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Studies of high T̂ , superconductors and related compounds 

by R Madaiah 

ABSTRACT 

The d.c. resistivities of unannealed and annealed 
La2+jjBa^_j^Cu^0compounds have been measured in the temperature 
range 6K to 300K by the four probe technique. The unannealed 
compounds show a complex resistivity behaviour and are semiconducting 
at low temperatures. The annealed compounds exhibit a 
superconducting behaviour. The compound with x=0 has the highest 
transition temperature T^ (65K). The increase in La concentration 
results in a decrease of the transition temperature. The compound 
with x=0.8 does not show a superconducting behaviour down to 6K. 

Measurements of resistivity on Y2La^Ba^_j^Cu^0]^^^y with x=0.2 
and 0.6 have been compared with other compounds in the series. The 
compound with x=0.2 is found to have the highest critical temperature 
(93K). 

These results in combination with the structural details 
provided by powder neutron diffraction and thermogravimetric analysis 
show that the compounds with highest transition temperatures have the 
orthorhombic oxygen defect perovskite structure. The formal valence 
of Cu and the oxygen stoichiometry factor play an important role in 
deciding the superconducting behaviour. 

Measurements of a.c. susceptibility on unannealed and 
annealed La2+jjBa^_^Cu^0 2^+y reveal the presence of a minor 
superconducting phase in the unannealed compounds. 

The thermal expansion of the superconducting compound 
YBagCUgOy has been measured in the temperature range 80K to 235K with 
a high resolution capacitance dilatometer. There is no detectable 
change in the thermal expansivity at the critical temperature. The 
thermodynamic relations associated with the thermal expansion 
behaviour of YBa^CugOy were used to show that the pressure dependence 
of the critical temperature (dT^/dp) is smaller than 0.078 K/kbar. 



1. GENERAL INTRODUCTION TO SUPERCONDUCTIVITY 

In 1911, Kamerlingh Onnes discovered the extraordinary 

behaviour of certain metals whilst investigating the variation of 

their electrical resistance with temperature. The d.c. electrical 

resistivity of these metals falls very close to zero when they are 

cooled below a critical temperature T^. The phenomenon was called 

superconductivity. 

Many metallic elements and intermetallic compounds exhibit 

the superconducting property. The purity, the strain and the metal-

lic properties of a material affect the superconducting transition 

temperature (M.Tanenbaum and W.V.Wright, 1962). The width of the 

temperature range over which the resistance drops to zero is much 

narrower for pure, single crystal specimens than for an impure sam-

ple. The zero resistivity of a superconductor leads to the setting 

up of permanent currents. If a superconducting ring is maintained 

below its transition temperature T^, and closed currents are set up 

by magnetic induction, the current will persist indefinitely without 

dissipation. 

The next important discovery, the Meissner effect was made by 

Meissner and Ochsenfeld in 1933 while studying the magnetic behaviour 

of superconductors. They observed that when a bulk superconductor 

is in a weak magnetic field and then cooled below its critical tem-

perature T^, magnetic flux is expelled from the interior of the 

material except for a thin layer at the surface. This phenomenon is 

called Meissner effect. For a thin specimen, with the long axis 

parallel to the applied field B^, 

Bint = + ^0 M = 0 (1.1) 

where is the field in the interior of the sample, is the 

permeability of the material and M is the magnetization of the 

specimen. 



When the dimensions of the specimen perpendicular to the 

applied magnetic field are small, the demagnetizing effects can be 

neglected and there is complete flux expulsion. When the 

demagnetizing effects are appreciable, the superconducting and normal 

domains are formed. In the field range (1-D) < B < where D is 

the demagnetizing factor, the specimen is said to be in the 

intermediate state. 

The above class of materials are referred to as type I 

superconductors. This behaviour is found in pure elements. When 

the applied field is below a certain critical value B^, the surface 

currents produce a flux which oppose the flux due to the applied 

magnetic field. Hence, a bulk superconductor behaves like a perfect 

diamagnet. If the applied field is stronger than the critical field 

B^, the superconductivity is destroyed. The critical field B^ is 

zero at T^ and it increases as the temperature of the specimen 

decreases. The variation of B^ with temperature T follows a 

parabolic relation: 

2 
B (T) = B (0) 
c c 

1 -
T 
T 

( 1 . 2 ) 

If the superconductor at a temperature T < T^ carries a current which 

produces a local field equal to B^, the superconductivity will be 

destroyed. This current is referred to as the critical current. 

When a thin long superconducting specimen of type II is 

placed parallel to the applied magnetic field, the magnetic flux is 

expelled completely until the field reaches a value B < B where 
1 

B is the thermodynamic critical field. For B > B , the 
c ^ 

flux penetrates the specimen gradually, but the specimen remains 

superconducting. The superconducting state exists until the field 

reaches a value B . Above B , there is complete penetration of flux 

and the superconductivity disappears. B and B are the lower and 
^1 ^2 

upper critical fields respectively. Type II is characterized by a 

vortex state or a mixed state in the field range B < B < B . 
C Cg 



The superconducting state is a thermodynamically reversible 

equilibrium state. The difference between the free energies of a 

material in its normal and superconducting states at any temperature 

T below T is given by, (Gorter and Casimire, 1934), 

f (T) -
s 

B 2(T) 
c 

(1.3) 

The heat capacity in the superconducting state has an exponential 

temperature dependence. The superconducting transition in zero 

field has no latent heat. The specific heat has a discontinuity and 

the transition is said to be of the second order. The discontinuity 

in the specific heat is given by 

X T 
- c 

dT 
(1.4) 

Cg - c^ is negative at low temperatures and as T tends to zero K, 

dB^/dT tends to zero. 

In the presence of a field a superconductor releases heat 

while undergoing a transition from the normal state to the 

superconducting state. The difference in entropy between the normal 

and the superconducting states is given by 

. VB dB 
c 

d T 
(1.5) 

where V is the volume of the specimen. 

The electromagnetic properties of a superconductor could not 

be explained by Maxwell's equations alone. However, a 

phenomenological explanation of the properties was given by F.London 

and H.London in 1935 by introducing an additional equation of state: 

-V X j 

n e 
s 
m 

( 1 . 6 ) 



where jg = current density of the superconducting current 

m = the electron mass 

fig - the density of the superconducting electrons 

e = charge of an electron. 

According to the theory, the supercurrent is determined by the local 

magnetic field 

B = 9 X A 

where A is the vector potential of the local magnetic field. 

Maxwell's equation along with equation (1.6) leads to 

B = (1.7) 

where -
m 

Wo "s = 

is called the London penetration depth. 

Consider a semi-infinite specimen which extends everywhere 

for x<0. Let be the applied field parallel to the surface in 

the z-direction. Then at any point x<0, the solution of (1.7) yields 

the field 

" z - ®ext j 

Thus the field decreases exponentially within the superconductor. 

The actual penetration depth X as determined by experiments 

is greater than the London penetration depth. This may be due to 

the rigidity of the wavefunction in the superconducting state. The 

London relation between the current density and the vector potential 

is a local relation. The variation of the actual penetration depth 

X with temperature T is described by the empirical relation. 



X(T) 
X(0) 

T_ 
T 

(1.9) 

The excess penetration depth could be interpreted by 

introducing the concept of coherence length. Quantitative 

interpretation was given by A.B.Pippard (1950) who modified the London 

model. The relation between the current density and the electric 

field was replaced by a non-local relation. The superconducting 

state has a long range order. The coherence length is the 

characteristic length over which the superconducting order persists. 

It is the range over which the average value of the vector potential 

A has to be taken to get the current density. 

In Pippard's model, the uncertainty principle is used to 

determine the coherence length (Tinkham, 1975). The electrons 

that are involved in superconductivity are those which lie within an 

energy kgT^ of the Fermi surface. These electronic states have a 

momentum range 

F 

where v_ is the Fermi velocity and k is the Boltzman constant, 
r o 

According to the uncertainty principle, 

Ax Ap ^ tS 

c 

Hence, ~ ^ ^ (1.10) 
B c 

( is the distance over which the wavefunction representing the 

superconducting charge carriers can extend. In pure superconductors 

like tin and indium, the intrinsic coherence length >> The 

effective number of electrons that contribute to the screening 

current at the surface decreases by a factor X/Eg. 



The actual penetration depth X = The non-local 

aspects considered in the above treatment are due to the finite 

extent of the electron mean free path t. In an impure metal, the 

coherence length decreases and is expressed as 

i - 1 - 7 (l.U) 
o 

Another phenomenological approach was made by Ginzburg and 

Landau (1950). The theory is based on Landau's theory of the second 

order phase transitions. They introduced the concept of the order 

parameter f(r) for the superconducting electrons. 

2 
n = I *(r) I 

The supercurrents are described by the phase of the order parameter. 

The theory accounts for the spatial inhomogeneity of the order 

parameter present in a superconductor. The free energy of the 

superconductor depends only on lyi^. The theory can be used to 

explain the condition in which superconductivity and magnetism 

coexist. The order parameter f can be considered as the 

wavefunction of the centre of mass motion of the Cooper pairs which 

is introduced in the microscopic theory of superconductivity. It 

was shown by Gorkov that the Ginzburg-Landau theory is a limiting 

form of the BCS theory near T^. 

The two characteristic lengths associated with a 

superconductor are ((T) and X(T). ((T) is the temperature dependent 

coherence length and is related to the Pippard coherence length (g. 

As the impurity content in the material increases, the coherence 

length 5 decreases (R.P. Huebener, 1979). 

Near T , ((T) = 0.740 — - — (pure) 
c (1-t) 

(to 
and ((T) = 0.855 ^ (dirty) 

(1-t)* 

where t = T/T . (1.12) 



Near T , the temperature dependent penetration depth 

and 

\(T) 

\(T) 

X^/O) 

f2 (1-t) 

X,(0) 

f2 (1-t: 

L 

1.33( 

(0) = London penetration depth at T=OK. 

(pure) 

(dirty) 

(1.13) 

The ratio of the two characteristic lengths is the GL parameter 

K = The parameters X and ? are used in determining the wall 

energy associated with the interface between the normal and the 

superconducting domains. At the interface, the superconducting 

behaviour due to the order parameter n does not disappear abruptly. 

It approaches gradually over a distance determined by the coherence 

length. This results in a decrease in the free energy. The second 

contribution to the free energy is due to the field penetration into 

the superconducting phase. 

In the intermediate state of type I superconductors, the 

surface energy is positive. This implies that the surface area 

between the normal and the superconducting regions is minimized. 

For 5 > X, the wall energy is positive and the materials are 

classified as type I superconductors. For ( < X, the wall energy is 

negative and the materials are classified as type II superconductors. 

1. 

{2 

j. 

{2 

for type I superconductors 

for type II superconductors, 

The surface energy associated with the boundary controls the 

structure of the intermediate state. The structure of the 

intermediate state depends on the thermodynamic path along which the 

state of the specimen has been reached. Hence, the intermediate 

state is a metastable state. This condition is associated with the 

nucleation and growth of the normal and superconducting phases. The 



domain pattern also depends on the thickness of the specimen and its 

crystalline state. In type II superconductors, the magnetization is 

generally irreversible. 

In the mixed state or the vortex state of type II supercon-

ductors, the superconducting currents flow in the vorticies through-

out the specimen. The magnetic flux is concentrated at the cores 

and is quantized. The magnetic flux through each core is given by 

<I> s: — , It is dispersed through the cores in the form of single 
o 2e 

flux quanta. When the applied field is , the magnetic flux through 

2 
a single core is given by 4) ^ irX . When the applied field is 

o Oj 

equal to the upper critical field B , flux through each core is 
^2 

2 
given by ~ B ir ^ . 

o (-2. 

In the intermediate state of type I superconductors, the 

normal regions contain many flux quanta. 

Some information regarding the microscopic nature of the 

superconductivity was provided by the experiments involving the 

measurement of specific heat and isotope effect in superconductors. 

Corak et al (1954) measured the electronic specific heat of 

vanadium. Specific heat in the superconducting and the normal 

states were given by 

-bT /T 

C vT a e 
es ' c 

and C = yT. (1.14) 
en 

where a and b are constants. y is the Sommerfeld constant. y is 

proportional to the electronic density of states at the Fermi 

surface. The exponential variation of C^g gave evidence for an 

energy gap for excitation of electrons from the superconducting 

ground state. 

1 



The measurements of the critical magnetic field in mercury 

isotopes by Maxwell (1950) indicated the dependence of critical 

temperature on the isotopic mass. The relation between the critical 

temperature T^ and the isotopic mass M is expressed as 

Tg = constant. (1.15) 

where & % %. The isotope effect suggested that the super-

conductivity could be due to a strong interaction between the 

electrons and the lattice. 

The next major step was made by Cooper, who showed that if 

there is a weak effective interaction between a pair of electrons, 

then such an interaction gives rise to the formation of a bound pair 

due to the Fermi sea, so that the total energy is less than 2Ep 

where Ep is the Fermi energy. Bardeen, Cooper and Schrieffer showed 

how Cooper's results could be extended to many interacting electrons. 

They derived the many body solution of electrons with weak 

interaction. The Hamiltonian for the system was taken by using the 

second quantization field operators. 

When the centre of mass of two electrons at rĵ  and r2 is at 

rest, the orbital wave function yfr^.rg) is of the form 

" fg) = ]> Sk (1 16) 

where gĵ  is the probability of finding an electron with wavevector k 

and another electron with wavevector -k. 

The electrons responsible for the superconducting behaviour 

are those close to the Fermi surface. Coulomb interaction between 

the electrons produces a repulsion, A net attractive interaction 

between the electrons is possible by means of interchange of virtual 



phonons (E.A.Lynton, 1962). The ions are distorted in response to a 

moving electron. A second electron in the vicinity is in turn 

affected by this phonon. 

Consider an electron of wavevector kj giving rise to a 

virtual phonon q which is absorbed by an electron of wavevector ^2. 

In the process, the electron of wavevector is scattered into 

kj^ = k^ - q and the electron of wavevector k2 is scattered into 

k2^ = k2 + q. The net momentum is conserved. The phonons have a 

very short life time and the energy may not be conserved. The 

electron phonon interaction results in an attractive interaction when 

the energy difference Ac between the electrons involved is less than 

the phonon energy where is the frequency of the phonon of 

wavevector q. Superconductivity occurs only when such an effective 

attractive interaction between the electrons dominates the repulsive 

short-range screened Coulomb interaction (Bardeen, Schriefer and 

Cooper, 1957). The electrons which have such an attractive 

interaction lie in a region of width W q . All bound pairs have the 

same total momentum. This interaction between the electrons is cut 

off when the phonon energy is of the order of Debye energy = kGg, 

beyond which the interaction becomes repulsive. The electrons that 

follow the above criteria are those having opposite spins and equal 

and opposite momenta. The pairing of such electrons gives rise to a 

cooperative many-particle state. 

The microscopic theory accounts for the superconducting 

ground state. The transition from the superconducting to the normal 

state takes place when an electron pair breaks up into Fermions. This 

depairing requires a minimum amount of energy, 2A. Hence, the 

lowest excited state is separated from the superconducting state by 

an energy gap 2A. 

According to the theory, the ground state energy of the 

system is expressed as 

2 
W(0) = - 2 N(0) (hu ) exp 

10 

- 2 

N(0)V 
(1.17) 



where V is the interaction parameter and N(0) is the density of 

electronic states of one spin direction in the normal metal per unit 

energy at the Fermi surface. W(0) is also given in terms of the 

number of electrons , virtually excited above the Fermi level. 

W(0) 2N(0) 

The critical temperature at which the superconducting transition 

occurs is given by 

k_ T = 1.13 exp 
B e q 

The energy gap is temperature dependent, 

energy gap 

1 ( 1 . 1 8 ) 
N(0)V 

At zero temperature the 

6(0) = 2 exp 
1 

N(0)V 
(1.19) 

For weak-coupling superconductors, in which 

tSu 
q » 1, the 

variation of A with temperature near T^ is given by 

A(T) 
A(0) 

% 1.74 ( 1 . 2 0 ) 

In the normal state of a metal, the free electrons get 

scattered by the lattice and the phase of the electron wavefunction 

changes rapidly. In the superconducting state, the Cooper pairs are 

not scattered. The electron pair waves remain coherent. The wave-

function describing the superconducting state is a many particle 

wavefunction which maintains phase coherence over macroscopic 

distances. This property of phase coherence is used to explain the 

flux quantization that is observed in a superconducting ring. Since 

the wavefunction describing the supercurrent is single valued, the 

phase changes by an integral multiple of 2ir on going once round the 

closed circuit. The magnetic flux enclosed by the ring is quantized 

and is given by 

4) 

11 



where n is an integer. 

Another important development made in the study of 

superconductivity was the discovery of Josephson effect. Supposing 

there are two superconductors separated by a thin gap of insulating 

material, the electron pairs can tunnel across the gap. This means 

that the supercurrent flows across the junction even when there is 

no potential difference across the junction. The phase coherence 

will still be present even after the supercurrent crosses the 

junction. But there will be a phase change A* across the junction. 

The tunnelling current i is given by 

i = iQ sin(*A - tg) 

where and represent the phases of the wavefunction in the 

superconductors A and B. ig is a constant depending on the 

effect of the electron-pair coupling across the insulator (Kittel C). 

It is the maximum current across the junction when there is no 

potential difference across the junction. This is the d.c. 

Josephson effect. 

If a d.c. potential V is applied across the junction, the 

. * 2eV 
tunnel current is an alternating current of frequency v ^ • 

Although a considerable amount of work was done in the past, 

the highest superconducting transition temperature reported before 

November 1986 was only 23.2K in Nb^ Ge (J.R.Gaveler, 1973). In 

November 1986, Bednorz G.J. and Muller K.A. discovered 

superconductivity in lanthanum barium copper oxide systems with the 

onset near 30K. This remarkable discovery inspired the research 

activity worldwide due to the high temperatures at which 

superconductivity occurs and its possible applications in technology. 

Since then many investigations have been done on similar systems. 

The variation of T was studied by replacing barium by strontium and 

calcium. Strontium substitution raised the T^ to 40K. 

Subsequently, superconductivity in the 90K range was discovered by Wu 

12 



et al (1987) in yttrium barium copper oxide compounds. 

Superconductivity above the boiling point of liquid nitrogen has been 

even more exciting and initialized the search for other similar 

structures exhibiting high temperature superconductivity. These 

compounds have very interesting structural, electrical and magnetic 

properties. Tremendous efforts have been focussed towards material 

processing techniques. 

In this work, the superconducting properties of the following 

oxide ceramics have been investigated: 

1. YBa2Cu^0y_y 

2. 14±y " 

13 



2. REVIEW OF HIGH TEMPERATURE SUPERCONDUCTIVITY 

a. Introduction 

Since the discovery of high temperature superconductivity in 

lanthanum barium copper oxide systems by Bednorz G J and Miiller K A 

(1986), a great deal of experimental and theoretical work has been 

done. Several groups have concentrated on characterizing the new 

copper oxide based superconductors and understanding the mechanism 

involved in high temperature superconductivity. The superconducting 

oxides studied so far have been classified into two categories. 

1. (Laj_j^, Srj,)2CuO^_y of the body centred tetragonal KjNiF^ type 

having T^ in the range 30-40K. 

2. YBa2Cu30g_y of the oxygen deficient perovskite (ODP) type having 

Tg around 90K. 

In this chapter, the results of the investigations of crystal 

structure, magnetic, electrical and thermal properties of these 

compounds by several research groups have been briefly reported. 

Superconducting metallic oxides have been known since 1973 

(David Johnston). Perovskite like structures LiTigO^, SrTigO^ and 

Ba(Pbj_jj,Bijj)03 have shown the superconducting behaviour. The 

superconducting transition temperature never exceeded 15K in these 

compounds. Bednorz and Muller concentrated on oxides having high 

electron phonon coupling and also having a tendency for polaron 

formation. They investigated the properties of Baj^Laj.j^CUgOj(3_yj 

for x=l,0.75 and y > 0. This is a mixed phase system in which the 

conduction electron states lie between the non Jahn Teller Cu^^ and 

the Jahn Teller Cu^* ions. The lattice deformation caused by the 

Jahn Teller effect for Cu^* can give rise to polaron formation. A 

phase transition between the superconducting and bipolaronic 

insulating states is possible in such a system. 

Bednorz and Muller prepared BaxLag^xCusOg^^.y) by a 

co-precipitation method. They mixed the aqueous solutions of 

nitrates of barium, lanthanum and copper In the appropriate ratio. 

The mixture was then added to an aqueous solution of oxalic acid. 

14 



The solid precipitate was heated at 900°C for five hours and pressed 

into pellets at 4 kbar and then sintered at 900°C. The sample 

prepared was granular and porous. 

The resistivity measurements of BaxLa^_xCugOg(2_y) with x<l 

in the temperature range 300K to 4.2K showed that as the sample was 

cooled from room temperature, the resistivity first decreased and at 

low temperatures increased logarithmically. On further decrease of 

temperature, a sharp drop in resistivity was observed. The data 

indicated the onset of superconductivity at 30K and zero resistivity 

below 13K. The X-ray diffraction lines showed that the compound was 

a mixture of three individual phases Laj_j^Baj^Cu03_y with a perovskite 

structure, La2_jjBaj^.CuO^_y with a layered perovskite structure of 

K2NiF^ type and CuO. The relative volume of these phases in a 

compound depends on heat treatment. The volume fraction of the 

sample that was superconducting could be determined by measuring the 

magnetic susceptibility of the sample in the superconducting state 

and could be related to the intensities of the lines in the X-ray 

diffraction pattern. Hence, the composition and structure of the 

superconducting phase could be identified. There was a clear 

indication of superconductivity occurring in one phase of 

BaxLag_xCu^0g(2_y). Since the sample was polycrystalline and had 

different crystalline phases, the superconductivity was of a 

percolative nature. 

Recently, many groups have prepared the superconducting 

compounds by the direct oxide technique. A single phase of the 

compound Ba^La2_jjCuO^_y prepared by this technique exhibits 

superconductivity below 23K. It is superconducting for values of 

x=0.05, 0.10 and 0.15. The sample is prepared by taking LagOg, CuO 

and BaCOg powders and mixing them in appropriate cation ratio. The 

mixture is heated in air or oxygen for several hours. The resulting 

compound is then cooled, ground and then pressed into pellets and 

sintered at 900°C to 1100°C. The superconducting phase in this 

compound is related to the single layered like K^NiF^ structure 

(Takagi H et al 1987a). 

15 



An increase in T is observed in this system due to the 

effect of pressure. When the pressure increases, increases at a 

rate of 10"^ K/bar. A pressure of approximately 13.3 kbar raises 

the onset of superconductivity to A0.2K (Chu C.W. et al 1987). 

When barium is replaced by the alkaline earths Sr or Ca, the 

sample is still found to be superconducting. The replacement of Ba 

by Ca decreases the to 18K, Sr substitution enhances the 

transition temperature to 48.6K and the transition width is 

approximately 2K (R.J,Cava et al, 1987a). 

When lanthanum is replaced by yttrium, the onset of 

superconductivity occurs at 93K in gBag 2CuO^_y (Wu et al). 

Yj gBag gCuO^.y has multiple phases which are different from the 

K2NiF^ type. Superconductivity in this system could be due to 

interfacial interaction between phases. The system has two different 

phases YgBaCuOg (green) and YBagCugOg.y (black) with y=2.1 ± 0.05 . 

The latter phase is superconducting while the former is not 

superconducting. YBagCu^Og. is a distorted oxygen deficient 

perovskite. In contrast to Lag.xBaxCuO^. , pressure has little effect 

on the T^ of Y^ gCuO^_y (Hor PH et al 1987a). 

A single phase of the Y-Ba-Cu-O compound is prepared by the 

high temperature solid state reaction of the oxides of Y, Ba and Cu. 

(R.J.Cava et al, 1987b). A mixture of high purity YgOg.BaCOg and CuO 

powders is ground and calcined in air at 950°C for 24 hours. The 

calcined material is again ground to get a homogeneous compound and 

then pressed into pellets. It is then sintered in flowing oxygen 

for 16 hours and cooled very slowly to 200°C in the same atmosphere. 

Further sintering in oxygen at 700°C results in a better 

superconducting material. 

Better processing techniques have led to the preparation of 

single phase compounds with a sharp superconducting transition. In 

these ceramics it is the structure that controls the 

superconductivity. Oxygen content depends on the cooling rate, 

firing temperature and the atmosphere in which the samples are 

16 



sintered. The orthorhombic to tetragonal structural phase 

transition that is observed depends on the oxygen content. The 

index y in the formula denotes the non-stoichiometry. It represents 

the average of the fraction of the oxygen vacancies in the unit cell. 

A specimen annealed under a nitrogen or argon atmosphere has poor 

superconducting properties because of a low oxidation state. To 

determine the oxygen content, thermogravimetrie data is obtained by 

taking the weight changes in oxygen while annealing the specimen. 

The observed weight change can be converted to stoichiometry. The 

factor y depends on the partial pressure of oxygen and the 

temperature at which the sample is sintered. Since the phase of the 

compound which is responsible for superconductivity has to establish 

equilibrium with oxygen, slow cooling is necessary. Rapid cooling 

results in a highly disordered state. Perovskite structure may be 

conserved but barium and yttrium exhibit a high degree of disorder. 

Quenching conditions are important in the preparation of a 

homogeneous compound. 

Most of the experimental data have been taken on 

polycrystalline materials. The anisotropic behaviour of the 

physical properties can be investigated in greater detail from 

experiments with single crystal specimens. Recently, some groups 

have reported the growth of single crystals of YBa2Cu20g_y. The 

phase diagram representing the ternary system illustrates the region 

of partial melting (Fig.2.1, Roth et al, 1987). Flux required for 

crystal growth is obtained from the region (D) and heated to 800°C 

for more than 4 hours and then to 1000°C at a rate of 50°C/hr. The 

specimen is retained at this temperature for three to five hours and 

then cooled below 880°C at a rate of 4 to 15°C/hr. (L.F.Scheemeyer et 

al, 1987). The crystals formed are bulk superconductors. 

Several other methods are being employed to prepare the 

cuprate superconductors. The plasma oxidation technique yields a 

compound rich in oxygen content compared to the heat treatment. The 

oxidation takes place at < 80°C. method has been i%sed to induce 

17 
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superconductivity in non-superconducting compounds. Attempts have 

been made to produce homogeneous compounds by the citrate gel 

process. Thin films have been prepared by sputtering techniques. 

b. Superconductivity in La2_j^.(Ba/Sr)jjCuO^_y (K^NiF^ type) compounds 

Structure of La^CuO^ 

The high temperature superconductors with the composition 

La2_jjBaj^CuO^_y are derived from the parent compound La^CuO^. The 

structure of LajCuO^ and La-Ba-Cu-0 compounds is based on the 

Perovskite structure with the formula ABX^ (Galasso F.S., 1970). A 

perovskite has a cubic structure, with A atoms at the centre having a 

coordination of 12 X atoms and B atoms at the corners having a 

coordination of 6 X atoms arranged octahedrally. This is referred 

to as A unit. The B unit consists of B atom at the centre, A atoms 

at the corners and X atoms at the centre of each face. The La^CuO^ 

structure is obtained by taking one B unit and two A units (without 

one BX3 layer) and arranged as shown in Fig.2.2. The La atoms have 

a coordination of only 9 oxygen ions. The perovskite layers consist 

of corner sharing CuOg octahedra. The structure of LagCuO^ is of 

KjNiF^ type. It is orthorhombic at room temperature and changes 

into the tetragonal form at 533K. 

All the Cu ions are divalent in this compound. The 

structural transition temperature of La2CuO^_y increases rapidly from 

450K to 530K as y increases from 0 to 0.1. 

The transport behaviour of lanthanum copper oxide is very 

much affected by the stoichiometry of the compound. (Singh et al, 

1984). The preparation conditions have been found to affect the 

properties of La^CuO^. The transport behaviour is partly dependent 

on the sintering temperature as well as the duration of heat 

treatment. When the compound is annealed in oxygen at high pressure 

a mixed valence state of Cu is formed and the compound is 

superconducting. The La deficient La^CuO^ is found to be 

superconducting below 35K (P.M.Grant et al, 1987). The magnetic 
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susceptibility of La2CuO^ shows an anomaly (cusp) at 220K and 

indicates an antiferromagnetic transition at 220K (Nishihira et al, 

1987). The magnetic susceptibility data obtained by Bednorz and 

Miiller (1987a) in the temperature range 4K to 300K shows a weak 

paramagnetic behaviour at high temperatures and an anomaly (cusp) at 

250K, On further decrease of temperature, there is an increase in 

susceptibility below 50K and the magnitude of the susceptibility is 

field dependent. When the temperature of the compound falls below 

35K, there is a small diamagnetic contribution to the susceptibility 

and its magnitude depends on the zero field or field cooled 

conditions in which the measurements are made. The resistivity of 

the sample increases logarithmically at low temperatures and a peak 

occurs near 50K. This increase in resistivity at 50K suggests that 

the charge carriers are localized. The Curie-like behaviour in 

magnetic susceptibility observed below 50K may be due to the 

contribution from the localized spins. Below 35K, the 

superconductivity is established in alkaline earth doped La^CuO^. 

This implies that either a small part or the whole of the undoped 

compound is superconducting. This is in accordance with the fact 

that the oxygen excess or deficiency of lanthanum change the valency 

of copper in the same manner as found in alkaline earth doped 

La2GuO^. 

The Curie-Weiss-like behaviour above the cusp at 250K shows 

an antiferromagnetic ordering with e=250K. The value of the 

estimated Curie constant corresponds to an effective magnetic moment 

0.5 Hg. If the magnetic moments are due to the spins of electrons 

from the copper 3d states, then the magnetic moment corresponds only 
2+ 

to a very small percentage (9.1%) of the spins localized on Cu 

Hence, there is a possibility of a spin density wave giving rise to 

the observed magnetic behaviour. 

Stoichiometric substitution of group II elements in LajCuO^ 

led to the new superconductors represented by the formula 

(Lai_^Ax)Cu04 where A=Ba,Sr or Ca. These superconducting oxides have 

a tetragonal KgNiF^ type structure at rocwn temperature. Barium or 

strontium occupy the La sites. Each kind of cation gives rise to a 
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planar sheet. The alkaline earth substitution causes volume changes 

and results in distortions of the Cu site. The Cu-0 distance in the 

perovskite layer is less than the Cu-0 distance normal to the 

perovskite layer. The copper ions are linked to each other by 

oxygen ions. There are alternate layers of perovskite (CuO^) and 

rock salt La(Sr)0 structures. 

The distance between the CuOg planes is greater than 6%. 

The band structure calculations show that weak interactions exist 

between CuO and La atoms. Although there is significant charge 

transfer from La atoms, their contribution to the conduction bands 

is negligible (A,J.Freeman et al, 1987). Each Cu ion in the CuO^ 

octahedron has a tight binding within each layer. A Cu^* ion has a 

configuration 3d^. The five d orbitals in a octahedron of 

split into a doublet e and a triplet tgg. The orbitals of lower 

energy correspond to tg . When the orbitals of higher energy are 

not symmetrically occupied, the regular octahedron is elongated along 

the c-direction (Jahn-Teller effect) and gives rise to a stable 

configuration. In (La^.^Sr^^)2Cu04_y, as x increases, the ratio of 

the lattice parameters c^/ag increases giving rise to further 

elongation of the octahedra (Kishio K et al, 1987b). 

(Lao.9256*0.075)2 Cu04_y has a = 18K. Sr substitution 

increases the T^ to 36K (Kishio K et al 1987a). The compounds 

La2_j^(Sr,Ba)jjCu04_y are superconducting only when the value of x lies 

in a certain range. For x < 0.04 or x > 0.3, the compound is 

semiconducting. The resistivity of samples which are as quenched in 

air shows a semiconducting behaviour and the samples annealed in 

oxygen show a superconducting behaviour. Hence, T^ depends on the 

concentration of La and Ba/Sr and also on the heat treatment. The 

superconducting transition is obtained for the composition where an 

orthorhombic to tetragonal structural phase transition takes place. 

Highest T is obtained when the material is just short of transition 

to orthorhombic symmetry. As the lattice parameter a^ decreases, 

the transition temperature increases. 
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The high temperature tetragonal KgNiF^ phase of LagCuO^ is 

stabilized when the compound is doped by Sr^* or Ba^^. This results 

in the formation of Cu^* ions. Thus the charges are neutralized. 
2+ 3 + 

Any change in the concentration of Ba and La changes the Cu :Cu 

ratio. The formal valence of Cu in (La|_j^Baj^)2CuO^ is 2.15. 

Annealing the compound in a reduced atmosphere may bring the 

back to and the superconductivity is destroyed. Thus a mixed 

valence state seems to play an essential role. T^ increases as Ba 

concentration increases and the superconductivity is destroyed when 

the ratio reaches a certain maximum. 

High pressure on (Laj_jjBaj^)2CuO^_y enhances its 

superconducting transition temperature. This suggests that T^ is 

related to the Cu-0 distance in the Perovskite layer and the overlap 

of the Cu d and oxygen p orbitals in the CuOj layer. 

A study of lattice dynamics is very necessary to determine 

the existence of electron-phonon coupling. The investigation of 

phonon dispersion in La^ g^Bag igCuO^ by inelastic neutron scattering 

experiments shows that there is a strong coupling between the 

conduction electrons and the lattice vibrations associated with the 

oxygen atoms (G.Balakrishnan et al, 1987). The isotope effect 

observed in La^ ggSrQ igCuO^ yields a value of oc = 0.16 ± 0.02 

(Batlogg et al, 1987). 

The Cu^* ions in La^CuO^ are in an state (Rao C.N.R. et 

al, 1984). The conduction bands are formed in the copper oxygen 

octahedron layers due to the strong hybridization of Cu 3d and 0 2p 

orbitals. According to A.J.Freeman et al (1987a), the orthorhombic 

phase of La^cuO^ results from a strong Fermi surface iqi = 2kp 

instability along the [110] direction. Substitution of Ba/Sr 

changes the carrier concentration and lowers the Fermi energy. When 

the Fermi energy is lowered, the instability due to the nesting of 

the Fermi surface is removed and the compound is transformed to a 

tetragonal phase. The orthorhombic structure is seen upto Sr 

concentration given by x=0.007. Sr substitution intensifies the 
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electron phonon coupling constant X and results in a large value of 

T . If the Sr content exceeds a certain limit, the increase in X 

introduces the lattice instability at x=0.125. 

Since Sr-0 bond is more ionic in character than the La-0 

bond, Sr substitution leads to a change in the effective charge on 0 

ions. This might result in an enhancement of the crystal field 

around the Cu ions and can lead to further distortion. 

In LajCuO^ and La^CuO^zBa, the magnetic susceptibility is 

field dependent below the transition temperature. A superconducting 

glassy state has been identified in La^CuO^iBa from measurements of 

magnetic susceptibility in zero field and field cooled states. The 

diamagnetism of the specimen is greater in the zero field cooled 

state than in the field cooled state. When the specimen is cooled in 

zero field and then a field is applied, the variation of magnetic 

susceptibility with temperature shows that the magnetic response is 

reversible with respect to temperature beyond the temperature T 

corresponding to the non-ergodic limit. (Mliller K A et al,1987b). T 

is below the temperature corresponding to the onset of 
* 

superconductivity. For a given value of the applied field H, T is 

specified. The relation between the magnetic field and T is in 

agreement with the Sherrington-Kirkpatrick spin glass model with 

infinite range interaction. 

In the superconducting glassy state, if the field is switched 

off, a positive remanent magnetization is observed and indicates 

flux trapping. This behaviour is observed in inhomogeneous type II 

superconductors. If the temperature of the specimen is increased 

the magnetization decreases almost linearly and then disappears when 

the temperature T" is reached. 

The magnetic susceptibility of La2_j^Srj^CuO^ above T^ shows a 

paramagnetic behaviour and is independent of the magnetic field. 

The estimated value of the upper critical field at zero K is 47T. 

Tt^ susceptibility is also found to vary with the oxygen content of 

the compound. The magnetization behaviour is found to be reversible 
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with respect to temperature only for x=0.10 and 0.15 but not for 

x=0.2. As the value of x increases from 0.1 to 0.2, the estimated 

electron density of states is high compared to the value expected 

from band structure calculations. (Bednorz and Muller, 19878.). 

Magnetic hysteresis in the superconducting state, has also 

been observed In Laj ggSrQ ^gCuO^ at B < 4mT. The shielding 

magnetization Increases linearly as B increases. When the flux 

penetrates the specimen, deviation from this behaviour Is observed. 

A number of new models have been proposed to explain the 

magnetic behaviour and the high superconductivity. The majority 

of charge carriers are hole-like in the normal state. If the 

Jahn-Teller stabilization energy is equal to the bandwidth in a 

metal, polarons are formed. The effective mass of the conduction 

electrons or holes gets enhanced and results in a large 

electron-phonon coupling (Hock et al). 

Strong interelectronic repulsive forces In La^CuO^ are 

responsible for the magnetism observed in LagCuO^ (Anderson D, 

1987). Hence, it may not be possible to explain the high temperature 

superconductivity behaviour by the conventional B.C.S pairing. The 

Coulomb Interaction between the d electrons may be effectively 

screened through the strong coupling of the 3d electrons to the 

lattice and result in an effective attractive interaction and the 

formation of Interslte bipolarons. The interaction of the d 

electrons with the oxygen p orbltals and the overlap of the nearest 

neighbours leads to hopping of the conduction electrons and during 
3 + 

the process the valence of the neighbouring Ion changes to Cu 

Bipolarons in the insulating state at room temperature may get 

condensed to charged pairs with strong coupling in the 

superconducting state. The substitution of Sr or Ba might change 

the concentration of bipolarons. 
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c. Superconductivity in YBagCu^Og.y (OOP type) compounds 

The superconductors with high around 90K are grouped under 

the class YBa^CUgOg.y. YBa2Cu30g_y is identified as a pure phase. 

This is an orthorhombically distorted, oxygen deficient perovskite 

(ODP). The structure of this compound as obtained from neutron 

diffraction data is shown in Fig.2.3 (F Beech et al, 1987). 

The crystal structure of YBa2Cu20^ is obtained from the ideal 

perovskite structure by the formation of ordered oxygen vacancies. 

The structure of YBa2CUgOg consists of alternating CUO2 - (Ba,Y)0 

planes normal to the c-axis. The CuO^ octahedra form a 

3-dimensional cubic lattice, Ba and Y vary in size and so they do 

not occupy the same lattice points as the divalent and trivalent ions 

in the K^NiF^ structure. 

When a unit cell of YBa2CUgOg is transformed into YBa2Cu30g, 

the oxygen atoms on the plane containing the Y atoms are missing so 

that Cu(2) atom is surrounded by five oxygen atoms forming a square 

pyramid. When the unit cell of YBagCugOg is transformed into 

YBa2Cu20y, the oxygen vacancies are formed on the same level as the 

C u d ) ions in the octahedral layers in between the Ba layers. C u d ) 

is surrounded by two 0(1) and two 0(4) atoms at distances 1.94 & 

and 1.846& respectively. A chain consisting of these CuO^ units 

runs along the b-axis. The Cu(2) atom is surrounded by four oxygen 

atoms (two 0(2) and two 0(3)) which are almost coplanar. The Cu(2) 

atom is situated above this plane by % 0.28& . 

In the stoichiometric composition, barium has a coordination 

of ten oxygen atoms. Yttrium is coordinated to a polyhedron of 

oxygen atoms. 

When y ~ 2.0, all the 0(4) sites are occupied. 

When y % 2.2, 20% of the 0(4) sites are vacant on the b-axis. 
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YBagCUjOy gradually loses all the 0(4) atoms in transforming 

to YBa2CU20^ resulting in O-Cu-0 linear bonds. YBa2Cu20^ is a 

semi-conducting compound. Thus we find that the chains of CuO^ units 

play an important role in the superconducting mechanism. 

In YBagCugO^, the C u d ) and Cu(2) sites are occupied by Cu** 

and Cu^* respectively and Cu(l)-0(1) bond length is less than that 

in YBagCUgOy (P.Bordet et al, 1987). For y > 2.4, the tetragonal 

structure results from an ordering of Y and Ba cations and oxygen 

vacancies. 

Annealing in oxygen raises the onset temperature for 

superconductivity and sharpens the transition. YBagCugOg.y is 

superconducting and the increases from 58K to 92K as y decreases 

from 2.4 to 2.0. The structure has an orthorhombic symmetry for 

2 < y < 2.4. The change in T^ depends on the oxygen deficiency. 

High T superconductivity is attributed to the two 

dimensional CuOg-Ba-CuOg+x layers. The basic units are formed by 

square pyramidal network due to of Cu atoms and the planar units 

due to the remaining V 3 of Cu atoms. The stability of square 

planar and square pyramidal Cu coordination is responsible for 

accommodating a flexible arrangement of oxygen ions in the perovskite 

structure. Formal valence of Cu is +2.27. Yttrium layers divide 

the structure into two isolated sheets and a two-dimensional network 

is created. The barium and yttrium cation layers are ordered 

according to the repeated sequence Ba-Y-Ba-Ba-Y. Cu^* and Cu^ 

occupy the square pyramidal and square planar sites respectively. 

The difference between the distorted ODP structure and the 

K2NiF^ type structure is that the ODP structure does not have the 

rock salt layers. The similarity seen in both structures is the 

presence of two-dimensional copper-oxygen planes. 

In the orthorhombic crystal, the Cu-0 vibrational modes are 

evident from Raman scattering data. The Cu(2)-0-Cu(1) bond is 

stretched along the c-axis and has a frequency of 500 cm"*. In the 
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tetragonal structure, the frequency of this mode reduces to 470 cm~^. 

The bonding forces between Cu and 0 atoms are stronger than the other 

bonds. The lattice parameter c decreases in the orthorhombic 

structure. The Cu(2)-0-Cu(1) bond length in the orthorhombic 

structure is shorter than that in the tetragonal structure. Thus the 

observed high frequency modes in the orthorhombic structure can be 

explained (A Yamanaka et al, 1987). 

The isotope effect observed in YBa2Cu30g_y shows that the 

transition temperature decreases by 0.3 to 0.5K when 90% of ^^0 is 

replaced by ^®0. If the values of ot is assumed as % 0.5 as in the 

conventional superconductors, T^ is lowered by 5K when Oj^ is 

completely substituted by ^®0. Thus there is an indication of the 

presence of electron phonon interaction (Leary et al, 1987). 

Both YBagCugOy and La^ gg (Sr,Ba)Q 5 CuO^ have specific heats 

which vary linearly with temperature and show an anomaly at T^. 

Takagi et al consider a weak-coupling limit for La-Sr-Cu-0. By 

assuming the BCS relation to hold good they have estimated the 

electronic specific heat coefficient y to be 15mJ/mol/K and 

llmJ/mol/K^ in YBagCUgO? and .ggfSr.CaiQ igCuO^ respectively 

(H.Takagi et al, 1987). The tunnelling experiments on YBagCUjOy 

have resulted in an energy gap with a temperature dependence in 

agreement with the BCS theory. The data show that YBa^Cu^Oy is a 

strong coupling superconductor. 

The changes in the electronic energy of the YBa^Cu^Oy^y 

system could give rise to the orthorhombic to tetragonal phase 

transition and change the T^. The band structure calculations of 

A.J.Freeman et al (1987b) show that the density of states decreases 

by 20% as the stoichiometry decreases from 7 to 6.5. 

According to the single cell model, the electronic density of 

states near the Fermi energy arises from the interaction between 

Cu(3d J and 0(2p ) orbitals in the Cu-O square planar layers 
x^-y^ xy 
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which has a two dimensional character. According to the double cell 

model, the electronic density of states results from the one 

dimensional chains (Matheiss, 1987). Since the superconducting 

transition temperature T depends on the factor y, the 2D square 

planar layer or one dimensional CuO^ chains or both may contribute to 

the transport properties. The electronic interactions might be 

significant between the one dimensional chains and the Cu-0 planes as 

they are linked by the 0(1) ions. 

Since the oxide materials are porous with grain size 

approximately a few microns, coupled Josephson junctions can exist in 

the superconducting state. The application of microwave radiation 

on Y-Ba-Cu-0 / Y-Ba-Cu-0 Josephson junctions induce distinctive 

current steps in the current-voltage characteristics. The currents 

flow when there is resonance in the oscillatory Josephson current 

with the microwave radiation and are observed at consecutive voltage 

steps given by (h/2e)f where f is the frequency of the microwave 

radiation. Thus the onset of macroscopic quantum state below T^ 

implies the wave nature of the condensed pairs. 

The shielding currents are set up in a superconductor in the 

presence of a time dependent magnetic field in accordance with the 

law of induction. This results in the flux motion due to the 

Lorentz force. If the pinning forces are stronger than the Lorentz 

force, the magnetic field propagation is disrupted and disturbs the 

thermodynamic equilibrium. This results in a hysteresis behaviour 

of the magnetization. Flux pinning might occur due to the 

interaction between the grain boundaries and the fluxoids. In 

polycrystalline materials, the planar defects are responsible for 

scattering the charge carriers. Grain boundaries and the planar 

faults act as pinning centres. In the new copper oxide 

superconductors, the planar defects are associated with the formation 

of twin boundaries and extrinsic planar defects. The strength of 

the pinning force of an imperfect grain boundary is much greater than 

that of a perfect boundary. In polycrystalline materials of type II 
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superconductors the critical current is found to be inversely propor-

tional to the grain size (Welch D 0, 1985). The grain boundary 

effects are also seen in the perturbation of the G-L parameter k. 

In powdered samples of YBa2Cu20y_y, the behaviour of 

magnetization M with respect to the applied field B is reversible in 

low fields (Schauer W et al 1987). Critical current densities of 

10^ A/cm^ at IT are observed at 4.2K in the grains. In the bulk 

samples the critical current densities are very much less than those 

deduced for single grains in powdered samples. This could be due to 

the weak link between the individual grains in the bulk samples. 

The critical current density depends on the microstructure of the 

material. The intrinsic property of the grains is also revealed in 

the measurement of the imaginary part of the a.c. susceptibility. The 

losses are more in the bulk samples compared to that in powdered 

samples. 

The onset of superconductivity in gBag_2CuO^_y is at 92K. 

This compound when cooled in zero field or high field (B > 90 G) is 

diamagnetic below T^. However, when cooled in a field < 85 G, 

unusual spurious effects have been observed below T^ in this 

multiphase compound (Hor et al, 1987). 

For both the single phase samples YBa^CugOy and 

La^ gSrg ^jCuO^ the Meissner signals are much smaller compared to the 

shielding signals obtained after zero field cooling. The magnetic 

susceptibility of YBagCu^Og.y above T^ is described by Curie-Weiss 

law. The Curie constant yields pgf£ =0.3 Wg/Cu atom. 

The magnetic properties investigated so far agree with the 

phenomenological Ginzburg-Landau theory. The estimated value of 

coherence length ( * 22 & (R.J.Cava et al, 1987b). The variation of 

the lower critical field B with T is linear in the temperature 
^1 

range 20K - 90K (H.Spille et al, 1987). 
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The onset of transition as obtained by a.c. susceptibility 

measurements occurs almost at the same temperature as obtained from 

resistivity data. But the broadening of the transition is quite 

large compared to the resistive transition. This could be due to 

the anisotropic behaviour of B which is not apparent in the 
2 

resistive transitions. 

Anisotropic upper critical fields investigated using 

preferentially oriented pellets are given by the relation 

H (8) = H (cos^ e + sin^e)"^ for all the grains. 6 is the 
c 2 (^1 

angle between the c-axis and the magnetic field. H and H 
21 =211 

are the magnetic fields normal and parallel to the crystal layer 

respectively, e is the anisotropy factor H /H (Takita K et 
21 C2H 

al 1987). 

When yttrium is replaced by the trivalent rare earths, all 

the compounds (except A=Lu), have the YBa^Cu^O^+y structure. A 

superconducting phase with T^ in the 90K range (90-98K) is obtained 

with the exception of Ce,Pr and Tb. Above T^, the variation of 

susceptibility with temperature shows a Curie-Weiss behaviour and the 

Curie temperatures are negative implying that the rare earth ions 

have an antiferromagnetic interaction (P.A.J, de Groot et al, 1987). 

Crystal field effects are significant on the rare earth ion sites as 

seen from inelastic neutron scattering results (B.D.Rainford, 1987). 

The magnetization data suggests the coexistence of magnetic 

order and superconductivity in the R-123 compounds. There is little 

overlap of the RE electrons and the electrons responsible for 

superconductivity. Magnetic hysteresis is observed in these 

compounds at low temperatures and high fields. When the field is 

switched off the remanence is large at low temperatures and suggests 

tlmt the fliw pinning still exists. These observations low 

temperatures and high fields are in favour of a superconducting 

glassy state. The estimated value of critical current is 
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(2.5 ± 1) X 10^ amps/cm^ from hysteresis curves (analysed with critical 

state model). Since most of the rare earth sites are magnetic, the 

rare earth sites might act as pinning centres and enhance the value 

of the critical current j^. The Curie constant provides Pgff 

consistent with the 4f configuration of the corresponding rare earth 

ion. The presence of magnetic ions in conventional superconductors 

almost always reduces T^. 

Since the T^ of YBagCUgOy (1-2-3 compounds) is much higher 

compared to that of La2_^Baj^CuO^_y compounds, the coupling between 

the Cu and 0 atoms in the square planar chains play an important 

role. 

Mossbauer measurements on GdBa2CugOy_y yield isomer shifts 

corresponding to insulating Gd-transition metal oxides. Thus the 

conduction electron density is very low at Gd sites and there is 

little RKKY interaction (H A Smit et al, 1987). 

The symmetry of the compound results in two parallel and 

antiparallel nearest Gd atoms for Cu in a layer. This leads to the 

balancing of interactions whatever the type of interactions that are 

present. This fact might account for the coexistence of magnetic 

ordering and superconductivity. 

Specific heat measurements on RBa2Cu20y compounds show an 

anomaly at low temperatures (Ramirez et al, 1987). The 

temperature corresponding to the ordering of the local moments is 

much greater than the dipolar energy. Thus exchange interaction is 

the major interaction that is present. The specific heat data on 

DyBagCugOy in the presence of a field greater than indicates that 

the ordering temperature decreases as the field increases. This 

observation implies an antiferromagnetic ordering. The 

antiferromagnetic ordering has also been shown by neutron diffraction 

results (D Mck.Paul), 
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The maximum superconducting transition temperature in the 

La-Ba-Cu-0 system was confined to 35-40 K range. Mitzi D.B. et al 

(1987) succeeded in increasing the transition temperature beyond 70K 

in Baj 25^"3^7+y The oxide with the composition 

La^BagCu^Oi^+y was investigated before the discovery of the copper 

oxide superconductors (Er-Rakho et al, 1981). The rate at which 

oxygen is intercalated has an appreciable effect on its transport 

properties. The structure of LagBagCu^Oi^+y is isomorphous with the 

tetragonal structure of YBa2Cu20y_y. (David W I F et al, 1987). 

Although this is a mixed valence system in two dimensions, the 

compound exhibits a pure semi-conducting behaviour. Barium and 

lanthanum ions being similar in size , they mix on the A atom site 

of the perovskite structure and a solid solution is obtained with the 

composition Ba^.^Lai+xCu^Oy+y for 0 < x < 0.5. The partial phase 

equilibria of the oxides formed in the (Ba/La/Y)CuOg_y system is as 

shown in Fig.2.4 (after Cava et al 1987). It is interesting to note 

that the high T^ in La-Ba-Cu-0 system is identified with the 

La3_xBa3+xCU60l4±y Phase. 
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3. EXPERIMENTAL TECHNIQUES 

In this chapter, the experimental methods for investigating 

the behaviour of the copper oxide superconductors are briefly 

described. Experiments were performed to determine the electrical 

resistivity, a.c.susceptibility and the thermal expansion of the 

samples. 

a. Electrical resistivity. 

In as much as zero resistance is an essential characteristic 

of a superconductor it is natural to make measurements of the 

electrical resistivity. In any conductor, a study of the variation 

of resistivity with temperature is useful in determining the nature 

of possible phase transitions. In a superconductor, the critical 

superconducting transition temperature T^ is determined. The 

behaviour of resistivity near the transition temperature T^ can be 

related to the granularity of the sample (Bednorz and Muller, 1986a). 

If the material is not superconducting, any evidence of irregular 

behaviour that may not be apparent in the X-ray diffraction data may 

be apparent in the electrical resistivity measurement. 

The present work deals with the study of the variation of 

d.c. electrical resistivity of and related 

compounds in the temperature range 6K to 300K. 

The experimental set up used for the d.c. electrical 

resistivity measurement was built by Dr P.C. Lanchester. The 

measurements were done by the conventional four probe method. In 

this set up, a continuous flow cryostat (Oxford Instruments CF 1200) 

is used for low temperature measurements. The main vacuum space of 

the cryostat is maintained at high vacuum ~ 10"^ Torr by making use 

of the pumping system. The pumping system consists of a rotary pump 

and a diffusion pump. The sample space, provided with a metal plug 

and an 0-rlng, is kept vacuum tight. It is evacuated to % 0.1 Torr 

of Hg using a rotary pump. It is flushed two or three times with 
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helium and is finally filled with helium (exchange gas). There is an 

annular space in between the main vacuum space and the sample space. 

It has a heat exchanger and a thermocouple with its reference 

junction maintained at 77K in an external liquid nitrogen bath. 

Liquid helium from a transport dewar is introduced into the annular 

space through a flexible syphon. This in turn lowers the temperature 

of the sample due to the presence of the exchange gas in the sample 

space. The vaporized helium is pumped out of the annular space 

using a flow pump and is sent through the helium recovery line. This 

procedure helps in achieving a continuous flow of the liquid in the 

heat exchanger space. The temperature of the heat exchanger can be 

controlled by varying the rate of pumping helium. This is done by 

adjusting a needle valve in the pumping line. A heater is inserted 

close to the exchanger and can be used if required. 

The temperature of the sample was measured by a calibrated 

silicon diode sensor (Rao and Scurlock, 1983). The silicon diode was 

fixed very close to the sample. A constant current source was used to 

send a current of 10 pA through the diode. The diode voltage was 

fed through an A to D converter the output of which was digitally 

linearised and then transferred to a BBC computer via the USER port. 

The resolution obtained in the measurements was % O.IK. The absolute 

accuracy in temperature measured was ~ 0.5 - IK. 

Another constant current source was used to send a current of 

1-10 mA through the sample. The value of the current sent through 

the sample was decided depending on the heat dissipation factors. 

The current density through the sample was maintained at 0.1 

-0.2A/cm^. A digital voltmeter (Solartron) having a resolution of 

100 nV was used to record the voltages across the leads to the 

sample. The DVM was interfaced to the computer via an IEEE port. 

The block diagram of the data acquisition system is shown in Fig.3.1. 

The sintered sample was cut to a rectangular shape (8mm x 5mm 

x 1mm). The dimensions of the sample, viz the width and the thick-

ness were measured with a micrometer. The current and the voltage 
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leads were attached to one of the faces of the sample by silver 

paint. Care was taken to see that the contact resistance was as 

small as possible (% 10). If the contact resistance was high, it 

would give rise to Joule heating. The distance between the voltage 

leads was measured with a mm scale. Uncertainty in this measurement 

was the main source of error in the absolute measurement. When the 

silver paint dried up, the sample was mounted on a tufnol sample 

holder which was fixed to a long stainless steel tube. The leads 

from the sample and the silicon diode were anchored to the pin pro-

vided on the other end of the stainless steel tube. The sample 

holder assembly was then inserted into the cryostat. 

The transfer syphon was flushed with helium. One arm of the 

syphon was inserted into the syphon inlet of the cryostat. The 

other arm of the syphon was slowly let into the helium transfer 

vessel. The continuous flow pump and the temperature controller were 

switched on and the flow valve was adjusted so as to obtain a rate of 

decrease of temperature ~ 2K/minute. Thermal emfs were negligible 

with a slow cooling rate. Failure to cool sometimes occurred due to 

the blockage inside the syphon, and the blockage had to be cleared 

by taking the syphon out and flushing it with warm helium gas. 

A computer program in BASIC, written by Dr P.C. Lanchester, 

was used to monitor the time, the temperature of the sample, the 

voltage across the leads and the thermal emf that was present due to 

the temperature gradient. The computer measured the thermal emf by 

periodically turning the sample current off. The sample was 

cooled from room temperature to % 6K. 

The sample was allowed to warm up gradually by adjusting the 

flow valve. This was done until the temperature of the sample 

reached about 40 or 50K. Afterwards, the flow pump was put off and 

the sample was warmed up gradually by manually controlling the 

heater. 
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The data was analysed by making corrections for the thermal 

emf at each temperature. The data of resistivity vs temperature was 

stored on the floppy disc and plotted using the plotter. 

b. a.c. susceptibility. 

The a.c. susceptibility measurements serve as an important 

tool to investigate the flux exclusion associated with 

superconductivity. The diamagnetic shift below the critical 

transition temperature arises from the shielding effect of the normal 

and the superconducting components of the material. The 

measurements are useful in determining the upper limit of the 

superconducting volume fraction of the material corresponding to the 

perfect flux exclusion (diamagnetism). 

The a.c.susceptibility measurements have been done using an 

existing apparatus which was recently improved by Dr R.J. Pulham. 

There are two primary coils connected in series and the concentric 

secondary coils are each wound in opposite direction. The sample is 

placed inside one of the secondary coils. An oscillatory current is 

sent through the primary coil. The induced emf across the secondary 

coil is proportional to the magnetization of the sample and hence it 

depends on the susceptibility of the sample. 

An alternating magnetic field is set up around the sample by 

exciting the primary coil with a constant a.c. current. The 

frequency of the applied field is kept constant at 325 Hz. The 

circuit that is employed for measuring the susceptibility is shown in 

figures 3.2 and 3.3. The measuring field can be taken as that present 

at the centre of the specimen. Figure 3.2 shows the block diagram of 

the driving system and the impedance matching circuits. Figure 3.3 

shows the sine wave generator and the feed back circuitry, which 

ensures that the magnitude of the exciting current through the pri-

mary coil is kept constant. Hence any change in the signal induced 

in the secondary coils will be due to a change in the permeability of 

the medium between the primary and the secondary coils. V)hen the 
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specimen is introduced, the change in the mutual inductance of the 

coils is given by 

da = n^ np V X A 

where and are the number of turns/unit length of the primary 

and secondary coils. V is the volume of the specimen and % is its 

susceptibility. A is a factor depending on the geometry of the 

coils. 

When a current I at a frequency w passes through the primary 

coil, the difference in the voltages across the secondary coil with 

and without the sample placed in it is given by 

AV = lu AM 

The a.c. magnetic susceptibility is a complex quantity and is given 

by 

X' - iX'' 

where is the in phase component to the magnetic field and %' ' is 

the out of phase component due to the hysteresis effects and eddy 

currents and is proportional to the energy dissipation. 

The signal voltage Vĵ  induced in the secondary coil inevita-

bly carries noise due to the resistive and electrostatic coupling 

across the coils. A lock-in amplifier (LIA) is used to measure the 

inductively coupled signals v̂ .̂ The LIA uses a reference signal at 

the same frequency as the input signal v^. In fact, both the 

reference and the signal frequencies are derived from the same source 

and the detector effectively 'locks in' to the signal frequency v^. 

The signal to noise ratio is enhanced by passing the signal 

through a low pass filter. The high frequency components are 

removed. Only the Fourier components of the noise voltage with 
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frequencies near the signal frequency will contribute to v . The 

bandwidth Au of the detector is given by the inverse of the time 

constant. The time constant used in the circuit is 3 seconds. 

The phase of the reference signal v^ is adjusted with respect 

to the input signal Vj, so that the magnitude of the detected signal 

component is maximized. 

The above processing results in the output v^ consisting of a 

d.c. term which is proportional to the amplitude of the signal Vĵ . 

The sintered sample weighing about 0.39 gm was mounted on a 

tufnol sample holder which was fixed to a non-magnetic stainless 

steel tube. A silicon diode fixed in close thermal contact with the 

sample was used as a temperature sensor. A constant current source 

was used to send a current of 10 yiA through the silicon diode. A 

digital voltmeter was used to monitor the forward bias voltage. The 

voltage measured was a unique function of temperature. The sample 

holder along with the assembly of the mutual inductance coils was 

inserted into the cryostat as in the resistivity rig. 

Before each measurement, the temperature of the sample was 

stabilized. This was necessary to minimize the thermal gradients 

over the coil set which causes instabilities in the detected voltage. 

Temperature stability was maintained by adjusting the helium flow 

valve so that the temperature of the cryostat as measured by the 

thermocouple fell 2 or 3K below the required temperature which was 

the 'set point' on the temperature controller (Oxford Instruments). 

The automatic heating stabilized the temperature to the set value. 

The difference in the output signal v when the sample is in and the 

sample is out of the secondary coil is obtained at different steady 

temperatures 

Vg = constant x %' • 

The constant of proportionality was determined by a calibration where 
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we used high purity lead. For lead we know that $ 7K in low 

magnetic fields and its volume susceptibility is equal to -I (perfect 

diamagnetism). 

The advantage of this method is that the a.c. susceptibility 

measurements give directly the without need of making contact to 

the sample. 

c. Thermal expansion. 

The study of thermal expansion provides information regarding 

the vibrations of the crystal lattice (Barron et al 1980). The 

coefficient of thermal expansion of a material is given by 

1 a/ 
jt QT 

where S/ is the change in length, i is the original length of the 

specimen and 9T is the increase in temperature. Thermal expansion 

occurs due to the anharmonic nature of the interatomic forces in a 

solid. It is a structure sensitive property and exhibits an anomaly 

whenever a material undergoes a structural phase transition. Other 

phase transitions such as magnetic, electronic and superconducting 

transitions often contribute to the total thermal expansion 

coefficient. 

The behaviour of the thermal expansion of YBa2Cu20y has been 

investigated. The thermal expansion of the sintered polycrystalline 

sample was measured using a three terminal capacitance method. The 

method employed is one of the most sensitive methods and was 

developed by G.K.White. This technique determines the change in the 

capacitance induced by a change in the length of the sample as the 

temperature is varied. The method compares the dilatometer 

capacitance with a standard capacitor using an a.c. bridge (Thompson 

A.M., 1958). The block diagram of the thermal expansion data 

acquisition system is as shown in figure 3.4 (R.J.Pulham, 1987). 
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The automatic self balancing capacitance bridge was designed 

and built by Dr.R.J.Pulham (1987). The basic principle that is in-

volved can be described with reference to figure 3.5. The carrier 

generator excites a step up transformer which provides signals of 

equal and opposite phase to both arms of the bridge. The signal 

applied to Cg is reduced by an inductive voltage divider, whereas the 

dilatometer with the unknown capacitance carries the full bridge 

voltage. Both Cg and are three terminal capacitors. For null 

balance of the detector, the two currents from both arms of the 

bridge must be equal and opposite. This gives the balance condition 

of the bridge: 

"Cg = Cx . 

Thus the ratio of to Cg is proportional to the ratio of 

the inductive voltage divider. The ratio of the inductive voltage 

divider is controlled via the software of the automatic capacitance 

bridge (A.C.B) and the ratio is transferred to the BBC through an 

interface. The operation of the A.C.B. is explained in great detail 

by R.J.Pulham (1987). 

The expansivity measurements were done using the expansion 

cell which has been used for determining the expansivity of iron 

difluoride and magnetic rare earth intermetallic polycrystalline 

compounds. The data for YBa^CugOy was inconclusive. It suggested 

that the data was influenced by two factors. One factor could be due 

to G.E. varnish used to place the sample in between the cell base and 

the capacitor plate. The other factor could be due to the expansion 

of the cell material. The expansion of the cell material (Cu) is 

much greater than that of the copper oxide ceramic. 

To avoid spurious results due to the G.E. varnish the 

expansion cell was modified. The thermal expansion of YBagCu^Oy was 

measured with this modified cell. 
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A schematic cross section of the expansion cell is shown in 

figure 3.6. The OFHC copper has been used for the cell material. 

The cell consists of the base plate, the high potential capacitor 

plate H and the low potential plate L. The low potential plate is 

separated from the guard ring by epoxy resin. The base plate is held 

in position by means of the threaded supports and the adjustment 

collars. The sample is placed between the cell base and the high 

potential capacitor plate by using the three screws and the associ-

ated springs. The guard ring is anchored to the top plate of the 

sample holder. It produces a uniform electric field between the 

capacitor plates and eliminates the edge effects. A platinum resis-

tance thermometer is thermally anchored to the base close to the 

sample. The expansion cell is connected via a tufnol mount (not 

shown in the diagram) to the cryostat sample holder. The leads from 

the expansion cell are taken through the tufnol mount and are ther-

mally anchored to the top of the sample holder rod. The expansion 

cell is enclosed in a copper can and the space inside is made vacuum 

tight by indium seal. 

The cryostat consists of a liquid nitrogen shield and the 

liquid helium bath (main bath). The space surrounding the main bath 

and the liquid nitrogen jacket is maintained at high vacuum by making 

use of a rotary and a diffusion pump. A variable temperature insert 

is located in the main bath and draws the liquid coolant from the 

bath through a syphon into a heat exchanger. The liquid coolant is 

vaporized and leaves through an annular exhaust surrounding the 

sample holder space. The cooling power is transferred to the sample 

holder via the helium exchange gas. Accurate adjustment of the flow 

of gas through the exhaust is effected via a continuous flow pump and 

the flow valve. The sample holder space and the variable 

temperature insert are otherwise thermally isolated from the main 

bath by the inner vacuum space and the radiation shields. 

The temperature of the sample is measured by a platinum 

resistance thermometer. The resistance of platinum is measured by an 

automatic A7 resistance bridge (ASL Labs). The ratio of the 
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resistances of the sensor and a standard resistor is recorded at each 

temperature and the data is transferred to the computer. The 

resolution of the A7 bridge is 0.1 mK at the temperature of these 

measurements and is accurate to about 2 mK. 

A silicon diode is mounted on the stainless steel tube 

carrying the copper can. It is used for measuring the temperature 

of the sample holder space. The silicon diode forward voltage drop 

is measured by the DVM interfaced to the microcomputer. 

The length of the sample is measured with a micrometer gauge. 

Its two mounting surfaces should be perfectly flat. The high tension 

plate is held carefully and the collars are adjusted so that the 

sample can be placed on the base and the distance between the 

capacitor plates is about a fraction of a mm. The three screws 

provided to hold the high potential capacitor plate are adjusted so 

that the plate rests squarely on the sample. The capacitance between 

the plates is measured by a (manual) bridge with an accuracy of 2pF 

over a range O-lOOpF. The capacitor gap is now adjusted using the 

adjustable collars of the three threaded support rods to move the 

base plate up or down. The capacitance is adjusted to be between 

20-30 pF. The brass can is now replaced with the indium seal and 

the whole sample holder assembly is carefully inserted into the 

sample holder space of the cryostat. 

The automatic capacitance bridge is now calibrated using a 10 

pF standard capacitor. This is done by manually adjusting the 

decade switches in sequence to get a null balance at a high gain 

setting and then calibrated automatically. Then the bridge is 

switched to operate on the serial automatic balance mode and the 

balance is again checked. The 10 pF capacitor is disconnected and 

in its place, the leads from the dilatometer cell are connected. 

The bridge is now switched on to the manual mode and only the first 

two decade values are adjusted to get a rough balancing on the 

detecting meter. The bridge is then switched on to the serial mode 

and the balance checked. 
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The computer programs (R.Pulham, 1987) are used to test all 

the different units used in the experimental set up and the automatic 

recording of the dilation. The testing program is loaded on the 

computer. 

The sample space and the sample holder space are evacuated to 

a pressure of 10"^ Torr and filled with helium. The main vacuum and 

the inner vacuum space should be maintained at a pressure of 10"^ 

Torr or less. 

The main bath is filled with liquid nitrogen using the 

transfer syphon inserted in the entry port. When the bath is 

completely filled with nitrogen the transfer syphon is removed and 

the valve on the main bath closed. The outlet from the main bath is 

provided with a bunsen valve through which the nitrogen gas from the 

main bath can escape to the atmosphere. The flow pump is switched 

on and the flow valve opened. From now onwards the temperature of 

the sample space and the sample holder space are continuously 

monitored. The flow valve is adjusted so that the sample cools 

gradually. In the beginning the temperature of the sample holder 

space is less than the sample temperature by a few K. When the 

sample is reaching equilibrium with its surroundings, the difference 

between the temperatures of the sample space and the sample holder 

space is of the order of lOmK. The flow pump is switched off and 

the system is left to warm up by a few degrees for about four hours. 

Then the bath is pumped out and flushed with helium gas. 

Liquid nitrogen is filled in the shield and liquid helium is 

transferred to the main bath through the entry port. During the 

cooling procedure, care is taken to see that the needle valve is not 

blocked. The flow pump is switched on and the main bath is filled 

to about three-fourths of its volume as indicated by the helium level 

indicator. 
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The control program effects a continuous recording of tem-

perature of the sample, the ratio of the standard and dilatometer 

capacitances and the time as reckoned by the 32-bit clock. After 

every 50 readings, the average temperature, the average ratio, the 

standard deviation for temperature and ratio and the rate of change 

of capacitance with time . " ^ are computed by fitting the data 

of ratio vs time to a straight line using a least square routine. 

dT 

The same fit is worked out for rejecting readings outside 

the standard deviations and then refit until no readings are rejected. 

^ is finally computed. 

During the experiment the temperature of the sample was found 

to change very slowly at 77K. The resolution of the A7 bridge was 

changed from 10"^ to 10"^. The pre-amplifier gain was changed from 

1 to 100. The flow pump was put off when the sample temperature was 

about 130K. The data was recorded until the sample warmed up 

gradually to 240K. 

The expansivity of the sample was calculated as follows: 

For an ideal parallel plate capacitor, the capacitance 

..r2 
C ! 

o 
C = c (3.1) 

where r is the radius of the low potential capacitor plate, d is the 

distance between the plates, c is the permittivity of free space. 

The corrections are made for the non-parallelism of the 

capacitor plates (Tilford 1969) and the distortion of the electric 

field near the edge of the capacitor plates (White, 1961). Hence, 

the effective value of capacity is given by: 

2 
c = H I . 

^ ^ & 
f Ad 

2 
xd 

r(d+0.22x) 
(3.2) 

where Ad is the capacitance gap change that occurs due to the tilting 

of the capacitor plates, x is the width of the gap between the guard 

ring and the capacitor plate. 
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In the method, we used for setting the capacitance gap (Legg, 

1980), 
Ad 

0 . 2 

The rate of change of capacitance with respect to temperature 

is given by (Legg, 1980; R.J. Pulham, 1987) 

dT ad 9T ar 
ar 
ax 

(3.3) 

ad 
= - A, 0 

"d 

where A 

ar 

1 

2^2 Co 

1 + 
16 

M 
d 

xd 
r(d+0.22x) 

where A^ = 1 + 
16 

M 
d 

xd 
2r(d+0.22x) 

ar 
af 

where = thermal expansion of copper. 

M 
ax - Cu sample 

) L = « L 

where L is the length of the sample. Change in the capacitance gap 

is related to the expansion of the cell material (Cu) and the sample. 

Substituting for the above expressions in equation (3.3), 

Substitution for is made from the data of Kroeger and 

Swenson (1977). 

Expansivity of the sample is determined from the equation 

A, 

sample Cu 
1 

2d d 1_ ^ 
L A C dT 

The data of oc 
sample 

another computer program. 

1 0 

at each temperature is obtained by using 
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The normalized length change, ~ is computed at each 

temperature by making use of the expansivity data (R.PuIham, 1987), 

^ - •S" « T 
' „.l " " 

where ot and T denote the thermal expansivity and the average 
" " th 

temperature of the n data set. 
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4. RESULTS 

The YBagCugOy and compounds used in our 

measurements were prepared by Dr Mark T. Weller and Mr J R Grasmeder 

in the Chemistry Department. The results of thermal expansion, 

resistivity and a.c. susceptibility measurements will be reported in 

this chapter. 

a. Resistivity of La^+xBa^.^Cu^Oi^+y and related compounds 

The resistivity behaviour of the following compounds were 

investigated: 

1. La24,jjBa^_j^Cu^0 2^^y (x=0,0.2,0.4,0.6,0.8) 

2. La2 g(Ln)j gBa^Cu^O^^^y (Ln — Y, Yb) 

3. 14±y ~ 0.2, 0.6) 

All the samples belong to the group (A^Cu^O^^+y) where A is a 

mixture of divalent and trivalent ions. Oxides like 

YBa2_jjSrj^Cu307_y and Yb^Er^.^BagCugO^+y are typical examples. 

The polcrystalline samples were prepared by the direct oxide 

technique. High purity 99.99% metal oxides La202,CuO,BaO,Y2O2 were 

used for sample preparation. The dry oxides were taken in the 

appropriate ratio and were ground thoroughly. The mixture was heated 

at 900°C for 24 hours in air. It was reground and heated at 950°C 

for 48 hours in pure oxygen. Unannealed samples were obtained by 

rapid quenching of the samples. 
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The annealed samples were slowly cooled to room temperatur e, 

The pellets were compacted at a pressure of 7.5 x 10®Pa and 

reannealed in oxygen at 450°C. All the samples prepared were of 

single phase. The oxygen stoichiometries of all the samples have 

been determined by thermogravimetrie analysis. 

All the compounds belonging to the above groups have their 

structures lying between the orthorhombic and the 

tetragonal symmetry of LagBagCu^O^^ (M T Weller, 1987). The 

annealing temperature and the oxygen pressure seem to be the deciding 

factors in controlling the structure. 

1-a. La2+jjBa^_jjCu^0(unannealed compounds) 

The above group of compounds were studied for compositions 

with x=0.0,0.4,0,6 and 0.8. Their resistivities increase as the 

temperature is lowered from room temperature i.e. a purely 

semiconducting behaviour is seen. On further lowering the 

temperature (below 75K for x=0) the resistivity decreases and at 

still lower temperatures an upturn in the behaviour is observed 

(figure 4.1). 

l.b. La2+jjBa^_jjCu^0j^^.y (annealed compounds) 

The resistivities of these compounds are much lower than 

those of unannealed samples (Table I). All the samples exhibit a 

superconducting behaviour. When x=0, the resistivity decreases 

rather slowly until the onset of superconductivity is reached. When 

x=0.6, the resistivity shows a metallic behaviour down to 80K and 

then develops a shoulder before the onset of superconductivity 

(Figure 4.3). The sample with x=0.8 shows a resistivity drop at 50K 

(Figure 4.4). Although it tends to show a transition as in the 

other four cases, it is not superconducting down to 6K. The 

resistivity characteristics show that as the La concentration 
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increases from x=0 to x=0.6, the transition temperature is shifted to 

lower temperatures. The compound with x=0 has a maximum value of 

(= 65K) (Figure 4.2). refers to the mid-point of the transition. 

2. La, 5(Y/Yb)i,5Ba3Cu60i4+y 

.3+ 
The La sites are partially occupied by Y in the 

stoichiometry Laj jYj ^BajCu^Oj^^y. The resistivity at room 

temperature is very low and the compound shows a semiconducting 

behaviour. When Yb^^ is substituted for La^*, the data shows a 

semiconducting behaviour and an anomaly at % 85K (Figure 4.5). The 

resistivity decreases and starts increasing at ~ 62K. 

Table I Resistivity of compounds at room 

temperature 

x 

p ( m 0 cm ) 

x 

unannealed 
samples 

annealed 
samples 

0 40.93 66.82 

0.2 (139.2) 3.0 

0.4 35.05 3.1 

0.6 20.2 2.645 

0.8 20.26 7.95 

3. YjLajjBa^.jjCu^Oj^+y 

The resistivity characteristics indicate a metallic behaviour 

until the onset of superconductivity is reached. The samples with 

x=0.2 and 0.6 are superconducting with T^ equal to 93K and 60K 

respectively (Figure 4.6). The resistivities of these samples at 

room temperature are of the same order as that of lb samples. 
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In all these measurements no hysteresis in resistivity was 

observed. 

Table II. Transition temperature T^ of 

(n=2,0) compounds. 

Composition T^/K) 

*2L*0.2B*3.8C"6°13.92 93 

^2^0.6®^3.4^"6°14.07 60 

LagBa^Cu^Oi,g 65 

^'*2.2 G*3.8G^6°13.86 52 

'^^2.4®^3.6^"6°1A.01 39 

^'*2.6G'*3.4C"60l4.06 
26 

^^2.8B*3.2C"6°14.07 (13) 
not supercon-
conducting down 
to 6K. 
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b. Interpretation of Resistivity Data 

The structural data obtained by neutron diffraction studies 

and the oxygen stoichiometries obtained by thermogravimetric analysis 

(M T Weller, & J Grasmeder, 1987), have been studied to relate the 

superconducting behaviour to the structural aspects and to understand 

the mechanism responsible for superconductivity. 

The superconducting compounds listed in Table II form a solid 

solution and have the formula YnL&2-n+xB*4-xCU60l4+y ("=0-2)-

YgBa^Cu^O^g g has an orthorhombic structure and has its T^ at 93K 

(P.C. Lanchester, 1987). When a small percentage of La is 

introduced, keeping the yttrium constant, T^ is not very much 

altered. T^ of YgLag gBag.gCuaOij.gg is 93K. As the La 

concentration gradually increases from x=0.2 to x=1.0 T^ falls from 

93K to 23K (P.C. Lanchester, 1987). 

For an eight-fold coordination of oxygen atoms, the ionic 

radii of Y, La and Ba are 1.1558, 1.328 and 1.568 respectively. On 

complete replacement of Y by La in tl^ tripled perovskite structure 

of YjBa^Cu^Oj^, the lattice parameter c changes from 11.678 to 

11.788. When La ions occupy the central A sites, they do not affect 

the one-dimensional chains drastically. The superconductivity in 

this compound LagBa^CutOi] g occurs at % 65K awd this transition 

temperature is very much higher than the transition temperature of 

La2_xBaxCu04_y (KgNiF* type). TMie tULgh T^ phase has a IrigUi 

concentration of Cu compared to the Lag.xBaxCuO^.y phase. The 

oxygen stoichiometry factors in the two high T^ compounds 

YgBa^CutOi^+y and LagBa^Cu^Oi^+y are of the same order. 

The La and Ba ions are incorporated in the tripled perovskite 

structure as La^* and Ba^*. The oxygen vacancies 0(5) in 

YgBa^Cu^Oi^ run parallel to tlw Cu-4 chains. 4^ La ions are 

gradually introduced into the two systems LagBa^CutO,* (ud 

YgBa^CutOi* (Figures 4.2 to 4.4 and 4.6) the ratio La3+:Ba2+ changes. 

The oxidation state of La is enhanced. Since the charge neutrality 

50 



has to be maintained, the Cu oxidation state decreases. Thus the 

ratio Cu^^:Cu^^ decreases and results in a decrease of T^. It has 

been clear from the characteristics of YBa2CUgOy_y that the 

one-dimensional Cu-0 chains play a dominant role in 

superconductivity. The excess La ions occupy the Ba sites. As the 

Ba sites are very close to the Cu-0 chains, the occupancy of Ba sites 

by La have a deteriorating effect. Thus the reduction in T^ is 

expected. The formal charge valence of Cu is > 2.25 in all the 

superconducting compounds listed in Table II. The oxygen 

stoichiometry factor y is below ~ 0.2. When the oxygen 

concentration increases, they occupy the sites between Cuj ions in 

the basal plane and disrupt the square planar Cu-0 chains. 

The semiconducting behaviour of the unannealed compounds is 

due to the low oxidation state of Cu. The Cu oxidation state in 

these compounds is < 2.25. 

Another important characteristic feature is obtained from the 

neutron diffraction results. The structures of Y2Laj^Ba^_j^Cu^0 

and La2+j^.Ba^_j^Cu^0exhibiting the highest T^ are orthorhombic. 

As the La concentration increases, the orthorhombicity decreases. 

The ordering of the oxygen ions significantly affects the lattice 

parameters. Some tetragonal structures are also found to be 

superconducting in spite of the link between the Cu-0 chains. This 

observation suggests that some oxygen vacancies 0(5) still exist and 

allow for conduction. 

The compound with x=0.8 is not superconducting and at this 

stage the compound is approaching the orthorhombic to tetragonal 

transition. It tends to go to the zero resistivity state at zero K. 

This behaviour suggests a gradual filling up of oxygen vacancies 0(5) 

and the disruption of the square planar chains. 

In spite of a higher Cu oxidation state (> 2.25) 

La^Ba^Cu^Oj^ 37 exhibits a pure semiconducting behaviour. As all 

the 0(5) sites in this structure are filled, CuO^ octahedra are 
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formed. The oxygen stoichiometry factor being much greater than 14 

in this compound, the oxygen ions get localized. The charge 

carriers are trapped in the Cud ^ 2 band. 
X - y 

In the La2 ^(Ln)^ compounds can fully replace 

the La^^ ion. Yb̂ "*" can fully substitute for La^* ion. The formal 

valence of copper is less than 2.25 in these compounds (Fig.4.5). 

F Herman et al (1987) show that as the oxygen concentration 

in YBa2Cu20y_y increases there is variation in the electronic band 

structure. The asymmetry in the band structure of YBa2Cu20y_y due 

to the occupation of 0(4) and 0(5) sites is greater than the 

asymmetry due to the change in the lattice parameters a and b by 2%. 

As the Y,Ba and Cu (4s) orbitals lie much above the Fermi energy Ep, 

they do not play an important role in superconductivity. The 

orbitals below the Fermi level are Cu 3d^ and 0 2s^,2p^. The 

electronic density of states N(Ep) is 6.6 state /eV cell. 

The interaction between the Y and Ba atomic orbitals with the 

occupied Cu and 0 orbitals is very small. The 0(2), 0(3) and 0(1) 

ions have almost the same number of valence charges in all the three 

compositions YBaQCu^Oy, where y=6,7 and 8. The valence charges 

carried by Cu(l) and Cu(2) ions are different in all the three 

stoichiometric compounds. The chemical bonding between the Cu and 0 

ions differs due to the difference in coordination numbers. Thus 

there is variation in the valence charges of Cu. As the 

stoichiometric factor y increases from 6 to 8, the electronic density 

of states near Ep increases. If the value of y is fixed, the 

electronic density of states N(Ep) increases with the order of oxygen 

vacancies. The analysis of F Herman et al suggests that it may be 

possible to further enhance the transition temperature by increasing 

the oxygen content while having maximum order in the oxygen 

vacancies. 
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From our experimental results it is clear that the structure 

of La2+3^Ba^_j^Cu^Ois similar to that of YBagCUgOy+y. The oxygen 

vacancies 0(5) play a very important role. Even though the 

stoichiometry of La^ ^Ba^Cu^O^^ q is the same as that of 

YBajCu^O^, the compound is semiconducting. Hence, the Cu oxidation 

state is equally important. When the formal valence of Cu ~ 2.25 and 

the average oxygen stoichiometry factor is less than ~ 0.2 the 

compounds are superconducting. Maximum order in the oxygen 

vacancies between the square planar chains results in high transition 

temperatures. In fact, it is possible to enhance the transition 

temperature in the La-Ba-Cu-0 system to 90K by slightly varying the 

processing parameters. Zero resistivity at 80K has been observed in 

LaBagCugOy (Maeda et al, 1987). 

Since the presence of square planar Cu-O chains is very 

essential, the low dimensional behaviour of superconductivity is 

apparent from the experimental data. 

c. a.c. susceptibility of and YBa^Cu^Oy 

The a.c. susceptibility of the samples were measured using 

the set up described in chapter 3. Since the unannealed samples 

showed a complex resistivity behaviour, compared to the annealed 

samples, one from each set was chosen for a.c. susceptibility meas-

urement. The a.c. susceptibility of the following compounds have 

been measured. 

1. La2Ba^Cu^0 2^+y 

2. Lag 26*3.gCUaO^+y 

3. YBagCUjOy. 

The magnetic response of the above compounds in an a.c. field 

of % 0.15 Oe was measured and the transition characteristics are as 

shown in figures 4.7 and 4.8. The output across the secondary of 
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the mutual inductance system was compared with the signal generated 

by a lead sample of similar dimensions. The random errors in the 

calibration was found to be ± 5%. In the superconducting samples, 

the magnetic flux exclusion results from both the Meissner effect and 

the shielding effect. Hence, the observed diamagnetic shift corre-

sponds to the upper limit of the superconducting volume fraction of 

the sample. The diamagnetic susceptibility of the sample increases 

as the temperature decreases. 

The signals generated by the superconducting LagBa^Cu^O^^+y 

(fig 4.7) are much smaller compared to the signals obtained by 

YBa2Cu20y (fig 4.8). The apparent density of the material (5.8g/cm^) 

was obtained by the measured mass and volume. The magnetic flux 

exclusion at 25K corresponds to about 50% of the volume of the sam-

ple. The temperature corresponding to the onset of diamagnetic 

response is 5 7K. In La2 8*""6®14+y' onset of diamagnetic 

response occurs at 5IK. 

The a.c. susceptibility of YBa2Cu20y was measured using 

another system of mutual inductance coils. The system has not yet 

been calibrated. YBagCu^Oy yields a large diamagnetic signal below 

its transition temperature. The density of the sample is taken as 

6.3g/cm^ (from X-ray data). The magnitude of the signal obtained 

using the previous set of mutual inductance coils indicates that 

almost the whole sample is in the superconducting state. The 

temperature at which the onset of diamagnetism is seen agrees with 

the temperature corresponding to the onset of superconductivity. 

The susceptibility data were taken while cooling and warming 

the sample and there is no indication of any hysteresis. There were 

no frequency dependences of %' between 50 Hz and 300 Hz. Systematic 

errors involved remain almost constant over the whole temperature 

range. At very low temperatures, the quadrature component of the 

signal increases and the in phase signal decreases probably due to 
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the phase shifts in the coils or in the drive system. A dip in %' 

was observed only at very low temperatures although the resultant of 

the two signals was a constant. 

d. Thermal expansion of YBa2Cu20y 

The thermal expansion of YBa2Cu20y has been measured in the 

temperature range 80K to 235K. From this, the pressure dependence 

of the critical temperature has been estimated. 

A single phase compound YBagCu^Oy was prepared by taking high 

purity (99.99%) oxides BaCO^, and CuO. These oxides (as 

supplied by Johnson Matthey Chemicals) were dried at 110°C. The 

correct stoichiometric amounts of these oxides were ground thoroughly 

and heated at 950°C in air for 24 hours in a furnace. During this 

heating procedure, the mixture was taken out of the furnace for 

periodic grindings and returned to the furnace. This mixture was 

then pressed into a pellet and was heated at 900 C in a tube furnace 

for 48 hours in pure oxygen. The compound was finally cooled to room 

temperature at a rate of 3°c/minute. 

A knowledge of thermal properties like thermal expansion and 

specific heat is useful in investigating the mechanism responsible 

for the superconducting phase transition. The measurement of 

thermal expansion provides information regarding the thermodynamic 

state and the dimensional changes of the specimen. We can relate the 

thermodynamic variables pressure, volume and temperature (P,V,T) in 

the following way: 

P 
r ainV 1 

BT 
P 

where p is the volume expansion coefficient of the material. For 

cubic and isotropic solids p = 3cc. 

The heat capacity C and the volume coefficient of expansion p 

are linked by the dimensionless Grlineissen parameter 
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ainT 
ainV 

3eBV 
c 

s 

where oc is the coefficient of linear expansion, B is the bulk 

modulus and S is the entropy of the lattice. 

Each individual mode of vibration of frequency w depends on 

the volume V and the microscopic value 
d In w. 

r = - 1 
i d In V 

The anisotropic behaviour of thermal expansion is given by 

determining the Griineissen parameter. In the case of 

superconductors, the free energy and the entropy of the system are 

affected by the cooperative phenomena associated with the pairing of 

the electrons. The superconducting transition is associated with an 

anomaly or jump in thermal expansion. 

The thickness of the pellet used for determining the 

expansivity was 0.3cm. The relative length changes of the 

sample for 80K< T < 100 K are as shown in figure 4.9. The variation 

of expansivity of the sample with temperature is as shown in figure 

4.10. 

The details of the experimental procedure are given in 

chapter 3. The sample was allowed to cool gradually to 70K and the 

flow of helium into the exchanger space was controlled, so that the 

sample started warming up gradually. The rate of increase in 

temperature of the sample could be maintained constant by careful 

adjustment of the flow valve for about two hours. The heating rate 

was adjusted to about ImK/sec. The temperature of the sample 

increased by another 9 or lOK during this period of adjustment. We 

were interested in the thermal expansion behaviour near T^. Thus 

the temperature of interest was chosen at 90K. 
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The thermal expansion data do not show any remarkable change 

at Tg (Fig.4.10). The temperature resolution was O.IK in this 

measurement. The rate of variation of a with temperature is very 

small. There is considerable scattering in the data throughout the 

temperature range whereas less scattering was observed in the data 

obtained for intermetallic polycrystalline compounds. The absence 

of data points around 125K is due to a disturbance in the electrical 

mains. The value of cc in the normal state is greater than that in 

the superconducting state. At T^ ~ 91K, the thermal expansivity is 

given by 

e = (9.36 ± 0 . 0 8 ) X lO'G/K. 

On comparing this value with our measurements on the 

expansion of GdCu, we find that the expansivity of YBa^Cu^Oy is an 

order of magnitude less than that of GdCu. We made use of the same 

expansion cell for both the measurements. Compounds like GdCu have 

the CsCl structure. An anomaly obtained in the resistivity data of 

GdCu is due to a transition from a paramagnetic to an 

antiferromagnetic state (Chao,1966). At T^ ~ 137K, 

(1.32 ± 0.02) x 1 0 " & 

and an anomaly is seen in the thermal expansion data. The 

resolution in the measurements of oc of YBagCu^Oy is 3 x 10~®/K. In 

the case of GdCu, the resolution obtained was 1 x 10~^/K. 

The thermal expansion of YBagCu^Oy determined by the measure-

ment of X-ray diffraction lines in the temperature range -173K to 

300K is found to be very small and anisotropic (Almond et al 1987). 

In ceramic materials the anisotropic behaviour of thermal expansion 

is the potential cause for microfracture occurring at grain bounda-

ries. In the case of hot pressed materials, the applied stress 

during fabrication might affect the structural homogeneity of the 

material. The amount of cracking increases as the temperature of the 

sample decreases. The uncertainty in the measurement of oc may be 
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due to the effect of size of the grains and the porosity of the 

sintered sample on its mechanical behaviour. The density may not be 

the same throughout the volume of the sample and the dilatometer may 

be yielding the data only on a part of the sample. In brittle 

heterogeneous ceramic materials, an increase in microfracture results 

in decreasing the thermal expansion coefficient. The thermal 

expansion measured of this sample may be attributed to the average 

behaviour over those occuring in different directions. 

Although an anomalous behaviour of thermal expansion at T^ 

has not been observed, we try to consider the change in the value of 

cc at T^ in the normal and superconducting states and determine the 

variation of critical temperature with pressure (Bayot et al, 1987). 

Form our data, we can give an upper limit to the difference in cc as 

- *g < 0.1 X 10 G/K. 

Hence, p - p < 3 x 10 /K 
n s ~ 

The change in the value of the volume coefficient and the 

variation of the thermodynamical critical field with pressure and 

temperature at the critical point are related (Lynton E A, 1967). 

1 
r 9B . 

1 c c 

>̂ o [ a p J T T 

( 1 ) 

where b and b are the volume expansion coefficients in the normal 
n s 

and superconducting states. 

At T = T , B = 0 
c c 

. ae . 
c 

rBB ^ 
c 

, aT s 
c 

[ap J T aT 
T 

ap 
B 

substituting for 
^ 96 

c 
ap" 

T in (1), 
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Pn - f s 

86 ^ 
c c ( 2 ) 

From the magnetization measurements of Cava et al (1987b), 

B^(0) = IT. 

ae 

ax 
is estimated by assuming a parabolic temperature dependence for 

B (T) 
c 

B^fT) = 8^(0) 4 1 - L 
T 

ae 
Substituting for and in (2), 

n 

dT c 
dp" 

< 0.078 K/kbar 

The result implies that the pressure dependence of critical 

temperature is very small. 

A.Driessen et al (1987a) have studied the pressure dependence 

of T^ in YBa2Cu30g_y (y % 2) by subjecting the sample upto a pressure 

of 170 kbar. As the pressure increases, T^^ increases and T^^ 

(corresponding to zero resistivity state) decreases. They obtain a 

value for dT^/dP as equal to 0,043K/kbar. Bayot et al obtain an 

upper limit of dTc/dP as 0.13K/kbar. 
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5. CONCLUSION 

The discovery of superconductivity in La-Ba-Cu-0 systems by 

Bednorz and Muller made a break through in the field of 

superconductivity. In spite of the tremendous development that has 

been made both on the experimental and theoretical side, thorough 

investigations of the properties of these materials are very 

essential to understand the mechanism underlying their 

superconducting behaviour. 

From our thermal expansion measurements on YBa2Cu20y, we find 

that the expansivity is very small and increases with temperature. 

To observe any detectable anomaly at T^, it is very essential to 

conduct measurements on single crystals of these materials. The 

expansivity of our measurement is of the same order as determined by 

Driessen et al (1987b). Driessen et al have estimated the 

Griineissen parameter P. P depends slightly on temperature below T^ 

and is temperature independent above T^. This shows that the volume 

dependence of the individual lattice vibrations does not vary much. 

From our results (chapter 4) deduced using thermodynamics, we 

find that pressure has only a slight effect on changing the 

transition temperature. Driessen et al have studied the variation 

of T with pressure using the BCS model. This model accounts for the 

high transition temperatures in compounds having large values of the 

electron-phonon interaction parameter X (Allen and Dynes, 1975). 

ainT /&p along with other parameters F and B provides information on 

X. The variation of T^ with X is given by 

where is the weighted average of the electron-phonon spectral 

function. jj" is the effective coulomb interaction. fj and f2 are 

parameters depending on the value of X . Driessen et al express T^ as 

a function of X only. Substituting for T^, they arrive at X = 4.7. 

The variation of T^ with pressure p has been given as: 
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a i n T 
c 1 

ap B 
,,. ainX 

r'log ainv 

For 1.5 $ X ( 10, g(X) has been given by g(X) = 0.4 + i . 

Substituting the experimental values of the bulk modulus B and the 

Griineissen constant r, 
•' log 

The above relation obtained by assuming the BCS model implies that 

the electron-phonon interaction decreases with pressure (Driessen et 

al, 1987), 

Our resistivity measurements on the unannealed and annealed 

La2+jjBa^_j^Cu^0j^^^y compounds show that is very sensitive to the 

oxygen stoichiometry. The processing parameters being kept the 

same, an increase in the La concentration of Y2La^Ba^_j,CugO|^+y 

results in reducing the copper oxidation state and change the oxygen 

stoichiometry factor. The reduction in T^ has been explained as due 

to the disruption of the square-planar chains which are 

one-dimensional in character. If the square-planar chains are 

entirely responsible for the conducting path, the one-dimensional 

behaviour should also be evident in the measurement of the coherence 

length The coherence lengths measured along the direction of the 

chains should be greater than those measured in the directions normal 

to the chains. The coherence lengths have been derived from the 

magnetization data on single crystals of YBa2CUj0y_y by W.Gallagher et 

al (1987). The twinning effect in the a-b plane causes the 

distribution in these directions. Thus an anisotropic behaviour that 

may exist in the a-b plane will not be apparent. When the CuO 

planes are mounted perpendicular and parallel to the applied field, 

the values of i have been found to be 4.38 and 3l8 respectively, 

i.e., the coherence length normal to the CuO planes is 4,38. This 

has been compared with the distance between the Cu-0 layers (adjacent 

to the Y layer) and the distance between the square planar Cu-0 

chains. From the characteristics of the coherence length, the 
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authors show that the macroscopic properties are three dimensional in 

character. 

The resistivities of the series of superconducting compounds 

La2+xBa4_xCu60i4+y (0.2 < x < 0.8) and Y2LaxB*4-xCu60l4±y 

(0.2 < X < l,0)at room temperature are less than 10 mO cm. The 

stoichiometry of Y2Ba4Cu^0^^+y is the same as that of 

Yq ggBag 67CUO2 33+y* et al (1987) find that the resistivity of 

the superconducting Yq g^Bag gjCu02_33+y at room temperature is close 

to a metal-nonmetal transition. 

The C u d ) ions associated with the square planar chains seem 

to play an important role in all the superconducting oxides studied 

so far. To elucidate the properties associated with the Cu-0 chains 

Cu ions have been partially substituted by 3d ions like Cr, Mn, Fe, 

Co, Ni and Zn. A decrease in T^ has been observed in all these 

compounds (S B Oseroff et al, 1987). Although is nonmagnetic, 

it depresses the transition temperature to a larger extent than the 

other ions. The decrease in T^ cannot be related to the magnetic 

moment of the 3d ion. The crystal field at the C u d ) and Cu(2) 

sites can be estimated by considering the electrostatic interactions, 

charge transfer excitations and the isotropic property of the 

interactions between the d-orbitals (L.E. Orgel, 1966). The 

difference in the crystal field stabilization energy has been shown 

to have a strong correlation with T^ (M W C Dharmavardana, 1987). T^ 

is lowered when a 3d ion occupies the C u d ) site. 

Our a.c. susceptibility measurements on the unannealed 

Lag gBag 8^"6°14 show that the superconducting property exists in a 

minority phase of the sample. No clue for the existence of this 

phase is obtained from the complex resistivity behaviour of the 

unannealed samples. Thus the a.c. susceptibility measurements 

became one of our major methods of fast characterization of the new 

superconducting materials. 
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The field of high temperature superconductivity in oxide 

ceramics is still in its initial stage. The enormous efforts from 

the theoretical and experimental research groups are being directed 

towards achieving higher superconductors. It is interesting to 

note that a mixed phase of Y-Ba-Cu-0 has resistive transitions at 

240K and 90K from the data of Chen et al (1987). This anomaly has 

been suggested as due to a second phase (rich in Cu) in addition to 

the orthorhombic phase (Narayan et al, 1987). The new phase is 

destroyed on subjecting the specimen to low temperature cycling. 

This anomalous behaviour could also be due to the antiferromagnetic 

ordering of CuO (B Roden et al, 1987). The results reported at 240K have 

not been found reproducible. Superconductivity at 65°C was reported 

in SrxBa2_xYCUjOy_y for x = 1.0 by Ihara et al (1987). Recently 

there have been reports from Chu et al (1988) regarding the discovery 

of superconductivity in BiCaSrCuO^ with T^ % 120K. The increasing 

interest in the investigation of these compounds show that the days 

for using room temperature superconductors may not be far off. 

The magnetization measurements suggest that it is possible to 

fabricate good quality superconductors capable of carrying high 

electric currents in high magnetic fields. The critical field at 

zero K might exceed SOT in these materials. This value is much 

larger compared to the critical field of Nb^Sn. 

The high T^ superconductors are expected to have numerous 

applications in high power and electronic technology. Electrical 

power transmission will be possible without resistive losses. 

Electric machinery based on liquid nitrogen cooled superconductors 

are more beneficial compared to the high cost involved in maintaining 

the vacuum systems that are being used for the helium cooled 

superconductors. 
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