZFC & FC curves become 

identical. The degree of preferential crystalline orientation is not very important in this context. 

The ZFC process was achieved by cooling down the Bismuth based sample (labelled 

BPS) to T = 77K while keeping the magnetic dc field Hdc = O. The field Hdc was then turned on 
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(Hdc > 0) after attaining the minimum possible achievable temperature. Then the sample was 

heated in steps of O. SK or less, and the temperature was stabiiized within accuracy better than 

O.lK within - 5 minutes, using an Oxford Instrument Precision Temperature Controller. Hence, 

with the gradually increasing temperature we measured the ac XCT) . During measurements the 

we kept the Hac = 1.3 Oe and frequency v = 135Hz. 

Unlike the ZFC process, the FC process was accomplished by cooling down the sample 

under a constantly applied dc magnetic field i.e. Hdc > O. After reaching the minimum possible 

attainable temperature, the sample was then heated in the same way as in the case of ZFC and 

X(T) was measured correspondingly. 

In our experiment the FC & ZFC conditions were first realized at liquid-nitrogen 

temperature in magnetic field values upto 750 Oe generated by a copper solenoid . The variation 

of the magnetic field gives us a variety of ZFC-FC curves converging at different temperatures 

for different applied magnetic fields . This convergence temperature has been noted in the range 

0[200 Oe to 750 Oe. 

At the field value of 200 Oe, we observed that FC and ZFC curves plotted in the x-T 

plane converged at a temperature value of T* = 106K as shown in the figure [3.13 (a)]. At 

Hdc = 500 Oe the FC & ZFC curves meet at point in the X -T plane at a temperature value of T* 

= 105K figure [3. 13 (b)]. As we further increase the field to Hdc = 650 Oe, the convergence point 

shifts correspondingly to a lower value of temperature i.e. T* = 104K figure [3 .13(c)]. As we 
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Fig[3.13(a)] 
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Fig[3, J3(b)] 
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increase the field Hdc to 750 Oe the convergence point drops further to a relatively lower value of 

temperature i.e. T* = l03K, as shown in the figure [3. 13 (d)]. Piotting T"' vs H we obtain a non

linear curve that approaches zero at a temperature value of 106.1 K as illustrated in the figure 

(3.14). This non-linear curve is the irreversibility line in the H-T plane. The area under the curve 

represents the reversible regime, whereas, the irreversible regime lies above the curve. 

(3.2a) Obtaining the exponent n 

To further ascertain this result we take the reduced form of T* i.e. T* = 1-T*/Tc and 

apply the curve fitting method for obtaining the exponent n. Thus, we use the following equation 

for fitting a curve on the data ofHdc and T*: 

f = (lIe) [l_T*/Tc]l /n (3.4) 

In the above equation the slope corresponds to 1 In . After fitting f to Hdc, we obtained n = 

0.79 ± 0.5 for the BPS sample, as shown in fig . [3 .15] . This implies that H ex: (l _t)O.79
:t

5 and thus 

it conforms to our previous results obtained by the dc magnetization measurements technique for 

the same sample i.e. BPS. The data of T* and Hdc is given in table(VII), while the data of 10g(1-

t) and 10g(H) is illustrated in table(VnI). The slope of 0.79 ± 5 which is nearly equal to 0.66 

appeared again though here from an entirely different experimental technique. 

Thus, both the ac and dc susceptibility methods described above in sections (3 .1) & (3.2) 

yield the same exponent for the irreversibility line; at least for the case of BPS sample. The 

YBCO and Hg-4 samples could not be studied by this method because the available field range 

was not high enough to allow this measurement. 
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Sample BPS (Tc = 107K) 

H(Oe) T* (K) t = T*/ Tc 

200 106 0.99 

500 105 0.98 

650 104 0.97 

750 .103 0.96 

Table [VII]: Data of dc applied magnetic field H(oe) 
Temperature T*(K) and reduced temperature 
t (T = T* I Tc ) form ac susceptibility 
measurements. 
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In(H) 

5.30 

6.21 

6.48 

6.62 

Table [VIII]: 

Sample BPS (T c = 107K) 

In(1-t) 

- 4.67 

- 3.98 

- 3.57 

- 3.29 

Data of In(H) vs In(1 -t) form ac 
susceptibility measurements. 
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Thus nearly the same value of exponent has been obtained by us for the Bismuth based 

sample using the curve fitting method . Obtaining the same result through a different experimental 

technique verifies to the correctness of the results. 

Next we address the question why our results do not comply with the theory as proposed 

by Yeshurun and Malezemoff [13]. As noted in the first Chapter, the form of the irreversibility 

line depends crucially on the temperature variation of the critical field . Previously we employed 

the commonly used form i.e. H oc [I-tt). However, Fang et al [14J have found 

experimentally(in a grain-aligned sample of YBa}Cu J 07_tJ that the upper critical field varies 

as (1-t/l
) near Tc and attributed this dependence to the Tc enhancement at the twin 

boundaries .. 

The role of Hc(T) In (1-t) variation and the mathematical background of the result 

obtained by Fang et al is detailed as follows: 

(3.3) Role of Be(T) on the shape of irreversibility line 

We next discuss how the observed irreversibility line behavior follows from the Hc(T) 

introduced by Fang et al. They showed that the thermodynamic Hc2 [= (2)1 /2KHc] determined from 

the onset of reversible magnetization decreases as (I_t)1 /2 near "Tc" [14] i.e. the decrease ofHc2 is 

slower than expected on the basis of usual mean field theories. As a justification to this argument, 

Fang et al described the critical temperature enhancement in single crystal materials that arises due 

to the "Twinning Planes"(TP) . The "Te" enhancement (i .e. slower decrease) is attributed to the 

possibility of phonons along the twinning plane (TP) or to distinct 2-dimensional electronic states. 

The domain of enhanced electron-electron interaction is, however, localized within a few 
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interatomic distances of the TP . Whether such an enhancement effect is possible in polycrystalline 

materials, seems likely, considering that Fang et al observ/ed these effects in grain aligned samples. 

Taking into account all these considerations, we use the above mentioned form of Hc(T) 

VIZ. 

Hc(T) = (1.73) Hco(1-t)1I2 

in equation [I .9(g)]. 

Equation [1.9(g)] is: 

Uo = [(1. 73Hco)(1-t)1/2]2[I.075(<l>olB)1/2f[o. 74~(1-trl/2]/8IIf 

Simplifying, we get 

Also from equation [1.9(j)], we have: 

Uo = KTcln(BdnfEc) 

comparing equations [3.8] & [3.7)] and rearranging, we get: 
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Where'D' is equal to In(BdO/Ee), and as before is treated as approximately constant, because 

In(B) varies much siower compared to B. 

Thus, 

or 

[3 .10] 

here B - H = H*, so we can write: 

H* oc (l _t)ll2 [3.11] 

Thus we note that H* CJ: (1 _t)05 behavior is obtained in this case. This is closer to our 

observed behavior, n - 0.7 than the value of 1.5 obtained on the basis oflinear Be(T) dependence. 

The discrepancy between 0.5 & 0.7 is not surprising given that we have used the grain - boundary 

or twin plane enhancement of He2 to obtain the irreversibility line. It is of course quite likely that 

both the usual mean field He OC (l -t) type and twin plane type enhancements effects combine to 

give the net effect. This could explain the values ofn ranging from 0.59 to 0.8 . 

Finally, we note that the n = 0.5 exponent in the variation of He(T) has also been 

explained by some authors, e.g. Tinkham [20] as being due to the fluctuation effects in the order 

parameter ~/ . However, such an explanation would be feasible for T very close to Te. We have 

been describing our results for a fairly wide range of t (i .e. T/Tc) 0.59 ~ t ~ 0.96.0ne may not 

consider fluctuation effects to be generally important for t < 0.9. However, one point needs to be 

remembered. The Te being used in our discussion is bulk Te ; or the Te of grains. It is well known 

that intergrain Te's are quite significantly lower. It is possible that the effects we have measured 
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relate to the fluctuation effects in the intergrain region. That would be consistent with the fact that 

we observe the H * oc (1 _i)o7 behavior in 3 - different types of granuiar sampies. 
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(3.4) Temperature Dependence of upper critical field 

Since the form of irreversibility line depends crucially on the upper critical field i.e . 

He2(T) variation. Thus, in our case we need to know what it is for our sample . The Hc2 cannot be 

measured directly from the M(H) loops because very high magnetic field is required for obtaining 

it. The procedure which we adopted for evaluating the Hc2 comprises the determination of M(H) 

at different temperatures. The fitting of the equilibrium magnetization curves to a standard 

equation was carried out by M . Asim [27] on the basis of Ginzburg - Landau and London 

models: 

4 rrMequi = -r In [Hc2/H] 

Where H is the applied magnetic field and r is a constant. The value of r obtained from the fit 

3.970e. 

The values of Hc2 (T) obtained from the above mentioned scaling procedure, are then 

fitted to a function of the following form : 

Hc2 = Hell [1 - (T/Te )]" 

where Heo is the value of magnetic field at absolute zero and was left as fitting parameter 

along with n. From the fit we obtain n = 0.51 ± 0.07 and Hco= 2.81 x 105
, as shown in the 

figure (3 .16). This shows the validity of our model for the irreversibility line, i.e. YBCO 

sample does show the kind of temper'ature dependence of H e2 required to give the 

irreversibility number we have obtained. 
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Fig [3 .16] 
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The values of Hc2 obtained from fitting the equilibrium magnetization curves to a 
standard equation: i.e. 4nMequi = -r In [Hc2/H], are fitted to a function of a form: 
Hc2 = Hco [1- (T/Tc)r . From the fit the values ofn and Hco are obtained, i.e. n = 
0.51 ± 0.07 and Hco= 2.81 x 105

. 

89 



(3.4) Conclusions 

We have carried out a study of the temperature dependence of the irreversibiiity fieid 

H*(T) in three different polycrystalline samples. The method used has been mainly the vanishing 

of dc-hysteresis, while for one case (BPS) the convergence of field cooled and zero field cooled 

ac susceptibilities, has been taken to be the signal for reversibility onset. 

The H* ex:. (1 -tr 0.6 ~ n ~ 0.8 behavior observed by us in all these cases is quite different 

from the behavior observed in most cases. However, there are instances[22] where values for n 

different from n = 312 have been reported previously. Our observed behavior shows a slower 

decrease of H* with temperature than predicted by the theory based on linear decrease of Hc2( t) . 

We have shown that if the theory of the irreversibility line as developed by Yeshurun et al. is 

modified by using Hc2(t) - Hco(1-t)0.5 then one obtains H* ex:. (1-t)0.5, closer to our observed 

behavior. 

The half power dependence of Hc2(T) was discussed by Fang et al. to be consequence of 

critical field enhancement by twin plane boundaries (somewhat similar to critical field 

enhancement in the superconducting films). It is not yet clear whether this or some other reasons 

exist for their unusual Hdt) behavior in our samples. However, as discussed earlier, at least one 

of our samples YBCO, does show the Hc2(t) - (1 -t)1I2 dependence (others have not been 

investigated). This provides support that at least for the case of YBCO labelled sample, the 

unusual H*(t) behavior is correctly explained by the HdT) behavior assumed in the analysis 

discussed earlier in this thesis. 

Thus it seems very reasonable to conclude that the observed behavior of the irreversibility 

is adequately explained by our analysis as developed in this thesis. Finally we note that the results 
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for the irreversibility line follow the same pattern in both the de and ae methods. This testifies to 

the reiiabiiity of the anaiysis and the resuits . 
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