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Abstract

In earl5' 1987 the high-T. superconductor, YBa2Cu3O7_5, with T" - gOK

was successfully made in our laborator¡' by a standard ceramic technique. Later

Tl2Ca2Ba2CusOio rvith T. - 120K was produced by a special procedure. Struc-

tural anal]'sis by x-ray diffraction showed that YBa2CusOz-o was responsible

for the high-T", the so called 123 phase. It is an oxygen deficient perovskite

with the orthorhombic structure, space group Pmtnrn,lattice constant a:3.8243,

b:3.8862 and c:11.667Å. Oxygen vacancies are very important to the supercon-

ducting properties. An impurity, Y2BaCuO5, with a green colour, was identified

as a semiconducting phase. A technique to grow single crystals of YBa2CusOz_¡ is

described. The crystals are rectangular up to 2 x2 x 0.2 mms in size. Two phases,

Tl2caBa2cu2os (the 2122 ph,ase) and rl2ca2Ba2cuso16 (the zzzg phase), are

responsible for the high-T" in the Tl-system; they have a tetragonal or pseudote-

tragonal structure with space group I4f rnmrn.

Resistivity and magnetic ac susceptibility results show that high-T" mate-

rials have a sharp superconducting transition and many properties in common

with conventional superconductors. The shielding effect is closely reiated to the

properties of grain boundaries. Magnetic ordering at low temperature (below

10K) of high-T" materials was discovered by Mössbauer experiments with 57Fe

doped samples. Substitution of Fe for Cu reduced the superconducting transition

temperature and the shielding effect. Theories of superconductivity for conven-

tional and the nev¡ superconductors are reviewed and related to the experimental

results.
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Introduction

It is well knorn'n that in 1911, H. Kamerlingh Onnes discovered that the re-

sistance of mercury sharply disappeareà at 4.2 K and it is said that the mercury

enters a superconducting state. Since then the deveiopment of this field followed

mainly three directions: theoretical works to frnd the origin of superconductiv-

ity, material researches to search for new materials which have higher transition

temperatures, and applications to make devices that benefit mankind.

In order to understand the mechanism of superconductivity several macro-

scopic theories, such as London's theory, Ginzberg's theor5', and so on, were pre-

sented. It took a long time to find the origin of the superconductivity because of

the extremely small energy difference between the normal and the superconduc-

tive state. In 1950 I{. Fröhlich suggested that the electron-phonon interaction,

which implies an attractive electron-electron interaction, v¡as responsible for the

superconductivity. It was confirmed by the discovery of the isotope efect. In 1956

Cooper showed that the Fermi sea is unstable against pair formation when there

exists any attractive interaction between electrons no matter how weak. About

a half century later after the initial discovery of superconductivity, a microscopic

theory was completed by Bardeen, Cooper and Schriefer in 1957, it is usually re-

ferred to as the BCS theory. It showed that the electron-phonon interaction was

responsible for the superconductivity in conventional superconductors. It also

agrees well with most experimental results.

Ever since superconductivity was first observed, it has been man's dream to

utiiize the zero-resistance property for the benefits of mankind. \ /ith development



of type-Il superconductots, it became possible to make superconducting solenoids

that produced large magnetic fields. Because liquid helium was still required

as a refrigerant, these device were primarily restricted to laboratory uses. To

make superconductivity useful for more practical applications, it is better that the

materials have T" above 77K. Then liquid nitrogen can be used as the refrigerant.

On the other hand experimental physicists have been trying to search for

new materials which possess much higher T" since 1911. Attempts mostly were

concentrated on metals and alloys. The T" was enhanced slowly from 4.2 K for

mercury to 23.3 K for Nb3Ge during the past 75 years.

In 1986, J. G. Bednorz and K. A. Mülle¡ (IBM, Zutich, Switzerland) found

an oxide LaBaCuOa[l], which had T" - 30 K; this is higher than 23.3K, the

highest T" in alloys. This discovery stimuiated scientists over the world to attempt

further to find a new compound with a higher T". In early 1987, indeed, materiaJ.s

u'ith T" ) 77K were reported, including our own discovery [2,3]. Later this

material was identified as YBa2Cu3O7-5 with onset temperature g3K and zero

resistivity at about 90K. That is the so called 123 phase. In eariy 1988, other

new materiais, the BiCa.SrCuO system with T.:80-110K and the TlCaBaCuO

system with T":$0-125K were reported [4,5]. To date, attempts to enhance T"

are still in the progress.

The discovery of high-T. superconductivity opened up many new vistas to

scientists. In view of the applications, it appears that high-T" materials promise

a bright future for superconductivity since liquid nitrogen can be used as a re-

frigerant. But the ceramic property and low critical current make applications of



the new materia.ls very difrcult in some fields, such as power transmission, super-

magnets and so on. It also makes some difficulties for the BCS theory. No doubt

scientists will be encouraged to modify the BCS theory or to find an entirely new

one.

In this thesis some early results on high-T" superconductors during this pe-

riod are presented. The preparation of high-T" superconductors is described. The

structure analysis is performed by x-ray diffraction. Resistivity and ac suscepti-

bility results show that the new materials have a sharp superconducting transition

and many properties in common with conventional superconductors. Magnetic or-

dering at low temperature'was observed by Mössbauer experiments in 57Fe doped

samples. Theories of superconductivity for conventional and new high-T" super-

conductors are al.so revierved. Our accompiishments are summarised in chapter

8. In addition, some suggestions for future investigations are made.



Chapter 1

Basic Properties of
S,rperconductors

1-.1- Perfect Conductivity

For most metals and alloys, the electrical resistivity decreases when they are

cooled. At and above room temperature the elect¡ical resistance of most metals is

approximately a linear function of temperature. At sufficiently low temperature

(T<< O, The Debye temperature) the resistivity varies as T5 [6]. The resistance

arises from the scattering of conduction electrons by the thermal vibrations of the

lattice and randomly-distributed impurities and imperfections in the crystalline

Iattice.

For certain metals, when they are cooled their elect¡ical resistance decreases

in the usual way, but on reaching a certa.in temperature they suddenly lose all

of their resistance. An example is mercury, which loses its resistance at 4.2 K,

as was first discovered by H. Kamerlingh Onnes. Then these materials are said

to have passed into the superconducting state. The temperature at which a

4



superconductor loses its resistance is called the transition temperature or critical

temperature, denoted by T".

The electrical property of the superconductor discovered earliest is thai its

resistance vanishes below T". Naturally the superconductor is a perfect conductor,

namely its conductivit5' is infinite (ø --- oo).

What is the magnetic property of a perfect conductor (not a superconduc-

tor)? In a perfect conductor, the equation of motion of the charge carrier with

mass rr¿, charge g, and the density z" in a constant electrical field E is

dvnt.¿: øE (1 1)

where v is the velocity of tire charge carrier. The current density by general

definition is

:_J" = n"QY

F¡om (1.1) and (1.2), it foilows that

On using Maxwell's equation

(1.2)

dj" 
- 

n"g2 -Idt rrL

VxE:-P
ot



We obtain

OI

Since

So that

v** - n'l'yxE: -YÈ+ (1.3)dt rn rn At

*1, x j"* #"1:o (1.4)

VxB:þoj and V.B:0

,"*: ""(åo,#)
: *1"," þ-",#]
: -lv'P,lto ot

-,2 
ôB p,sn"q2 0B 1 ôBV'.',: (1 5)öt rn 0t 

^2 
at

where

12 Tn
.\

þon"gz



The solution of equation(1.5) is

whe¡e B¡ is the magnetic field outside the conductor, and ¿ is the distance mea-

sured from the surface of the perfect conductor. When z ) À, in the interior of

a perfect conducto¡ # : 0, namely the magnetic induction in the interior of a

perfect conductor is a constant over time, which depends on the initial magnetic

state of the perfect conductor.

L.2 Perfect Diarnagnetism

Until 1933 it ü'as assumed that infinite conductivity was the essential prop-

erty of a superconductor. In 1933, Meissner and Ochesenfeld showed that the

superconducting state possessed the additional and entirely independent prop-

erty; viz the magnetic fl,ux i,s eæpelled from the interior oJ the superconductor and

the magnetic inducti.on B aan'iså.es. This is called the Meissner effect, which indi-

cates B : 0 inside a superconductor independent of its initial state. This is quite

different from the situation for a perfect conductor.

In order to explain the Meissner effect, F. London and H. London in 1935

postulated a more restrictive condition in which the equation (1.a) was replaced

by

V x j, +n"Q'¡ :0
TN

( 1.6)

( i.7)



This is calÌed the London equation. Equation (1.7) can be reduced to

Y'B: IB
^2

whiclr is similar to equation (1.5) with 
^2 

: ,#"q,.
u'hich occupies the haifspace æ ) 0, while other

equation (1.8) can be simplified to

dzBo@) 1

d,æ2 = xBoþ)'

The solution of this equation is

(1 8)

For a one-dimensional material

halfspace, æ 1 0, is vacuum,

(1 e)

Bo(t) inside the su-

æ 1 À, the flux can

Br(t) : Boe-"/À

r¡'here Bs is the magnetic induction at æ :0 in the vacuum.

Figure 1 shows the distribution of magnetic induction

perconductor. In the region of æ )) ), Br(z) -+0; while 0 <

penetrate the superconductor. From Maxwell's equation

þoj",: (v x B), : *t"r*) - -f"-"ri

There is a curtent on the surface of superconductor along the direction

of the z axis. The current attenuates exponentially along the æ direction; the

length characterizing the attenuation is called the penetration depth, À. It is this

surface current J"" that produces a magnetic field in the region of æ ) À along



Figure 1.1: The distrib_utio¡ of ma.gnetic induction B on the surface of a super-
conductor as given by London equalion.



the negative y direction which cancels the applied field to make the total field

inside the superconductor zero. This surface cur¡ent is called the diamagnetic or

shielding current.

In the Meissner effect, the total magnetic induction B inside the supercon-

ductor vanishes as long as the applied field is less than a critical field H.. We can

deduce that

B:Bo*¡reM:I

where B6 is the applied magnetic field, ¡^16 the permeabitity and M the magnetic

moment of the superconductor. The magnetic susceptibility is then

&oMX_ - -1 ( 1.10)
Bo

The negative unity value of ¡ means the superconductor ts a perfect di,arnag-

net. The Meissner effect reveals ciearly the difference between a superconductor

and a perfect conductor. Thus perfect conductivity, (p:Q), alone is not suficient

to desc¡ibe superconductors. We also need perfect diamagnetism (B:0). The

Meissner effect aiso shows that the superconducting transition is reversible and

that the superconducting state is a thermodynamic phase independent of the way

it is entered.

10



l-.3 Specific l{eat

It has been found experimentally that the specific heat has a jotnp at the

superconducting t¡ansition. The specific heat of the superconducting state is

greater than that of normal state.

To understand this phenomenna v/e consider a thermodynamic system in

which a specimen with a long needie-like shape (to avoid a complicated calculation

of the demagnetization field effect) atigned paraliel to an applied magnetic field

H". The first thermodynamic law has the form

dU -- TdS - PLV + po\lH"LAI

whe¡e [/ is the internal energy, 
^9 the entropy, P the pressure, V the volume, f/o

the applied field and AI the magnetic moment per unit volume. This equation

means that the increase of the internal energy d[/ equals the sum of the heat

absorbed by the specimen, TdS, the work done by the specimen, -p[]/, and

the work done by the applied field on the specimen, p.sH.dM. At the transition

experiment shows that the change in voiume can be neglected. Therefore

dU : TdS + p.sV H"dM.

The Gibbs function density (or free energy density) has the form

g:u-Ts-þoH,M

11



so that

dg:-sdT-p'6MdH"

Under constant temperature (dT:O)

d.g: -p.sMd,Ho.

The superconductors are not ferromagnets. In the normal state M-0, then dg.-:

0, i.e. g, is a constant.

g-(T,Ho): g"(7,0)

In the superconducting state dg": -p,s^[d,.II". After integration we obtain

9"(7, H.) - g"(7,0) :'ZrrU: (1.11)

From thermodynamic theory a necessary condition for the two phases to coexist

is that the density of Gibbs function has the same vaJ.ue in both phases. Thus

the critical field is determined by the condition

g"(7, H.) : g-(T, H") ( 1.12)

Since the normal state has been assumed to nonmagnetic, gn is independent of
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the field, i.e.

Therefore

g^(7, H") : g-(7,0) (1.13)

s.(T,o) -.e"(?, o) :12r"¡t: (1.14)

Because the density of entropy is s : - (#) r,r.,

sn(T,0) - s,(?, O) : -UoT"ff (1.15 )

The density of the specific heat is c : dq I dT : T ds I d,T, so the difference in the

density of specific heat between the normal and superconducting states is

Ac : c"-Ç,

^ I d"" dt-1- Ldr "r)
q. d 

l r^"^4!t1= t*Y*o""dr)

= r,rl(#)'*o#l
L

In particular, at J:T", H":0 and for the transition in the absence of an applied

13



magnetic field we have

("" - "-)r": þoT" (1.16)

That means in the absence of an applied field and at T" the specific heat of the

superconducting state is greater than that of the normal state by an amount of

poT"(#)i., which agrees well with experimental resuits.

From equation (1.15) \rye can obtain the latent heat L, i.e. the heat absorbed

by the sample per unit volume during the transition from the superconducting to

the normal state, viz

(#).

L: TA,s : T[s^(T,H.) - s,(7,0)]

: -l"of H"#

when 0 < ? <7., # < 0 and then -L > 0. The transition from the supercon-

ducting to the normal state absorbs heat. On the other hand, the transition from

the normal to the superconducting state reieases the heat and L < 0. This is a

first-order transition. At T:T., H" : 0 and then L:0. In this case there is no

change of L at the t¡ansition. Then the superconducting transition at H" : 0 is

a second-order transition.

In both the superconducting and the normal states there are two contribu-

tions to the specific heat of a metal; these are from the crystal lattice and f¡om
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the conduction electrons. We therefore may write tire specific heat as

cn : cLnicen

cB : c¡,"*crn

The experimental results show that the properties of the lattice do not change

during the transition; hence cLn : c¿,. The difference in the specific heat between

the superconducting and the normal states arises only from the contribution of

the conduction electrons. that is

c"-cn:cea-c"n

It was found that the speciflc heat of the superconducting state at ver5' Iow

temperatures (T< åOr, O, is the Debye temperature) is given by

c"" - g'¿-b/kaT ( 1.17)

where a and b are constants and k¡ is Boltzmann's constant. Such a exponentiaJ

variation suggests that as the temperature is raised electrons are excited across

an energy gap above their ground state. The number of elect¡ons excited across

such a gap would vary exponentially with temperature. Each excited electron

absorbs an energy of about IrsT.. This may account for the rapid increase in the

specific heat of a superconducting metal as the temperature approaches T".
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L.4 Energy Gap

It was found that between the superconducting state (ground state) and

the normal state (excited state) there is an enery gap. Tire magnitude of the

energy gap is about 10-a eV.

As mentioned previously, at low temperature the contribution of the con-

duction electrons to the specific heat in the superconducting state is proportional

1o 
"-b/køT 

. It is very hard to understand such a temperature dependence, except

as a consequence of an energy gap. If there is an energy gap then as the temper-

ature is raised, the electrons are thermaliy excited aross the gap and for each of

these electrons an amount of energy equal to the energy gap Es is absorbed in the

process. The number of the electrons in the energy level above the gap at tem-

perature T according to a Boltzmann statistic is proportional to e-Es/zkBT 1where

k¡ is Boltzmann's constant. The thermal energy absorbed in exciting these elec-

trons is therefore proportionù to Ene-EslzklT. The specific heat is proportional

to the derivative of the energy with respect to temperature, i.e. to (h) "-r',rr", .

The T2 term varies much more slowly with T than the exponential term. So the

variation of specific heat should be very nearly exponential.

Besides the specific heat, many other experiments, such as low temperature

thermal conductivity [7], the microwave absorption spectrum [8], ultrasonic atten-

uation [9] and tunneling experiments [10] and so on, all confirm the existence of

an energy gap in superconductors. The existence of energy gap is also important

for the development of the microscopic theory of superconductivity.
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1-.5 Isotope Effect

In 1950 E. Maxwel [11], and C. A. Reynold, B. Serin [12] independently

discovered the isotope effect, u'herein the transition temperatures of the sample

made from different isotopes of a given element are different. Often the transition

temperatute, T". varies inversely with the square root of the isotope mass M, that

is

M'/27.: constant

This relation links the superconducting properties of the metal to the masses of

the ions in the iattice even though the lattice itseif does not change during the

transition. This effect strongly indicates that the electron-phonon interaction is

the origin of the superconductivity.

Other experiments show a relationship MoT.: cr where a : 0.5 + 0.03

for most isotopes, few of them have a very small a value, such as Ru, os and

Zt. This may be attributed to the special band structure of these metals. The

isotope effect is absent or very small in the new high T" ceramic superconductors.

This absence or very small isotope effect may imply that a new mechanism is

resposible for high-Tc superconductivity.

1.6 Two Types of Superconductors

'When T ( T" a magnetic field could destroy the superconducting state and

restore the normal state. The minimum magnetic fieid required to destroy the
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Figure 1.2: The magnetization curve of t\4'o types of superconductors.

superconducting state is called the criticai fieid H. or (8.: prH.)

metal-element superconductors H. is a function of temperature given

For

by

most

H.: H"o ( 1.18)

whe¡e H.s is the critical field at T:0 K and T. is the transition temperature.

Superconductors can be cÌassified into two types. Typ" I superconductors

have oniy one critical field H,. The magnetization curve is sho¡¡'n in Fig. 1.2(a). It

has the Meissner effect and the supercurrent on the surface maintains the complete

diamagnetism inside the sample. X4ost elementa-l superconductors, except V, Nb

(-i)

MEISSNER ! IMIXED
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and Tc, beiong to type I.

Type II superconductors have two critical fields, a lower critical field H.i

and an upper criiical field H"2, as shown in Fig. 1.2(b). 'When the applied fietd

Ho (H"r, the properties of type II and type I superconductors are similar. Both

have the Meissner effect and no flux penetrates the sample. When H"r ( Ho (
H"2, the type II superconductor is in a mixed state, a characteristic of type Ii
superconductor. In the mixed state the magnetic flux partially penetrates the

sampie body and forms a lot of small cylinders which are in the normal state and

can be penetrated by a fluxon. The region between the normal cylinders is in the

superconducting state (Fig. 1.3).

When a type II superconductor is in the mixed state it not only has diamag-

netism but also has zero resistance. As the applied field increases each cylindricaJ

norma.l region does not expand, but instead the number of the cylindrical regions

increases. When Ho:H"2, all the cylindrical regions connect with each other.

Then sample loses the superconducting state and recovers to the normal state.

Figure 1.4 shows the various states for type II superconductors. The mixed state

has been confirmed in the conventional and as weil as in the new high-T" ceramic

superconductors by some elegant experimemts [13,14,15]. Most alloys and the

new high-T" materials are type II superconductors.

Since there are some boundaries between the normal and superconducting

states in type II superconductors and these are absent in type I superconductors,

it can be expected that the surface energy of a normal-superconducting interface is

very important to classify these two types of superconductors. When a magnetic
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field, H"1 (Ho (H"2, is applied to a type II superconductor a cylindrical structure

is formed. In the coherence length range) {, the superelectron density decreases

as compared to the superconducting region and energy must be provided to split

up the electron pairs. As an approximation the appearance of the interface will

result in a local increase in free energy of { . wEl per unit area of the interface.

Meanwhile in the penetration depth range) I, the material is not diamagnetic.

So there is a local decrease in magnetic energy that is approximately equal to

^' 
4# per unit area. Therefore the surface energy per unit area at the normal-

superconducting interface is

cna:t r#-^ poHS

2

According to this relation, when Ho (H" (a necessary condition for the mixed

state), if € > À, cn, > 0, that is the surface energJ¡ is positive. Then the surface

of the normaL- superconducting interface is energeticaliy unfavourable; this occurs

for type r superconductors. When { < l, on, 1 0, that is, the surface energy is

negative. The surface of normal-superconducting interface is then energetically

favourable; a type II superconductor will be in the mixed state.

Ginzburg and Landau define a parameter

^:l€
whe¡e À is the penetration depth and { the coherence length. The rc varies for

different superconductors and is called Ginzburg-Landau costant. A more detailed
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calculation shows that

for o < 1/1, the surface energy is positive (type I)

for o > 1/i, the surface energy is negative (type II)

Type II supercondutors have much larger upper critical fields than those

for type I materials; they are therefore techanicaily important and used to make

the solenoids with large magnetic fields.
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Chapter 2

The Microscopic Theory of
S,rperconductivity

After the discovery of the superconductivity by H. Kamerlingh Onnes a

number of phenomenological theories, such as the two-fluid model, the Ginzberg-

Landau theory [16] and so on) had been proposed to understand and explain

superconducting properties. About half century later (in 1957) the complete

microscopic theory of superconductivity was established by Bardeen, Cooper and

Schrieffer, usually referred to as the BCS tireory [17]. The isotope effect and the

quantization of magnetic fl.ux strongly supported and confirmed this theory. It

aì.so agrees well with most properties of conventional superconducting materials.

The discovery of the high-T" superconducting materials (T" > 90K) makes

some difficulties for the BCS theory. Specially a very small or zero isotope effect

in the neu' materials has been experimentally shown [18,19]. Whether the BCS

theory merely needs to be modified or if a complete new theor¡' is required for

the high-Tc superconductors is currently a controve¡sial subject in physics.
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2.1 BCS theory

Before the BCS theory it took a long time to find the interaction responsible

for the superconductivity. Experimental evidence pointed to the fact that in

the t¡ansition to the superconductive state the lattice and its properties were

essentially unchanged whereas some of the properties of conduction electrons were

changed radically. In the first instance, it \ryas reasonable to assume that the

transition was caused by a change in the state of the electrons aLone. The early

attempts suggested that a theory based on an independent particle model of the

conduction electrons did not have the possibility of explaining the fundamental

property of superconductors which is their infinite conductivity. Thus the simpiest

model was that of a gas of electrons interacting with each other through some two-

particle interaction; this was the model to which Bardeen, Cooper and Schrieffer

addressed themselves.

The Coulomb interaction was first considered. But it is repulsive. I\{ea-

surements of the magnetic field required to destroy superconductivity near the

absolute zero show that the condensation energy of each electron within a energy

band of width ksT. around the Fermi surface is about 10-8 eV; however the en-

ergy of the Coulomb interaction between the electrons is about 1 eV [20]. Even

if it were attractive the magnitude would be too large to be resposible for the

superconductivity. Thus the Coulomb interaction was rejected.

In 1950 Fröhlich[21] pointed out that electron-phonon interaction provides

a mechanism for a weak attraction between two electrons which is responsible for

superconductivity.
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2.L.7

Figure 2.i: The electron polarized crystal.

The Attraction Between, Electrons

Free electrons repel each other through thei¡ Coulomb interaction. The¡e-

fore the attraction between the electrons must be transmitted by another mecha-

nism. In a crystal an electron, e1, v'ill attract the positive ions around it at lattice

points. It is said that the electron polarized the cr5'stal. This slightl¡' increases

the density of positive ion cores in the immediate region of the electron(Fig. 2.1).

26



The other electrons, such as e2, in this general vicinity wiil be drawn towards

this region because ofthe higher density ofpositive charge; hence the electrons are

attracted to each other via the movement of the ions. If this attractive force over-

comes the repulsive Coulomb interaction there is a net attractive fo¡ce between

the two electrons.

To describe this indirect attractive force let us analyse the process in which

the two electrons exchange a uòrtual phonon.

An electron with wave t'ector k1 emits a phonon q and is scattered into a

state with wave vector ki(:kt-q) (FiS. 2.2(a)). This phonon is absorbed by

a second electron which changes its wave vector from k2 to ki(:kr-¡q). Both

processes consetve crystal momentum

k'r*k'z:kr*kz

According to second order perturbation theory the contribution of this pro-

cess before the phonon was absorbed to the energy is

( kr - Q, kz * qlli lkr, k2 ): Mk,,k,-q 'Mi,,u,*o
E(k')-E(k' -q)-hrn

where E(kt) and E(k1-q) are the energies of electron in the state k1 and k1-q

respectively. Mk,,k,-n is the matrix element of the interaction potential V("t)

between the flrst electron and the phonon and M¡r,¡z+q is the matrix element of

the interaction potential V(r2) between the second electron and the phonon.

It is possible that the other scattering process occurs, as shown in Fig.
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Figure 2.2: The interaction between the electrons and the phonon.
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2.2(b). The flrst electron absorbs aphonon with wave vecto¡ -q and is scattered

from state kt to kt-q. This phonon is emitted from the second electron which is

scattered from state k2 to kz*q. The contribution of this process to the energy

is

( kr - 9, kz * ql%lkr, k2 ):

Since energy conservation requires that

MË,,tr_n . It[kr,kr+q,

E(kr) - E(kr-t q) - Ttu_n

E(k') - E(k' - q) : E(k, + q) - E(kr)

and on assuming that

Mkr,kr-q : try'kr,kr*q.

the total contribution of these two processes to the energy is

lML,,t,-o l22hun( kr - 9, kz * QII/, * vrlkr, k2 ):
[¿(k') - E(k' - q)], - (T,,)' (2.1)

When lE(kt)- E(kt - q)l < är..,n, this energy is negati.ae and corresponds

to an attractive force. This means that only the electrons within the *ãr,,,n band

measured at the Fermi surface have this indirect attraction, since the states in

the Fermi sea far from the Fe¡mi surface are aLl fully occupied by the electrons

which can not interact with the other electrons in the neighboring energy levels

by absorbing or emitting a phonon.
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2.L.2 Cooper Pairs

The ground state of a free electron gas is represented by a sea of the eiectrons

which fill the Fermi sphere. The above section showed that the attraction between

two electrons can be transmitted by a (virtual) phonon. Cooper[22] indicated that

in the presence of an attractive interaction, no matter how weak, the Fermi sea

becomes energetically unstable (a lower energy state, with Cooper pairs, exists).

Consider that two electrons a¡e added to a metal at absolute zero so that

they are forced b¡'the Pauli principle to occupy states k1 and k2, respectively,

where lktl,lkrl ) kr. The positions of the two electrons in the space are at 11

and 12, respectively. The wave function of these two electrons taken to be a plane

wave is

whe¡e $" is the volume of the crystal within which the wave function was nor-

malized, K:kr*kz is the wave vector of the mass center, (rr * rr)12, of the two

electrons, and k:(kr +kz)12 is the wave vector for the relative motion of the two

electrons. In the mass center coordinate system, the wave function of these two

electrons becomes:

1 ..
p(rr, rz) : ]t;{tt''rr*kz'rz)

1,.

: 1 

"tx.1tt:L)"ik.(r1-r.¡t¡ _
1,"

g(rt,rz) : 1 

"tt'1"'-"'¡
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If the two electrons interact, then the wave function should have the form

\F(r1, 12) : Ðg(k)er(rr, rz)
k

ttr(ri,12) : åf9(k)s;k'(r,-rz) e.z)rc k

where g(k) is the probability amplitude for finding the electrons in the state

(kt,kr) and s(k):0 for lkll,lkrl < kr.

Substitution of ü(r1, 12) into the Schrödinger equation yields

¡2
-;{v? + v;){'(ri, rz) * i/(.,, r2)tr(r1, rr) : EtÍ(r1, 12)

OI

å ? ffsø";k 
(r1-r2) + f rri"', r,)?e(k)s¿k (rr-r,) : 

# ?e(k)sik'(rr-rz)

we can also change k to k'and ("t - 12) to r and rewrite the equation as

+3 ffs\')"ik''r I ï"r',,'r)Ðe(k')e'k'r : #Ðe(k')eik''r

Now multipty by ,-ik'r on the left of both sides equation and integrate over dr;

then
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and

rrrhete

ffs\ù+ fv(k')vr¡, : Eg(k)

þ -n ø{t) : Ðg(k')i/t,t, (2 3)

where up is the Debye

the interaction between

a single electron. Then

I/k,k, :

E¡ < e(k) and e(k') <
r(k) and e(k') >

frequency, % is a positive and

the two electrons. Let e(k) :
denotes the magnitude

h2l{2 f 2rn be the energy

I I t'or"i(k'-k) r¿" (2 4)

Here E is the eigenvalue of the energy of the interaction two-electron system and

h2k2 lzrn is the energy of the unperturbed plane wave, denoted by e(k). I/k,k,

describes the scattering of a pair of electrons from the state k'(:(ki-kr)lz) to

the state k(:(k1-kr)12) with the same total energy via the inte¡action potential

V(r) (this wili be related to electon-phonon coupling).

Cooper assumed tirat the interaction between the two electrons is attractive

and constant in an energy band ñr.r¿ above Fermi level

I/k,k' -vo
0

:{ (Er + Iwn)
Er * hun

(2.5 )

of

of
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[E - ze(k)]e(k) : -Volu,'s(k')

ølkl : %Ðr,,g(k,)r\--/ 2e(k) - E

where f' designates a sum restricted by equation (2.5).

On summing both sides over k and cancelling Ðk g(k), we obtain

r -r' vä

f; zeçu¡ - n

1 ..--t I: \'_ (26)rlo f;zeçt<¡-ø

Let us introduce the density of states per spin orientation,

N(e)d,e : fi+nnran

and replace the summation in equation (2.6) by an integration. Since hup 11 Ep

ÐÐ.)r)



we have i/(r) - .n/(E¡); then

1 :
vo

rEr*h-n
lJEr

N(Er) ,

2

N(e)de
ze(k) - E
(r* 'u'" \\ 2EF-E)

ñ*fr: r"(r+ #+)

2 2ltun
e¡¡(EF)yil : It 

- "
2Er-E

In the limit of weak interaction N(E¡')Vo << 1, and we can neglect 1 on

the right side of the equation. Then

2

E :2Ep - 2Itupe- FÌEFm (2.7)

Thus there is a bound state with a negatiae energy relative to the Fermi

surface made up entirely of electrons with lkl > kr, that is, with kinetic energies

in excess of Ep. The contribution to the energy by the attractive potential out-

weighs this excess kinetic energy leading to binding regardless of how small %

is. Therefore the normal state in the Fermi sea of single electrons is unstable for

the formation of at least one Cooper pair, since any perturbation that moves two
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electrons above E¡, where scattering is possible, will lower the system energy.

2.L.3 The Superconducting Ground State

The above section showed that when two extra electrons are added to a

metal at absolute zero they u'ill form a bound state, a Cooper pair, that has a lovrer

energy than the Fermi level. Of course, the original full sea could have contained

(N-2) electrons and the pair could be formed out of the last two electrons to

complete the N-particle sea. \\¡hat will be happened when a system Ìras many

Cooper pairs?

Assume that the probability of finding a Cooper pair in the state ürr(k 1, -k J)

(occupied state) is zf and that the probability of tiris pair state being empty

(empty state) is zf., denoted as ü2¡(k 1, -k J). The superconducting ground

state ü can be described bJ' a linear combination of ü1¡ and ü2¡, viz;

ü:z¡ü2¡*u¡ürp

The z¡. and r:r¡ must satisfy the normaiization condition

(2.8 )

We now calculate the

uf,+of;:t.

energy of the ground state.

(2 e)

Since the probability of

35



the Cooper pair appeared is of and its kinetic energy is

2e(k) :r(#),

the total kinetic energ)¡ of all Cooper pairs is

þllk¿n : I zelt)ufl
k

The interaction between the Cooper pairs is important. \Ä¡hen the occupied

state of a Cooper pair (kJ, -kJ) is scattered into an empty state (k, 1, -k, J) by

exchanging a phonon, the initial Cooper pair (kf ,-kJ) became an emptJ' state

while the (k'1, -k'J) state became the occupied state. The contribution of this

process to the interaction energ)¡ using Cooper's simplication (2.5) is

€int : -Vgukul<,ul<ak,

Since the initial state is aþIlftr and the final state lrþrrlþ, the energy is lowered

by Vo after this scattering. The total interaction energy of the system is

w;n -- -Ðtvsurakukraþr
kk/

The total energy of the ground state at T:0 is then

Wo : Wr;n*W;n
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2 | e(k)u?" - VrÐ Ð ukakuk,uk
kkkr

(2.10)

Now consider uk as a variation parameter. From the mínimizing condition 7Wslôok:0,

the z¡ and Iy's are obtained as follows

so that

ouv :
ôrx

Hence

and

0Wo

ôw
:  e(k")uy,,- % I LLkt'ukto(T'^:"u")

k,

r¡ \- 0(uY,,u1*,,)
- I'o ) . ?Lk?rk ----=--

î d'tt¡r,,

ôavr,,

 e(k")uy,, - 2Vo
7 - 2uf,,

Ao: %f r¡r¡
k

0Wo :
ôav,, (?"-"-) (2.11)

(2.12)

Let
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where A6 refers to the energy-gap

equation (2.11) becomes

2e(k)z¡

From(2.13) we can obtain

uf;:

so that

In order

take

"?u"1. 
:

to ensure that the energy

ukak

parameter at T:0. From )Wsf )ur* : Q,

: As(I - 2af;) (2.13)

e(k)
å ('-

;('-'ul- :
\Æ(kLF 

^3
e(k)

vGlÐ + Æ

1( 
^3 \

¿ \Þrl,l+ 
^3/

gap parameter Ae :

(2.14)

(2.15)

% Ðr ø¡z¡ is positive,

e,(k) + Afr
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On substituting z¡r.'¡ into A¡,

(2.16)

When the number of states within de intervel is N(E¡)de, the summation

in (2.16) can be replaced by the integral

In the r¡¡eak interaction limit, N(EF)IIg << 1, (2.18) can be

energy gap parameter can be obtained as

(2.r7)

(2.18)

reduced and the

A¡ : 2huD¿-tfiFs (2.1e)

Then, by substituting (2.12) and (2.14) into (2.10) yields the total energy of the

superconducting ground state at T:0 as

Í/
I = l9\-

t.a

-, - 
rlo |tu" ,n/(E¡)de(k)J-r,offi

r: N(Er)viarcsh (*)

Wo : tr(U) (, - \^a
)- r,,

e(k)
(2.20)

Obviously the energy of the superconducting ground state, Ws, is lower than

that of the normal state system in which the electrons are independent. Therefore

the transition from the normal state to superconducting state will certainly occur.

e2(k) +

e2(k) *
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2.L.4 Some Properties Predicted by the BCS Theory

I. The critical temperature

when T ) 0, BCS theory indicates that the energy gap a is a function of

T; the equation for A(T) is [23]

The critical temperature

equation (2.21) becomes

\F + a'rrl ¡ú(E¡)
(2.21)

2kBT"

temperature at r¡'hich A(7) -' 0. In this case

t:)þ ftu"
2 J-n n

[',

,."h (

is the

l- Á"h(#)\?*Ilo ltuo
1 l-o.o

. rr-o / e \de: N(EF)I,, Jo *"o lr,*il î
è N(EF)Ug

Since lrnT. << ñ.u,'p, which corresponds to a weak electon-phonon-electron cou-

pling defined by N(E¡)Izi, << 1, and the intergal coverges rapidly, we can replace

the upper limit by infinity. The integral is a number u'hich can be evaluated in

terms of Euler's constant 1, as - t"(?) The ratio 21lr is 1.13. Thus rve have

æ) - I"* d'* rn*) 
*(ranhn/2)]

r: N(Er)""^(?m)

e2 + Lz(T)
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I
kBT": I.L3hupe- FiEÐø¡ (2.22)

This result suggests that the critical temperature of a superconductor depends

on three factors: the Debye frequecy of the lattice vibration, ø¿, the density of

states of the electrons at the Fermi surface N(.Ð.), and the interaction constant

between the electron and phonon, V6. The material will show superconducting

behavior only if the net interaction between the electrons resulting from the com-

bination of the phonon-induced and Coulomb interaction is attractive. This is

why normal good conductors like silver and copper, u'hich have a weak electron-

phonon interaction, do not exhibit superconductivity at the lowest temperature

achieved to date. Elowever some materials that are poor conductors at normal

temperature, but which have a strong electron-phonon interaction, are supercon-

ductors. Indeed, the poorer the conductivity at normal temperatures the higher

the critical temperature at lou' temperatures. This supports the viewpoint that

the electron-phonon interaction that causes resistivit5, at normal temperatures

gives rise to superconductivity at the low temperatures.

II. Isotope effect

The Debye frequency up is inversely proportional to the square root of the

isotope mass M. Therefore ftom (2.22) one obtains

T" x. M-I
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This explains the origin of the isotope effect.

fII. Energy gap

By comparing equation (2.i9) and (2.22) we find that the energy gap at

T:0

Es :2Lo :3.5knT" (2.24)

rvlrere fr¡ is Boltzmann's constant. Equation (2.24) predicts that the critical

temperature is simply related to tire energy gap at T:0. The experimental values

of most conventional superconducting materials a¡e close to this value, but the

deviations for some materials are outside the experimental error, this can be

attribute to simplifications made in the theory.

fV. Flux Quantization

The motion of the mass center of the Cooper pairs can be described by a

plane wave

Ü(r, ú) - u"à(k'r-øt)

If the supercurrent is assumed to be along the ø axis, then

(2.25)

ü(æ, t) - u"i(ff-ot) (2.26)
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u'here À : 2tr lk. Along the z axis the phase difference between the wave function

at points a and b is

?ø _ ?o: r^ 
l"o * e.zl)

where 
^ 

: # : #, and j" is the supercurrent density, j" : rLse.ua. Here z, is

the density of superelectrons so that the density of Cooper pairs is |n,. Therefore

Zrn fb
9u - ?" : hn"" J. t"o*

Nou' when a magnetic field is applied the momentum of the Cooper pair is

2m lb.9a-9":;- I J"
ILILse J a

P :Zrnv" * 2eA

where A is the magnetic vector potential with V x A : B and À: hllPl. Ilence

A.dt

Suppose a superconductor encloses a non-superconducting region N in which

there is a flux density B due to the supercurrent j" along the boundary of N. Such

a situation might arise when N is a hole through the material or, in the case of a

solid piece of superconductor where the magnetic field generated by the encircling

current maintains the region N in the normal state. Around a closed path, such

as the dotted curve in Fig. 2.3, which encircles the normal region, the total phase

.ilr +2: [','hJ"
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Figure 2.3: A normal region N in the superconductor.

difference rvill be

, 2m t'.Ls: - þj" .dl +
nnse J

Now b5' Stoke's theorem

f o^: llvxA ds

t'hete dS is an element of area. Then

#lt"-dt+ l l" ds: *o,

2ef
TTA -dl. (2.28)

(2.2e)

F. London and H. London named tlie quantity on the left hand side of the equation
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the fl,uroi,d and gave it the symbol Õ',

ô':21t"^.llB.ds (2.30)

rvhere Q' is called London fluxoid. Because of the single-valuedness of the wave,

the phase difference, A,g, can onl¡' take integer multiples of 2r, that is, Lp : n.2r,

rvhere z is an integer. Therefore

# I t,^. I IB .ds :,:;- nÕo (2.31)

The fluxoid within a closed curve is closely related to the magnetic flux within the

curve. The first term on the left hand side of the equation contains the line integral

of the current density around the closed curve, but because the penetration depth

is very small, nearly all the circulating current will in fact be concentrated very

close to the boundary of the normal region N. This term can be neglected. The

second term on the left side is just the magnetic flux contained within N and the

penetration depth around it where

(Þo : 2.07 x l0-lsWeber,

Õ6 is called a fl'uxon We see that any flux within a superconductor shouid only

exjst as multiples of a quantum, the fluxon tÞ6. The factor 2 in the denominator

is a strong suggestion that the supercurrent is carried by pa.irs of the electrons.

In 1961 B. s. Deaver and 'w. M. Fairbank [24], Doil and Näbauer [25]

had experimentally observed flux quantization and confirmed that fluxon iÞo :

IL
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h'12e. For the nern' high-Tc superconductor, YBa2Cu3O7-6, Bi2.2Sr2CaCu2O*,

and Tl2Ba2CaCu2O*, the flux quantization has also been obse¡ved and the value,

Þo : hlZe, is also conflrmed by the experiments 126,27).

,,-.- The Theory of the lr[ew High-T. Supercon-
ductors

It is well knou'n that the t¡ansition temperature of mercury, the supercon-

ductor discovered first, was 4.2K. About 75 years later, prior to 1985, the highest

transition temperatute observed among the thousands of alloys prepared was only

23.3 K in Nb3Ge. Tire discoveries of superconductivity in La2-*Ba*CuOa with a

transition temperature, T", above 30 K [1], in YBa2Cu"or-t above g0 K [2], and

in TIzCazBa2Cu3Ol6-¡5 above 120 K [5], irave come as a shock to most physicists.

These cuprate ceramics superconduct at temperatures many times higher than in

any other materials, as confirmed by many groups and laboratories in the world.

A huge amount of work has been done studying tire electric, magnetic,thermal,

structural and optical properties. In response, a flood of theories has come forth,

which range from modifying the BCS theory to totally new ones. To develop a

new theory, it is necessar5'to ask why the new materials have a such high T"? Is

the electron-phonon interaction still responsible for the superconductivity and do

Cooper pairs still exist in the new materials?

In conventional superconductors the Cooper pa.irs were confirmed by the

beautiful magnetic flux quantization experiments of Deaver and Fairbank and Doll

and Näbauer in 1961[24,25). In these experiments it was shown that the magnetic
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flux trapped in a hollow superconducting cylinderwas an integral multiple of a

fundamentalunit of flux, (hl2e). Here ä is Planck's constant, and e is the charge

of the eiectron. The presence of the factor 2 in the denominator implies that the

carriers are pairs of electrons.

For the nev'high-T" materials simila¡ experiments have been done by Gough

et aJ[26]. The value of the flux trapped in a superconducting ring of YBa2Cu307-6

r¡¡as measured and the value of the flux quantum is 0.97 t 0.0a (h.lze).

Experiments based on the Josephson effect between YBa2Cu3O7-5 and an

alloy of Pb and Sn also give the flux quantum value of (h.l2e)128]. The factor 2,

again suggests tÌrat the charge carriers in YBa2CusOz-t are indeed electron pairs.

Hence Cooper pairs are still present in the nen' Ìrigh-Tc superconductors.

If the isotope effect still exists in YBa2CuzOt-s, then substituting isotope

O18 for 016 in the superconductor v¡ith T" of g0 K should shift T" by at about 5

K, assuming an ideal value of 712 for a (in T" x A[-") and that the all phonon

modes relevant for superconductivity invoive vibrations of oxygen atoms only.

But the experimental results [18] sliow that the changes of T" after O18 replaces

016 range from 0.0 to 0.5 K corresponding to a value of a ranging from 0.0 to

0.02 which is much smaller than a : 0.5. This means that there is a very sma"l]

or null oxygen isotope effect in YBa2CusOz-a. Similar experiments have been

done by substituting Couu for Cu63 in YBa2Cu3O7-6 [1g]. It is found that the

transition temperature is the same within experimental error of *0.2 K for the

samples before and after substitution. This indicates the isotope effect of copper

is also absent in YBa2Cu"Or-t.

47



The absence of an isotope effect for oxygen and copper gives rise to differ-

ent points of vierv about the interaction responsibie for high-4 superconductivity.

One extreme point of view considers that the electron-phonon interaction is no

longer responsible for the superconductivity in the new mate¡ials; the other ex-

treme point of view suggests that the absence of an isotope efect for oxygen

and copper by itself does not completely rule out the phonon mechanism, be-

cause in many transition metal superconductors - molybdenum, zirconium, and

ruthenium, for example - isotopic substitution leads to no observable change in

T", even though few doubt that pairing in these superconductors is mediated by

phonons. The other argument is that the unit cell in high T" materials is quite

large and the iattice may have many phonon modes that do not involve significant

motion of oxygen and copper atoms. If these modes were important for pairing,

one would of course not see any isotope effect if only a heavier isotope of oxygen

or copper is substituted in a sample.

On the other hand, an alternative viev' to the traditional electron-phonon

theory considers the Cu-O bond vibration modes to be central. The absence of

an isotope effect in higli-T" materials then indicates that the BCS theory has to

be modified; a reduced isotope effect is characteristic of a small electron-phonon

interaction. It follows that the electron-phonon interaction by itself is not suffi-

cient to produce high-T" and some other kinds of interaction are responsible for

the electron pairs.

Based on the above experimental data there are mainly two extreme points

of view concerning the theory of high-T" materials. According to one of them,
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the mechanism is totaJly different from the BCS model. The Resonating-Valence-

Bond modei (RVB) suggested by P. W. Anderson [29] and similar models suppose

that the origin of high-T" superconductivity lies in a spin liquid, which in conven-

tional superconductors is the electric Fermi liquid. In the RVB model, Anderson

proposed a singlet ground state in which every spin is paired in a singlet con-

fi.guration rvith another one, so that the total spin of the whole lattice is zero.

The pa.irs are not fixed; a spin has a finite probability of paring with any one of

its nearest neighbors. The ground-state wavefunction, therefore, is a linear com-

bination of the quantum mechanical states for different configurations of singlet

spin pairs on the lattice. If the spin pairs are represented by bonds connecting

the corresponding lattice sites, then the configurations may be transformed into

one another by moving the bonds[3Oj. In Anderson's wo¡ds, using a term from

organic chemistry, the bonds defined by spin pairs resonate between different

configurations. This model is very interesting but up to now has not been con-

firmed either theoretically or experimentally. For example, a linear temperature

dependence of the specific heat is predicted at T <( T. in the models, although

several ne\ry measurements fail to shorv the existence of such a linear term in some

high-T" superconductors. Furthermore in the high-temperature superconductor

Bao.eKo.¿Bi03, there apparently are no magnetic moments and so no spin liquid

can exist [31]. If, as seems reasonable, the origin of superconductivityin this and

the cuprates is the same, then they also can not be spin liquids.

The other extreme point of view is that the superconductivity of high-

T" materials is very similar to that in the conventional superconductors. Both
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are described by the BCS model. Howeve¡ the source of the high va,lue of T"

appears to be in the exchange of electronic excitations that are not connected

with spin effects. The attractive interaction responsibie for tlie electron pairs

may be the polarization of an electron subsystem rathe¡ than the lattice. Un-

der approp¡iate circumstances this could lead to superconductivity near room

temperature. In a simple picture the Debye energy, hup,in the BCS expression

knT" -- l.73Ttupeæp(-lv(El;n6), is replaced by a much larger electronic energy,

ñ,ø, consequently if the coupling constant F,;nã is the same the transition tem-

perature will be raised [32].

This BCS-likemodel has most aspects of the BCS theory and does not con-

tradict the experimental results..some experimental data [33], such as 246 :
3.5fr6T", connecting the energy gap at T:0 with T", have provided strong er,-

idence for this model. The main difference as compared to conventional BCS

superconductors is in the mode of coupling. Evidence suggests that some charge

excitation with an energy several times that of the phonons, provides this cou-

pling. However this model remains to be confirmed either theoretically or exper-

imentaliy.
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Chapter 3

The Equipment

Polycrystalline high-T" superconductors are ceramic materials. To make

samples a standard ceramic procedure including weighing ciremicals, ball milling,

pressing, preheating, regrounding and firing, are useC. In this chapter we describe

some equipment used to make and characterize the superconductors.

The chemicals used for making the superconductors were v'eighted by a

gram-atic balancemade by E. Mettier with a maximum weight 200 g and accuracy

of 0.0005 g.

AbaII milling machine consists of a roiling device and a container. The

rolling device makes the container move with a three-dimensional rotation. The

container is a wide-mouth giass bottle (2a0d) made by Fisher Scientific Co.

Alumina balls in various diameters from 8 to 15mm were used for milling and

mixing.

Three kinds of furnace, namely a tube furnace, a box furnace and a single-

crystal furnace were used for heat treatment. The dimensions of the tube furnace

are 36 cm in length, 32 cm in width and 33 cm in hight. There is a tunnel of
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4.8 cm in diameter and 36 cm in length in the centre of the furnace. A Fe-C¡-Al

helicaily-coiied wire was wound on the tunnel as tlie heating element. A quartz

tube of 90 cm in Ìength and 3.0 cm in diameter was put into the tunnel. A small

alumina boat containing the samples can easily go in and out of the quartz tube.

A chromium-aluminum thermocouple measures the temperature. The maximum

temperature available is 1200"C. The constant temperature region is 10 cm in

length near the centre; at about 900"C the temperature is within +1"C. Oxygen

gas controlied by a flowmeter can pass through tÌre quartz tube as necessary. The

exhaust gas is introduced into water b5' a flexible tube and is then released to the

air as shown in Fig. 3. 1. The tube furnace has a small chamber. It is convenient

for heating small amounts of samples and for using various atmospheres.

The box furnace, made by Lindburg, chamber dimension 2.5 x 5.25 x 14

(W * H x D) inches is used to preheat and heat. The heating eiements are a com-

posite of heÌically-coiled iron, chrome and aluminum alloy wire and moldatherm,

Lindburg's unique ceramic-fiber insulation. The heating elements are provided

on the top, bottom and sides of the chamber for uniform heat distribution. A

platinel II thermocouple with a long life and good stability is located at the top

of the chamber center both to measure and to control the temperature. A digital

temperature control instrument made by Lindburg can keep the temperature sta-

ble within *1"C. The constant temperature region of this furnace is about 10 x 15

(WxD) cms near the center of the fu¡nace. An oxygen atmosphere can be in-

troduced into the chamber as required from the front window by a quartz tube

which has a funnel outlet. The box furnace has a large chamber. It is suitable for
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Figure 3.1: A schematic illustration of the tube furnace and its temperature
distribution.
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larger samples.

The single-crystal furnace and a program controller were made by Leeds

and Northrup Canada Ltd. The heating elements consist of 8 globars (SiC). A

Pl n% Rh and Pt thermocouple was employed for measuring and controliing

the temperature. The furnace can reach a maximum temperature of 1380oC at a

rate of up to 200"C/hr. The rise speed of temperature is controlled by an input

current. The drop speed of the temperature can be chosen from 0.1oC per hour

to 9oC per hour in the 800"-1200"C ,uog". Oxygen gas can be introduced into

the furnace during the crystal growth from the bottom of the furnace via a quartz

tube. The exhaust gas directly goes to outside the building passing into a fume

hood which is located to the left top of the furnace.

The ¿c susceptometer u'as made by Dr. I. Maartense. Trvo symmetric coils

rvith about 4100 turns, with a resistance of 600-700f), are 13 mm in inner diameter

and 11 mm in thickness; they pass a small ac current and are used as sensor coils.

The equipment is adjusted so that both x' and y" equal zero u'ith no sample.

When the sample is put into one coil, the induced signal was decomposed into

tlvo components: a real component, a' and an imaginary component, y,t. The

details are described in reference [34]. The temperature of the sample can be

varied from 55 K by pumping liquid nitrogen up to room temperature by heating

the sampie holder or by absorbing heat naturally(Fig. 3.2).

The sensor coils and dc magnetic field coils are inserted into a wide-mouth

liquid-nitrogen dewar. A two layer glass cylinder with a tail of 10 mm in diameter

and 60 mm in length was used as a variabie temperature dewar. There is a vacuum
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Figure 3.2: A schematic illustration for ac susceptibility measurement.



between the two layers. The sample is located in the middle of the tail by a

sample holder. The tail is put into the sensor coil during the measurements. The

copper-constantan thermocouple was put near the sample in orde¡ to measure

the temperature. The ieads of the thermocouple and heating vrires pass through

a central sta.inless steel tube and are connected to a millivoltmeter and power

supply, respectively (Fig. 3.2).

To perform res'isti,uitg measurements, a simple stainless steel cylinder was

designed in u'hich the sample temperature couid be varied from 77 K to room

temperature. A stainiess steel cylinder, 48 mm in diameter, was placed directly

into liquid nitrogen contained in a glass dewar. A copper sample holde¡ made

contact with the wall of the cylinder b5' ¿ copper leaves (Fig. 3.3) in order to make

the heat exchange fast. Raising and lowering the tempe¡ature can be achieved by

moving the cyiinder down and up, respectively. The four leads used for the four

probe technique make contact with the sample at one end; at the other end they

pass through a stainless steel tube and connect to a constant current source, 60

mA maximum and a millivoltmeter, 10-6 V minimum, respectively. The temper-

ature of the sample was measured r¡'ith a copper-constantan thermocouple. The

sensor point of the thermocouple u'as fixed in the sample holder and made contact

with the sample surface. To reduce the contact ¡esistance between the leads and

sample, silver pads were evaporated onto the surface of the sample and indium

was used as solder in order to join the ieads to the silver pads.

The drive system of the Mössbauer spectrometer consists of a MFG-N-5

function generator, a MDF-N-5 driver and a MVT-4 velocity transducer made
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Figure 3.3: A schematic illustration of low temperature dervar fo¡ resistivity mea-
su¡ements.
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Figure 3.4: Schematic illustration of the cryogenic s¡'stem made by Oxford.
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by Eiscint Ltd, which can be operated with a sawtooth, triangular or linearized-

sine waveform. The frequency varies from 3 to 22 Hz and the velocity can be

adjusted from 0 to ti00 mm/sec for the sawtooth mode and to +500 mm/sec

fo¡ the triangular and sine modes. The amplifier (570) and SCA (551) were made

b¡'' Ortec. A multichannel analyser (CMCA-10004) was made by Wissel and is

controlled by IBM XT personal computer. Two Mössbauer spectrometers can be

operated simultaneously. The data collected can be either sto¡ied in flopp5' dis|çg

or sent to the Amdahl main-frame computer system for further analysis.

The experiments at low temperatures and in magnetic fields were performed

in the Oxford cryogenic system shown in Fig. 3.4. In this system, the sample

is placed in the sample holde¡ which can be heated to various temperatures.

This holder is sealed into the sample chamber and separated from the source

chamber by a mylar windor'ç'. The temperatu¡e of the sample and the source can

be controlled separately. The source of 57Co in Rh was driven by the transducer

at the top of the system via a long rod. The 7-ray absorption is measured by

a proportiona.l counter, rvhich is not affected by the stray magnetic field at the

bottom. A weak source, mounted on the other end of the transducer, together

with a suitable absorber and a NaI scintillation counter were used for calib¡ation

purposes.

Low temperatutes can be obtained with liquid nitrogen at 77 K, liquid

helium at 4.2 K, and below 4.2 K by pumping on the liquid helium from a

exhaust-gas outlet. Temperatures can be continuously varied by a capacitance

controller (model CSC 400 made by Lake Shore Cryotronics Inc.). An Au 0.7%Fe
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vs. chromel thermocouple measures the source's temperature with 77 K as its

reference point. A Rh-Fe thermister measures for the sample's temperature. The

temperature of the superconducting coil is monitored by two 270f) carbon sensors

fixed to the top and bottom of the magnet. To get the minimum boiling rate of

He at a certain temperature the exchange gas pressure in the sample and source

chambers have to be adjusted by the pumping station. Of course, the main vac-

uum has to be better than 1x10-5 torr. UsuaLly the boiling rate is about 160-180

mL per hour (less than 4.5L each day).

The magnetic field is generated by a superconducting coil of NbTi with a

maximum of 6 Tesla at 57 Amps. The ¡atio of magnetic field to the current is

about 0.105 T/4. To avoid quenching of the magnetic field some precautions have

to be taken, such as keeping the helium level above the superconducting coil (no

less than 2 L), keeping the charging rate less than the critical value, and so on.

This system is suitable for measuring one sarnple at various temperatures or

in various magnetic fields. It is not suitable for measuring various samples since

a lot of helium is required when the sample is changed.

A PW-1360 Philips X-ray diffractometer is used for structure analysis. Usu-

ally Cu Ka radiation with a Ni filter was used. The structure refinement was

performed by the computer cont¡olled x-ray diffractometer in the Department

of GeologicaL Science. Microstructure and composition of the samples are de-

termined rvith an ISI-100 B scanning electron microscope (SEM) equiped with

EDAX.
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Chapter 4

Sarnple Preparation

4.1 Polycrystalline Sarnples

The high-Tc superconductors in polycrystalline form are ceramics. These

materials are made by a solid-state reaction in which the starting chemicaJs react

with each other at high temperatures but below the melting points. The general

ceramic procedure includes lreighing the appropriate amount of chemicals, mixing,

pelletizing, preheating, regrinding, heating and cooling. The procedure used for

a desired ceramic compound is tailored to the properties of the chemicals used

and to the specific solid state reaction.

4.L.! The YBaCuO System

To make samples of the YBacuo system, the chemicals y2o3 (gg.gg%,

AIfa), Cuo (TechnicaJ, Fisher), and BaCos (A.C.S. Fisher) or Bao (Technical,

K and K) were used as starting materials. Appropiate amounts (total weight of

about 5 grams) of the chemicals were weighed by a balance described in chapter 3

and thoroughly mixed and ground in a ballmill (with a240 mL glass container and
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about 30 alumina balls, 8 to 15 mm in diameter) using about 40 mL of acetone

as the active agent. (Usuall¡' a liquid, such as water, alcohol, actone and so on,

is used in ball milling to make mixing more efficient and to increase the activity

of the chemica.ls.) Since BaO dissolves in water, we had to choose acetone as the

liquid. Pou'ders or pellets of the mixture were preheated at 860 to 900"C for 6

hours and reground. The final pellets were put in an alumina boat, heated in a

tube furnace at 900 to 920"C for 6 hours and furnace cooied in flowing oxygen.

Since the superconducting properties, especially the transition temperature, of

this material is very sensitive to the oxygen content, slow cooling and an oxygen

atmosphere is important in order to get superior samples.

In early i987 the scientific neu's bulletin anounced that the superconducting

transition temperature had been enhanced to above tiquid nitrogen temperatures,

but there lryas no detaiis given concerning the materials. In March 1g87, after var-

ious compositions of (Y1-*Ba*)CuO3 were tried, we found that when x was in a

range 0.4 to 0.8 the samples all had a supercorìducting transition (R-, 0, when

T<T"), but had a different transition width. Some pellets had a black colour with

some green or some dark black spots. Only the composition of Y6.aBa6.6CuO3 (i.e.

for x:0.6) \ryas pure black in colour and had the highest transition temperature, gB

K, and a narrow transition width, as shown in Fig. 4.1 [3]. Later this composition

was identified as YBa2Cu3O7-5, called 123 phase, and is responsible for the su-

perconductivity. The structure and properties of YBa2CuaOz-o will be discussed

Iater.

To determine the properties of the green parts in the sampies we aJ.so made

62



24

...-É 16

ã
t)
zL2
F
(Í)

U)t'ì 8
d

80 90 100

TEMPERATURE (K)

Figure 4.1: The resistance of a sample Ys.aBas.6CuO3 \¡ersus temperature.
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a sample with a pure green phase; this was identified as Y2BaCuOs, a semicon-

ducting phasel3S]. Its x-ray diffraction pattern with Cu Ka radiation is shown

in Fig. 4.2 and the d vaLues are listed in Table 4.1. The lattice constants are

a:7.7294(9),b:I2.172(1) and c:5.6552(7) ,À. Space group is Pbn* (* can be a,

b or c).

In detailed experiments, the compositions of the superconducting phase

YBa2Cu3Oz¿ and the semiconducting phase Y2BaCuO5 in the samples for dif-

ferent x r¡/ere estimated from the x-ray diffraction patterns and are given in Table

4.2. The ac susceptibilitS' measurements indicate that the transition tempera-

ture difers only a little between the samples, while tlie transition width and the

magnitude of the susceptibility, x', belou' T" are significantly different. The im-

plication is that the superconducting properties of mixed phases mainl5' depend

on the 123 phase.

4.L.2 TlCaBaCuO System

It is relatively easy to make close to single-phase 123 superconductors

(though it is iess easy to control the exact oxygen content). In the thallium system

there are two phases responsible for the higir-T", r.iz the Tl2CaBa2Crr2Os (2122)

and Tl2Ca2Ba2Cu3O.m (2222) phases. It is very difficult to make single-phase

thalli¿¡¡1 compounds since the phase formation of the thaliium superconductors

with T" > 100 K is very sensitive to the heat treatment [36,37]. Sometimes start-

ing witlr a 2223 mixture results ín a 2L22 phase; often both 2122 and 2223 phases

coexist in the fi.nal pellet.

To make good quality samples some steps of the procedure used in making
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Tabie 4.1: Powder x-ray difraction pattern for Y2BaCuO5 with Cu Ko radiation.

h k I 20o6, d.or dob, Ilil
270
220
040
131
211
002
740
221
i12
141
231
310
150
320
272
311
042
060
142
232
340
161
152
260
322
261
133
213
771
223
342

26.02
29.00
29.26
29.83

30.50
31.60
31.94
33.r2
34.90

35.78
37.1 1

38.59
39.07
40.72

41.39
4r.87
43.68
44.63

45.56

46.64

48.56
49.38
51.16
51.81

52.47
54.44

55.20
55.63
56.84
57.30

59.12

3.42r
3.076
3.043
2.992
, or7

2.828
,700
2.702
2.569

2.508
2.420
o tÐ.)
/¿.ù¿L

2.304
2.274
2.779
2.156
2.07r
2.029
1.989

7.944
1.873

1.845
1.786

1.763

7.743
1.683

1.662

1.65i
1.619

1.607

1.561

3.422
3.076
3.049
2.993
2.928
2.829
t 700

2.703
2.569
2.508
2.42I
2.337
2.304
2.274
2.180
2.156
2.07r
2.029
1.989
1.946

1.873

1.845

r.784
1.763

r.743
1.684
1.663
1.651

1.619
1.607

i.561

8.0
6.2
8.8
100

64

49

20

18
nÐl.r)

12

9.9

5.9
77.2

22
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8.4
9.4

29.0

8.3
1i

4.r
10.2

F79¡.ù
14.3

7.0

16.0

13.5

4.9
5.5

12.9
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I"P.J 2l The superconducting p-hase YBa2Cu3O7-5 and semiconducting phase
Y2BaCuO5 in the nominal formula Y1-*Ba*CuO3 for different x estimitåd by
x-ray diffraction patterns.

x YBa2Cu3Oz-t(%) YzBaCuO u (%)
0.4

0.5

0.6

0.66

0.70

0.80

t1
rJ l-

63

83

92

95

85

69
tnt)r
77

8

5

15

YBa2Cu3O7-5 samples have to be adjusted, since the thallium oxide (Ti2O3) has

a lor¡' melting point (7L7" C) and is easily evaporated. It is aJso highly toxic.

First, extreme precautions have to be taken to prevent the vapour of thal-

lium compounds (Tl2O3, Tl2O) directly entering the atmosphere. Tire chemicals

were mixed in a dry box and the heating of the pellets was carried out in a closed

system. During the heating the oxygen gas was introduced from one end of the

quartz tube. After reacting the exhaust gas exited via an outlet through a flex-

ibie tube into water and then was released into the air. Most waste thallium

compounds were deposited on the wall of the flexible tube. A small amount of

leftover was deposited in the water.

Secondly we used two kinds of short heating procedure. In one alt the

chemicais in an appropriate amount were mixed together by a ballmilÌ. The pellets

were placed in an Al2Os boat, heated in a quartz tube at 850-900"C for 3-30 min.

and furnace cooled to room temperature in flowing oxygen [86]. The samples

made by this procedure mostly are mixed phases of 2122 and 2223, but we can

get nearly pure 2!22 phase. This procedure produces less thallium contamination.
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In the other, the BaCO3 and CuO were reacted first at 925"C fot 24 hours

and then reground with Tlz03 and CaO. The mixture was pelletized into disks

6 mm in diameter and I.5-2.0 mm in thickness. The pellets were placed into a

tube furnace, which has been heated at 860-920"C. The samples were heated for

3-10 min. and furnace cooled to room temperature unde¡ flowing oxygen[37]. To

make lhe 2122 phase the starting materials 'were close to a 2223 atomic ratio,

but with slighly less CaO and final heating was at 890"C for b to 10 min. For

the 2223 phase, the TlzO¡ and CaO slightly exceeded a 2223 ratio and the flnal

lreating was at 915"C for 3 to 5 min. The structure and properties of 2L22 and

2223 phase will be discussed later.

4.2 Single Crystals of YBa2Cus Oz-.t

Many research works have been made on the synthetic ceramic oxide super-

conducors of YBa2CurOz-¿ since the polycrystalline samples are easy to prepare.

To have a better understanding of the basic mechanism and the dependence of

tireir properties on crystallographic directions single crystaJs of sufficient size are

required. Attempts to grow single crystals of YBa2CurOr-¿ have been described

by several groups [38,39,40,41]. However the details of the growth techniques used

are not given.

Single crystals of oxide mate¡ials usually are prepared by flux growth, also

called Hi'gh Ternperature Soluti,on growth (HTS). In this method the components

of the desired crystai are dissolved in a solvent, the so-called flux. The process is

analogous to crystal growth from an aqueous solution, but the solvent solidifies
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before reaching room temperature.

The main advantage of this method is that the crystals are grown at tem-

peratures below the melting point. This is very important if the materials melt

incongruently. The flux method is also heipful if the melting point is very high or

if the vapour pressure is high at the melting point. Thermal strain is minimized

due to the relativel¡' 1o* growth temperature and the free grorvth into a liquid,

allowing the formation of growth facets.

The ma.in disadvantage is that during the growth some ions of the flux

go into the crystal lattice as impurities. The lou' growth rate of this method is

another shortcoming. Tire choice of a suitable flux, a larger crucible and automa-

tion of the growth procedure can minimize these disadvantages; the flux grou,th

method still is widely used in many laboratories and industries [42].

At first we used the standard flux method and tried various fluxes, including

PbO, BzOs, PbF2, and Bi2O3, and various ratios of flux to the nutrient in attempts

to grow single crystals of YBa2CueOz-e . After completion there were some black

shiny crystal points (they may correspond to the superconducting 123 phase)

and some transparent shiny points (they may be the semiconducting phase of

Y2BaCuOs) on the surface of the solidified flux. In orde¡ to separate them from

the flux, the usual methods of boiling the crucible in acetic acid, nitric acid or a

mixture (acetic acid : nitritic acid : water : 1:1:3) were used. Then an anomalous

event occurred. After boiling in the acid solution v/e did not get the black crystals

but we did get some small transparent crystals which had lost their corners and

edges and became ball-shapes. We realized that the superconducting crystals of
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YBa2Cu3O7-5 reacted with acid; this led us to do systematic experiments of the

deterioration of the 123 phase in various environments. Hence the usual fluxes

used are not suitable for growing single crystals of tlús superconductor. We sought

new fluxes.

\Me found that Bao2 and Cuo can be used as fluxes. Now Bao2 has a low

melting point (450"C) and decomposes at 800"C. These properties ensure that

divalent barium ions are available for the single crystal and perhaps also some

oxygen ions. The presence of CuO in the flux r+'ili avoid any lack of copper when

the starting conditions use stoichiometric mixtures For the nutrient, YzOs :

Bao2 : Cuo molecular ratios of 0.5:2:3 r,r'ere used; for the flux the Baoz : Cuo

molecular ratios lay beween 1:3 and 2:5. The ratio of nutrient to flux was chosen

to be either 0.6 or 1.2. W'e also added 2% of powdered YBa2Cu3O7_6 ceramic to

the mixture in order to provide seeds for single crystal growth.

A crucible was loaded with appropriate amounts of the above mixture.

These materials u'ere in powder form, mixed in a agate mortar and compressed

into the crucible by a pestle unde¡ finger pressure. The crucible was covered with

a platinum lid and placed inside a muffie which was situated in the centre of the

electrical furnace described in Chapter 3. The furnace was heated at the rate of

about 150"C per hour up to 800"C and then held for 2 hou¡s. The temperature

was then raised by 50"C per hour up to 1000"C and the mixture soaked for 2-4

hours. Next. the temperature was decreased by 4-10"C per hour, until a temper-

ature of 850'C rvas reached. Thereafter the power was turned ofr and the crucibie

was a,llowed to cool in the furnace.

70



Figure 4.3: The SE\,I phoiograpirs of (a) single crystals
junction of the bottom and wall of the crucible and (b)
mechanìcal means.

of YBa2CurOr-¿ near the
one crystal separated by
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Black crystals of YBa2Cus}z-t in the shape of rectangular slabs or tabiets

formed both on the bottom and at the edge between the wall and bottom of the

crucible; an exampJe of the latte¡ is shown in Fig. a.3(a). The crystals were

mechnically separated since a suitable solvent to assist separation was not found.

The size of the crystals varied from about 0.5 x 0.5 x 0.2 to 2x2x 0.3 mmS; an

example is shown in Fig. 4.3(b). EDAX analysis indicated ihat the ratio of Y :

Ba : Cu in the single crystals was close to I:2:3. Some needle-like CuO crystals

with a length up to 2-3 mm and a square cross section \ryere also found[43].

Various types of crucibie, platinum, alumina and porcelain were tried. At

high temperatures the porcelain crucible reacted with the mixture and hence is

unsuitable. \Ãrhen a platinum crucible were used, EDAX showed the presence

of Pt atoms in the single crystals. The best type of crucible appears to be the

alumina ones. However a small amount of Al was also found to be incorporated

into the crystals.

X-ray diffraction showeti that the crystals are definiteiy orthorhombic with

a:3.857(1), b:3.876(1), c:11.692(5),4 and a volume V:174.79 .4.3. Although

the b-parameter is close to that found for ceramic YBa2CusOz-¿ the a- and c-

parameters are appreciably larger than the reported value a:3.824 and c:11.667 Å

for the polycrystalline mate¡ials[aa]. Thus the single crystals are closer to tetrag-

onal than the ceramic materials.

Measurements of the ac susceptibiiity showed that y' becomes negative at

about 86 K and full shielding is achieved at about 65 K. In these measurements

Sroups of crystals were used since the sensitivity of the apparatus did not permit
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the detection of signals from only one singie crystal. The reduction of the onset

of superconductivity 6-8"C below that fo¡ the best ceramics may imply that the

oxygen contents are slightly different. Further, in other studies we have observed

that a more tetragonal structure seems to decrease T". The larger width of

transition may imply a iack homogeneit¡' within one single crystai or a variation

in oxygen content between different crystals.

In our technique the mixture is oniy partially meited, that is, a complete

liquid does not form. The crystal growth mechanism is then more complicated

than that for a solution. Many factors, including the ratio of nutrient to flux, the

method used to mix the chemicals and the heating and cooling procedure, will

influence the crystal growth.

4.3 Deterioration of the YBa2CusOr-.a Super-
conductor in various Ambient Environments

4.3.L The Discovery of the Problems

Interest in high-T" superconductors (T" >g0K) was twofold. on one hand,

the origin of the superconductivity was of immense scientific interest. On the other

hand, potential applications in the electronic and electrical-power industries were

most exiting. Elowever, stability of the materials in various environments is es-

sential. Two chance observations indicated that the ceramic 123 superconductors

quickly degrade on exposure to some conditions. These led us to investigate the

deterioration of 123 superconductors more systematically.

The first indication of instability problems came f¡om ac susceptibility mea-
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surements. A two-day interruption occurred during which a pellet (density about

3 g ' cm-3) was kept at room temperature in the sample holder of the low-

temperature Dewar vessel. Upon resumption of the experiment, it was found

that the diamagnetic signal had been significantly reduced. Inspection of the

sample pellet revealed a whjte eff.orescence on its surface. The probable callse

of this change was assumed to be exposure to moisture that had condensed in

the Dewar tail after the initial stage of the experiment. The reduction in the

diamagnetic (shielding) properties was the result expected from erosion of the

grian bounda¡ies near tire sample's surface; hence , the effective shielded volume

u'as diminished.

The second observation related to attempts to grow single crystals by ttre

flux technique as mentioned previously. After slowly cooLing the molt-en mixture,

the desired products are normally separated from the residual flux by boiling in

an aPpropriate acid. For the fluxes used in our experiments, either acetic or nitric

acids were employed. After severa.l runs it was observed that the products also

seemed to be dissolving. Therefore, it was decided to do a more detailed study of

the envionmentai stability of the YBa2Cu307_6 compounds.

4.3.2 The Experiments in various Ambient Environments

Experiments to test the resistance of the 123 mate¡ial to attack by water at

20-80" C with reaction times 4-48 hours were made. Starting materials consisted

both of pellets with varying densities and of fine-grained powders. All reactants

and products were identified by powder x-ray diff¡action. Changes in the suscep-
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tibiliy of pellets were also investigated. In addition, the action of various acids

was observed.

A solid pellet (- 3.3 g .cm-s) was reacted at 80o C for 4 hours in 80 mT,

of deionized water. About 20To of the pellet precipitated as fine-grained BaCO3,

and the residual pellet's surface was partially decomposed. No colour change

was observed in the supernatant solution. Although the external appearance of

the pellet was relatively unchanged, its composition had altered to about 60%

CuO, 30% YzBaCuO5, 10% BaCO3 and 10% of the original YBa2Cu3O7_6 (as

estimated from porvder x-ray diffraction patterns). The presence of BaCO3 wâ.s

attributed to dissolved CO2 in the deionized water, as no carbonates were used in

the synthesis of the starting materials; of course, an intermediate step involving

hydroxide hydrates of BaO may well be involved. At lower temperatures, similar

reactions occurred, but the rate was much slower.

one sample (- 5.1 g ' cD-3, or about 80% of x-ray density) was heated in

deionized water at 80oC in successive t hour steps. The susceptibility data after

each heating are shown in fig. 4.4. Note that the diamagnetic susceptibility at

77 K has decreased by about 50% after heating for 5 hours. By comparison, a

sample with smaller density (- 3.t g .cm-3) heated for 4 hours in water at 80"C

displays no diamagnetism at 77 K. Clearly the increased porosity ieads to greater

decomposition as expected. The width of the transition in fig. 4.4 does increase

with heating time, but it is still considerabiy less than that for a pellet with

smaller density. It follows that the reaction interface moves fairly uniformly into

the sampie after each heating. Then the size of the superconductor is reduced;
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hence the full shielding is restricted to a smaller volume[45].

The reaction of various acids on the superconductor was observed; both

concentrated and 10% solutions were used. The fastest dissolution occu¡red fo¡

HCl, followed by HNO3, acetic and H2SOa acids in decreasing order. The slow

action of HzSO¿ was undoubtlv because BaSOq is formed, r'ç'hich does not dissoive

in water. With acetic and HNO3 acids, a blue colour was observed, probably a

copper salt. For HCl, both a white and yellow powder were found; the yellow

material maJ¡ be a yttrium compound. Little reactivity was detected with NaOH.

These experiments shor¡¡ that the oxide supercoductors will deteriorate in

environments that inciude u'ater and acidic vapors; recently some other groups

also reported that these materials degrade in humid air at 40'C [46,47,48). These

reactions will, of course, be much slorver the lower the ambient temperature and

tire denser the materia^ls used. The superconductors can be protected by various

treatments including impervious coatings. Ilowever, the new superconducting 123

oxide ma5, fitr¿ limited use in application requiring long-term stability.
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Chapter 5

The Structure of HiSh Tc
S,rperconductors

S. L Perovskites

Ideal perovskites are described by the general formula ABX3 and consist of

cubes made up of three distinct cliemical elements (A., B and X) that are present

in a ratio 1:1:3. The A and B atoms are metallic cations and the X atoms are

nonmetaliic anions. The larger A cation lies at the centre of each cube, the smaller

B anions occupy ali eight corners and the X anions iie at the midpoints of the

cube's twelve edges( Fig. 5.1 ).

All the corners and edges of each cube are shared with other cubes since

each cube is surrounded on all its sides by other cubes. The contribution to the

cube is 1/8 for each atom at the corners andLl4 for each atom on the edges. So

each cube is considered to have 1 A atom, 1 complete B atom and B complete X

atoms. Thus each cube can be described by the formula ABX3.

A great many elements can combine to fo¡m the hundreds of ideal or mod-
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Figure 5.1: The perovskite st¡ucture-

ified perovskites nou' known. Calcium, barium, potassium and the rare-earth

elements are typical of trvo dozen elements that can flil the A position. An aston-

islúng total of almost 50 different elements, more than half of the stable entries

in the periodic table, are knou'n to adopt B sites. The X position can be taken

up not onì1' by oxygen but also by members of the halogen family of nonmeta-ls:

fluorine, chlorine or bromine [49].

Many perovskites are somewhat distorted because the cent¡al A cation is

too small in reiation to the B cations at the corners of the cube. This disparity

causes the X atoms and sometimes the B atoms to move out of position. It is also

possible that tire A and B positions can fill with two or more type of cations. In

the case of mixed cations ordering, or strictly alternations of position for A or B

cation, ma5¡ occur.

No ma"tter how distorted. o¡ compositionally varied they are, aJI the per-



ovskites are stoichiometric. They have a total of two cations for every three

anions, ABX3. A variety of other perovskites or perovskite-related structures are

nonstoichiometric: they deviate from ideal ABX3 formula by having vacant sites

where atoms would normally be.

5.2 The Structure of YBazCus Oz-.t

5.2.L Oxygen Vacancy

\&'e consider that the unit cell of YBazCusOT-5 consists of three basic

perovskite cubes, called a triple-layer perovskite, in which the relatively larger Y

and Ba atoms lie in A sites u'hereas the smaller copper atoms lie at the corners and

the oxygen atoms lie on each of cube's edges. The yttrium cube is in the middle

and the two barium cubes are on the top and bottom respectively. The ideal unit

cell of such a structure should have g oxygen atoms at X sites, B atoms (y and

2 Ba) at A sites and 3 copper atoms at B sites u'ith the a formula YBazCusOs

(Fig. 5.2a).

This structure is tetragonal with three orthogonal axes (called a, b and c);

one lattice constant c is considerably larger than the other two, a and b, which

are equal (Fig. 5.2a). According to the charge balance rule there wiil be 5 to I
oxygen atoms in the unit cell corresponding to copper in Cul+ to Cu3+ states,

respectively, since yttrium is in a Y3+ state and ba¡ium is in a Ba2+ state. That

means there are some oxygen vacancies in the unit cell. Where are the vacancies?

The experimental results [50,51,52] indicate that there a.re two principal sites for

oxygen vacancies as compared to the ideal perovskite structure. One is in the



a-b plane of oxygen ions surrounding the yttrium cation and the other is the iine

of oxygen ions parailel to the a axis in the top and bottom planes ( Fis. b.2b).

These vacancies alter the composition to YBa2Cu307.

Our x-ray diffraction refi.nement deduced that the composition for a bet-

ter quality yttrium-containing superconducting compound is YBa2CuBo6.ez [44].

That means 92 of every 100 unit cells contained 7 oxygen atoms u,hereas 8 con-

tained only 6. The extra vacancy in these 8 unit cells is in the b-directiori on the

top and bottom copper planes. For the superconducting phase of YBa2CusOz-¿,

the value of 6 varies from 0 to 0.5 depending on the preparation procedure. It

becomes a nonsuperconducting pirase when á > 0.5 [b3,b4,55].

The oxygen vacancies also distort the structure slightly so that it just barely

becomes orthorhombic u'ith the two once equal lattice constants, a and b, norn,

siightly different. Usuallv this kind of oxide is called an oxygen-deficient per-

ovskite.

5.2.2 X-ray Diffraction Experiments

To do the structure analysis two samples were seiected for detailed studies.

Both samples were made by the standard ce¡amic method rvith chemicals Y2O3,

CuO and BaO. Appropriate amounts of these compounds were mixed in a ball

mill with acetone. For the first, designated sample(a), the mixture \ryas pelletized

into a disk 8 mm in diameter and about 2 mm in thickness, heated in ai¡ at about

900"C for 6 hours and then slowly cooled. For the second designated sample

(b), the mixed powder was heated to 800"C for four hours under 1 atm oxygen

pressure (i atm :101 kPa), slowly cooled and reground. These powders were
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(.) (b)

Figure 5.2: The ideal unit cell of triple-Ia5'er perovskite of YBa2CusOs without
oxygen vacancies for (a) and with oxygen vacancies for (b).
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then pelletized, fired at 970"C for six hours under 1 atm oxygen pressure and

slowly cooled.

The second sample was mechanically much harder and denser than the first

one; 4.2 g.cm-3 as compared with 3.4 g.cm-3. It is worth emphasizing that slow

cooling is an essential step in producing sampies with superior superconducting

properties. It may ailow the samples to absorb more oxygen.

X-ray diffraction experiments have been done on these two selected sam-

ples as follows. Samples 'were ground to a grain size of less than about 5-10 pm;

this was essential in order to minimize preferred orientations parallel io the (001)

plane, especiaJiy for the mechanicaJ.ly harder sample (b). The powdered material

rvas side-drifted into a modified aluminium holder and mounted in a Philips PW

1050 diffractometer controlled by a PW 1710 automatic control system. Intensi-

ties were measured at 295 K at inte¡vals 0.08o 20 over a range 16-126" 2á using

graphite monochromated Cu Ka radiation and 1o divergence and receiving slits.

The counting time at each step was 5 seconds. The x-raJ' diffraction pattern and

data for sample (b) are shown in Fig. 5.3 and Table 5.1 respectively.

Structu¡e refinement was done with a modified version of the Rietveid

analysis program, DBW 3.2 [56,57,58]. Peak intensities were modelied with a

2d-variable pesudo-Voigt function for four peak full-widths-at-half-maximum on

either side of the peak centre; the background was refined as a third-order poly-

nomial function in 20. Isotropic temperature parameters were fixed at values

reasonable for x-ray crystal-structure refinements. Peaks from minor contaminat-

ing phases (CuO and Y2BaCuO5) were excluded from the refinement.
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Tabie 5.1: Powder *-loy diff_raction _lines for the phase YBa2Cu3O?-6 (rzz).
Patterns were obta.ined with filtered Cu Ka radiation. Orthorhombic unit cell
a:3.8243(2), b:3.8862(3), c:11.667( 1 ),4..

d"ot, dob, IlIo20

002
003
100
012
102
013
i03
110
112
005
104
113
006
r20
200
115
016
023
106
r20
203
2r0
r21
722
116
r23
213
205

15.15
22.87
oÐ or.ù.L¿

27.60
27.86

32.60
32.85
32.82
36.38
38.57
38.82
40.42

46.74

46.79

47.56

51.54
52.64

52.70

52.82

52.89
53.39
53.41
53.51

55.36
58.32
58.35
58.85
62.9

5.844
3.886

3.822
3.230
3.196
2.745
2.725 1
2.7n I
2.467
q ÐÐ.t
L.¿¿¿

2.318
2.230
1.943 1
r.940 I
1.9ii
1.77r
1.737 1
1.736 I
1.73a 

1
r.730 J

1.715
1.714 1
L.7LT J

1.658
1.581 1
1.580 J

1.569
L.478

5.844
3.885

3.823
3.230
3.200

2.745

2.724

2.468
.l ÐÐ.1L.¿¿Z

2.319

2.230

7.942

1.910

7.772

r.737

r.732

7.7r4

1.658

1.581

1.568

7.479

5
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5

5

6
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5
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ù
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10
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Table 5.2: Crystallographic data at 295K for the
a:3.8259(2), b:3.8864(3), c:11.669(i),4.; and (b)
b:3.8862(3), c:11.667(1)Å. Space group: Prnrnrn.

samples: (a) YBa2CusOo.ssi
YBa2Cu3 Ou.e2 ; a:3.8243(2),

gryckoff

AtomSymbolægzB(Å2)'
Site

occupancy
(")Y
(b)
(a)Ba
(b)
(a)Cu(t)
(b)
(a)cu(2)
(b)
(a)o(1)
(b)
(a)o(2)
(b)
(a)o(3)
(b)
(a)o(+)

112

tl2

0.054(4)
0.045(5)

0

0

112

0

0

1.0Y
1.0Y
1.0Ba
1.08a
1.0Cu
1.0Cu
1.0Cu
1.0Cu
0.83(6)o
0.e2(7)o
1.00
1.00
1.00
1.00
1.00
1.00

7h

2t

,;

¿q

1e

2s

2r

2q

Ll2 112

rl2 0.1856(3)
0.1846(3)

00

0 0.3563(5)
0.3570(6)

rl2 0

o 0.380(2)
0.378(2)

I l2 0.378(2)
0.384(2)

0 0.160(3)
0.160r3

pic temperature factor.

0.8

0.8

0.7

0.7

1.5

0.8

0.8

0.8
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Table 5.3: Interatomic distance (Å) for samples (a) and (b).

Distance
a) Y-o(3)xa

Y-o(2)xa

2.38(7
(b)
(u)
(b)
(a) Ba-O(a)xa
(b)
(a) Ba-O(l)x2
(b)
(a) Ba-o(3)x2
(b)
(a) Ba-o(2)x2
(b)

o(2)-cu(2)-o(3)
(b)
(a)o(z)-cu(z)-o(+)
(b)
(a)o(3)-cu(2)-o(+)

2.34(2)
2.3e(1)
2.4r(2)
2.742(3)
2.741(3)
2.88e(2)
2.880(2)
2.e5(2)
3.01(2 )
2.ee(z)
2.e8(2)

Angles (

Cu(t)-o(a)x2

Cu(1)-o(1)x2

Cu(2)-o(2)x2

Cu(2)-o(3)x2

Cu(2)-o(a)x t

1.87(3)
1.87( 3 )
1.e432(2)
1.e431(2)
1.e33(3)
1.e28(3)
1.e5e(3)
1.e68(4)
2.283(3)
2.30(3)

88.1(1)
88.8(1)
e8.3( 7)

e7.4(7)
e7.4(7)
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Refinement results are given in Tables 5.2 and 5.3.

Crystal-structure refinements of the orthorhombic superconducting phases

of nominal composition YBa2CusOz-¿ bv powder x-ray [50], neutron diffractions

[51,52] and single-crystal x-ray diffraction [59] agree that the most likely space

Sroup is Pm'mrn Refinement was initiated u'ith all atomic sites fuily occupied:

Cu atoms at positions (0,0,0), Cu(1) and (0,0,2), Cu(2), Y atoms at (0.5,0.5,0.5),

Ba atoms at (0.5,0.5,2), and O atoms at (0,0.5,0), O(1); (0.5,0,2), O(Z); (0,0.5,2),

O(3) and (0,0,2), O(4) The starting z coordinates were estimated from published

structures.

Each position in turn was checked for the plesence of vacancies by refining

the site occupancy. Occupancies of the Cu(2), Y, Ba, O(2), O(3), and O(4) sites

refined to values of essentially one or slightly higher. These were fixed at full

occupancy for the frnal refinement. The O(1) site showed significant vacancies,

refining to an occupancy of 0.83(6) for sample(a) and 0.92(7) for sample (b) (tire

one prefired in oxygen).

The occupancy of the potential fifth oxygen position at (0.5, 0, 0) reported

by others [50,59] has been also checked, but the occupancy refined to a value not

significantly different from zero. Significant vacancies were detected in the Cu(1)

site (square planar coordination) with O(1) and O(4). Occupancies refined to

0.90(2) Cu for sample (a) and 0.88(2) for sample (b). As this is not likely, the

Cu(l) vacancies were attributed to Cu disorder about the origin, which decreases

the effective scattering at that site. Refi.nement of the structures with Cu(1)

located at (c, 0, 0) not only caused the apparent Cu vacancies to vanish, but also
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improved the results.

The structure obtained here (Fig. 5.4) is similar to tire powder neutron

diff¡action structure reported by David and Beno [51,52] except for a slightly dif-

ferent oxygen-ordering scheme and Cu(t) disorder about their origin. The partial

occupancy of the O(2) position(7f2,0,2) has not been observed while partial oc-

cupancies (0.83(6) and 0.92(7)) of the O(1) position(0,0.5,0) of sample (a) and

(b) respectively were derived. The single crystal x-ray diffraction study reported

partial occupancy of Cu(1) site (0.89(i1)). It can be attributed to Cu disorder

about the origin[ 44,59).

From the refi.nement results the refined compositions were YBa2Cu3O6.63

for sample (a) and YBa2Cu3o5.e2 for sample (b). These compositions ga,ve an

average copper valence of 2.22 and 2.28 for sample (a) and (b), respectively. The

sliort Cu(1)-O(4) bond length of 1.87(3),4.(Table 5.3) is similar to that fouud

in alkali-metal cuprates such as KCuO2 [60]. This may suggest that Cus+ ions

preferentially occupy the square planar, Cu(1), sites at (0,0,0) and Cuz+ ions the

square pyramidal, Cu(2), sites at (0,0,2).

5.2-3 The ordering of Atoms and oxygen vacancies

In the finai refined structure the Y and Ba atoms are all in the A sites of a

perovskite cube, but Y atoms aJways lie at the middle and Ba atoms on the top

and bottom cubes of a unit cell. The Ba2+ coordination sphere consists of ten

nearest neighbor oxygen atoms with distances ranging from 2.7Å, for the oxygen

atoms in the BaO plane to 3.0Å for the oxygen atoms in the CuOz plane. The
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Figure 5,4: The final refined st¡ucture of YBa2CusOz_¿.
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coordination sphere for the smaller and more highly charged Y3+ cation contains

eight nearest neighbor O atoms with distance of. 2.4,Ä.. fU, structure lead.s to

crystallographically distinct sites for Y and Ba; this structure is ordered.

The oxygen vacancies in YBa2CusOz-¿ only occur in the a-b plane sur-

rounding yttrium cations and the one line parallel to the a axis in the top and

bottom copper planes. This oxygen vacancy ordering results in two ciraracteristics

of the structure. Firstly, the Cu(2) atom surrounded by five oxygen atoms is in a

square pyramidai site and each oxygen atom at the corners of the square planar

is sha¡ed with ihe other. They form a two dimensional Cu-Oz plane parallel to

a-b planes above and belorv the yttrium atom plane. Secondly, Cu(1) atoms are

surrounded by four oxygen atoms in the square planar site. A one-dimensional

Cu-O cha.in along the b axis is formed (Fig. 5.5). The oxygen vacancies on the

top and bottom edges also cause the structure to transfer from tetragonal to

orthorhombic.

From the structural point of view, what is responsible for the high-T" su-

perconductivity? The Cu-Oz plane or the Cu-O chains? The orthorhombic or the

tetragonal structure? Some researchers suggest that the orthorhombic structure

and the copper-oxygen chain are responsible for the high-Tc superconductivity

based on experimental results vrhen the oxygen content is va¡ied from 7 to 6.5 in

YBa2Cu3Or-6 or when some elements are substituted for Cu[53]. Then the struc-

ture transforms gradually from orthorhombic to tetragonal and the copper-oxygen

chain is destroyed. Simuitaneously, the superconducting transition temperature

T" is reduced from 92K to zero [53,55,61]. This suggests that the Cu-O chain or
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Figure 5.5: The square pyramidal and square planar sites in the orthorhombic
structu¡e of YBa2Cu 

"O, 
¿.
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the oxygen vacancy order is essential to high-T" and any loss or damage to the

Cu-O chain will affect the superconductivity detrimentaily. This was the point of

view that prevailed for awhile.

Later on, the experiments in which Cu is substituted by M(:/n, Ga, Co,

and Al) in YBa2(Cu1-*M*)3O7-6 iudicated that small dopings by Ga induce an or-

thorhombic to tetragonal structural transition but the T"'s are still as high as 81 K

[62], whereas YBa2(Cu1-*Zn*)307-6 retains the same orthorhombic st¡ucture as

the parent compound, but with a highly depressed T". It was aJ.so shown that Ga

and Zn atoms preferentially substitute on Cu(1) and Cu(2) sites, respectively[62],

u'hich suggests that the Cu-02 plane is responsible for the high-T" and that the

Cu-O chain plays a much less important role. Discovery of BiCaSrCuO and Tl-

CaBaCuO superconducting systems show that the Cu-O2 planes are essentiai for

higli-T"'s and that the Cu-O chains are not necessary for high-T.'s among the

cuprates since these neïr, compounds have no Cu-O chains.

It is worth noting that the Cu-O2 plane responsible for the high-T" does

not conflict with the fact that T" correlates with the number of oxygen anions

along the Cu-O chains. The oxygen defficiency effectivelS' ¡.¿n."s the carrier

densities and possible coupling between the Cu-O2 planes. The role of the chains

may be to act as a hole carrier reservoir coupiing the planes [63] or to act as a

metallic layer lying between the Cu-O2 planes to enhance superconductivity in

the YBa2CusOz-¿ materiaJs [64].
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-f¡Ð..1 The Structure of the Tl-Ca-Ba-Cu-O Sys-
tem

In the Tl-Ca-Ba-Cu-O system there are two phases, Tl2CaBa2Cu2Os (here-

after referred to as the 2L22 phase) and Tl2Ca2Ba2Cu3Oio (hereafter referred to

as the 2223 phase) that possess transition temperatures 110K and 125K, respec-

tively. Both of them have similar structures except there are additional Cu-O and

Ca layers in the 2223 pbase.

5.3.1 The 2L22 Phase

An x-ray powder diffraction pattern of the 2122 sample was obtained u'ith

Cu Ka radiation at room temperature and shown in Fig. 5.6(a); the procedure

used is the same as that for the YBaCuO system. The results reveal a pseu-

dotetragonal unit cell rryith a:3.8526(6) Å, and c:2g.2Bg(8¡ Å ¡OS,OO,OZ1. The

positions and intensities of the powder lines are shown in Table 5.4. A prominent

powder line(002), corresponding to d - 74.7 Ã çze - 6o with Cu radiation), is

useful for diagnostic purposes.

The distribution of atoms in the unit cell is shown in Fig. 5.?(a). Each

basic building block contains two formula units of TIzCaBa2Cu2Os which have a

relative shift on the a-b plane. The crystallographic asymmetric unit consists of

four kinds of cations, J|3+, Ç¿2+, Bu'* and Cu2+, and three unique oxygen anions

all on special positions (Tabie 5.5). The distance between the ions are listed in

Table 5.6. It can be seen clearly from Fig. 5.7(a) that each formula unit consists

of three perovskite cubes similar to the 123 phase except that calcium replaces
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Table 5.4: Powder x-ray diffraction lines for the phase Tl2CalBa2CuzOe (2lzz).
The pattern was obtained with filtered Cu Ka ¡u.ãiution.

20 d.ob dob" IlIo
2

4

o

5

I

0

2

9

T2

I
14

10
1D
IÙ

0

00
00
00
10
10
11
11
10
00
i1
00
11
10
20
11
2T
27
10

12

5

I

L7

6.02
12.05
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27.70
31.56
32.85
33.43
36.14

36.863
4I.28
43.32

45.48

46.79

47.75

50.22

55.55
57.86
58.95

14.62

7.309

4.873
3.277
2.832
2.724
2.678
2.484
2.436
2.784
2.088
1.993

1.942
r.926
1.816

1.653

1.593i
1.570

14.67 11

7.3i8 2

4.927 3

3.218 60
2.833 100

2.724 80

2.678 15

2.484 I
2.437 20

2.186 13

2.087 I
1.993 10

1.940 I
7.926 34
1.815 23

1.653 22

i.592 32
i.569 12
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Figure 5.6: The powder x-ray diffraction patterns of (a) TI2CaBa2Cu2Os phase
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TlzCaBazCuzOe

Figure 5.7: The distribution of atoms
and (b) T12Ca2Ba2Cu3O16.

Tlo

BaO

CuO2

Ca

CuO2

Ca

CuO2

BaO

Tto

Tl2Ca2Ba2Cu3O16

in the haif unit cell of (a) Tl2CaBa2Cu203
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Table 5.5: Crystallographic
c:29.239(4) Ä. Space group:

data at 295K for Tl2CaBa2CuzOsi a:3.8526(6),
I4f mmm.

Wyckof
AtomSymbolrgzn(,4,2)

(a)rl(t)
(a)Ba(1)
(a)Cu(t)
(a)ca(1)
(a)o(1)
(a)o(2)
(a)o(3)

4e

4e

4e

2a

8s
4e

112 112 0.2135e(2) 1.7(1)
0.00 0.00 0.1217e(3) 0.8(1)
0.50 0.50 0.0540(1) 0.4(1)
0.00 0.00 0.00 0.6(1)
0.00 0.50 0.0531(2) 0.8(1)
0.50 0.50 0.1461(3) 1.5(2)

L6n 0.604(e) 0.50 0.2185(7) 3.9(11

yttrium and thallium replaces Cu(1) atoms.

In the crystal structure of. 2L22., double sheets of corner-sharing square-

planar Cu-Oa groups are oriented paraliel to the (001) plane (Fig. 5.2(a)). Cu-o

bond distances u'ithin the sheets are 1.928Å. There are additional oxygen anions

located above and below the double Cu-O2 sheets at a distance of 2.70Å from

the copper cations to form a square-pyramidal site. There are no oxygen anions

between the double Cu-O2 sheets. The sheets are separated by 3.2Å (Cu-Cu

distance) b)' calcium ions which have eight oxygen nearest neighbors; the Ca-O

distance is 2.48Å (cubic Ca). The structural features described above are also

present in the 123 superconductor except that yttrium replaces ca.lcium.

Barium ions reside just above and below the Cu-O2 double sheets and are

coordinated with nine oxygens. The Ba-Cu-Ca-Cu-Ba slabs in lhe2722 phase are

sandwiched between two thailium oxygen sheets, giving a layer repeat sequence

of ...TI-Ba-Cu-Ca-Cu-Ba-T1... along the c direction. The second half unit cell is
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Table 5.6: Interatomic distance(Å) for a sample of Tl2CaBa 2Cr2Os; a:8.8526(6),
c:29.239(4) Å. Sprce group: I4lmrnrn

Distance (.Ä.)

Cu(1)-o(t)xa l.e277z(s) r1(t)-o(2)x1 1.e28(10)
cu(1)-o(2)x 1 2.6ee(10) rr(i)-o(3)x 1 2.031(21)
Cu(1)-Cu(1)(inter-sheet) 3.166(3) TI(t)-O(3)x2 2.4G2(22)
Ba(l)-o(1)xa 2.788(4) rl(1)-o(3)x2 3.022(28)
Ba(1)-o(2)xa 2.8i8(3) Ca(1)-o(1)x8 2.428(4)
Ba(1)-O(3)x 1 2.864(21)

Angles (degrees)
o(t)-cu( t)-o(1)
Cu(1)-o(1)-cu(t)
o(t )-cu(1)-o(1)
o(1)-cu(r)-o(2)

r78.4(4)
178.4(4)
8e.ee(1)
eo.8(2)

x2)
x1)
x4)

( x4)

displaced by (al2 andb12) perpendicular to the c axis. The thaltium bonds to

six oxygen anions in a distorted octahedral arrangement (Fig. b.Z(a)). It can be

seen clearlJ' that there is only one site for Cu, a square pyramidal one. The Cu

atoms and surrounding oxygen atoms form two corner sharing two-dimensional

Cu-O2 planes separated by calcium atoms. Tire Cu-O chains do not exist any

more.

6.3.2 The 2223 Phase

X-ray powder diffraction patterns of the 2223 phase were obtained with Cu

Ka radiation at room temperature by using the same procedure as that for the

YBaCuO system. The pattern reveals a tetragonal unit cell with a:5.a509(g)Å

and c:35.59(1)Å. The positions and intensities of the powder lines are shown

in Tabie 5.7. The powder x-ray diffraction pattern is shown in Fig. b.6(b). The
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Table 5.7: Powder x,-ray diffraction lines for Tl2Ca2Ba2Cu¡Oro (zzz}). patterns
were obtained with filtered Cu Ka radiation.

dob" d.ok IlIo20

002
004
006
008
107
113
115
117
1i9
200
202
0014
1 1 11

1113
1115
220
2014
311
317
319
3110

4.9
oo
74.9

19.9

23.9

24.3
26.3

29.0

32.4

32.8
ÐÐo¿¿.¿

35.3

36.2
40.4

44.8

47.7

48.9

53.1

56.3
58.4
59.5

18.02

8.927

5.941

4.458
3.720
3.663
3.391

3.073
2.762
2.725
2.694
2.543
, L70

2.232
2.021
r.927
1.859

r.723
L.632
1.580

r.552

17.78 40

8.899 3

5.932 5

4.449 10

3.718 14

3.666 8

3.389 23

3.072 87
2.760 100

2.725 80
, ÂoL ,,
2.543 25

2.478 16

2.228 20
2.020 7

7.926 45

1.859 20

1.722 L4

1.632 22

1.580 24

1.551 7

presence of a strong (002) powder line corresponding to d- 1g Ã çze - 5o with cu

Ka radiation), obviously different to that for the 2122 phase, is a useful diagnostic

feature of the 2223 phase [65,68].

The 2223 structure is similar to the 2122 one except that now one additional

Cu-O layer and one extra Ca layer are present. Therefore, Ba-Cu-Ca-Cu-Ca-Cu-

Ba slabs in the 2223 phase; which replace the Ba-Cu-Ca-Cu-Ba siabs in the 2L2Z

phase, lie between two Tl layers, giving the repeat sequence of ...TI-Ba-Cu-Ca-Cu-
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Ca-Cu-Ba-T1... along the c direction (Fig. 5.7(b)). The second half unit cell, as

in the 2722 phase, is displaced b5' @12 and b/2) perpendicular to the c axis. Since

the T" of the 2223 phase is higher than that of the 2122 phase, it follows that the

additional Cu-O layer must also be involved in the superconducting mechanism.
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Chapter 6

Resistivity and ac Susceptibility

It is well known that superconductors have two diagnostic characteristics:

one is perfect conductivity, namely the resistivity equals zero belovv T" and the

other is perfect diamagnetism, namely the Meissner effect. In o¡der to distiguish

a superconductor from other materials, we have to determine these two charac-

teri sti cs.

6. L Resistivity

When we measure the resistance of a material, some leads are required in

order to connect the sample. This wili introduce a certain contact resistance at

thejoints. For superconductors, contact resistance has to be considered since their

resistance is zero in the superconducting state. This problem is circumvented by

using the standard four probe technique which eliminates contact resistance[69].

Therefore this technique was chosen to measure the resistance of our samples.

The resistivity as a function of temperature was measured in the homemade

stainless steel cylinder and a liquid nitrogen glass dewar discribed in Chapter 3.
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The disk pellets, usually 8 mm in diameter, or the bars, usually I x 3 x l.b
flffi3, cut from the pellet were used for the measurements. Four silver points, 0.8

mm diametet, wete evaporated onto the surface of the sample as the pads and

the four leads were connected to the pads by using indium as a solde¡. Typi-

cal resistivity versus temperature curves of YBa2CusOz-¡, Tl2CaBa2Cu206 and

Tl2Ca2Ba2Cu3O1s in the range of 77 K to room temperature are shown in Fig.

6.1 and Fig. 6.2, respectively.

It can be seen clearl5' from Fig. 6.1 thai for the YBa2Cu3o7-6 sample,

the resistivity decreases linearly between room temperature, 295 K, and onset

temperature, Tor'".¡:93 K, as the temperature lowered; this is a metallic behavior.

A steep decrease of resistance appears at about 93 K and the resistivity becomes

zero at 89 K. The width of transition from the normal to superconducting state,

starting at g0% of the resistivity at the onset temperature, is about 1 K. We also

found that the transition width and the zero-resistivity temperature change from

sample to sampie and depend on the heating procedure which produces different

oxygen contents.

The same technique rvas used for the TiCaBaCuO system. A typical result

was shown in Fig. 6.2. The proflle of the R-T curve is similiar to that for the

YBaCuO system except that Tl-system has a higher t¡ansition temperature, with

To.,..t : 110K and Tr."o : 105K for Tl2CaBazCuzOs and Tor,".¡ : 120K and

To""o : 115K for Tl2Ca2Ba2CusOro. The measurements of resistivity indicate

that YBa2 Cu3 O7-5, Tlz CaBaz Cu2 06 and TI2Ca2Ba2Cu3 016 are high-temperature

superconductors.
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6.2 ac Susceptibility

There are va¡ious methods, such as ac susceptibility [70], dc magnetization

[71], SQUID 172) and so on, that are used to measure the magnetic properties and

to determine the superconducting transition. Among these, the ac susceptibility

technique became popular due to both experimental simplicity and versatility with

regard to sample size and shape. It also possesses a distinguishing trait, namely

the real component, X', and the imaginary component, X,,, of the complex ¡
represent different physical quantities. Tirus we can examine the superconducting

nature from different viewpoints. As is n'ell knon'u, the change of a' relative to

temperature is caused by the Meissner shielding effect and indicates the phase

transition between the normal and superconducting states. Meanwhile, x,, js

proportionai to the energy dissipation in a sample located in a periodicallS' varying

magnetic field.

If the measurements are performed without an externally applied dc mag-

netic field, H.pp:O, the compiex quantity measured is the initial magnetic sus-

ceptibiiity denoted bv x(?) : x'(T) -r iy"(T). when an applied dc magnetic

field, H'oo, is present and if H,ep is parallel to ho, where h" is the ac field,

the quantity measured is the differential ac magnetic susceptibility denoted by

xH(T¡ : xh(T) + i¡i!(T). Then x'n(T) and ytþ(T) give diffe¡ent information on

the magnetic properties of materials.
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6-2.L complex susceptiblity of conventional supercon-
ducting Materials

In 1963, Maxwell and Strongin first measured the complex ac magnetic

susceptibility, X - y'liytt, of the conventional superconductor Sn and found that

the real paú, y' of ¡ decreases monotonically from a smali value in the normal

state to -Ll4tr in the superconducting state as the temperature is lowered; X'

has a sharp drop at T". The imaginary pant y" of x monotonicaJly goes from its

level in the normal state to essentialL5' zero in the superconducting state or has a

maximum at the midpoint of the transition which depends on the structure of the

materials. An average-conductivit,r' filamentary model was proposed by Maxwell

and Strongin to explain these results [70] and is generally accepted by many

other authors [73,74,75]. Tlús model is based on the behavior of the complex

susceptibility of a normal metal. For a cylindrical rod of metal with an applied

ac magnetic field h : hoe-i't parallel to the rod axis the susceptibilit¡'is given by

[76]

X: X,+iX,,

= tr+*l-r * 2Jr(ta) 
'1

L k"J;GÐl (6.1)

where a is the cylinder's radius, k:(i + i)/á, and 6 is the skin depth related

to the electrical conductivity ø as 6: rlJznor. J¡(ka) and J1(ka) are Bessel

functions. Therefore X" exhibits a maximum for al6 - 1.8 (Fig. 6.3).

This model suggested that when af 6 incteases then a" increases and has a
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maximum at af 6:I.8. On lowering tlie temperature, the pirysical picture is that

some grains become superconducting, the increased average current then resuits

in increased dissipation, that is a" increases. When the temperature is lowered

further eddy-current shielding becomes dominant, resulting in a decreased. ¡,,.

Thus, these two competing mechanisms produce a maximum in y,, at the midpoint

of the transition in the fllamenta¡y structure.

After X{axwell and Strongin's work[70], many investigations of the ac mag-

netic response of supercond.uctors were carried out[73,77]. Most of them were

mainly focused on tÌre response to a small lorv-frequency ac field, h(t) : hosinøt.

It has been revealed that the ac susceptibility strongly depends on the ampli-

tude å.o of tire ac field. The superconducting transition width of ¡' is appreciably

broadened as ho increases, but the onset temperature of the transition does not

change significantly. Although y" has an asymmetric shape in the x,, r,ersus T

curve the peak is located at close to the inflection point of X/ but moves to the

lower temperature side as ho is increased. To understand these resuLts, severa]

models were proposed such as surface and boundary effects [78], weak coupling

due to a multiconnected Josephson network [7g] a BCS approach [80], and so on.

The BCS model indicates that the average conductivity model is not able

to explain the observed x" behavior. Physically, the peak or x', results from two

competing plocesses. The first one is the great ability of the supercurrent to be

accelerated and is favoured when À >> ø (where À is tire penetration depth and a

is the radius of cylindrical material). The second one is the Meissner effect which

reduces the field amplitude in the superconducting material. The appearance of
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the y" peak at T" does not depend on the presence of defects or impurities and

is only associated witli the bulk superconducting transition.

A'll of these models have their own successes and shortcomings. The average

conductivity model is capable of accounting for several facets of the zero-field ac

susceptibility data, i.e. x'(T) and a"(T), but appears incapable of explaining

frequency and ho effects on the ioss peaks in X". The BCS modei indicates that

the peak of. y" is associated with the bulk superconducting transition, but it can

not interpret some cases where there is no peak in the x" versus T curve.

The discrepecies among these models are mainly in the interpretation of

the peak of y" and whether or not the zero-field magnetic susceptibility data can

be used as a criterion to discriminate between bulk and non-bulk superconduc-

tivity or to distinguish between fllamentary and nonfilamentary structure [81].

The experimental results shou' the mechanism responsible for the loss is not well

understood at least for some samples.

6-2-2 AC susceptibility of High-T" superconductors

The complex ac susceptibility \ry'as measured for samples of both the YBaCuO

system and the TlCaBaCuO system at 3.7 kHz in a field of 0.12 Oe root-mean-

square (rms) as a function of temperature. In the YBaCuO system two samples

were chosen. One of them was only heated once at 900"C for six hours and is

denoted as sample (a). The other one was heated twice at 800"C for fou¡ hours

and at 970"C for six hours and is denoted as sample (b). Both of them were

furnance cooled under 1 atmosphere oxygen pressure. The real componen t y, and,

imaginary component X" in the temperature range of 65-100K are shorvn in Fig.
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6.4(A) and (B), respectivel)¡.

The a' scale ( in unit of rl4tr emu/cm3) of Fig. 6.4(A) has been normalized

to the diamagnetic response expected for full shielding of an ac field by a super-

conducting disk measured along its diameter. The diameter-to-thickness ratio of

the disk is 6 for sample (a) and 5 for sample (b). The calibration is expected to

be accurate to within 5% or better. The imaginary components are uncalibrated

recorder tracings.

It is clearly seen from Fig. 6.4(A) that the real part x' monotonica.lly

decreases from nearly zero in the normal state to its limiting value -Ll4tr in the

superconducting state as the temperature goes down; there is a sharp drop at T"

for sample (b). The double-step nature of the transition to the supercond.ucting

state seen in sample (a) is characteristic of all samples prepared simiiarly. Sample

(b) has such a narrow transition that the two steps have essentially merged in

the recorded data, although under suitable measuring conditions they can be

resoived. The first step may correspond to the bulk, that is, within the grains

and the second step to the grain boundaries[82].

The imaginar)¡ component y" for sample (a) (Fig. 6.4(B)) shows that when

the temperature decreases the maximum loss occurs at the temperature corre-

sponding to the inflection point of x'. The peak of x" for sample (b) is more

sharp and narrow than that for sample (a). It is also at a higher temperature

than for sample (a). The ac susceptibility of samples of the TlCaBaCuO s¡,51st

have the same feature.

The variation of y' and y" ror sample YBa2Cu3o?-6 as the magnitude of the
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ac magnetic field, ho, changes is shown in Fig. 6.5(a) and (b) respectively. Both x,

and y" are sensitive to the amplitude of the ac field h". The transition width of ¡,
is broadened but the onset temperatute of. y' , To,.,, remains almost a constant as

ho is increased. If we carefully examine Fig. 6.5(a), it can be found that the high

temperature part of x'during the transition, between Too and Ti, is basicaiiy

independent of ho whereas the low temperature part of x' , below T1, is sensitive

to ho and increases as ho increases. The onset temperature of. y'is approximately

equal to or a little lower ihan the T6 at which the resistance becomes zero. Similar

results have been reported by others [83,84]. This means that t]rere are very few

parts of the superconductor u'ltere the magnetic flux is expelled from the sample

above T6. Tiris suggests that the supercurrent is flowing through some frlamentary

circuits at T6 along the boundaries and surfaces of the grains. Below T¡ three-

dimensional networks are gradually formed with decreasing temperature and give

rise to the decrease of X'.

The position of tlte y" peak moves toward the lower temperature side and

the value of the maximum decreases as ho increases for the samples in Fig. 6.5(b).

The same features, in the variations of. y' and x" with the ac magnetic field hs, can

be seen for samples of Tl2Ca2Ba2Cu3o1s in Fig. 6.6(a) and (b), except that now

the value of the ¡" peaks increase as the temperature is lowered in this sample.

These characteristics of y' and a" suggest that the high-T" superconductors

most likely are characterized by the weak-link model, that is, they consist of two

parts even when the materials are a single phase[79]. In one paú ytand y,,

are independent of ho, possibly inside the grains of the materials. In the other
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part, y' and y" are sensitive to ho and may relate to the boundaries or surfaces

of the grains which form a weak-link network multiplSr connected via Josephson

junctions. The contribution of the network to ¡' and ¡,, lies mainly in the lower

temperature range. These considerations agree with the weak-coupling model

[7e]

The common features that y' and y" are sensitive to the ac field hs and

that the peak of ¡" broadens and moves to lowe¡ temperatures as h6 is increased

in high-temperature superconductors, have been seen in some conventional su-

perconductors. These features result from a weak-link structure in which the

shielding cu¡rent flows in a loop which includes Josephson junctions. For iarge

hs, the magnetic flux passes the Josephson junction every cycle and an effective

resistance results. This may be the origin of a,, [85].

To confirm this idea, comparison of the ac susceptibility between pellets

and powdered samples was made. Tire bar sample (about 6 x 1.5 x 2 mm) used

to measure x' and x" as shor'ç'n in figs. 6.b and 6.6 was ground twice. It was first

coarseì.y crusired in an agate mortar by pestle and the particles were put into a

teflon tube, 2 mm in diameter. After the ac susceptibility measurements were

made the coarse powder was ground again in the agate mortar to a fine powder

with particle sizes ranging from 3 to 30 ¡.rm; most rvere 10 to 20 pm. The powders

were again put into the teflon tube and the susceptibility was measured.

The y' and y" of tire coarse powder for YBa2cusoz-¡ varies with tempera-

ture and various ho are shown in Fig. 6.7(a) and (b) respectively. The magnitude

of X' is smaller than the bar sample and deceases as h¡ increases. The peak of

116



¡" become smaller and still depends on h¡. But the onset temperature þas no

significant change. Many of the grains aïe separated on coarse crushing but some

grain clusters remain. The weak-coupling network between the grains was only

partiaiiy destoryed in the coarse grinding.

Fig. 6.8(a) and (b) show the x'and x/'l,ersus temperature at various h6 for

finely-powdered YBa2Cu3O7-6 sample, respectiveiy. It can be cleariy seen this

time that the X' of the fi.nely-powdered sample is essentially independent of h"

over the whole temperature range, but the magnitude is about 10 times smalje¡

than for the bar sample. The onset temperature remains nearl¡, the same as that

of tlre bar sample. The transition width is broadened. The peak in lhe y,, versus

T curve completely disappears [86].

We suppose that in the finely powdered sample not only most grains are

separated from each other but also the grain size is reduced. Hence the weak

coupling between the grains is completely destroyed. The reduction of grain size

also causes a decrease io X'.

Similar experiments have been done for Tl2Ca2BazCusoio. The same re-

sults have been obtained and shown in Fig. 6.9. The similar property has been

observed by others [87].

The results of powdered samples are now compared with the susceptibil-

ity of our single crystals. The ac susceptibilities, x' and y',, of a single-crystal

YBa2Cu30?-6 are shown in Figs. 6.10(a) and (b), respectively. They are similar

to the finely-powdered samples; both have a smalle¡ magnitude and broadened

transition ín x'. The peak or x", usually seen in the peilet samples, now disap-
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pears. As expected, the single crystals separate from eacir other, that ís, tþere is

no coupling between the single crystals.

These results strongly support the above discussion, that is the iarger dia-

magnetic signal associated with a bar sample is sensitive to ho and the peak

of X" is to be attributed to the grain boundaries r¡'hich form a weak coupling

via Josephson junctions. After powdering, this weak coupling is destroyed and

only the intrinsic bulk superconducting grains are left. The Meissner effect is

onl¡' present in the individual particies and therefo¡e the magnitude of X, for a

powdered sample becomes smaller than for a bar sample. Thus, the grain bound-

aries play a important role in this kind of superconductor. fmprovements in the

boundary conditions may enhance the c¡itical current.

6.2.3 Summary

The experimental data presented here reveal that high-T" materials and

conventional superconductors are both perfect conductors and perfect diamag-

nets. They have many susceptibility characteristics in common. High-T" super-

conductors have magnetic properties simiiar to those of conventional supercon-

ductors. Therefore, it is reasonable to attribute these properties to the same

origin. Results on powdered high-T" samples reveal that grain boundaries play

an important role in determining a' and y" during the superconducting transi-

tion. A.s a consequence, low critical currents may be usually expected for high-T.

superconductors.
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Chapter 7

Mössbauer Studies

Mössbauer spectroscopy has been known as one of the very useful tools

in fundamental solid state physics. The main Mössbauer parameters obtained

from the spectra are the isomer shift, the quadrupole splitting, the magnetic

hyperfine field and the recoil-free fraction. The electronic structure of a relevant

atom is deduced from the value of the isomer shift and in the usual ionic case

the valency state can be determined unambiguiously. If a magnetic hyperfine

splitting is observed, it is very helpful in confirming the existence of magnetic

order. From the temperature dependence of the h¡'perfine field the magnetic

transition temperature can be estimated. Based on the recoil-free fraction and

the structure paramete¡s the site occupancy by the atoms in the compounds can

be assigned, at least in principle.

To take Mössbauer spectra of high-temperature superconductors, we have

to introduce a small amount of 57Fe into the lattice as microscopic local probe

since there is no Mössbauer isotope in the material in most cases. The Mössbauer

parameters obtained from 57Fe doped superconductors provide some information
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about the úalence, site occupancy and efect of doped 57Fe atoms on T", magnetic

ordering at lou' temperature and so on. This information complements some other

experimental results (x-ra5' diffraction and susceptibility). Also these data may

shed lighi on the valencies and electronic structure of the copper and oxygen

ions. In addition, the coexistence of magnetic ordering and superconductivity

may help in arriving at the mechanism operating in high-T,materials. X{össbauer

experiments have been done from room temperature down to the pumped liquid

helium for both the 123 and the TlCaBaCuO systems.

7.t YBaCuO System

7.L.L Absorber

To make Mössbauer absorbers of YBa2(cu1-*Fe*)3o 7_6, gTyo and, 45yo

57Fe enriched FezOs were used for x:0.015 and x:0.05, x:0.10, respectiyell,. For

economic reasons and the small amount of Fe2O3 in the materials, the starting

chemicals were mixed in a mortar by pestle instead of ball milling. The mix-

ture was pelletized into disks 8 mm in diameter and about 1.5 mm in thickness,

preheated at 900"C for 8 hours, reground and heated at g20"C for 6 hours, then

furnace cooled under flowing oxygen. To avoid the efect of unexpected factors,

samples with various x r¡¡ere heated in the same batch.

X-ray diffraction patterns indicated that all the samples are mainiy single

phases. Usually the impurity phases were Y2BaCuO5 and CuO. The lattice con-

stants a and b change as x increases, when x:0.1, the basal plane iattice constants

become a:b. As is clear from Fig 7.1, the ac susceptibility measurements show
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that the transition temperature decreases and the transition width broadens as x

increases.

Powders of about 60 mg each were ground from the pellets, mixed u'ith

about 400 mg of Benzophone ( (C6H5)2CO, meiting point, 48"C ), and heated

together at about 60"C. Then the homogeneous mixture was fixed into a copper

ring, 19 mm in inner diamete¡ and 21 mm in oute¡ diameter, by a die in a press,

this ring fitted the sample holder in the Mössbauer spectrometer. This absorber

is easy to handle for both room and lou'-temperature measurements.

7.L.2 Mössbauer Spectra at Room Temperature

Room-temperature transmi ssion Mössbauer spectra of YB a2 ( cu1 -*Fe*)3 o 7-5

for x:0.015, 0.05 and 0.10 were taken using a conventional constant-acceleration

Mössbauer spectrometer; they are shownin Fig. 7.2by the dots. The solid curves

in the figure are the computer fits. Similar spectra have been reported by others

[88,89,90,91]. The spectra clearly siiow the presence of eiectric-quadrupole inter-

actions. A satisfactory fit can be obtained in terms of three quadrupole doublets

which we enumerate according to decreasing a¡eas for the x:0.015 spectrum.

Mössbauer parameters obtained from computer fits are listed in Table 2.1.

Because of the similarity of the elect¡ic configuration and atomic size, Fe

is most likely to go into Cu sites rather than Y or Ba sites. In the structure of

YBa2(Cu1-*Fe*)3O7-5 there are two kinds of Cu sites, Cu(1) chain sites and Cu(2)

planar sites. If Fe atoms substitute for Cu ions randomly among the Cu(l) and

Cu(2) sites, the Mössbauer spectrum would be a superposition of two quadrupole

doublets with an area ratio about 1:2, assuming equal recoilless fractions. That is,
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Table 7.1: Isomer shifts, á, reiativeto a-Fe, quadrupole splitting, A,Iinewidth(l),
all.inrnms-1, and relatjve areas(A), for_doublet 1, 2 and 3of theloom temperature
Möss]-'auer spectr.a of^YBa2curor-¿.The errori in á are +0.0g, in a, t0.08, iol, +0.02 and in A, +2.

one half as many Fe atoms would occupJ¡ the chains as the planes. Now the spectra

in Fig. 7.2 show the presence of at least three doublets with different quadrupole

splittings. For each value x, the spectra comprise three symmetric Lorentzian

doublets, with quadrupole spiittings of form by A : (Il2)eel\r."l\F + ,ry. Here

Q is the nuclear quadupole moment of the exited state of 57Fe.,I/," is the principal

component of the electricfield gradient and T = (II*,-Wò1V,, is the asymmetry

parameter. Doublet 1 accounts for close to two-thirds of the spectral area in

all three compounds u'hich appeers to imply that it is associated with Fe in

the square-pyramidal coordination of Cu(2) sites. fn turn, doublets 2 and B

rvould seem to be associated with the square-pLanar, Cu(1) sites. The splitting

A3-0.6mms-1 is typical of octahedrally coordinated F"t*, implying that doublet

3 may correspond to Cu(1) sites at which all nearest neighbour sites are occupied

including those oxygen sites that are normally vacant in yBa2Curoz_¡.

Thermogravimetric measurements of YBa2 ( Cu1 _*Fe*)3 o7_5 by Tarascon et

al[89] indicated that the substitution of Fe for Cu most likely occurs on both

copper sites and that at iarge x the substitution preferentially takes piace on the

doubÌet X:0.015 X:0.05 X:0.10
á A f A óAIA óAIA

1

2
Ðr)

66
Ðr
4iJ

o

-0.0 1.00 0.45
0.04 1.93 0.29
0.36 0.58 0.2s

-0.01 0.97 0.43 68

0.07 1.90 0.29 23
0.36 0.57 0.28 I

-0.03 0.91 0.40 62

0.09 7.94 0.28 13

0.38 0.42 0.39 25
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Cu(2) sites. This result supports our site assignment. The substitution of Fe

for Cu could introduce extra oxygen into the O(5) site, normally vacant in the

superconducting phase. It would also cause a change of the occupancy on the

O(1) sites and the oxygen vacancy ordering in substituted samples then will be

distorted. The degree of disorde¡ of the vacancies ¡esults in a much lower T".

By contrast, in the orthorhombic-tetragonal transition of yBa2(Cu1-*Fe*)3o7_5,

the total oxygen content does not fall below 7 and appears to become stightly

greater than 7 for the larger x [90]. This makes the octahedral coordination of Fe

in substituted samples more likely.

Simple point-charge calculations of the electric field gradients for various

oxygen configurations surrounding Fe in Cu(1) and Cu(2) sites[92] showed that

the quadrupole splitting of Fe in Cu(2) sites should be only about half of the

splitting of Fe in the Cu(1) sites. The average va,lues of the quadrupole splitting

for Cu(I) sites v'ith 3 oxygen configurations (zero, one or two extra oxygens in

the plane) and for Cu(2) sites are 1.gb mms-r and 1.10 mms-1 respectively [gB].

This calculation agrees with the above site assignment.

Mössbauer studies of Fe-doped YBa2(Cu1-*Fe*)3O7_6 have been reported

by several research groups. Each group obtains stightly different spectra and

present somewhat different interpretations. The discrepancies amongst them are

mainly in the relative intensities of the doublets. Probably the different prepara-

tion procedures used, which determine the oxygen content, are the source. How-

ever, the quadrupole splitting values of the three doublets agree with each other

[91,94,95,96]. Different site assignments have also been suggested. Some use 2
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doublets[95] or 4 doublets[97,98] to fit the spectra, and some propose that Fe only

occupies the Cu(l) sites [99].

The diference in the quadrupole splittings between the main doublets 1

and 2 can be attributed to Fe atoms with diffe¡ent nearest neighbours. Further

experiments and other techniques are needed to clarify the various proposed site

assignments.

The isomer shift of doublet 3 (-0.37 mm s-1) is typical of high-spin Fe3+

witlr octahedral coordination. The value for doublets 1 and 2 can be regarded

as lou'spin Fez+, high spin Fea+ or low spin Fe3+ [100]. Ilowever, the oddizing

synthesis conditions used makes the presence of Fe2+ very unlikety [gB].

Tlie quadrupole splitting of doublet 2, a2-r.g mm s-l, is unusuaJ.ly large

for high-spin FeS+, therefore A2 can be attributed to Fe3+ situated in the highly

atypical (for Fe3+) coordination of the chain Cu(1) sites. To test this hypothesis,

a theoretica"l estimate of the magnitude of the quadrupole splitting that would be

experienced by a high-spin FeS+ ion at the Cu(1) and Cu(2) sites was performed

using a simple point-charge model [93]. In the calculation, we assumed that

the valence-electron contribution is negligible, so that the electrical field gradient

(EFG) at a given site may be att¡ibuted to the charges on the surround.ing ions.

The unit cell dimensions and ionic positional parameters used. were those deter-

mined from the sample used for structure analysis. Follorving [5f] we assumed

tlrat all Cu(2) ions were the in the Cuz+ state while the Cu(l) ions were 30% in

Cu2+ and 70% in Cu3+ states. Fo¡ simplicity, the presence of oxygen vacancies was

neglected. Summations were performed within a sphere of radius 35Å centered at
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the reference ion. The foilowing estimates of the EFG principal components, ex-

pressed in the crystallographic coordinate system, were obtained.. For the planar

cu( 1) site v**-(0,-0.31,0), !'",:(0,0,- 0.92), y,,:(r.23,0,0), all in electron Å-3.

Fo¡ the p5'ramidal Cu(2) site V*,-(-0.80,0,0), V"":(0,-0.82,0), V,,:(0,0,0.62),

again all in electron Å-s. It is apparent that the quantity lrl,,lrF+nrtÐ,
where 4 is the asymmetry parameter, at the Cu(1) site is about 1.9 times greater

tiran at the Cu(2) site, in good agreement rvith the observed A1 and A2 vaJues in

Tabie 7.1' Thus it seems ¡easonable to assign a trivalent state to Fe doped into

YBa2Cu3Oz-¡' The suggestion that the Fe must be in the unusual Fea+ valence

state would appear to be unnecessary. The results of an x-ray-absorption spec-

troscopy study of the Fe site in YBa2(Cu1_*Fe*)3O?_6 [101] indicates that the

valence state of substitutional Fe is mainly 3*. Neither variation of the lattice

parameters u'ith composition nor the phase transition has any significant influence

on the valence of the Fe site.

7.L-3 Mössbauer spectra at various Temperatures

Transmission Mössbauer spectra of YBa2(Cu1-*Fe*)soz_a for x:0.015 and

x:0.05 were recorded at a number of temperatures down to 1.b K. The x:0.015

sample showed signs of magnetic order below 5.1 K(Fig. Z.B). Between room

temperature and 15 K there 'was little change in the spectra, other than the

usua^l increase in total absorption area due to the temperature dependence of the

Mössbauer recoil-free fraction (Fig. 7.4). In the Debye model, the recoil-free

fraction / is related to the Debye temperatu¡e O¿ and the nuclear recoil energy
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Ep via the expression [102]

(7.1)

Assuming that a single recoil-free fraction may be associated u'ith the Fe

in the sample, the fitted curve shown in Fig. 7.4 u-as obtained, with o¿r -
455 K. This is not a particularly high Debye temperature, and may be interpreted

as evidence that if the superconductive mechanism we¡e of a conventional BCS

nature, the electron-phonon interaction would need to be unusually strong [103].

The x:0.05 spectra (Fig. 7.5) display an onset of order at around L2 K.

Appreciable broadening and asvmmetry is apparent in the 8.9 K spectrum, and

below about 5 K, distinct hyperfine field splitting is observed. Such spectra are

typical of relaxation effects. Attempts to interpret the spectra in terms of the

Blume ¡elaxation model [t04], using a Mössbauer fitting program rryritten by e.

Pankhurst were made. In Blume's model a general solution fo¡ the line shape of

radiation emitted was caLculated by a system whose Hamiltonian jumps at random

as a function of time between a finite number of possibie forms. Two examples of

a Mössbauer line shape were also calculated. In one, a nuclear hyperfine magnetic

field fluctuates along the z axis. In the second one, a nucleus is in an electric-field

gradient that jumps at random between the æ,g, and z axes.

A number of restrictions vr'ere imposed in the frtting process. First, it was

assumed that the low-temperature spectra v¡ere composed of three components,

assigned to the pyramidal (Cu(2)), pianar (Cu(l)) and octahedral sites (Cu(t))

in the room-temperature spectra. Further, it was assumed that the quadrupole
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splitting and relative spectral area of each component were the same as those at

77 K (these parameters changed only slightly between room temperature and 77

K). Next, the asymmetry and orientation of the EFG ai each site rvere taken to

be those determined in the theoretical calcuiations. For the relaxing hyperfine

fields, it was assumed that the eas)¡ axes at each site were parallel to each other

and parallel to one of the crystallographic axes. Finally, it was assumed that the

Ìryperfrne fields relaxed from their up state to their down stale at the same rate

as tlre down to zp fluctuations.

The theoretical spectra(Fig. 7.5) were subject to two other assumptions:

one, that the spins were aligned with the crysta,llographic c axis and two, that

the sign of. Yo, was positive for ail sites. Fits of similar quaiity were obtained

rvith the spins parallel to the b axis and with negative value oî. Y u,, whereas

all other combinations gave substantially poorer fits. However, the existence of

negative values of.Y,u contradicts the EFG calculations; hence the latter model

was discarded.

As is evident in Fig. 7.5, octahedrally coordinated Fe appears as a mag-

netically split sextet in all spectra. It has a hyperfine field of B¡¡ - 50T and

a relaxation rate of R - 0. Since this sextet was not evident in a spectrum

¡ecorded at liquid-nitrogen temperature, the octahedral iron apparently orders

between 77 and 12 K. This is clearly much higher than at the pyramidal and

planar sites, leading to the suspicion that the octahedral Fe is situated in distinct

regions of the sample-possibly in the form of an impuriúg phase with stoichiom-

etry YBa2(Cu1-*Fe*)sOs on those surfaces that were directiy exposed to oxygen
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Tabie 7.2:. Ilyperfine fields, B6', relaxation rate, R, and linewidth, f , of Fe in
the pyramidal and planar Cu sites of YBa2(Cus.e5Fe6.¡5)rOz-¡. Asterisks denote
Outu-.t.t. tn.a *.t. r utt.

T(K) Br,¡(T) R
1i.8 0- 0"
8.9 74.2 291.8
5.7 22.8 77.9
5.0 22.4 11.5
4.2 23.3 8.0
1.5 24.3 5.8

¿4.2t 24.3 7.8

0.69
0.67

0.54
0.46

0.32
0.26

0.26

0"
13.8

15.1

13.8

20.2

27.5

27.0

0-

28.4

14.1

10.3

8.3

4.4

6.9

0.39
0.26

0.26

0.26

0.26

0.26

0.26

an app

annealing. Such a possibility may be important v,hen coupled with the sugges-

tion that even in single-phase YBa2CurOr-¡ the superconductivity only occurs

in sheils surrounding normal grains [105]. The fitted hyperfine fields, relaxation

rates, and linewidths of the pyramidal and planar components are given in Table

7.2.

The fields increased as the temperature was lowered, tending towards sat-

uration values of order 25 and 22 T respectiveiy and the relaxation rates at

both sites followed approximately logarithmic temperature dependences. The

linewidths measured for the pyramidal component were significantly larger than

the experimental natural linewidth, fs - 0.26mms-1, whereas those of the planar

component were close to fo. If line broadening were to be attributed to sample

inhomogeneity affecting the local environments of Fe ions, the ls of both sites

should have been larger than ls.

In general, the fits shown in Fig. 7.5 are of sufficiently good quality that the
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model of reiaxing spins aligned with the c axis remains valid. Significant misfit

is only apparent at 1.5 K in the central portion of the spectrum. In this case,

the linewidths at all the Fe sites were close to fe and we can attribute the misfit

to sample inhomogeneity, giving rise to a distribution in the local hyperfine fields

and relaxation rates.

In an attempt to determine the nature of the magnetic order i'
YBa2(Cus.e5Fe¡.¡5)3O7-6 a field of 5 T was appiied in a direction parallel to the

incident Tray beam. The spectrum thus obtained is sholyn in Fig. 7.6 along rrith

the zero-field 4.2 K spectrum. If the order is antiferromagnetic, we would antic-

ipate a sizeable increase in linewidth and a slight increase in the mean effective

field B"s' (the vector sum of the hyperfine and applied fields). On the other hand,

if the order is ferromagnetic, we would expect a significant increase in B"e and a

diminution in the relative intensities of lines two and five of the magnetic sextets.

It is clear from Fig. 7.6, and from the fitted 8.s., R and f parameters in-

cluded in Table 7.2, lhat neither of above cases was observed. The applied field

did not have a major effect on the spectrum apart from causing a slight slowing

of the relaxation rates. This result is most probably due to the superconduct-

ing nature of the sample which prevents the applied fietd from penetrating into

the bulk of the absorber. The sub-spectrum of the octahedrally coordinated Fe,

did show a small increase in linewidth (0.26--+0.J0 mms-l); however this is an

inconclusive indication of antiferromagnetic o¡der.
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7.2 TlCaBaCuO System

7 .2.L Samples

As mentioned previously, the 2122 and 2223 phases usualiy coefst in a

sample and are ver)' sensitive to the manufacturing procedure. It is , of course,

important to use a single phase in Mössbaue¡ studies. The details for making

single phase samples in the TlCaBaCuO system have been described in Chapter

4.

The phase purity in the samples TI2CaBa2(Cu1_*Fe*)2Osa5 and

T12Ca2Ba2(Cu1-*Fe*)eOro+o were examined by using x-ray difrraction patterns

with Cu Ko radiation. The diffractograms of the 2!22 and 2223 samples for

various x are a^lmost same as that of the x:0 samples (see Fig. 5.2). only a

trace of the 2223 phase appears in the 2722 samples. In the 2223 samples a small

amount of 2722 phase appears that increases u'ith iron concentration. In addition,

for x:0.05 and 0.10, an extra line appearc at 20 - 30.2o that may correspond. to

a Tl2Ba2CuOo-¡ phase. Nevertheless, we consider that the samples are g0%, if
not bette¡, single phase compounds in both 2L22 and 2223 samples. In order to

eliminate, as far as possible, small manufacturing differences, the samples of the

2722 and 2223 phase with different x were made in the same batch.

The samples were also characterized by resistance and ac susceptibility mea-

surements' Dependence of the resistance on the tempe¡ature for the 2122 samples

are shown in Fig. 7.7. Obviously T. is lowered and the ¡esistance above onset is

increased as x is inc¡eased. As compared to the 123 system, the change in T" is

smalle¡. For example, for x:0.10 T" - 81K for the 2LZ2 phase and T" - l00K
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for the 2223 phase whereas T" is only about 31 K for the 123 compound with the

same doping[106].

The ac susceptibility, X', was measu¡ed at 3.7 klF'z in a magnetic field with

an amplitude of 0.12 Oe root-mean-square (rms). The data ¡ecorded for a tem-

perature range above pumped iiquid nitrogen a¡e shown in Fig. 7.8. for the 2L22

phase and in Fig. 7.9 for the 2223 phase.

The onset in the decrease of the susceptibility commences close to the tem-

perature fo¡ zero resistance. The shielding (ac X{eissner effect) decreases with

increasing iron concentration.

7.2.2 Mössbauer Spectra of the ZIZ2 phase

Mössbauer absorbers were made by powdering the same pellets used in

the resistance and susceptibility measurements. These powders were immobilized

in benzophertone; our usua"l careful precautions were followed to ensure that the

absorbers 'were as homogenous and isotropic as possible. Spectra were obtained at

various temperatures from 2.3 K (pumped liquid helium) to room temperature in

an Oxford cryogenic system. The source rvas 57Co in a rhodium host. A constant

acceleration drive in a sine and triangular mode was used for the 2L22 and, 2223

sample, respectively. Each spectrum was folded.

Mössbauer spectra of rl2caBa2(cu1-*Fe*)zor-¡-o for x:0.0b and 0.10 at

various temperatures are shown in Figs. 7.10 and 2.11 respectively.

The spectra at 77 K are similar, although siightly broader, than those at

room temperature. If these spectra consist of only one doublet, it is clearly

asymmetric. An asymmetric doublet can have two possible sources [107]. One
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Tlbl.l.3: Quadrupoi^e splittings, a, and isomer shifts reiative to a-Fe, á, for
Tl2CaBa2(Cu1-*Fe*)206-,,6 at room temperature in units of mm s-l.

xA1 6r A2

0.10

0.07

is the texture effect, wherein tire particles of the absorber are not isotropicaily

distributed. Then the electric-field gradient has some preferred orientation. The

other possibility is the Karyagin-Goldanskii effect, wherein a dynamic anisotropy

in tire recoilless fraction occurs in the absorber. Since rotating the absorber from

90 to 45" with respect to the J-ray direction ied to an identical spectrum, the

texture effect can be ruled out. The increase in the asymmetry with increased

iron content, together u'ith the complexity of the spectra in liquid-helium range,

would seem to make the Karyagin-Goldanskii effect unlikely.

Therefore, two doublets have been used to fit the room-temperature spec-

tra. Even then, an ambiguity exists. Either two doublets, each rvith small isomer

shifts, or two doublets with larger isome¡ shifts of opposite sign, provide satis-

factory fits. Since there is only one copper site in the 2122 structure we have

chosen the first possibility, viz-two doublets with a large amount of overlap.The

hyperfine parameters obtained are listed in Table 7.3. The computer fitted curves

for Tl2CaBa2(Cu¡.e6Feo.ro)zOs+¿ are shown in Fig. 2.12.

The Mössbauer spectra below room temperature will be considered. now.

The absence of a significant change in the spectra Tl2CaBa2(Cu1_*Fe*)zOs+¡ at

77 K suggests that no structural change occurs during the superconducting tran-
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0.60
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-0.04
-0.60

r.27
7.25

148



Tlb!" 7.4: Quadrlngle^ splittings, Â, and isomer shifts relative to ou-Fe, á, of
Tl2Ca2Ba2(Cu1-*Fe*)sOro+a at room temperature in units of mm s-1.

0.02 0.65 0.25 0.69 _0.1i L.37 0.r4
0.05 0.64 0.24 0.73 _0.06 1.42 0.13o. ola

sition; nevertheless, a small change in the lattice parameters is not ruled out.

Below 10 K the spectra have the same general appearance observed for the

123 phase. At 8.5 K, the spectrum for the x:0.10 sample is cleariy broadened

and wings are discernable in the outer regions. The magnetic hyperfine splitting

continues to increase as the temperature is lolrered below 4.2 K; the shape of the

spectra still possess relaxation characteristics at 2.8K. It is usual to assume that

the iow-temperature spectra imply that antiferromagnetic ordering of the iron has

taken place.

7.2.3 Mössbauer Spectra of the ZZZT phase

The Mössbauer spectra obtained for the Tl2Ca2Ba2(Cu1_*Fe*)¡oro+¡ witir

x:0.01, 0.02, 0.05, and 0.10 at room temperature by using an expanded velocity

scale are shown in Fig. 7.13. Although two doublets can provide a respectable

fit at x:0.01 and 0.02, the spectra fo¡ x:0.05 and 0.10 clearly sholv that three

doublets are required. Therefore all four spectra of Fig. 7.13 were fitted with

three doublets; the hyperfine parameters obtained are listed in Table 7.4.

Mössbauer spectra for the Fe substituted 2223 phase at various tempera-
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tutes, from 4.2 K to room temperature have been taken and special precautions

have been paid to the temperature range of 100-120 K, just above the supercon-

ducting transition. The shape of Mössbauer spectra in Tl2Ca2Ba2Cu2.eaFeo.uOro+¡

in tlre temperature range 77-250 K are similar to that at room temperature and

are shown in Fig. 7.14.

The dependence of the total spectral areas, A, on temperature is shown in

Fig. 7.15. It can be seen that A increases as the temperature decreases. As for

the YBaCuo system, the curve in Fig. 7.15 is the computer fit for the Debye

model, equation (7.1), u'ith o¿ - 342 K. obviously, the op deduced in the

TlCaBaCuO system is lowe¡ than in the YBaCuO system. If the materials are

still BCS or BCS-like in nature, the higher T" for the TlCaBaCuO system implies

tlrat a stronger electron-phonon interaction, N(E¡,)V9, exists (see equation2.22).

There is a small step in the spectral area in Fig. 7.75 at T- 120 K. This

may be related to the lattice softening rvhich has been observed in the 123 phase

[108,109]; however t]re data do not permit a definite conclusion to be made.

The dependences of the quadrupole spiitting, a, and the spectral shift, á,

on temperature are shown in Fig. 7.16. When the second-order Doppler effect is

included, the spectral shift, á, can be expressed as [110]

(7.2)

were ó¡.s. is the isomer shift at room temperature relative to a-Fe, ks is Boltz-

mann's constant, M is the mass of the Fe nucleus and c is the velocity of light.

The second term of equation (7.2) is the second-order Doppler effect. The calcu-

6 : 6r s _Wl, *, (#)n |o'o,, i+l
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lated curve of á in Fig. 7.16 fits the experimental results well with 6t.s. = -0.02b
mms-l. Thus, changes of the spectral shift with temperature are mainly and

perhaps entirely from the second-order Doppler effect.

Mössbauer spectra of rl2Ca2Ba2(Cu1-*Fe*)soro+¿ for x:0.02, 0.05 and 0.10

at 10 K anð 4.2 K are shown in Figs. 7.77 and 7.18, respectively. At 10 K the

spectra have no signiflcant changes for x:0.02 and 0.05, but are a little broader for

x:0.10 as compared u'ith 77 K. At 4.2K, the spectrum for x:0.02 is essentially the

same as that at 10 K except a small broadening near the baseline. An obviously

broadened wing appears on the spectrum for x:0.05. Ilyperfine splitting witir

magnetic relaxation can be seen clearly from the spectrum for x:0.10.

7.2.4 Discussion

Of the two Mössbauer sub-patterns for the 2122 compound, it is possible

that one is associated with iron in an another phase. In view of the small amount

of impurities present, the iron would have to have a strong preference for the

impurity to account for the area of the absorption pattern. Hence, we discount

this possibility.

It is also possible that some iron ions occupy interstitial positions in the 2122

lattice; for example there is a large space available in the Ca planes. However,

consideration of the size and possible configuration of the iron ions, they are

more likely to substitute for Cu in Cu-Oz planes. Since there is only one Cu

site, a square pyramid, how can there be two Mössbauer sub-patterns? Since

the valency of the iron ions probably is higher than that of the copper, extra

oxygen may be present in the lattice; this is the reason for the ó that we have
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written in the chemical formula. This oxygen would probably tend to go into the

Ca plane[111]. Hence the oxygen coordination number for some of the iron ions

would be increased and lead to an additional, slightly displaced, doublet.

The three doublets in the fit to lhe 2223 spectra then would have a nat-

ural origin. Doublet 1, with A - 0.65mms-1 and ó - 0.25mms-1 (Table 7.4),

corresponds to iron located in the middle Cu-02 layer whereas doublets 2 and 3

correspond to Fe in the square-pyramidal Cu-Oz iayers. As based on the relative

areas of the patterns in Fig. 7.13, iron prefers the middie Cu-O2 layer for small

x, as concluded earlier [112], and it prefers the square-pyramidal sites for larger

x ( 0.05 and 0.10 ).

It is of interest to compare spectra of T12Ca2Ba2(Cui_*Fe*)rOro+0,

Tl2CaBa2(Cu1-"Fe*)rOr+¡ and YBa2(Cu1-*Fe*)3O?-6[93] at, 4.2K for the same

x. The biggest change of the spectrum relative to that at room temperature

occurs for the 123 phase; the smailest change is for the 2223 phase. These simply

correspond to the highest T" for the 2223 phase and the lowest T" for the 123

phase. The drop of T" as x increase is fastest for the 123 phase and slowest for

the 2223 phase.

The magnetic-ordering temperature depends on the amount of substitution,

x. When x is small, such as x:0.02, there is no magnetic splitting in the spectrum

down to 4.2 K. This strongiy suggests that the magnetic ordering for large x is to

be attributed to interactions between the iron ions. When x is larger the magnetic

interaction between the iron ions becomes stronger; hence the magnetic ordering

temperature becomes higher.
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In conventional superconductors, very small amounts of magnetic impurities

suffi.ce to destroy the superconductivity completely. The coexistence of magnetic-

ordering and superconductivity involving the same crystallographic sites in the

irigh-T" compounds may well imply that the mechanisms operating have similiar-

ities.
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Chapter I
Sumrrary and suggestion for
further work

8.1- Surnmary

Three phases of high-T" superconductors, YBa2Cu3O7_6,

Tl2CaBa2Cu2O6, and T12Ca2Ba2Cu3O1¡, have been successfully prepared by a

ceramic technique. Resistivity and ac susceptibilit5' -.urorements have shown

that they are both perfect conductors and perfect diamagnets. They have super-

conducting transitions above liquid nitrogen temperature and many properties

in common with conventional superconductors. The ac susceptibility results of

powdered samples sholi' that the nature of the grain boundary has a strong effect

on the magnetic properties.

X-ray diffraction experiments verified that YBa2CusOT-5 is a orthorhombi-

caliy distorted perovskite with the space group Pmmm. The ordering of oxygen

vacancies forms two structural characteristics, Cu-O chains and Cu-Oz planes.

The properties of this material strongly depend on the oxygen content. It be-

comes a non-superconductor when á > 0.5. The phases of Tl2CaBa2Cu2Os and
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Tl2Ca2Ba2CusOro have tetragonal or pseudotetragonal structure with space grorlp

I4/mmm. Structural analysis of this system reveals that the Cu-O2 planes which

commonly exist in the cuprate are essential for high-T. superconductors. T" rises

as the number of Cu-O2 layers in a unit cell increases.

Substitution of iron for Cu led to a decrease in the transition temperature.

Magnetic ordering has been observed in 57Fe-doped samples at low temperature in

Mössbauer effect experiments. The Debye temperature of high-T" superconduc-

tors, O¡, deduced from the relation between the recoil-free fraction and the tem-

perature, is not particularly high u'hich implies that a stronger electron-phonon

interaction must exist in high-T" superconductors as compared to conventional

superconductors if the materia"ls are stil BCS or BCS-like in nature.

In conventional superconductors very small amounts of magnetic impurities

suffce to destroy the superconductivity compietety. The coexistence of magnetic

ordering and superconductivity in the high-T" compounds suggests that the origin

responsible for superconductivity may differ from the electron-phonon interaction.

High-T" superconductors have a T" above 90 K in YBa2Cu3O7-6 and above

120 K in Tl2Ca2Ba2Cu3O1e. Hence, Iiquid nitrogen can be used as the refriger-

ant. From the application point of view, the discovery of high-T" compounds is

a milestone in superconductivity. On tire other hand such high T"'s make sus-

pect the traditional BCS theory based on weak coupling between elect¡ons and

phonons. Many new models based on strong coupling have been proposed for the

new materials. From a scientific point of view the discovery of high-T" materials

has presented a iot of new goals for physics and mate¡ial science.
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8.2 Suggestions for Further Work

Mössbauer spectra of sTFe-doped YBa2CusOz-¿ show some complications

since there a¡e two different Cu sites, square planar and square pvramidal sites.

The oxygen content is verl'sensitive to the procedure used to make this compound.

The analysis and interpretation of the spectra from different groups do not agree

with each other. There is only one Cu site, a p5'ramidal one in lhe 2122 phase. If
iron ions oniy substitute for Cu then the Mössbauer spectra should be relatively

simple for the 2122 phase. Further study for this compound ma¡' give a better

understanding for the complex spectra of YBa2(Cu1-*Fe*)3O7_5.

Mössbauer spectra of YBa2(Cus.e5Fe6.65)so¡-t in the temperature range

from 11.8 to 77 K (fig. 7.4) shown that a magnetically split sextet appears in

all spectra. This sextet does not appear at 77 K.It may be worthwhile to take

more spectra between 12 and 77 K to find the ordering temperature more accu-

rately fo¡ this site. This information will be helpful in the goal to understand the

nature of magnetic ordering in high-T" superconductors.

The ac susceptibility measurements of powdered polycrystalline samples

have revealed that grain boundaries have a significant effect on the superconduct-

ing properties. Anisotropy of the superconducting properties have been observed

in single crystals[113,114]. Millimeter sized single crystals of YBa2Cu3o7-6 have

been grown in our laboratary. If some measurements can be performed on single

crystals it may give more information about the role of grain boundaries.

The ac susceptibility measurements have shown that the amplitude of the

ac magnetic field, hs, has a signiflcant effect oî X' and y,,. It may be worthwhile
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to look at the dependence of. y' and y" on the frequency of ac magnetic field with

and without a dc external field.

It is exciting that T" is above liquid nitrogen temperature in high-T" super-

conductors. At the onset of the discovery of high-T" materials it was hoped that

high-T" superconductors might give rise to an industrial revolution. Actually, the

ceramic nature of these mate¡ials greatly limited their applications. Low critical

cutrents, low critical fields and deterioration in the ambient environment of the

YBa2Cu3O7-6 superconductor are other shortcomings. It is therefore worthwhile

to investigate these problems. On the one hand it is possible that some tech-

niques rvill be found to overcome these shortcomings, such as thin films, doping

with extra elements, improved procedures and so on. On the other hand it is also

possible to search for a high-T" superconducting ulloy. Of course, to solve these

problems man)¡ formidable challenges will have to be overcome and the prospects

of success are still quite uncertain.
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