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In this thesis the effect of different cooling rate effects on BSCCO
superconductors was investigated. For this sample after annealing at different
speeds were cooled to room temperature. According to this cooling rate of
temperature drop speed of 273 © C / min, 136°C/ min, 55°C/ min, 25°C/min, 18°C/
min, respectively. Besides furnace cooling (5 °© C / min) and fast cooling process
was also done.

Temperature resistivity measurements were made with 10 mA current ,
between 70 K-160 K temperature . In liquid nitrogen, the critical current density
was calculated by measuring the critical current. SEM images were obtained to
investigate the surface structure. BSCCO samples, the characteristic peaks of Bi-
2212 and Bi-2223 was shown by X-ray measurements and Bi-2212 and Bi-2223
ratio was calculated.

136 © C / min cooling rate and structure of specimens in the SEM image of
the flake to be seen more, and this is more compatible of the critical temperature
was observed. For Bi-2223 structure 273 © C / min, 136 ° C / min cooling rate was
found to be most suitable. Critical current density is highest at 5 © C / min which 1is
the slow rate of cooling and the critical current density of samples was found to

be increased while the cooling speed is decreased .

Key Words: Superconductivity, BSCCO System, Cooling Rate, SEM, Critical

Temperature, Critical Current Density
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OZET

DEGISIK SOGUTMA ORANLARININ, ELEKTRON MiKROSKOBU
KULLANARAK BiSrCaCuO SUPERILETKEN MALZEME
UZERINDEKI ETKIiSININ ARASTIRILMASI

Soylu, Nevin
Yiiksek Lisans, Fizik Bolimii

Tez Danismani: Prof.Dr. Ahmet VARILCI

Haziran 2010, 99 sayfa



Farkli sogutma oranlarmin BSCCO siiperiletkenleri tizerindeki etkisi
arastirildi. Bunun i¢in numuneler tavlama islemlerinden sonra farkli hizlarda oda
sicakligma sogutuldu. Bu sogutma oranlarmna gore sicaklik diisiis hizlar1 273°C/dk ,
136°C/dk ,55°C/dk, 25°C/dk, 18°C/dk, olarak hesaplandi. Bunlarin yaninda firin
sogutma (5°C/dk) ve hizli sogutma islemleri de yapildi.

10 mA lik akim altinda 70 K- 160 K sicakliklar1 arasinda 6zdireng 6lgtimleri
yapildi. Sivi nitrojen i¢inde kritik akimlar1 Olgiilerek kritik akim yogunluklari
hesaplandi. Yiizey yapilarini arastirmak icin SEM gorintiileri alindi. BSCCO
orneklerinin Bi-2212 ve Bi-2223 karakteristik pikleri X-Ray Ol¢timler: ile
gortintiilendi ve Bi-2212 ve Bi-2223 oranlar1 hesaplandi.

136°C/dk sogutma orani ile hazirlanan numunede SEM goriintiilerinde flake
yapmin daha fazla oldugu ve bunun da kritik sicaklik degerinin yiiksekligi ile
uyumlu oldugu goézlendi. Bi-2223 yapilar1 i¢in 273°C/dk, 136°C/dk sogutma
oranlarmin en uygun oldugu saptandi. Kritik akim yogunlugunun en yiiksek oldugu
5°C/dk 1ile en yavas soguma oranina sahip numune oldugu bulundu ve soguma

hizlar1 diistiikge kritik akim yogunlugunun arttig1 gdzlendi.

Anahtar Kelimeler : Siiperiletkenlik, BSCCO Sistemi, Sogutma Oranlari,

SEM, Kritik Sicaklik, Kritik Akim Yogunlugu .
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CHAPTER 1

INTRODUCTION

1.1 The Historical Development of Superconductivity

In 1911 Kamerling Onnes from University of Leiden realized that the
resistance of a thin thread of mercury sample felt to very low value when the
temperature on the sample was reduced below 4.2 K (the boiling point of liquid
helium). He also studied on different metals depicted in Figurel.1. As can be seen
from the figure, the resistances of gold and platinum wires drop steadily to a
constant value depending on the purity of the specimens. On the other hand, for
mercury when the temperature is decreased, a sudden drop is observed to a low

value on resistance. He named the new phenomenon as superconductivity.
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Figure 1.1- The resistance versus temperature graph for some metals



After all he chose the mercury an 1ideal metal to explain the
superconductivity phenomenon was pure enough to show obviously the steady fall
of resistivity to zero. In the years to follow it was discovered that many other
metallic elements exhibit superconductivity at very low temperatures [1].

In 1933, one of the other surprising properties of the superconductivity was
discovered by Meissner and Ochsenfeld: perfect diamagnetism. According to this
theory; the magnetic flux is expelled from the interior of the superconductor sample
when it is cooled below the critical temperature for superconductivity in weak

external magnetic fields (Figure 1.2), which is called Meissner Effect [2].

T=lg

Figure 1.2- Expulsion of a weak external magnetic field from the interior of the

superconducting material

Following the discovery of the Meissner Effect, F. and H. London [3]
proposed a simple two—fluid model in 1934. The London model was functional
enough either to explain Meissner effect or predict the penetration depti, a

characteristic length of penetration of the static magnetic flux into superconductor.



In 1950 Vitaly Ginzburg and Lev Landau proposed an intuitive,
phenomenological theory often called a macroscopic theory ¢ Ginzburg- Landau
Theory * of superconductivity [4] which replied to the characteristic properties of
most interesting superconducting materials including high-T. oxides. In 1957,
Alexei Abrikosov also investigated the behavior superconductors in an external
magnetic field and discovered that superconductor materials can be explained in
two types: type-I and type-II superconductors [5]. While the former expels
magnetic flux completely from their interior, the latter do it completely only at
small fields, but partially in higher external fields. In 1957 John Bardeen, Leon
Cooper and Robert Schrieffer proposed a complete microscopic theory of
superconductivity that is usually referred to as the BCS Theory [6], of which the
basis depends on the interaction of conduction electrons with elastic waves of the
crystal lattice. Thus, not only does the BCS theory provide the basis for our present
understanding of superconductivity in conventional materials but also some extent
of the reference theory plays an important role in the on-going search for correct
description of superconductivity in high-T, cuprate oxides [7].

In 1962 Brian Josephson [8] postulated fascinating quantum tunneling
effects that should occur when super current tunnels through an extremely thin layer
roughly 10 A of an insulator. The prediction was confirmed within a year and the
effects are known as the Josephson effects. Superconducting technology based on
these effects gradually evolved and in fact Josephson junction technology
represents the basis of the promising superconducting electronics nowadays.

In that year, zero resistance and perfect diamagnetism were two main
problems when properties of superconductivity were tried to use in the new

technology. The former needs to get very low temperature for superconducting



state. In these days, although people could supply this situation with using liquid
helium but that was so expensive in those years. The latter is about the condition of
disruption of superconductivity for any metal, when a magnetic field applied to, or
current flowed through the sample so the practical value was decreasing in
applications.

There would be a lot more practical uses for superconductivity unless it
were for the very high cost of liquid helium coolant. Any gas will liquefy at
sufficiently low temperatures; for example, oxygen becomes liquid at 90 K and
nitrogen at 77 K. Moreover, it is far less costly to fluid these gases than to liquid
helium. Liquid nitrogen has a much greater cooling capacity than liquid helium. For
any application in which liquid nitrogen can replace liquid helium, the refrigeration
cost will be about 1000 times less [9].

In 1973 powerful magnets were made with using Nb-Ti which is

superconductor and in fact Nb,Ge compound had the highest critical temperature,

23 Kelvin, in all superconductors. The high- temperature history of
superconductivity started in late 1986 with J. George Bednorz and Karl Muller of
the IBM research laboratory in Zurich, Switzerland [10]. They had reported the
observation of superconductivity in lanthanum copper oxides doped with barum or
strontium (La-Ba-Cu-O) at temperatures up to 38 K. Therefore the upper limit
barrier is nearly 30 K for superconductivity that had been theoretically predicted
almost 25 years earlier. This ceramic compound with perovskite structure was noted
to be the first high temperature superconductor. Its multiphase nominal compound
has the formula of LasBasCusOs3.) whose critical temperature changes with

regard to the change of x value. In La, x BayCuO4 compound the highest T value is



obtained for x=0.15 [11]. Moreover, by using strontium instead of barium, the value

of T, can dramatically be increased up to about 36 K [12].

Hundreds of scientists rushed to try various chemical compounds to see
which one would give the highest critical temperature. In February 1987 research
groups in Alabama and Houston coordinated by K. Wu Ashburn and Paul Chu,
discovered yttrium barium copper oxide ,Y-Ba-Cu-O, ceramics by using yttrium
oxide instead of lanthanum oxide, with T=92 K [13]. This was an important
discovery owing to the existence of a superconductor with a critical temperature
above that of liquid nitrogen. It is very easy to prepare Y-Ba-Cu-O ceramics by
mixing calcining and oxidizing the constituent powders (Figurel.3). The multiphase
nominal compounds of this sample were noted to be Y;,Bag3;Cu,0O44 and
Yo.6Bap4CuO;.« Then scientists determined that the uniphase compound called as 1:
2: 3 or Y-Ba-Cu-O is YBa,Cu3O7 by checking the ratios of barium yttrium and
cooper. The difference between La-Ba-Cu-O and Y-Ba-Cu-O is pointed out to be
oxygen vacancy. Depending on the vacancies, there is possibility of changing the

critical temperature [14].

& Copper
0 Oxygen

Figurel.3 - Unit cell for YBCO superconductor.



In 1987, a new chain is added to the superconductivity studies by Michael
et al. who discovered the superconductivity bismuth strontium calcium copper
oxide (Bi-Sr-Cu-O) ceramics [15]. In 1988, Maeda and his group observed
superconductivity at 105 K by adding calcium to this system as Bi-Sr-Ca-Cu-O
[16]. Also Tokano and his group found a stable superconductor at 110 K by adding
lead to the compound [17]. In 1992 Quidwai and his group carried out the transition
at 130-140 K by adding antimony to the system [18].

In 1988, Sheng and Parking observed superconductivity in thallium barium
calctum copper oxide (TI-Ba-Ca-Cu-O) compound at 110 K and 125 K.
Nevertheless this compound either has carcinogenic effect or was unstable thus has
to be produced each time. During these passing years, studies on different samples
went on. In 1993 Schilling and his group observed superconductivity in mercury
barium calcium copper oxide HgBa,CaCu30;:x compound at 133 K; similarly, Chu
and his group observed superconductivity in high pressure with Hg based
compounds at 150 K [19], [20].

In 2001, J. Nagamatsu, J. Akimitsu and their group observed
superconductivity in MgB, compound at 39 K, which was a very important
discovery because of the fact that this critical temperature was quite high for Type-I
superconductors [21] and elastic material so it had the advantage of being easy to be

adapted to technology.



Table 1.1 High Critical Temperature Superconducting Compounds

Transition
Namg Formula® Temperature
Yitrium barium copper oxide Y BayCuy0y 92 K
Bismuth strontium calcium copper oxide (B1,Pb);Sr4Ca,Cuz 0, 105
(2223 phase)
Thallium banum calcium copper oxide Tl BayCa,Cuy0, L5
{1223 phase)
Mercury barium calcium copper oxide Hg;Ba,Ca,yCuy0, 135"

{1223 nhascey

The subsceipts (2223, ete.) provide a shorthand code for naming each generic compound
"Under extremely high pressure, T, > 150 K bas been observed.

In 2008, the discovery of a new family of high critical temperature iron and
arsenic superconductors (AsFe) marked a second major revolution in the world of
superconductivity. The new compounds, which do not contain copper (Cu) but
which have oxygen (O), flour (F) or arsenic (As) and iron (Fe), will help scientists
to solve some of the mysteries in the area of solid state physics and to answer some
questions such as “Is the AsFe superconductor family really so different from
second type superconductor?”. This point is fundamental to define a unified

approach to the two families of superconducting materials.
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CHAPTER 2

THE PHYSICAL PROPERTIES OF SUPERCONDUCTIVITY

2. 1 Introduction

Provided that a material has to have the unique properties such as zero
resistance to direct current; extremely high current carrying density; extremely low
resistance at high frequencies; extremely low signal dispersion; high sensitivity to
magnetic field; exclusion of externally applied magnetic field; rapid single flux
quantum transfer; close to speed of light signal transmission, this material can be
called as superconductor. Moreover, the most important of these basis properties are
that; zero resistivity which means infinite conductivity under its critical temperature
and the magnetic inductance which becomes zero inside the superconductor, when

cooled below critical temperature in a weak external magnetic field.

2.2 Electrical Resistivity

How can a metal have infinite conductivity?

In fact, the electrical resistivity of all metals and alloys decreases when they
are cooled. So firstly we have to think what causes a conductor to have resistance.
A metal consists of a lattice of atoms , each with a shell of electrons. This can also
be known as a positive ionic lattice. A normal metal consist of a regular crystalline

lattice of positively charged ions and gas of free, on —interacting conduction



electrons that fill the inter ionic space of lattice. If there is one electron per ion, we

should have approximately 10% electrons/cm’ Because of the electrons are the
opposite charge from the ions, the total charge is balanced and metal is electrically
neutral. When an electrical potential difference 1is applied across the metal, the
electrons drift from one end of the conductor to the other under the influence of the
electrical field. Because of the external force accelerate the free electrons a current
flow occurs within the metal.

So the current in a conductor is carried by “conduction electrons” which are
free to move through the material. An electron is able to pass through a perfect
crystal without any loss of momentum in its original direction . However, any fault
in the periodicity of the crystal will scatter the electron and introduce some
resistance. So there are two effects which can spoil the perfect periodicity of crystal
lattice and so introduce resistance.

1. At temperatures above absolute zero the atoms are vibrating and electrons
equilibrium positions will be displaced by various amounts. As we increase
the temperature, the electrons also get scattered by thermal vibrations of the
lattice, called phonons, so the resistivity rises with temperature. This
contribution is called phonon resistivity, p,(7). When the temperature is
lowered, the thermal vibrations of atoms decreases and the conduction
electrons are less frequently scattered.

A phonon, is a quantum of energy, relating to a mode of vibration

occurring in a rigid  crystal lattice, such as the atomic lattice of a solid.
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Figure 2.1- The schematic diagram of phonon resistivity

2. Foreign atoms or other defects (imperfections in periodicity like
dislocations) randomly distributed can interrupt the perfect periodicity. As
every real metal contains some imperfections and impurities, observes some
finite resistivity at very low temperatures (extrapolated T=0) . Therefore the
electrons, in addition to being scattered bye the impurities ,and this impurity
scattering is more or less independent of temperature. As a result there is

certain resistivity called “residual resistivity”, p,, which remains even at the

lowest temperatures. The more impure the metal, the larger will be its

residual resistivity. (Figure 2.2)

4 1mpure metal

S

perfectly metal

——

Flectrical resistivity

Ta

0 »
Temperature

Figure 2.2- Variation of resistance of metals with temperature
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Both thermal vibrations and any impurities or imperfections scatter the

moving conduction electrons and give rise to electrical resistance.

p(T):pi+pP(T) (2.1

Near room temperatures, the thermal motion of ions is the primary source of
scattering of electrons (due to destructive interference of free electron waves on
non-correlating potentials of ions), and is thus the prime cause of metal resistance.
Imperfections of lattice also contribute into resistance, although their contribution in

pure metals is negligible.

The larger the cross-sectional areas of the conductor, the more electrons are
available to carry the current, so the lower the resistance. The longer the conductor,
the more scattering events occur in each electron's path through the material, so the

higher the resistance.

And, some metals ,however, show a very remarkable behavior; when they
are cooled their electrical resistance decrease in the usual way, but on reaching a
temperature a few degrees above absolute zero they suddenly lose all trace of
electrical resistance (Figure 2.3) . They are then said to have passed into the
superconducting state. And this transformation to the superconducting state may
occur even if the metal is so impure that it would otherwise have had large residual

resistivity. [22]

12
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Figure 2.3 The difference of behavior ,non-superconductive metal and

superconductor metal about loss of resistance at low temperatures.

2.3 Superconducting Transition Temperature

The temperature at which a superconductor loss electrical resistance is
called its superconducting “transition temperature” or ‘“critical temperature” and
written as T, is different for each metal (Table 2.1). The transition is so sudden and
complete that appears to different phase of matter. Above a critical temperature T,
the properties of metal are completely normal; below T, superconducting properties
are displayed, the most dramatic of which is the absence of any measurable DC

electrical resistance[23].

In general the transition temperature is not very sensitive to small amounts
of impurity, but the superconductivity of a few metals, such as iridium and
molybdenum, which in the pure state have very low transition temperature, may be
destroyed by presence of minute quantities of magnetic impurities. Such elements,
therefore, only exhibit superconductivity if they are extremely pure, and specimens

of these metals of normal commercial purity are not superconductors. Not all pure

13



metals have been found to be superconductors; for example copper, iron and
sodium have not shown superconductivity down to the lowest temperature to which

they have so far been cooled.

Table 2.1 Values of Tc and Hc for the superconducting elements

Te He
ELEMENT &) (GAUSS)
Al 1136 99
Cd 0.56 30
Ga 1.0891 %1
HI .09 -
Hg x (rhomb) 4,15 411
B 3.95 339
In 3440 293
ir .14 19
La = (hep) 4.9 TR
B (fcc) 606 1026
Mo 092 98
Nb 926 1980
Os 0.655 65
Pa 14 =
Pb 7.19 803
Re 1.698 198
Ru 0419 66
Sn e 305
Ta 4,48 230
Te .77 1410
Th 1.368 162
Ti 0.39 100
gl 2.39 171
U - 0.68 -
» 1,80 —
v 5,30 1020
W 0012 1
Zn 0875 33
Zr 0.65 47

Superconductivity is not a rare phenomenon; about half the metallic
elements are known to be superconductors and in addition a large number of alloys
are superconductors. For an alloy it is possible to be a superconductor, even it is

composed of two metals which are not themselves superconductors, such as Bi- Pd.

And in general some superconductor alloys have advantageous properties
for applications about critical temperature. For example niobium is the metallic

element with the highest transition temperature (9.3 K), but some alloys and

14



metallic compounds remain superconducting up to even higher temperatures . For

example Nbs;Sn has a transition temperature of about 18 K

Table 2.2 Superconducting Transition Temperatures of Some Alloys and Metalic

Compounds Compared With Their Constituent Elements

Nb Pb Ta Sn 7r
T(K 9.3 7.2 4.5 3.7 0.8

Ta-Nb Pb-Bi Nb3-ZI‘ Nb3 Sn Nb3Ge
T(K) 6.3 8 11 18 23

The eventuation of transition temperature of superconductors may be shown

differences if the sample is pure or not. The transition to the superconducting state

may be extremely sharp if the specimen is pure and physically perfect on cooling.

For example in a good gallium specimen, the transition has been observed to occur

within a temperature range 10° degrees. Adversely, if the specimen is impure or

has a disturbed crystal structure the transition may be considerably broadened [22].
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2.4 Zero Resistance

How can occur zero resistance and what is the reason of these phenomena?

Superconductivity was not sufficiently explained until 1957 when John
Bardeen and his graduate assistants Leon Cooper and John Schrieffer proposed a
microscopic explanation that would later be their namesake: the BCS Theory. This

theoretical explanation later earned them the Nobel prize [6].

The BCS Theory is, in its simplest form, actually contradictory to our crude
macroscopic view expressed earlier. As discussed earlier, superconductivity arises
because electrons do not interact destructively with atoms in the crystal lattice of
the material. The BCS Theory says that electrons do actually interact with the

atoms, but constructively.

Cooper realized that atomic lattice vibrations were directly responsible for
unifying the entire current. They forced the electrons to pair up into teams that
could pass all of the obstacles which caused resistance in the conductor. These
teams of electrons are known as Cooper pairs. Cooper and his colleagues knew that
electrons which normally repel one another must feel an overwhelming attraction in
superconductors. The answer to this problem was found to be in phonons, packets
of sound waves present in the lattice as it vibrates. Although this lattice vibration

cannot be heard, its role as a moderator is indispensable.

According to the theory, as one negatively charged electron passes by

positively charged ions in the lattice of the superconductor, the lattice distorts. This
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in turn causes phonons to be emitted which form a trough of positive charges

around the electron.

Before the electron passes by and before the lattice springs back to its
normal position, a second electron is drawn into the trough. It is through this
process that two electrons, which should repel one another, link up. The forces
exerted by the phonons overcome the electrons' natural repulsion. The electron pairs
are coherent with one another as they pass through the conductor in unison. The
electrons are screened by the phonons and are separated by some distance. When
one of the electrons that make up a Cooper pair and passes close to an ion in the
crystal lattice, the attraction between the negative electron and the positive ion
cause a vibration to pass from ion to ion until the other electron of the pair absorbs
the vibration. The net effect is that the electron has emitted a phonon and the other
electron has absorbed the phonon. It is this exchange that keeps the Cooper pairs
together. It is important to understand, however, that the pairs are constantly
breaking and reforming. Because electrons are indistinguishable particles, it is
easier to think of them as permanently paired. Figure illustrates how two electrons,

called Cooper pairs, become locked together.

By pairing off two by two the electrons pass through the superconductor
more smoothly. The electron may be thought of as a car racing down a highway. As
it speeds along, the car cleaves the air in front of it. Trailing behind the car is a
vacuum, a vacancy in the atmosphere quickly filled by inrushing air. A tailgating
car would be drawn along with the returning air into this vacuum. The rear car is,
effectively, attracted to the one in front. As the negatively charged electrons pass

through the crystal lattice of a material they draw the surrounding positive ion cores
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toward them. As the distorted lattice returns to its normal state another electron
passing nearby will be attracted to the positive lattice in much the same way that a

tailgater is drawn forward by the leading car.

The BCS theory successfully shows that electrons can be attracted to one
another through interactions with the crystalline lattice. This occurs despite the fact
that electrons have the same charge. When the atoms of the lattice oscillate as
positive and negative regions, the electron pair is alternatively pulled together and
pushed apart without a collision. The electron pairing is favorable because it has the
effect of putting the material into a lower energy state. When electrons are linked

together in pairs, they move through the superconductor in an orderly fashion.

As long as the superconductor is cooled to very low temperatures, the
Cooper pairs stay intact, due to the reduced molecular motion. As the
superconductor gains heat energy the vibrations in the lattice become more violent
and break the pairs. As they break, superconductivity diminishes. This explains

(roughly) why superconductivity requires low temperatures- the thermal vibration
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a) Electrons carrying an electrical current through a
metal wire typically encounter resistance, which is
caused by collisions and scattering as the particles
move through the vibrating lattice of metal atoms

and electrical resistance occurs.

b) As the metal is cooled to low temperatures, the
lattice vibration slows. A moving electron attracts
nearby metal atoms, which create a positively
charged wake behind the electron. This wake can

attract another nearby electron

c) The two electrons form weak bond, called a
Cooper pair, which encounters less resistance than
two electrons moving separately. When more

Cooper pairs form, they behave in the same way.

d) If a pair is scattered by an impurity, it will
quickly get back in step with other pairs. This
allows the electrons to flow un disturb through the
lattice of metal atoms. With no resistance, the

current may persist for years.

Figure 2.5- Occurrence of cooper pairs and their motion in the lattice
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of the lattice must be small enough to allow the forming of Cooper pairs. In a
superconductor, the current is made up of these Cooper pairs, rather than individual

electrons, Figure( 2.4) [ 24].

This BCS theory prediction of Cooper pair interaction with the crystal
lattice has been verified experimentally by the isotope effect. That is, the critical
temperature of a material depends on the mass of the nucleus of the atoms. If an
isotope is used (neutrons are added to make it more massive), the critical
temperature decreases. This effect is most evident in Type-I, and appears only

weakly in Type-II.

This superconductivity of Cooper pairs is somewhat related to Bose-Einstein
Condensation. The Cooper pairs act somewhat like bosons, which condense into
their lowest energy level below the critical temperature, and lose electrical

resistance [25].

The BCS Theory did exactly what a physical theory should do: it explained
properties already witnessed in experiment, and it predicted experimentally
verifiable phenomena. Though its specific quantitative elements were quite limited
in their application (it only explained Type-I s-wave superconductivity), its essence
was quite broad and has been modified applied to various other superconductors,

such as Type-II perovskites.

Here the transition temperature T, varies as 1/ M V2 where M is the mass of

an isotope of a particular element. This pointed to the importance of lattice
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1/2

vibrations (whose frequency would be proportional to M " ) in mediating

superconductivity [9].

In fact in the superconducting state the resistance falls to very small value,
not zero. The resistance of any specimen may always be just less than the sensitivity
of our apparatus allows us to detect. A more sensitive test, however, is to start a
curret flowing round a closed superconducting ring and then see whether there is
any decay in the current after a long period of time. Suppose the self inductance of
the ring is L; then if at time t=0 we start a current i(0) flowing round the ring, at

later time t the current will have decayed to

i(t) =i(0) e ®" (2.2)

where R is the resistance of the ring. We can not measure the current into the circuit
but can measure the magnetic field that the circulating current produces and see if
the decays with time. The measurement of the magnetic field does not draw energy
from the circuit, and we should be able to observe whether the current circulates

indefinitely (Equation 2.2).

As can bee seen from equation for the smaller the inductance L of the circuit
the more rapid the decay of current for a given value of resistance R and the more

sensitive experiment[22].
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2.5 Special Magnetic Behavior of A Superconductor

2.5.1 The Meissner Effect

The Meissner effect is the expulsion of a magnetic field from within a
superconductor. This expulsion is different from merely not letting in an external
field; any metal with infinite conductivity would do the latter. And this is not a
consequence of infinite conductivity, but of another intrinsic characteristic property
of the superconducting state. If it were so, then a superconductor cooled in the
magnetic field through T. , and the application of the magnetic field induces
resistanceless currents which circulate on the surface of the specimen in such a
manner as to create a magnetic flux density which everywhere inside the metal is
exactly equal and opposite to the flux density of the applied magnetic field. And the
net flux density inside the material remains at zero. This can be strengthened by a

few elementary formula of electrodynamics.

Ohm’ s law,

V=RI (2.3)

and

E=pJ (2.4)

E , represents the electric field, p the resistivity and.J the electrical

current density in the sample. Zero resistivity implies zero electric field. So the

Maxwell equation
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curlE = —— 2.5
Py (2.5)
we have
OB
Z_0 2.6
Py (2.6)

This means that the magnetic field throughout the material must remain

constant, the consequences of which are shown in Figure 2.5.

It is important to recognize that the exclusion of the magnetic field from
inside a superconductor cannot be predicted by applying Maxwell's equations to a
material at zero electrical resistance. We shall not only refer to a material that has
zero resistance but does not exhibit the Meissner effect as a perfect conductor, but
also show that a superconductor has additional properties besides those that can be

predicted from its zero resistance [26].

The exclusion of the magnetic field from a superconductor takes place
regardless of whether the sample becomes superconducting before or after the
external magnetic field is applied. In the steady state, the external magnetic field is
cancelled in the interior of the superconductor by opposing magnetic fields
produced by a steady screening current flowing on the surface of the

superconductor (Figure 2.6).
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Figure 2.6 Distribution of magnetic flux about a perfectly diamagnetic body

In Figure 2.7 part (a) of this figure, a perfect conductor is cooled in zero
magnetic field to below the temperature at which its resistance becomes zero. When
a magnetic field is applied, screening currents are induced in the surface to maintain
the field at zero within the material, and when the field is removed, the field within
the material stays at zero. In contrast, part (b) shows that cooling of a perfect
conductor to below its critical temperature in a uniform magnetic field leads to a
situation where the uniform field is maintained within the material. Providing that
the applied field is then removed, the field within the conductor remains uniform,
and continuity of magnetic field lines means there is a field in the region around the
perfect conductor. Clearly, the magnetization state of the perfect conductor depends
not just on temperature and magnetic field, but on the previous history of the
material as well.

Contrast this with the behavior of a superconductor, shown in Figure 2.6.

Whether a material is cooled below its superconducting critical temperature in zero
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field (c), or in a finite field (d), the magnetic field within a superconducting material

is always zero. The magnetic field is always expelled
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Figure 2.7 Magnetic behavior of a superconductor and a perfect diamagnetic
specimen (a)-(c) Magnetic field applied after the specimen cooled below Tc. (b)-

(d) Magnetic field applied before the specimen cooled below Tc.
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from a superconductor, which is achieved spontaneously by producing currents on
the surface of the superconductor. The direction of the currents is such as to create a
magnetic field that exactly cancels the applied field in the superconductor. It is
known as the Meissner effect, which distinguishes a superconductor from a perfect
conductor at zero resistance. It is seen that the state of magnetization of a perfect
conductor is not uniquely determined by the external conditions but depends on the
sequence by which these conditions were arrived at [22]. Thus zero resistance and
zero magnetic field can be regarded as the two key characteristics of

superconductivity.

2.5.2 Perfect Diamagnetism

Diamagnetism is due to currents induced in atomic orbital by an applied
magnetic field. The induced currents produce a magnetization within the
diamagnetic material that opposes the applied field, and the magnetization
disappears when the applied field is removed. However, this effect is very small:
the magnetization generally reduces the applied field by less than one part in 10
within the material. In diamagnetic material, the magnetic field density B =uH,

with the relative permeability u slightly less than unity.

Superconductors take the diamagnetic effect to the extreme, since in a
superconductor the field B is zero, which means that the field is completely
screened from the interior of the material. Thus the relative permeability of a

superconductor is zero.
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2.5.3 Surface Currents

There are two types for surface currents. The first type is a ‘reversible’ or
Meissner current which arises from the fact that if there is no pinning the
equilibrium flux density in the material is slightly below the external value whether

the field is increasing or decreasing.

The second one of surface current is caused by pinning of flux lines to the
surface and is an irreversible effect, since the direction of the current depends on
whether the field is increasing or decreasing. It usually produces a magnetization

which is comparable with, but smaller than, the reversible magnetization [27].

As we know from the Meissner effect that a superconductor metal does not
allow magnetic flux to exist in its interior, which has an important effect on electric
currents that flow along the superconductor. The currents cannot pass through the
body of the superconducting metal, but flow only on the surface. At any point in a
material of unit permeability the relation between the magnetic flux and current

density can be determined from Maxwell’s equation.

VxB=pu,J (2.7)

As seen from the equation, provided that the metal is superconductor B is
zero inside, and so curl B is must be zero inside. The current density J must also be

zero within the superconductor.
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in) el

Figure 2.8 — Hollow superconductor. (a) Magnetic field applied when
material is in the superconducting state. (b) Material become superconducting in an

applied magnetic field

As shown from Figure 2.7, we shall consider the properties of a

superconducting body with a hole right through it.

Firstly, suppose that the body (a) is cooled below its transition temperature.
After it becomes superconductor, a magnetic field B, is applied. The body is
perfectly diamagnetic so there will be no flux density in the body. The perfect
diamagnetism of the superconducting material is maintained bye currents iy which
circulate on the outer surface so as the cancel the flux in the metal. However, the
flux density generated by these diamagnetic screening currents also cancel the flux

density due to the applied field in the hole. In this situation the superconducting
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body is not different from merely resistanceless body. The current induced on the

outer surface bye the application of the magnetic field cansels the flux inside.

Now consider a situation in which a superconductor behaves differently
from a merely resistanceless body, or “perfect” conductor. Suppose the magnetic
field is applied before the body is cooled below its transition temperature. Above Tc
the magnetic flux passes both through the body and the hole. If the sample were a
perfect conductor this flux distribution will not change when the body would lose
its resistance, and no currents would appear on the surface. A superconductor,
however ,behaves differently; below Tc the material becomes perfectly diamagnetic
but though there is no flux though the material , flux remains in the hole (b).
Currents must circulate to maintain these differences in the flux density.
Diamagnetic surface currents iy which cancel the flux in the hole, so if there is
magnetic flux threading the hole this must be generated by currents i, circulating in
the opposite (paramagnetic) direction around its periphery. We have, therefore, the
result that flux threading a hole or normal region through a superconductor is

always associated with a current circulating around the boundary.

The net circulating current i,- iy 1s that generates a flux density equal to the
difference between the flux density in the hole and outside the superconducting

body [22].

2.5.4 The London Theory

The Meissner effect could not be explained by any conventional model of
electricity in solids, but a bold hypothesis was put forth by F. and H. London. Since

current flows unimpeded within a superconductor, let there be circulating currents
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inside the superconductor which set up a magnetic field that exactly cancels the
magnetic field being applied externally. The form required for such a circulating
current turns out to be surprisingly simple. The London equations deal with the
electrodynamics behavior of superconductors on a macroscopic scale. They relate
the local electric ( E) and magnetic  ( B) fields to the super current density J . As

we know the force can be written this,

F :m—(vs) (2.8)

Here v, is superelectron’s velocity ,

J, =nev, (2.9)

F=qE (2.10)

eE:m%(ﬁj (2.11)
n.e

dl m
E:E(nez JS] (2.12)
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If we curl the two sides of the equation,

Using Faraday’s law to,

VxE:—d—B
dt

Regulating the equation

_nsez d_B:vxﬁ
m dt dt

We can obtain
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(2.14)

(2.15)

(2.16)
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As we know B=0 inside a superconductor

For the result Faraday’s law to and some mathematical operations;

The result is obtained.

To make shorter this ,
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22 = oy (2.23)
0%
And the main equation is reached
-1 -
VB = ?B (2.24)

The only constant solution inside the superconductor must be B = 0, which
is another way of saying that magnetic fields are excluded. The variable solution

has the general form

B(x)=B,exp(-x/2,) (2.25)

The A which on the equation 2.23 , the value is called the London
penetration depth. The hypothesis of circulating shielding currents thus give a
concise account of the Meissner effect; is all that is needed. Years later, when the
BCS theory came along and justified the London equation, the issue was settled

satisfactorily [9].

2.5.5 The Magnetic London Penetration Depth

Penetration Depth is a measure of how deep light or any electromagnetic
radiation can penetrate into a material. It is defined as the depth at which the
intensity of the radiation inside the material falls to 1/e (about 37%) of the original

value at the surface.
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As we know the perfect diamagnetism of a superconductor prevents
electrical currents flowing through the body material. This cannot be true at the

surface of the superconductor.

In fact the currents can not be confined entirely to the surface because, if this
were so the current sheet would have no thickness and the current density would be
infinite, which is physical impossibility. Actually the currents flow within a very
thin surface layer whose thickness is of the order of 10” cm, although the exact
value varies for different metals. The thickness is so small but it plays very

important part in determining the properties of superconductors.

As we know screening currents circulating to cancel the flux inside must
flow within the surface layer and so the flux density does not fall abruptly to zero at
the boundary of the metal but dies away within the region where the screening
currents are flowing. The depth of this region the flux of the applied magnetic field

appears to penetrate, is called the “penetration depth” and is represented A .

If at a distance x into the metal the flux density falls to a value B(x) ,we can

define the penetration depth 4 by

TB(x)dx = AB(0), (2.26)

There is a predict, by London , that in a specimen which is much thicker
than the penetration depth the magnetic flux density decays exponentially as it

penetrates into the metal, i.e.
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B(x) = B(0)e ™" (2.27)

B(0) is the flux density at the surface of the metal. This formulation gives
us, there would be the same amount of flux inside the superconductor the flux
density of the external field remained constant to distance A into the metal.(Figure

2.9)

Using a approximation that the flux density B(0) of the applied field remains

constant to a distance A into the metal then abruptly to zero.

Because the penetration is so small we do not notice the flux penetration in

magnetic measurements .

: ? 7.

Figure 2.9 Variation of flux density at boundary of a superconductor.

The penetration depth does not have a fixed value but varies with

temperature ,Figure 2.10
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We can estimate a value for A by assuming that all of the free electrons are
superconducting. If we set ns= 10" m™, a typical free electron density in a metal,

then we find that

1/2
A { e 2] =1.7x10" m = 20nm (2.28)
Hone
penetration depth, depends on the number density ng of superconducting electrons.
The number density of superconducting electrons depends on temperature, so the
penetration depth is temperature dependent. For 7 << T, all of the free electrons are
superconducting, but the number density falls steadily with increasing temperature
until it reaches zero at the critical temperature. Since A oc ng'? according to the
London model, the penetration depth increases as the temperature approaches the
critical temperature, becoming effectively infinite — corresponding to a uniform
field in the material — at and above the critical temperature. Figure 2.9 shows this
temperature dependence for tin, which is well represented by the expression

according the empirical expression;[28].

2(0)
[1—(T/TC)4]]/2

MT) = (2.29)

where A(0) is the value of the penetration depth at 7= 0 K
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Figure 2.10 Variation of penetration depth with temperature

Perfect diamagnetism does not, therefore, occur in specimens, which are
very close to their transition temperature. The decrease in penetration depth is,
however, so rapid as the temperature falls below T, that any large departure from
perfect diamagnetism would be extremely difficult to detect in bulk specimens
because of the difficulty of holding the temperature sufficiently constant during a
measurement. For example, to observe a penetration depth of about 1 mm a
specimen would, which is shown in above formula, have to be held at a temperature

only 107 percent below the transition temperature.[22]

The penetration depth in a superconducting metal also depends on the
purity, the penetration depth increasing as the metal becomes more impure. For

example, in tin containing 3% indium the penetration depth is twice that pure tin.

2.5.6 The Coherence Length

The solution to the London equation showed that a magnetic field could

penetrate a little way into a superconductor; equation (2.27) says that the field falls
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off exponentially over a mean distance A, known as the penetration depth.
Typically this is less than 0.05um and so a macroscopic sample of a

superconductor could safely be said to entirely exclude magnetic fields. But what

happens on a scale smaller than A ?

A central contribution to the theory of superconductivity was made by
Ginsburg and Landau, who introduced the notion of a coherence length, generally
denoted by¢& . By the time of their hypothesis, superconductivity was agreed to be
an interaction among electrons, and so it was natural to imagine this interaction
occurring within some limited distance. Coherence length £, given by

hz
2m|a| (2.30)

&=

which describes the size of thermodynamic fluctuations in the superconducting
phase.
The ratio k = A/ is known as the Ginsburg—Landau parameter. (We will

explain in section 2.7 ,Type-I and type —II superconductors .)
Type-I superconductors are those with 0<K‘<%/§, and  Type-II
superconductors those with K‘>%/§ .For Type II superconductors, the phase

transition from the normal state is of second order, for Type-I superconductors it is
of first order. This is proved by deriving a dual Ginzburg—Landau theory for the

superconductor[9].
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Figure 2.11 The penetration depth and coherence length in a superconductor metal.

Table 2.4 Penetration Depth and Coherence Length of Selected Superconductors at

T=0K
Superconductor A (nm) ¢ (nm)
Al 16 160
Cd 110 760
Pb 37 83
Nb 39 38
Sn 34 23
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2.5.7 The Critical Magnetic Field

The superconducting state cannot exist in the presence of a magnetic field
greater than a critical value, even at absolute zero. This critical magnetic field is
strongly correlated with the critical temperature for the superconductor, which is
in turn correlated with the band gap. This is an important characteristic of a
superconductor is that its normal resistance is restored if a sufficiently large

magnetic field is applied.

If a metal is to remain superconducting, the net momentum of the super
electrons must not exceed a certain value. For this reason there is a limit to the
density of resistanceless current that can be carried by any region in the metal. Let
us call this the “critical current density” J. of the metal. This critical current
affects to both a screening currents passed along the specimen from an external
source and to screening currents which shield the specimen from an applied
magnetic field. As a result of this critical current density , a superconducting metal

will be driven normal if a sufficiently strong field is applied to it.

If the strength of the applied field is increased the shielding currents must
also increase in order to maintain perfect diamagnetism. And critical current density
will be reached by the shielding currents and the metal will lose its
superconductivity. The shielding currents then cease and the flux due to the applied
magnetic field is no longer cancelled within the metal. There is therefore a limit to
the strength of magnetic field which can be applied to a superconductor if it is to

remain superconducting.
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We can say there is definite relationship between the supercurrent density
and the magnetic flux density. The critical current density will therefore be reached
at the surface when the flux density of the magnetic field is increased to a certain
value. We may call this the “critical flux density” B, or “critical magnetic field

strength” H, where

H =B /pu, (2.31)

U, permeability is of free space obtains in response to an applied magnetic field.

If the critical magnetic field of a superconductor is measured, its value is
found to depend on the temperature. At very low temperatures, the critical field
strength is essentially independent of temperature, but as the temperature increases,
the critical field strength drops, and becomes zero at the critical temperature. At
temperatures just below the critical temperature it requires only a very small

magnetic field to destroy the superconductivity. (Figure 2.12)

normal state

superconducting state

Te

}
T

Figure 2.12. Phase diagram of a superconductor, showing variation with

temperature of the critical magnetic field.
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The temperature dependence of the critical field strength is approximately
parabolic. It has merely been found experimentally that the variation can be
conveniently described to within a few per cent by a parabolic curve. The
experimental curves are not in fact exactly parabolas, and to describe them

accurately one would need a polynomial expression [29].
2
H, =H, 1—(—] (2.32)

The value of Hy is different for each superconducting metal; metals with low
transition temperatures have low critical fields at absolute zero. So each

superconductor has a different phase diagram ,Figure 2.13 .

AB./107%T

| | N,

temperature;/ K

Figure 2.13. Critical fields of some superconductors.

2.6 Critical Currents

Since there is no loss in electrical energy when superconductors carry

electrical current, relatively narrow wires made of superconducting materials can be
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used to carry huge currents. However, there is a certain maximum current that these
materials can be made to carry, above which they stop being superconductors. If too
much current is pushed through a superconductor, it will revert to the normal state

even though it may be below its transition temperature.

As we show that the critical current is related to the critical magnetic field
strength Hc. All currents in a superconductor flow at the surface within the
penetration depth, the currents density decreasing rapidly from some value Ja at the
surface .And superconductivity breaks down if the suppercurrent density exceeds a
certain value which we call the critical current density Jc . As we know there can be
two contributions to the current flowing on the surface of a superconductor. If a
superconductor wire along which passing a current from some external source such
as battery .We call this current the “transport current” because it transport charge
into and out of the wire. If the wire is in an applied magnetic field screening
currents are superimposed on the transport current, and at any point the current
density J can be considered to the sum of a component J; due to the transport current

and a component Ji which arises from the screening currents

=1+ Iy (2.33)

The value of Critical Current Density (J¢) is a function of temperature; i.e.,
the colder you keep the superconductor the more current it can carry as a result of

Ohm’s Low , lower resistance higher current, as we know[22].
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Figure 2.14.Current versus with voltage and critical temperature for

superconductor metal.

As we know the critical magnetic field strength Hc depends on the
temperature. As the temperature becomes higher , the critical current becomes
smaller. The relation between the critical current and temperature is plotted with
closed circles in Figure 2.15. It clearly shows that the critical temperature
monotonically decrease with the temperature. A solid line in the figure is drawn on
the basis of the Ginzburg-Landau (GL) theory, which states that the critical current

o) .. . .
c)3/ . T. means the critical current and a coefficient is an

is in proportion to (1-T/T
adjustable parameter. The observed data agree well with the theory, when the

coefficient is 225 mA.
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Figure 2.15. The temperature dependence of the critical current. Closed
circles are obtained from the experiment. A solid line was drawn on the basis of the

Ginzburg-Landau theory.

2.7 Type-I and Type-II Superconductors

Superconductive materials are divided into two part, type-I and type-II
superconductors, also known as soft and hard superconductors, because of the
dramatic difference in their magnetic and current-carrying properties. Pure or soft
metals are generally shown type-1 features, alloys and transition metals are shown
type-11, characterized as the "hard" superconductors and there is no difference about
the superconductivity mechanism.

The response to an applied magnetic field is quite different in the two cases.
Meissner effect; for type —I superconductor there is exact cancellation of an

applied magnetic field H by an equal and opposite magnetization M, resulting in
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magnetic field strength is zero inside the superconductor. Above the critical field,

superconductivity vanishes. (In a perfect diamagnet M=-H, so that B=0 inside .)

In type-II superconductors, the Meissner effect is partially circumvented.
The magnetic field starts penetrating into the material at a lower critical field H,;.
Penetration increases until at the upper critical field He, the material is fully
penetrated and the normal state is restored. Figure 2-17 shows this behavior, in
which M rises to a negative maximum at but then M retreats as flux lines begin to
penetrate. The cancellation of H by M is no longer perfect, and B is finite within the
superconducting material.

With the exception of V and Nb, all superconducting elements and most of
their alloys in the dilute limit are type-I superconductors. The strength of the
applied magnetic field required to completely destroy the perfect diamagnetism in
the interior of the of the superconducting specimen is called the thermodynamic
critical field strength Bc, as schematically as shown Figure 2.16. They exhibit a
very sharp transition to a superconducting state and "perfect diamagnetism" - the

ability to repel a magnetic field completely.

2 B
= CE Ty
= Tvpe Il
= 2
% = Normal
= £
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Figure 2.16. Critical magnetic field as a function of temperature for Type-I

superconductors and Type-II superconductors.
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In Type-II superconductors, the magnetic field can penetrate the sample in

the form of quantized magnetic flux bundles, known as vortices.

MAGHETIC VORTICES
5 / \
F i ; 2 N =R
: - o) L 5 b " I
T —L! ’5-“_ 1.1. [
o bW W . e N

TYPE Il SUPERCGONDUCTOR

b)

Figure 2.17.  a) Magnetic vortices in Type-II superconductors. b) Number
density of superelectrons nyy) and magnetic field strength B (r) around normal cores

in the centre for one vortex tube a Type-II superconductor

A current density j flowing through the vortex lattice perpendicular to the

magnetic field leads to a Lorentz force (fp = j x B) on each vortex. This force tends
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to move the vortex liquid in the direction perpendicular to current and field. If the
vortices start to flow into this direction, work is done and there is energy
dissipation, the vortex motion directly leads to a finite resistance. In the mixed state,
superconductors only have zero resistance when the vortices are pinned and unable

to move [30].

For any superconductor, when a magnetic field is first applied to it, the
Meissner effect will try to expel that field. As the field is increased, it costs more
energy to expel it, and the free energy difference between normal and
superconducting states diminishes. A Type —I superconductor always has a positive
surface energy, so it expels a field as much as it can, until the normal and
superconducting free energies are equal, beyond which point superconductivity

vanishes.

By contrast, a Type-II superconductor expels a field for a while (up to H.),
but as the applied magnetic field increases further the surface energy associated
with the border becomes negative, so it is energetically favorable to let some of the
material switch to the normal state in order to accommodate the flux lines of the
field. Small circular regions form, which are normal inside but have
superconducting currents circulating outside to shield the magnetic field—hence the
name vortex state. The first penetration of flux lines occurs at H .., where a single

flux quantum @ occupies a core of approximate radius equal to the coherence
length & . However, the spacing between them approximately equals the penetration

depth .Thus the measured value of offers a way to estimate

@, = H A’ (2.34)
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In the same way, we can estimate the coherence length by examining the
final state of the material just before it goes normal. At H, the vortex lattice and the
pairing of the electrons disappear and the material becomes normal, the maximum
number of flux lines have penetrated; there is no room for any more. The cores are

packed tightly, only apart. This condition corresponds to: [9]

_ 2
O, =H 7 (2.35)
A
b
H
£ H Hi Hog
Perfect i
Diamagnelism :
! : _ Flux Lings
' =+ Faneirate Matenal
i
at
-M -{'__._
BY (f [ et Damagnaisn
a) h)

Figure 2.18 a ) For a Type-I superconductor, magnetic flux is expelled
,producing a magnetization (M) that increases with magnetic field (H) is
reached, at which it falls to zero as with a normal conductor. b) A Type-II
superconductor has two critical magnetic fields (H¢; and H, ) ; below H¢; Type

—II behaves as type I, and above H, it becomes normal.
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Just as superconductors have a critical temperature and a critical magnetic
field so too do they have a critical current density as well. That there must be some
upper limit to the current density J. in a superconductor is required [31] by the
relationship between current and magnetic field; for a wire of radius a carrying
current /, the magnetic field at the surface //2za . The current cannot exceed the
amount that produces a critical magnetic field H. at the superconductor, which

implies a critical current /, =27xaH_ and J =2H_/a for real superconductors, the

actual critical current density is less than this upper limit and the actual current is

limited by other physical mechanisms [32].

For a Type-I superconductor, critical current is simply a consequence of the
critical magnetic field Since is low in Type-I superconductors, their critical current
densities are likewise low. This is why Type-I superconductors have not been of
interest to the electric utilities or magnet builders. In a Type-II superconductor, the
relationship is much more complicated; indeed, Figure 2.19 shows the critical
surface in the 3-dimensional space of temperature, magnetic field, and current
(TBJ) [33] . This is known as a THJ plot, after the three axes. The critical current is

no longer related in a trivial way to the magnetic field.
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Figure 2.19 The relationship between, magnetic field, and critical current in a

superconductor. Anywhere inside the surface, the material is superconducting.
2.8 High Temperature superconductors

In 1986 physicists Bednorz and Miller [10], firstly discovered
superconductivity in a lanthanum-based cuprate perovskite material, T, is about 35
K. . Bednorz and Muller observed evidence of superconductivity with transition

temperature over 30K in Lay.xBaxCuOg4. This material had perovskite structure.

After ,the replacing the lanthanum with yttrium ,making YBCO ,raised the
critical temperature to 92 K by Wu et al [34], this high T; superconductors are
oxide superconductors, with perovskite structure. Before their discovery
superconductivity was unknown in copper oxides A substitution of yttrium for

lanthanum led to the discovery of YBayCu3Og+s (6 < 1) often referred to as YBCO

or 123 because of the ratio of Y:Ba:Cu in this material. This was the first
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superconductor discovered with a T¢ in the range 90-95K, [33] well above the

boiling point of liquid nitrogen.

This discovery was followed in 1988 by the discovery of bismuth
(BipSrpCapCu3010+s) and thallium (TlpBapyCayCuzOq+5) based superconductors
with even higher T¢. A large family of these superconductors with over 40 members

1s now known.

BSCCO families of superconductors have also perovskite type structure
with copper oxide planes and chains and orthogonal unit cells. Two most common
members are BipCaSryCupOg+g (§ < 1) commonly known as 2212 or 85K phase,
and BipCaSrpCuzOjp+§ commonly known as 2223 or 110K phase. Thallium
superconductors have similar structure. The highest T in this family is 125K. With
the increasing number of CuO planes the T; seems to increase in the oxide

superconductor family [35].

After the discovery of high T superconductors, they have been subjected to
intense investigations to determine microstructure present in them using
transmission electron microscopy and related techniques. Relations between
structure, microstructure and normal and superconducting properties have also been
determined in many cases. Of course, as in conventional superconductors the
microstructure present in oxide superconductors is expected to play a prominent
role in determining the current carrying capacity of these materials. It is now known
that the important defects in these superconductors include twin and grain

boundaries.
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The BCS theory explains quite successfully some properties of
superconductors at low temperature that is near the absolute zero above about 30 K
whereas it is not successful enough to explain the theoretical explanation of high Tc

superconductors and their phenomena.

2.9 BSCCO System

The Bi-Sr-Ca-Cu-O (BSCCO) system a new high Tc oxide superconductor
was discovered by H. Maeda in 1988. T, of the system is observed to be about 105
K higher than that of YBa,Cu30;. In this superconductor system, the coexistence of

Sr and Ca is necessary to obtain high Tc [36].

There are three different phases (2201, 2212 and 2223) of the BSCCO
system with respect to their chemical stoichiometric compositions. For BSCCO
2201 (also referred to"Bi-2201") an approximate transition temperature is 20 K, for
BSCCO-2212 (also referred to"Bi-2212") the transition temperature is nearly 85 K,
for BSCCO-2223 (also referred to "Bi-2223") an approximate transition
temperature is determined to be 110 K. These different phases depending on the

number of Cu-O layers in their crystal structure are clearly shown in Figure 2.20.

Within this type of superconductors there exist several superconducting
phases which differ in their number of copper-oxide layers in the crystalline unit
cell. The composition of the superconducting phases of this system is generally
described by the ideal formula Bi,Sr,Ca ,,.;Cu, where n=1,2,3 represents the number
of copper-oxide layers. The most interesting phases are noticed to be n=2, 3 for

technical applications.

54



The unit cells of these phases have a layer structure consisting of BiO
double layers that alternate with perovskite-like Sr,Ca,.1Cu ,O 2, units having also
a layered structure with copper oxide sheets. respectively. The crystal parameters of

the three phases are:

0 0
a=b=5.4 A, c=24.4 A for 2201 phase

0 0
a=b=5.4 A, ¢c=30.7 A for 2212 phase

0 0
a=b=5.4 A, c=37.1 A for 2223 phase

The number of copper-oxide planes is closely related to Tc, it increases with
the number of Cu-O layers. The 2201, 2212 phases are known as the low Tc

phases. The 2223 phase is known as the high Tc phase.

Under normal preparatory conditions, the 2212 type appears to be the most
stable and is often the most dominant in the presence even when the starting
composition was aiming for 2223. The 2223 phase can be gradually stabilized with
annealing just below the melting point. With 15 % of Bi replaced by Pb , the 2223

type can be prepared in pure form.
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O ' Bi Crystal Structure of .
Bi;Sr;Ca,_1Cu,0, (n=1,2,3)

(2201 T(2212)

Figure 2.20. Crystal structure of BSCCO system

By Tc measurement alone, the individual member of the BSCCO family can
be distinguished and studied separately. Therefore the BSCCO group provides the
best opportunity to study the individual structure —related properties in the normal

as well as superconducting states [37] .

Superconductivity in Bi- based system is studied by a large number of
researchers, but to obtain good superconducting properties a careful processing is
necessary. One advantage of the Bi- based system is that it does not contain

poisonous elements unlike the T1 based superconductors.

Appropriate starting compounds for both the respective metal elements of

the high temperature superconductor material of BSCCO-type as well as Ba as
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substituent of part of the proportion of Sr are metal oxides, hydroxides, carbonates,
hydrates, oxalates or other reactive precursors, the metal oxides being preferred.
The starting compounds may be produced by wet or dry mixing, by co precipitation
of material from solution, or by any other method which results in intimate mixture

of reactive particles.

According to the present invention in the desired BSCCO high temperature
superconductor material the proportion of Sr which can be replaced by Ba, is

preferably more than 5 at % and less than 50 at %.

According to a preferred embodiment of the present invention the high
temperature superconductor material of BSCCO-family has a nominal composition
of Bip«Sr.yBayCa;_,Cu,Og with 0<x<0.4, 0.05<y<0.5 and 0<z<0.2. Further, Bi can

be replaced by Pb in a proportion of up to 22 at %.

The homogeneity of the critical current could be improved from variation of
about 30% in the corresponding non substituted superconductor materials to a value
of only 5% or even less. In addition, the critical current itself could be increased up
to 20%. By applying the starting composition of the present invention to a
centrifugal melt casting process it is possible to produce cylindrically shaped
superconductor bodies such as rods tubes, having a diameter of 5 mm and a length
of about 300 mm which do not bend during annealing. The present invention is
particularly useful for obtaining shaped bodies with substantially round cross-
sections such as shaped bodies with tubular or annular shapes, e.g. rods, tubes

etcetera.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 Sample Preparation

Superconducting BiPbSrCaCuO samples were prepared by the standard
solid-state reaction method. The weighed commercially available powders from
Alfaaesar Company of Bi,Os3 (99.99%), PbO (99.9+%), SrCO; (99.9+%), CaCO;
(99+%) and CuO (99+%) in the stichometry ratio of Bi:Pb:Sr:Ca:Cu =
1.8:0.35:1.9:2.1:3 were mixed by grinding machine for 24 h. The mixed powders

were calcined in air at 800 °C for 12 hours.

Ve

TP IOPV s

10/01/2010 17:37

Figure 3.1 Three zone tube furnace
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Heat treatment was performed with the help of three zone tube furnace
(Figure 3.1)

After calcinations process, the powders were cooled to room temperature in
order to regrind. The regrind materials were reground and pressed into pellets of
10x4x2 mm® at 300 MPa. The pellets were sintered in air at 845 °C for 48 h and
then cooled down to room temperature with different cooling rates by means of
simple system (Figure 3.2) designed in Material Research Laboratory, Abant Izzet
Baysal University. As seen from Figure 3.2 step motor controlled by a personal
computer pulls the Cu wire, which is connected to the Al crucible holding the
sample in the tube furnace. The cooling rates were determined to be 273°C/minute,
136°C/minute, 55°C/minute, 25°C/minute, and 18°C/minute. Furnace cooling

(5°C/minute) and fast cooling (quenched in air) were also worked.

Step motor
|

10/01/2010 A7:37

Figure 3.2 System for controlled sample cooling
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In this thesis, resistivity versus temperature measurements of the samples
performed at 60-200 K by the help of crycooler system from CRYO INDUSTRIES
were carried out by standard four-point method. Both the current and voltage
contacts were made by high conductive silver paint. The outer and inner contacts
were chosen for current and voltage, respectively. 10 mA current was biased for all

the transport resistivity measurements.

— > I(Amper)

» o
» N

V(Volt)

Figure 3.3- Transport critical current measurement.

Transport critical current density measurements, J. of the samples were
performed by using home-made system in liquid nitrogen (77 K) with the same
resistivity measurement contacts. After immersed into liquid nitrogen, the sample
on the sample holder was waited for temperature stabilization for a few minutes.
Current step applied to samples was adjusted to be 0.1 A during the critical current
measurements. When J. was determined critical current criterion was chosen to be 1

mV/cm.
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Figure 3.4 Closed loop 4 K gas contact crycooler

The surface morphology and microstructure of the materials were analyzed
by scanning electron microscopy (SEM), JEOL 6390-LV (Fig. 3.4). The
magnifications to get information about the grains clearly were adjusted to be 1000

and 3000.
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Figure 3.5 Scanning electron microscopy

X-ray powder diffraction (XRD) patterns were obtained by means of the
Rigaku, Multiflex (Fig. 3.5) diffractometer (Cu K,) in the range 20 = 3°- 60° at 40

kV and 30 mA with a scan speed of 3° /min and a step increment of 0.02°
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Figure 3.6 X-RAY diffractometer
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CHAPTER 4

RESULTS AND DISCUSSION

Figure 4.1 shows resistivity versus temperature graph for the samples
annealed at 845°C with 273°C/minute, 136°C/minute, 55°C/minute, 25°C/minute,
18°C/minute cooling rates, furnace cooling (approximately 5°C/minute) and fast
cooling (quenched in air). As seen from the graphs, critical temperatures (o =0),
T,, are found to be about 102 K, 112 K, 104 K, 113 K, 105 K, 102 K and 102 K for
the samples with 273°C/minute, 136°C/minute, 55°C/minute, 25°C/minute,
18°C/minute cooling rates, furnace cooled and quenched in air, respectively. In
addition, the resistivity is found to be about 5.2 mQ.cm at 140 K for the sample
obtained with 845°C/minute cooling rate and transition width is noted to be about
13 K. Furthermore, as known from the literature, a kink on the p -T graphs can be
appeared during transition to zero resistivity . In this study, even though the kinks
are observed for samples obtained with 273°C/minute cooling rate, furnace cooling

and quenched in air, prominent effect on T, of cooling rates was not observed.
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Figure 4.1 Resistivity versus temperature graph for the samples annealed at
845°C with (a) 273°C/minute , (b) 136°C/minute, (c) 55°C/minute, (d)
25°C/minute, (e) 18°C/minute cooling rates, (f) furnace cooled and (g) quenched in

air.

X-ray diffraction patterns of samples were depicted in Figure 4.2. The
characteristic peaks of Bi-2212 and Bi-2223 phases are found to be 5.7, 23.2, 27.5
and 4.7, 23.9, 28.8, 33.8, respectively. As can be seen from the Figure 4.2 (a, b,d
and g parts), (hkl)H peaks were found to be more predominant than (k1)L peaks.

The volume fractions were also calculated by following equations
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>
f(2223) = 1 4.1)
z [H(hkl) + z IL(hkl)

>
f(2212) = G (4-2)
z [H(hkl) + z IL(hkl)

Here I 4 wuy and I 1 gy are the intensities of the (hkl) diffraction lines for Bi-
2223 and Bi-2212 phases, respectively. As the result of XRD measurements, the

following consequences are obtained.
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Table 4.1-The volume fractions of Bi-2212 and Bi-2223 phases ,

Tc and Current Density of Samples

The sample Volume Volume T. (K) [ Critical Current Density
fraction of | fractions of at (Jcat 77 K)
Bi-2212 Bi-2223 p=0 (A/em®)

quenched in air 48 52 102 9
273°C/minute 42 58 102 15
136°C/minute 42 58 112 23
55°C/minute 68 32 104 28
25°C/minute 44 56 112 27
18°C/minute 53 47 105 43
furnace cooled 52 48 102 51

As seen from Table 4.1, the sample quenched in air , at 273°C/minute,
136°C/minute, 25°C/minute cooling rate showed higher volume fraction of Bi-2223
phase than Bi-2212 phase. According to the table, 273°C/minute and 136°C/minute
cooling rates are found to be the optimum values to obtain Bi -2223 phase. Critical
transition temperature and transport critical current density (J;) of sample obtained
with 136°C/minute cooling rate are noted to be 112 K and 23 A/cm’” at 77 K (liquid
nitrogen temperature), respectively. Moreover, highest J. is observed to be about 51
Alem’ for the sample cooled by the furnace. It is obviously seen that J. increases

with decreasing the cooling rates.
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Figure 4.2 X-ray diffraction patterns for the samples annealed at 845°C with
(a) 273°C/minute , (b) 136°C/minute , (c¢) 55°C/minute, (d) 25°C/minute, (e)

18°C/minute cooling rates, (f) furnace cooled and (g) quenched in air.
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Figure 4.3- SEM micrographs of the different cooling rates for quenched in
air ; (a-1)and (a-2) , for 273°C/minute; (b-1)and (b-2) , for 136°C/minute ;(c-1)
and (c-2) , for 55°C/minute ; (d-1)and (d-2), for 25°C/minute ; (e-1)and (e-2) , for
18°C/minute ; (f-1) and ( f-2) ; for furnace cooled ; (g-1) and (g-2) for

magnified 1000 times and 3000 times

SEM micrographs for all the samples were shown in Figure 4.3. As seen
from the photos, niddle-like and flake-like grains are appeared. But, flake-like
grains are dominant in all samples. The sample prepared with 136 °C/min cooling
rate ( Figure 4.3 c) has the densier grain than the others. The grain size of the
sample with 136 °C/min cooling rate is considerably larger than the others. This is

consistent with critical temperature measurements.
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CHAPTER 5

CONCLUSION

We have investigated the effect of the different cooling rates on BSCCO.
The cooling rates were determined to be 273°C/minute, 136°C/minute,
55°C/minute, 25°C/minute, and 18°C/minute. Furnace cooling (5°C/minute) and
fast cooling (quenched in air) were also worked. Resistivity versus temperature
measurements of the samples performed at 60-200 K. According to the results
prominent effect on T, of cooling rates was not observed. Transport critical current
density measurements, J. of the samples were performed and highest J. is observed
to be about 51 A/cm’ for the sample cooled by the furnace. As an important result It
is obviously seen that J. increases with decreasing the cooling rates. X-ray powder
diffraction (XRD) patterns were obtained and the volume fractions were calculated
for Bi-2223 and Bi-2212 phases. The sample quenched in air, at 273°C/minute,
136°C/minute, 25°C/minute cooling rates showed higher volume fraction of Bi-
2223 phase than Bi-2212 phase. The surface morphology and microstructure (SEM)
of the materials were analyzed. Flake-like grains are dominant in all samples but the
sample prepared with 136 °C/min cooling rate has the densier grain than the others.

This is a suitable condition for the critical temperature is higher.
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