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Abstract

The critical temperature determined from dc resistance and ac magnetic

susceptibility measurements, and the coherence length obtained from the analy-

sis of fluctuation conductivity of polycrystalline Bi2-xGexSr2CaCu2O8+5 were

studied. The effect of sample quality was also studied and this was done by

making two kinds of pellet samples: (1) by conventional sintering process (as-

sintered samples), and (2) by conventional sintering process followed by cold

pressing at room temperature and then annealing at high temperature (cold-

pressed-annealed samples). The rough phase diagram of Bi2-xGexSr2Ca-

Cu2O8+6 was constructed and it was found that from x=0 to x=0.3 a

predominantly Bi2212 phase can be obtained. This study focused on the range

0<x<0.3 in step of 0.1.

The critical temperature of the unsubstituted Bi2Sr2CaCu2Os+6 is sensi-

tive to the cold press and anneal method. The resistive transition Tc based on

the maximum dR(T)/dT of the as-sintered Bi2Sr2CaCu2Os+6 is about 74 K.

Depending sensitively on the cold pressure and anneal time, the resistive Tc of

the cold-pressed-annealed samples either (1) remain near 74 K or (2) increase

to approximately 85 K or (3) show two values at about 74 K and 85 K. The

magnetic critical temperature also displays a big increase and a double mag-

netic transition is also observed in the sample that exhibits a double resistive

transition. The increase in the critical temperature and the appearance of a dou-

ble transition in the cold-pressed-annealed samples are explained to be due to

adjustments in the Bi/Sr/Ca self-substitution ratio.

A structural relaxation is observed in the Bi2-xGexSr2CaCu2O8+6 the c-

axis decreases with increasing x and the a-axis increases at x=0.1 then settles

back to its unsubstituted value at higher x. The modulation period is not af-

fected by the substitution. The as-sintered samples show an increasing resis-

tive Tc with x , 74 K for x=0 and 79 K for x>0. The cold-pressed-annealed



samples have higher Tc's compared to the as-sintered samples regardless of x.

The resistive Tc's of the cold-pressed-annealed samples are ahnost independent

of x , 85 K for x=0 and 87 K for x>0.

The increase in the magnetic critical temperature induced by the cold

press and anneal method is considerably larger compared to the increase in the

resistive critical temperature, independent of the Bi:Ge substitution. Two mag-

netic critical temperatures are defined: the temperature of the onset of intra-

grain diamagnetic shielding and the bulk intergrain transition temperature.

Between the two, the latter is more sensitive to the cold press and anneal

method. This is explained to be due to the enhancement of the intergrain pin-

ning force density upon the application of the cold press and anneal method.

An analysis of fluctuation conductivity just above Tc using the Aslama-

sov-Larkin model for two-dimensional superconductors and the Lawrence-

Doniach model for layered superconductors was done. The analysis shows that

both models give a good description of the fluctuation behavior of the B12-

xGexSr2CaCu2O8+6 provided that a high energy cut-off limit to the wave num-

bers of the fourier components of the order parameter that contribute to the

fluctuation conductivity is used. The Aslamasov-Larkin model gives the thick-

ness of the two dimensional superconductor to be *34 A mdependent of the

Bi:Ge substitution. The Lawrence-Doniach model gives the coherence length

perpendicular to the layer to be «2-3 A also independent of the Bi:Ge substitu-

tion. In both models, the high energy cut-off wave number increases as x in-

creases. The interpretation given to this effect was that the effective coherence

length parallel to the layer decreases as the Bi:Ge substitution level increases

as a result of the microscopic inhomogeneity introduced by the substitution.
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Chapter 1
Introduction

Purpose and motivation

The Bi2Sr2CaCu2O8+5 is one of the most extensively studied high tem-

perature superconductor. Yet up to now several fundamental aspects of its su-

perconducting properties are still not completely understood. For instance the

question about the mechanism behind and the parameters that control the hole

concentration and the critical temperature has no definite answer. There are

several proposed theories about Tc, the most viable are the excess-oxygen and

the BiO-CuO2 charge transfer models. The relationship among resistive and

magnetic transitions, and sample quality is not clearly established. The appro-

priate description of the behavior of the order parameter in the fluctuation re-

gime near the critical temperature is not a settled issue. The possible

interdependence between the short coherence length and crystallographic fea-

tures is largely unexplored. These are just few fundamental questions that

should be addressed and which are important in the development of a compre-

hensive theory of high temperature superconductivity, and in the search for

new materials with even higher critical temperatures or in improving the prop-

erties of the currently known high temperature superconductors. One strategy

for investigating high temperature superconductors is to induce intrinsic or ex-

trinsic changes and then to characterize their effect to some measurable proper-

ties. From the results some inferences can be made about the nature of the

processes that cause or influence the phenomena of high temperature supercon-

ductivity.

This study aims to probe the Bi2Sr2CaCu2O8+5 following two routes: (1)

by substitution of Ge for Bi, and (2) by the use of the cold press and anneal

method of preparing samples. The former is a common method of introducing

intrinsic changes although there is no report about the substitution of Ge for Bi

in the Bi2Sr2CaCu2O8+8 so far. The latter is intended to explore the extrinsic

1



aspect of the Bi2Sr2CaCu2O8+6 system. The effect on the critical temperature,

coherence length, fluctuation behavior, lattice dimensions, and modulation pe-

riod are investigated.

The rest of the chapter provides a review of selected topics in high tem-

perature superconductivity which are related to this study and at the same time

clarifies in more detail the goals stated in the previous paragraphs. The general

information are obtained from the books by Poole (1995), Burns (1992) and

Tinkham(1975).

Superconductivity

A superconductor is a material that exhibits infinite conductivity (or

equivalently zero resistance) and perfect diamagnetism (the magnetic induction

is zero inside a superconductor). The former behavior does not imply the latter

and vice versa. Both must simultaneously be exhibited before a material can

be called a superconductor.

A basic property of all superconductors is the critical temperature Tc.

Above Tc a superconductor is a normal metal and as the temperature cools

down to Tc a normal metal to superconductor transition occurs. Other basic

properties are the critical magnetic field Hc and critical current density Jc

which are the the values of the magnetic field and current density, respectively,

that will cause a superconductor to revert to a normal metal.

A phenomenological description of superconductivity is given by the Gin-

zburg-Landau theory of superconductors. The theory assumes that the normal

metal to superconductor transition at Tc is a thermodynamic transition charac-

terized by a complex order parameter which vanishes above Tc and whose mag-

nitude is a measure of the degree of superconductivity below Tc. The order

parameter satisfies two Ginzburg-Landau differential equations. These equa-

tions define a characteristic length called the Ginzburg-Landau coherence

length ^ which can be loosely interpreted as the length in which the order pa-



rameter can vary appreciably. The other characteristic length that is defined is

the magnetic penetration length X. Near the critical temperature the order pa-

rameter exhibit large thermodynamic fluctuations which manifest as fluctuation

in some properties such as conductivity, susceptibility and specific heat.

A microscopic description of superconductivity is given by the BCS the-

ory, a complicated theory and so is rarely referred to in this study. The Gin-

zburg-Landau theory is the limiting form of the BCS theory near Tc. The

Ginzburg-Landau order parameter can be thought of as the wavefunction of the

center of mass of a Cooper pair.

High Temperature Superconductors

High temperature superconductivity is observed in a class of materials

which have Tc's greater than 30 K. Several compounds belong to this class

and all of them are ceramics (that is a metal-oxide compound). The first to be

discovered is the Ba-La-Cu-0 system by Bednorz and Muller (1986), followed

by the YBa2Cu3O7-5 (Wu, 1987) and the series Bi2Sr2Can-lCun02n+4+6 n=l,

2, 3 (Maeda, 1988). Since then several other high-Tc superconductors have

been discovered.

General structure

The high temperature superconducting materials have similar basic struc-

tures: parallel CuO2 layers separated by metal oxide blocks (fig. 1.1). A struc-

tural feature common to all high-Tc superconductors is the CuO2 layer (thus,

sometimes the high-Tc superconductors are called cuprate superconductors).

The different high-Tc materials do not have the same compositions of the metal

oxide blocks. The CuO2 layers are very important in high temperature super-

conductivity; it is generally believed that the transport of superconducting cur-

rents are mostly confined in these layers. The metal-oxide blocks are

necessary for the occurrence of superconductivity, but they usually do not par-

ticipate in carrying superconducting currents.



The high-Tc materials crystallize in either tetragonal or pseudo orthorhom-

bic (the a and b dimensions almost equal) structures. The crystallographic con-

vention of assigning crystal axes is that the c direction is perpendicular to the

CuO2 layer, and the a and b directions are parallel to the CuO2 layer. The bond

formed by copper and oxygen along the CuO2 layer is strong and it determines

the a-b dimensions of the cuprates. The Cu-0 distance in the Cu02 layer is ap-

proximately 1.90 A for all types of cuprates.

Metallic transport, holes and Cu valence

The Cu-0 distance in the CuO2 layer of the cuprate superconductors,

which is rather short, indicates that the bond formed by the overlap of the Cu

3d and O 2p orbitals is a covalent type. An insulating or semiconducting be-

havior is usually implied by covalent bonds; but the cuprate superconductors

exhibit metallic properties at the normal state (at temperatures above the criti-

cal temperature).

The mechanism behind the metallic behavior of the cuprate superconduc-

tors is now clearly established: the CuC»2 layer becomes metallic when it is

doped with enough charge carriers, usually positive holes. In other words, delo-

calized holes in the narrow band formed by the overlapping Cu 3d and O 2p or-

bitals are responsible for the metallic behavior of the cuprate superconductors.

The creation of holes in the CuC»2 layer and the control of their concentra-

tion can be achieved in several ways: 1) by partial substitution of a constituent

cation by another cation with a different valence, 2) by oxygen non-

stoichiometry, and 3) by a charge transfer mechanism between the CuC»2 layer

and the metal oxide block.

The presence of holes in the Cu-0 bonds affects the valency of copper.

Without the holes, copper is in the Cu state; with the holes, it is in the inter-

mediate state between Cu and Cu , usually written as Cu p. The term p re-

4



fleets the mixed valency of copper and it also indicates the hole concentration

per CuO2.

Optimum hole concentration

Once doped with enough holes, the CuO2 layer becomes metallic al-

though not necessarily superconducting. Only in a narrow region of hole con-

centration is superconductivity possible. Tc is very sensitive to hole

concentration; although the hole concentration is not the only parameter that de-

termines the Tc. Other parameters, perhaps structural in nature, affect Tc as

well; but within a certain type of cuprate superconductor there is a strong corre-

lation between Tc and hole concentration.

The relationship between Tc and hole concentration for a particular cu-

prate superconductor is best illustrated by the La2-xSrx
+Cu +PO4 supercon-

ductor (fig. 1.2). The parent compound, La2CuO4, is an insulating

antiferromagnet. Holes are introduced by cation substitution; from valence bal-

ance, the hole concentration per CuO2 is simply p=x. Metallic transport and su-

perconductivity occurs when the hole concentration p=0.1. Beyond p=0.32

superconductivity disappears even though the material remains metallic. Tc is

maximum near p=0.2.

The Bi2Sr2CaCu2O8+5 superconductor

The Bi2Sr2CaCu2O8+6 is the n=2 member of the series Bi2Sr2Can-

lCun02n+4+5 (the Bi2Sr2CaCu2O8+S is abbreviated as Bi2212, and the other

members of the series are abbreviated as Bi2201, n=0, and Bi2223, n=3). The

structure of Bi2Sr2CaCu2Os+5 is illustrated in fig. 1.3. There are two CuO2

layers per unit cell. Each CuO2 layer has two CuO2 planes separated by Ca

metal plane. The thickness of the CuO2 layer is ~3.2 A. The composition of

the metal block that separates the CuO2 layers is Bi2Sr2O4+6. The metal block



can be viewed as a stacking of metal oxide planes in a manner similar to a rock

salt and its thickness is «12 A. The c-axis dimension of the unit cell is «30 A.

The BiO layer consisting of two adjacent BiO planes is an important sub-

structure of the metal oxide block. The in-plane Bi-0 bond length is «2.6 A
3+ 2—

which is considerably longer than the sum of the atomic radii of Bi and O .

The Bi and O are forced to have long separation because they have to adjust to

the short in-plane Cu-0 bond («1.9 A). The interplanar separation of the two

BiO plane is very large «3 A. The long in-plane Bi-0 bonds and the large sepa-

ration between adjacent BiO plane imply that the BiO layer contains large va-

cant spaces. An important aspect related to the structural features of the BiO

layer is that excess oxygen resides in the double BiO layer.

A structural modulation is present in the Bi2Sr2CaCu2O8+8. This means

that the atoms are displaced from their lattice positions in a periodic wave-like

manner. The displacement is along the c-axis and the direction of modulation

is along the b-axis. The modulation is of the incommensurate type, the modula-

tion period is not an integral multiple of the b-axis. The origin of the modula-

tion is thought to be the lattice mismatch between the BiO and CuO2 layers.

The period of modulation is very sensitive to the value of the excess oxygen as

shown in fig. 1.4 (Kambe 1995).

The Bi, Sr and Ca can readily substitute each other. The

Bi2Sr2CaCu2O8+5 may be formed even if the ratio of the cation is not exactly

2:2:1:2 (Oikawa, 1996; Sekine, 1995; Idemoto, 1995; Majewski, 1994; Na-

gano, 1989).

Tc, hole concentration and excess oxygen

The hole concentration in the CuO2 layer, and therefore also Tc, of the

Bi2Sr2CaCu2O8+5 is thought to be controlled by the excess oxygen. In effect

the valence of copper is Cu' ' . By subjecting the Bi2Sr2CaCu2Os+5 in re-

ducing or oxidizing atmosphere the amount of excess oxygen can be varied.



Table 1.1 Oxygen content (5), modulation vector (q), and critical temperature (Tc) of

Bi2Sr2CaCu2O8+5 (Pham, 1992).

Annealing condition

air- as synthesized
argon- 780 °C 20 H
argon- 780 °C 35 H
argon- 780 °C 60 H
air-860 °C quenched

8(±0.04)

0.32
-
0.07
0.06
0.10

Tc,onsety; (K)

70
90
85
84
94

q (±0.02)

4.68

inhomogeneous
4.84
4.85
4.82

Plots of Tc versus excess oxygen shown in fig. 1.5 display the typical bell-

shaped relationship between Tc and hole concentration roughly similar to the

one in fig. 1.2. Since both the modulation period and Tc are sensitive to the ex-

cess oxygen content there is a correlation between modulation period and Tc as

shown in Table 1.1. Air synthesized, furnace-cooled Bi2Sr2CaCu2Os+5 is gen-

erally believed to be in the oxygen overdoped and so Tc is increased when

some of the excess oxygen is removed. Even for zero excess oxygen the

Bi2Sr2CaCu2O8 is superconducting (Pham, 1992). This means that even with-

out excess oxygen there are already holes in the CuO2 plane and therefore ex-

cess oxygen is not the only mechanism responsible for the creation of holes in

the CuO2 layer.

Another mechanism for the hole creation is proposed by Retoux (1990)

and also by Pham (1993). The BiO layer is thought to play the role of a charge

reservoir. Holes in the CuO2 plane are created by a charge transfer mechanism

represented by the following reaction;

This model readily explains the existence of holes even without excess oxygen.

The redistribution of charge between the BiO and CuO2 layers is sensitive to

length of the c-axis (fig. 1.6). Samples with the same oxygen content but

slightly different c-axis can have very different Tc (differing by as much as 10

K) which support the charge transfer model (Krishnaraj, 1995). Possibly, the



total hole concentration comes from both the charge transfer mechanism and

excess oxygen.

There are other factors that affect or control Tc. Macroscopic properties,

such as porosity for instance, are known to influence the shape of the resistive

and magnetic transitions near Tc (Pham 1992). There are studies that indicate

that the value of Tc itself is influenced by the macroscopic properties (Ravi,

1994). There are observations, especially from earlier results, of an intrinsic

double transition in high-Tc materials including the Bi2Sr2CaCu2O8+5 (for a re-

view see Choy, 1990).

Coherence length and fluctuation conductivity

The coherence length £, can be determined from the analysis of thermody-

namic fluctuations in conductivity, specific heat or susceptibility in the vicinity

of the critical temperature. This work will be limited to the analysis of fluctua-

tion conductivity only. The coherence length can also be obtained from the

measurement of the critical magnetic field; however this method needs a very

large magnetic field that is not readily available in most laboratories. Esti-

mates of the coherence length of high-Tc superconductors obtained from criti-

cal magnetic field measurement are £,0*2-5 A and £ab»10-30A for parallel to

the c-axis and a-b plane respectively (Welp 1989).

The theoretical equations that describe the fluctuation conductivity were

first developed by Aslamasov and Larkin (1968) from microscopic theory. The

Aslamasov-Larkin equations depend on whether the superconductor being stud-

ied is a three-dimensional or a two-dimensional superconductor. The issue of

whether the high-Tc superconductors in general are three-dimensional or two-

dimensional is not yet a settled matter. For the case of the Bi2Sr2CaCu2O8+S,

there are now enough results that point to a two-dimensional behavior. There

are other factors that degrades the reliability of fluctuation analysis; foremost

are the broad resistive transition and the fact that the Tc could not be precisely

8



defined in polycrystalline samples (for a review see Ausloos et al., 1992). A

calculation of E,c from fluctuation conductivity using a Bi2Sr2CaCu2O8 + 5 sin-

gle crystal gives £,0*1-2 A (Pradhan, 1994).

Granular and weak link superconductivity

Polycrystalline high-Tc superconductors are considered to be granular su-

perconductors, that is a network of interconnected superconducting grains. The

connection between grains, i.e. the grain boundaries, are thought to have infe-

rior superconducting property compared to the grain hence the term weak-link

superconductivity. An excellent description of granular superconductor, for

both low and high-Tc is given by Deuscher (1990).

The granular nature of the high-Tc superconductors is very well known to

limit their capacity to carry supercurrent. Poor sample quality amplifies granu-

larity and it causes the broad superconducting transition in the Bi2Sr2CaCu2O8

+ 5 polycrystalline samples (Pham, 1992). Theoretical models for the resistive

and magnetic transitions for granular or weak link superconductors are given

by Kirschner (1995), Muller (1989) and Paasi(1996). There are experimental

results that suggest that granular nature affects Tc as well. For instance the Tc

of single crystals or thin films which are less granular are higher than the Tc of

polycrystalline samples of the same composition (fig. 1.7).

In conventional superconductors a weak link is formed by joining at a

Josephson junction two superconductors and granularity is established by em-

bedding superconducting grains (such as aluminum) in an insulating matrix

(AI2O3 for instance). The origin of the weak link and granular characters of

the high-Tc superconductors is perhaps their short coherence lengths which

makes them very sensitive to spatial composition inhomogenities (especially

those occuring at the grain boundaries) of the order of the coherence length

(Pureur, 1991). Examples of these inhomogenities are impurity phases, vari-

ations in oxygen content and, in the case of the Bi2Sr2CaCu2O8+5, a spread in



Table 1.2 Properties of some elements (Williams, 1970).

Valence Radius (A) Electronegativity

Ge4+

B,3 +

Ca2+

Cu2+

Pb2+

Sb3+

Sn2+

Sr2+

Y3+

o2-

0.53
0.96
0.99
0.69
1.24
0.76
0.93
1.13
0.93
1.40

1.35
1.24
36.74
1.9
1.09

1.31
1.15

1.0
1.3
3.5

the Bi/Sr/Ca self substitution ratios (Pham, 1992). Misorientations among

grains also influence granularity (Yan, 1996).

Substitution in the Bi2Sr2CaCu2Os +6

The substitution of a constituent atom by a different atom is a common

method to probe the various parameters that affect superconductivity. For in-

stance the hole concentration can be varied by substitution with an atom of dif-

ferent valence and structural relaxation can be induced when the size of the

substitution atom is very much different from that of the atom that is being sub-

stituted for. There are many published results about substitution in the

Bi2Sr2CaCu2O8 + 8 but only selected types of substitution will be covered.

Y can substitute for Ca continuously from lCa:0Y to OCa:lY. A

change in both lattice dimensions and lattice type occurs (fig. 1.7).

Bi2Sr2CaCu2O8 + 5 is tetragonal but at high Y substitution levels Bi2Sr2Cai-

xYxCu2O8+6 changes to orthorhombic. There is also a metal-to-insulator tran-

sition at about O.5Ca:O.5Y. Bi2Sr2YCu2O8 + 5 is an insulating

antiferromagnet. The Tc goes to a maximum at low level of Y substitution

(Fukushima, 1994, 1989; Niu 1989).
2+ 3+

The substitution of Pb for Bi is interesting for a number of reasons.

|iThe BiO double layer is relatively vacant so the substitution with a bigger atom

such as Pb will reduce the vacant spaces. Also, substitutions involving the BiO
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layer will affect certain features that are associated with it namely; the struc-

tural modulation, the charge transfer between BiO and the CuO2 layers, and the

excess oxygen. Fig. 8 shows the lattice dimensions and structural modulation

against Pb content. The structural modulation disappears at a certain amount

of Pb content and still superconductivity is observed which shows that struc-

tural modulation in the Bi2Sr2CaCu2Os + 5 is not necessary for the occurrence

of superconductivity. Pb substitution generally increases the Tc especially if

combined with annealing in special atmosphere. Structural distortion into a

monoclinic lattice and a Tc«98 K was observed by Kambe (1990). A double

Tc at «120 K and * 106 K was obtained by Padam (1993 and 1995) although

their sample was unstable and if subjected to thermal recyling between liquid

nitrogen and room temperature the two Tc would merge at «92 K.

Sb has been substituted for Bi but Sb does not enter the Bi2212 structure,

instead a separate monoclinic phase is formed. Incompatibility in oxygen coor-

dination is cited as the reason why Sb cannot substitute for Bi (Yu 1995).

Bi:Ge substitution

At first glance the substitution of Ge for Bi is a very unlikely choice. Ge

is smaller than Bi whereas based on the fact that the BiO layer is relatively va-

cant a bigger atom should be used for substitution. However Ge has a higher
3+valence than Bi and thus Ge would require more oxygen for charge balance

which would make up for its smaller size. It is possible that the excess oxygen

that resides in the BiO layer will be coordinated to the Ge or more excess oxy-

gen will be taken up to accomplish charge balance.

There is no published result on Bi:Ge substitution in the Bi2Sr2CaCu2Os

+ 5. In the Bi2Sr2Ca2Cu3Oy system, Ge has been substituted for Bi and it was

found that the incorporation of Ge helps stabilize the Bi2223 phase (Nkum,

1992 and Meng, 1993). From size consideration, it is appropriate to substitute

Ge for Cu. Nkum (1993) investigated the series Bi2Sr2CaCu2-xGex08 + 5 up

to x=0.7 and found a change in the c-axis dimension and in Tc (fig. 1.9).

Outline

Chapter 2 investigates the formation of the series Bi2-xGexSr2CaCu2Os +

5. An almost single Bi2212 phase can be produced up to x=0.3 and so the most

appropriate range to study is 0 < x < 0.3. At higher x, significant amounts of

1 !



impurity phases co-exist with the Bi2212 phase. Superconductivity is observed

up to x=0.6. The reader may skip chapter 2 without losing the main results of

this study.

Chapter 3 explores the extrinsic aspect of the Bi2Sr2CaCu2O8 + 8 by

studying as-sintered and cold-pressed-annealed samples. The important results

of the cold press and anneal method are: a sharper resistive superconducting

transition is obtained, the Tc is dramatically increased, and, by proper choice of

the preparation parameters, a double Tc is observed. Adjustments in the

Bi/Sr/Ca self substitution is thought to be the direct effect of the cold press and

anneal method that is responsible for the changes in the Tc.

Chapter 4 deals simultaneously with the effect of Ge substitution, and the

cold press and anneal method in the Bi2-xGexSr2CaCu2O8 + 6 for 0<x<0.3. It

shows that there is a slight increase in Tc of the as-sintered samples which

could be attributed to the Bi:Ge substitution. The large increase in Tc induced

by the cold press and anneal method persists in the Bi:Ge substituted samples.

From the magnetic transitions of the Bi:Ge substituted samples, an increase of

the intergrain pinning force density is identified as a direct effect of the cold

press and anneal method.

Finally chapter 5 deals with fluctuation conductivity in the Bi2-

xGexSr2CaCu2O8+5, 0<x<0.3. The problems of broad transition and lack of

precision in determining Tc inherent in fluctuation analysis using polycrystal-

line samples are partly avoided by taking advantage of the cold press and an-

neal method to produce samples with sharp transitions. The Aslamasov-Larkin

model for a two-dimensional superconductor and the Lawrence-Doniach model

for equally spaced layered superconductor were used to analyze the fluctuation

conductivity, and to improve the agreement between theory and experiment a

cut-off in the wave number of the order parameter is employed. The calculated

superconducting layer is «34 A and the coherence length along the c-axis is 2-3

A ; both are independent of x. The cut-off wave number is dependent on the

Ge content and the cause of this is the reduction of the a-b plane coherence

length induced by the microscopic inhomogeneity introduced by the Bi:Ge sub-

stitution.



Chapter 2
Phase formation in the Bi2-xGexSr2CaCii2O8+8

Introduction

The simplest way of preparing polycrystalline Bi2Sr2CaCu2Os+5 is by

the conventional mix and sinter method, using oxides and carbonates as start-

ing material. Samples prepared in this manner usually contain appreciable

amounts of impurity or unwanted phases because of the complex chemistry

involved in making four elements together with oxygen form a compound.

The mechanical mixing of powders cannot achieve atomic scale uniformity,

so the reaction to form the desired compound at elevated temperature has to

rely on solid state atomic diffusion. Local mixing inhomogeniety of the star-

tling material may lead to the formation of unwanted compounds. The re-

lated phases, Bi2201 and Bi2223, sometimes co-exist with the Bi2212

(Strobel 1990). The usual impurity phase produced is Bi"9Sn iCasOstY

(Pham 1992b). The introduction of a doping atom or the substitution of a

component atom, such as Bi, by another atom such as, Ge, will further com-

plicate the chemistry and it would be expected that other impurity phases

will appear or, the worst case, the Bi2212 phase will not be produced. The

first step to be done in studying the Bi2-xGexSr2CaCu2O8+5 is to determine

if the series can be formed.

This chapter investigates the products of the mix and sinter process in-

tended to form the Bi2-xGexSr2CaCu2O8+5, 0<x<l in steps of 0.1. At least

three major phases namely Bi2212, Bi2201 and an unknown phase are

formed in this region of x together with some unreacted CuO. The Bi2212

phase dominates in the range 0<x<0.3. Beyond this range the Bi2201, CuO

and the unknown phase are present in appreciable amounts. The Bi2212

phase decreases with increasing x, and as x approaches unity the Bi2212

phase is no longer present. Superconductivity is observed up to x=0.6. The
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range 0<x<;0.3 is identified as the most appropriate to study in more detail in

order to determine the effect of Bi:Ge substitution to the physical properties

of the Bi2212 (which will be done in chapters 4 and 5).

Sample preparation

Bi2-xGexSr2CaCu2O8+5 is synthesized by the chemical reaction

(l-|)Bi2O3 + xGeO2 + 2 SrCO3 + CaCO3 + 2CuO > Bi2-

xGexSr2CaCu2O8+8 + 3CO2,

S is the excess oxygen content which is the sum of 8', the oxygen that is nor-

mally taken up from the atmosphere, and x/2, the oxygen needed to compen-

sate for Ge .

The conventional mix and sinter method was used to carry the chemical

reaction above and this was accomplished in two stages, (1) reaction stage

and (2) sinter stage, described below.

1. Reaction stage

a) The appropriate amounts of high purity oxides and carbonates

were mixed in an agate mortar and pestle for 30 minutes. The to-

tal weight of the mixture was 5 grams.

b) The mixture, loaded in an alumina crucible, was reacted for 20

hours inside a box furnace at 800 °C for 0<x<0.6 and at 790 °C

for 0.7<x<l. The sample was allowed to cool to room tempera-

ture inside the furnace (the furnace power off). The reacted mix-

ture was ground for 30 minutes using an agate mortar and pestle.

c) Step b) was repeated twice with the reaction temperature in-

creased to 820 °C for 0<x<0.6 and to 810 ° for 0.7<x<1.0

2. Sinter stage



A portion of about 0.4 grams of the reacted powder was placed inside

a 13 mm diameter mold. Methanol was added as dispersant up to the

brim of the mold then pressure was applied slowly until 70 MPa was

reached. Pressure was maintained at 70 MPa for 5 minutes. The

pressed pellet, placed in an alumina boat in a hanging fashion to mini-

mize contact with the boat (fig. 2.1a), was sintered inside a tube fur-

nace. Different sintering temperatures were used; the maximum was

890 °C. Several sinter times were also tried , from 20 hours to 80

hours. After the sinter time had elapsed, the furnace power was

turned off and the sample was allowed to cool down to room tempera-

ture while inside the furnace.

Both the box and tube furnaces used were controlled by a programma-

ble current proportionating temperature controller with a type CA thermocou-

ple. The temperature was raised slowly to the desired reaction or sinter

temperature using the program in fig. 2.2 to avoid overshooting the set tem-

perature.

Powder x-ray diffraction methodoloy

Crystals diffract x-rays according to Bragg's law

X = 2 dhkl sin(0AW),

where X is the x-ray wavelength, dhkl is the interplanar distance and Qhkl is

the diffraction angle. hy k and / are the Miller indices. For the case of pow-

der diffraction the diffracted intensity is

. „ ,2 1 + cos229
Ihkl oo \Fhkl\ mhkt—z rrgM/,

sintf cos/u

where Fhkl is the structure factor, mhkl is the multiplicity factor, and ghkl is

the prefered orientation factor.

The powder diffraction pattern for each x was measured twice, after the

reaction stage and and sinter stage. In both instances the sample was in pow-



der form. A section of the sintered pellet produced in sinter stage was

crushed and ground in methanol using an agate mortar and pestle to obtain a

powder. Sample mounting was done by loading the powder into a 0.2 mm

deep cavity type glass sample holder.

The diffraction patterns were collected using a Rigaku Rint-100 diffrac-

tometer. The target was Fe set at 40 KV and 20 mA. The divergence and

scatter slits were both 1 °. Stepsize was 0.02° and preset time was 0.1 second.

DC resistance versus temperature measurement

The method for measuring the resistance of a sample is by passing a cur-

rent across it and measuring the voltage drop. The resistance R is by Ohms

law

R = V / I .

The effect of the resistance of the wires can be avoided by using separate

wires for the current and voltage leads (four point contact fig. 2.3a).

Approximately rectangular sections were cut from the sintered pellets

for resistance versus temperature measurements. Sample setting was as fol-

lows. The sample was attached by a double sided tape to an insulating sam-

ple mount having four solder posts. Four gold wires were connected to the

sample in a linear fashion using an indium solder. The other ends of the gold

wires were soldered to the four solder posts (fig. 2.3b).

The R(T) measuring chamber is shown in fig 2.4a. There are two main

parts: the sample chamber and the liquid nitrogen cryostat that encloses the

sample chamber. The mounted sample was placed inside the chamber by at-

taching it with a double sided tape to the sample support of the chamber.

Four copper lead wires were soldered to the solder posts of the sample

mount. The tip of a copper constantan thermocouple was placed near the

sample for recording the temperature. The sample chamber was evacuated

then filled with helium gas. The sample was cooled by the liquid nitrogen in



the cryostat. The copper wall of and the helium gas inside the sample cham-

ber established a thermal contact between the sample and the liquid nitrogen.

The cryostat was evacuated which caused the liquid nitrogen to freeze and al-

lowed the temperature to drop to «57 K. After the lowest temperature was

reached the chamber was allowed to warm to room temperature by letting

ambient air leak into the cryostat.

The resistance was measured while the sample was warming up. A

computer controlled electronic system recorded the resistance and tempera-

ture. The data collection program read the resistance every time the tempera-

ture changed by at least 0.5 K. The cross-section of the samples were

typically 2x0.5 mm and the applied dc current was in the range 10-20 mA ;
2

so the applied current density was between 1000-2000 mA/cm . For this cur-

rent, the voltage reading at room temperature was in the 0.1 mV range. Note

that the critical current density for polycrystalline high-Tc superconductor

near 77 K is of the order 10 mA/cm (Deutscher 1990). Roughly, the ap-

plied current density was of the same order of magnitude as the critical cur-

rent density. A much lower applied current density was desirable but it

could not be done because of stability problems when measuring very low dc

volatage.

After collection, the R(T) data were numerically differentiated with re-

spect to temperature. The dR(T)/dT at a particular temperature was calcu-

lated by fitting a straight line using three (resistance, temperature) points

below and above it (a total of seven data points). In effect the fitting range

was about 3 K since each data point was separated by approximately 0.5 K.

The derivative was taken as the slope of the straight line fit.
SEMand EPMA

In a scanning electron microscope (SEM) an incident focused electron

beam is scanned across the surface of the specimen. The secondary electrons
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emitted from the interaction between the specimen and the incident electron

are detected, amplified and used to form a video image of the specimen. The

spatial resolution of the image formed permits the visualization of micron-

size features of the specimen. Most SEM has the capability to perform Elec-

tron Probe Micro Analysis (EPMA). In this case the incident electron beam

is focused on a spot in the specimen. The characteristic x-rays produced

from the interaction between the incident electrons and the specimen are de-

tected and used to analyze the specimen composition. Since the size of the

incident electron beam is in the micron range, chemical analysis on a very

small area of the specimen can be done.

The SEM at the Ozaki laboratory and the EPMA at the mineralogy de-

partment, Waseda University were used in this study. Specimens for SEM

were taken from the sintered pellet by fracturing away a small section. The

fractured section was attached to a brass stud with a conductive silver paste,

applied in a manner that allowed the specimen to be viewed from the top and

from the fractured side. The brass stud with the specimen was then mounted

to the sample stage of the SEM.

Specimens for EPMA in the form of small sections cut from sintered

pellets were set on a glass slide using a conductive silver paste. Carbon was

coated on the specimens and glass slide. The glass slide with the specimens

was attached to a metallic sample holder and electrical contact between speci-

men and sample holder was formed using a conductive silver paste. The sam-

|v pie holder with the specimens was then mounted on the sample stage of the
V;'

I EPMA.

£ Phase analysis after the reaction stage
a.

Fig. 2.5 shows the XRD patterns of the samples obtained after stage 1

for various values of x. For the case of x=0 the phases identified are Bi2212

(unmarked peaks) as the majority phase, and Bi220I (hollow square marked



peaks) and an unknown phase (solid square marked phase) as the minority

phases. A completely indexed XRD pattern of the Bi2212 phase used for

identification is given in fig 2.7a. The diffraction angles and intensities of

the Bi2201 phase used for identification was obtained from the Powder Dif-

fraction File #43-27. The strongest Bi2201 peak near 29=37.48° overlaps

with one of the modulation peaks. The unknown phase peak near 20=29.27°

also overlaps with a modulation, but it is positively assigned as an unknown

phase peak because the intensity of this peak increases with increasing x.

Note that BigSn lCasO30±y whose strong peaks lies between the Bi2212

0010 and 117 (see fig. 2.8), and which is usually a very visible impurity in

Bi2Sr2CaCu2O8+5 prepared in air is barely detectable in fig. 2.5a.

The phases present at x=0.1 are almost similar to that of x=0. At x=0.2

a small peak from unreacted CuO is detected. As x increases the relative in-

tensities of the Bi2201, CuO and unknown phase increase while that of the

Bi2212 decreases. At x=0.9 the Bi2212 phase is no longer detected.

The GeO2 phase is not detected for all values of x. This means that it

readily reacts with the other starting oxides/carbonates.

Sinter and melting temperature

The samples were sintered at several temperatures, to a maximum of

880 °C. The objective is to find, for each x, the approximate melting tem-

perature and the appropriate sinter temperature, which should be as near as

possible to the melting temperature without the occurrence of a partial melt-

ing. After sintering, every pellet was examined for an indication of partial

melting (if it did not totally melt). The melting point is deduced to be just

slightly higher than the temperature where a partial melt occurred. In fig. 2.6

the various sinter temperatures used are plotted against x. If the sample did

not show any indication of a partial melt at a particular temperature an open

circle is plotted at the point specified by x and the sinter temperature. If a

to



partial melting occurred an open triangle is plotted and if a total melting oc-

curred a solid circle is plotted. The curve drawn in fig. 2.6 is the approxi-

mate boundary between the solid and liquid phase. Based on fig. 2.6, the

appropriate sinter temperatures are 860 °C for 0<x<0.3 and 840 °C for

0.4<x<0.7. Beyond x=0.7 no sintered pellet was succesfully formed even for

temperature as low as 820 °C.

Phase analysis of sintered samples

Fig. 2.7 shows the XRD patterns of sintered samples. The sinter tem-

peratures are 860 °C for 0<x<0.3, 850 °C for x=0.4, and 840 °C for

0.5<x<0.7.

The case of x=0 is almost a single Bi2212 phase. There could be some

Bi9Sri iCa5O8±Y present but below the detection limit of XRD. The Bi2201

and the unknown phase that were observed after the reaction stage are gone,

most likely they converted to the Bi2212 phase. After the reaction stage, the

unsubstituted Bi2212 is still not completely reacted and further reaction oc-

curs during the sinter stage which leads to the disappearance of the Bi2201

and the unknown phases. The XRD pattern is indexed using a tetragonal

crystal system. The modulation peaks are identified with the help of the in-

dexed powder pattern given by Onoda (1988).

The case x=0.1 is almost similar to that of x=0. From x=0.2 and above,

unreacted CuO appears and at the same time the unknown phase begins to

come out. Starting at x=0.5, the Bi2201 phase manifests. Since the Bi2201

phase is present only in the sample that were sintered for 840 °C, it is most

likely that the temperature at which the Bi2201 phase transforms into a

Bi2212 phase lies between 840 °C and 850 °C. The reason why the Bi2201

phase is found in the sintered pellets in the range 0.5<x^0.7 has nothing to

do with composition but only to the fact that the samples in this range were

sintered below the temperature wherein the Bi220I phase transforms into a



Bi2212 phase. Neglecting, the Bi2201 phase, there are two phases where Ge

can go, the Bi2212 phase and the unknown phase. The presence of unreacted

CuO which increases with the substitution level indicate that Ge is not exclu-

sively entering the Bi site; it may also be occupying the Cu site.

The range 0<x<0.3 with sinter temperature of 860 °C is ^identified as

the most suitable for studying the effect of Bi:Ge substitution in more detail

(which will be done in chapters 4 and 5) since the Bi2212 phase form in this

range is almost single phase and so the complexity introduced by the impu-

rity phases is minimum.

The Bi9SrnCa5O8±Y impurity phase

The Bi9SriiCasO8±Y is hardly detectable in the XRD patterns given so

far. In order to make this impurity phase more prominent, a sintered sample

with a different preparation schedule was prepared: 820 °C reaction tempera-

ture and 20 hours reaction time, and sintered twice at 860 °C for 20 hours (be-

tween each sintering the sample was regrind). The XRD pattern for this

sample given in fig. 2.8 clearly shows the Bi9Sn lCasO8±Y impurity phase.

The identification of the impurity phase was done with the help of the XRD

pattern given by Pham (1992b). This indicates that the amount of

Bi9Sri iCa5O8±Y impurity phase that will appear with the Bi2212 phase de-

• pends on the sample preparation schedule.

J Lattice constants

The lattice constants plotted against x are shown in fig. 2.9. A tetrago-

i nal crystal system is assumed. The interplanar spacing is given by
i

+ k2) /cT + k2/c2 '

The lattice constants were calculated from the experimental data shown in

figs. 2.5 and 2.7 using the least-squares unit cell fitting program of Garvey

L.



(1985). The following high intensity and well resolved diffraction peaks

were used: (002), (008), (113), (115). The c-axis decreases with increasing x

while the a-axis is hardly affected.

Grain morphology and microstructure

The SEM photographs of three selected samples; x=0 and x=0.2 both

sintered at 860 °C, and a x=0.2 partially melted sample sintered at 870 °C;

are given fig. 2.10 and 2.11. The x=0 andx=0.2 samples in fig. 2.10 are typi-

cal of the ceramic superconductors, plate-like grain morphology and contain

empty spaces which is indicative of a porous sample. The partially melted

sample in fig. 2.11 has a more well defined plate-like morphology and ap-

pears to contain less empty spaces but there are isolated areas that contain

large holes.

Quantitative micro analysis

EPMA has the capability to perform quantitative elemental analysis on

a Bi2212 grain and on an unknown phase grain. In principle this would al-

low the determination of 1) how much Ge is incorporated to the Bi2212

phase and how much to the unknown phase, 2) the elemental composition of

the unknown phase, 3) and the variation of Ge content among Bi2212 grains.

The samples of interest for EPMA analysis are those that belong to the com-

positional range 0<x<0.3. The relative intensity of the characteristic x-rays

coming from Ge-La is very small compared to that of the other elements.

Fig. 2.12a shows the x-ray spectrum of a grain from a pellet with x=0.3, i.e.

with composition Bii.7Geo.3Sr2CaCu208+5. The Ge-La peak is barely de-

tectable, an even lower intensity would be expected for the x=0.1 and x=0.2

samples which makes EPMA not the most suitable means of quantifying Ge

substitution among grains especially at low concentrations such as x=0.1. A

quantitative analysis using the spectrum in fig. 2.12a yields

Bi1.9Geo.3Sr1.7Cao.8Cu1.708+5- Since Ge-La intensity is very small, the

concentration calculated for Ge is statistically unreliable. Nevertheless, this

result gives an indication that Ge is not exclusively substituting for Bi, it may

have replaced any of the cation.



In order to identify the unknown phase, the x-ray spectrum from several

spots of an x=0.7 sample were collected to look for an area which has a com-

position different from a Bi2212. Since there are more impurity phases at

x=0.7, the chance of spotting an impurity phase is greater. Fig. 2.12b shows

a typical spectrum of a grain that does not have the Bi2212 composition and

presumably the grain belongs to the unknown phase. A quantitative analysis

of fig. 2.12b yields Bio.9Gei.iSr2.5Cao.9Cuo.908+8- Exluding for the mo-

ment Ge, this compound is rich in Sr, and Ca compared to the Bi2212. Note

that in the unsubstituted Bi2212 phase this unknown phase is present after

the reaction stage and only disappears after the sinter stage. Since the un-

known phase is also rich in Ge, possibly Ge helps stablize this compound.

Resistive critical temperature

The R(T) curves for the samples in the range 0<x<0.6 are shown in fig.

2.13. The Tc defined as the temperature where the dR(T)/dT is maximum

and Tc,o defined as the temperature where the resistance first reaches zero

are plotted in fig. 2.14 as a function of x. There is an increase in Tc as x in-

creases, this is a possible effect of Ge substitution which will be examined

further in chapter 4. An R(T) curve of a partially melted sample for the case

x=0.2 sintered at 870 °C is shown in fig. 2.15. The Tc for this sample, at

«87 K, is higher than that of sample of the same composition sintered at 860

°C. But the transition is very broad, probably because of a wide oxygen dis-

tribution in partially melted samples. The partial melting sintering is

deemed not beneficial from the point of view of transition width.

Summary

The range 0<x<0.3 is found to be the most suitable for studying the ef-

fect of Bi:Ge substitution in the Bi2-xGexSr2CaCu2O8+5- The sintered sam-

ple produced in this range is almost single phase, the impurity phases present

being an unknown phase and an unreacted CuO. The Ge is possibly incropo-

rated both to the Bi2212 phase and to the unknown phase. In the Bi2212

phase, Ge is not exclusively substituting for Bi and it may substitute for any

of the cations.



Chapter 3
The Bi2Sr2CaCu2O8+8 and the cold press and anneal method

Introduction

The effect of sample quality to the superconducting property of the

Bi2Sr2CaCu2O8+8 is the main focus of this chapter. For the time being, no

Bi:Ge substitution is done so as not to confuse the effect of sample quality

and Bi:Ge substitution. Pham et al. (1992) pointed out that "the broad transi-

tion (in the Bi2Sr2CaCu2Os) is not due to inhomogeneity but to poor quality

of the sintered ceramic". The goal in studying the role of sample quality in

the resistive transition of polycrystalline Bi2Sr2CaCu2O8+5 was to reduce as

much as possible the resistance tail and to sharpen the resistive transition.

Sample quality is usually understood to mean porosity and porous high tem-

perature superconductors are known to have degraded properties. To carry

out the goal, pellet samples were prepared by conventional press and sinter

method, then the sintered pellets were cold pressed at room temperature, to

reduce porosity, and annealed at high temperature, to allow the pellets to re-

cover from the microstructural damage caused by the cold pressure. This

preparation process, called the cold press and anneal method, is commonly

used to improve sample quality. By adjusting the cold pressure applied and

the anneal time, the results show that indeed the resistive transition is sharp-

ened and, more importantly and unexpectedly, the resistive Tc«74 K of an as-

sintered sample is raised to 85 K or a double Tc at 72 K and at 85 K appears.

Several authors have used the cold press and anneal method to raise the criti-

cal current in the Bi2223 system (Asano, 1988 and 1989; Tanaka, 1988;

Chen, 1990; Ravi, 1994; Kumar, 1996) and in the Bi2212 system (Ravi

1994), but so far there has been no report that it induces a double Tc or a big

increase in Tc. The cold press and anneal method is called intermediate

press method, and press-sinter method in some literature.



The resistance tail and granular superconductivity

In a granular material transport current flows within grains and across

grain boundaries (fig. 3.1). The resistive superconducting transition is usu-

ally broad and exhibits a very prominent resistance tail in polycrystalline

high-Tc cuprates ; it is a manifestation of the two-step transition in granular

superconductors. The first (higher) transition is due to intragrain transition

and the second (lower transition) is due to bulk intergrain transition (Pureur,

1991; Pham, 1992). The temperature Tc where the grains become supercon-

ducting is much higher than the temperature Tc,o where the grain boundaries

superconduct or the supercurrent can runnel (Josephson tunnelling) across

the grain boundaries (fig. 3. lb). The resistance tail is the region between Tc

and Tc,o- Operationally, the Tc is determined from the maximum slope of

the R(T) curve. The magnetic aspects of granular superconductors will be

discussed in a separate section.

Normal state resistance

The electrical resistance of the cuprate superconductors displays a

nearly linear temperature dependence well above Tc. Two parameters are im-

portant: the resistivity at a particular temperature (usually room temperature)

and the slope of the normal state R(T). For high quality air annealed

Bi2Sr2CaCu2O8+5 single crystal, the room temperature resistivity along the a-

b plane is around 0.3 mQ-cm (Kendziora, 1996). Polycrystalline

Bi2Sr2CaCu2O8+8 has a considerably higher room temperature resistivity

and varies depending on the sample preparation method, reaching as high as

10 mQ-cm. The normal state slope of R(T) is affected by the excess oxygen

content (Kato, 1994) and thermal treatment (Rentschler, 1994), and so it may

perhaps depend on the Cu valence.



Densification processes

One way of improving the quality of sintered samples is by decreasing

porosity or increasing density. The direct method of increasing density is to

use higher pressure in forming the pellets. Sen et al. (1995) have used pres-

sures up to 1000 MPa (note that the commonly used pressure is only around

100 MPa) and observed a slight increase in Tc, a slight improvement of the

resistance tail and a drop in normal state resistivity. They explained the in-

crease in Tc as caused by a decrease in excess oxygen because less oxygen

can be absorbed by highly compacted samples.

Another way of densifying sintered samples is via a two-step procedure:

(a) first a pellet is made by conventional sintering then (b) the sintered pellet

is subjected to a process or processes that would decrease porosity. Several

processes are commonly used in step (b) such as : (1) cold press, a sintered

pellet is pressed at room temperature; (2) hot press, a sintered pellet is

pressed at high temperature; (3) cold press and anneal, a sintered pellet is

pressed at room temperature then annealed at high temperature.

The cold press method, usually done using very high pressure, increases

the density, however, it does not reduce the resistance tail but on the contrary

the tail widens and at the same time the normal state resistivity increases

(Singh et al., 1990). The likely reason behind this is that although the pellet

becomes dense the grains are simply touching each other, not bonded to each

other, and so electrical connection between grains is not good.

The hot press method is commonly used to densify and enhance texture

of sintered pellets. The increase in density and the bonding of grains are car-

ried out simultaneously at elevated temperature. Most of the works in hot

pressing are for the purpose of increasing the critical current (see for example

Murayama, 1996).



Asano (1988) and Tanaka (1988) were the earliest to employ the cold

press and anneal method, which they called intermediate press method.

Their goal was to raise the critical current in the Bi2223. They reported a de-

crease in Tc,%" (critical temperature determined from the imaginary compo-

nent of the AC susceptibility) in samples that were subjected to cold press

but not annealed. Upon annealing the Tc,x" increases and for an appropriate

length of anneal time the Tc,%" can recover its original value (Asano, 1989).

The cold press and anneal process can be applied more than once, and repeat-

ing the process makes the sample more uniform (Chen, 1990). The cold

press and anneal method was used to vary the microstructures in sintered pel-

lets with aim of investigating the magnetic properties of the intergrain matrix

as well as that of the intragrains in the Bi2223 (Kumar, 1996). Ravi and Bai

(1994) employed the cold press and anneal method (which they called press-

sinter method) in the Bi2Sr2.14Cao.86Cu208+6 prepared via the nitrate route.

They observed a decrease in Tc,o from 86.1 K in the as-sintered sample to

81.5 K in the cold-pressed-annealed sample. Likewise, Tc,x" decreases from

77 K to 68.3 K.

Double Tc

The resistance tail that was described above is due to a two-stage transi-

tion, at the first transition the grain becomes superconducting and the second

transition correspond to bulk superconductivity. In this case there is actually

only one transition, the observed two-stage transition is an artifact of the dif-

ference in superconducting property between the grain and grain boundary.

The double transition that will be discussed below consists of two distinct

transitions.

The early reports on specific heat measurements showed a double peak

structure near the critical temperature (fig. 3.2, a review is given by Choy,

1990). The double transition is also observed in the resistance data, espe-
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cially in well oxygenated Y123 (Loram, 1991) and an indication of uncon-

ventional pairing was proposed by Magnegotto (1990) as the possible cause

of intrinsic double transition. In the Y123 system a double Tc separated by

about 1 K in well oxygenated samples has been attributed to a segregation of

phases having different oxygen contents (Claus, 1992). This is an extrinsic

type of double Tc because there are actually two kinds of grains having differ-

ent Tc 's.

The double Tc of well oxygenated Y123 has been attributed to two dif-

ferent oxygen configurations in the CuO chains in the Y123 (Nakazawa,

1994). This is an intrinsic double Tc because there are actually two distinct

Tc 's inside the grains corresponding to the two kinds of oxygen configura-

tion. A recent investigation by Pomar (1996) claims that the intrinsic double

Tc in well oxygenated Y123 is actually extrinsic because the double Tc be-

comes a single Tc after a new reannealing in oxygen and that some of the re-

ports on double Tc could just be an experimental artifact especially if the

separation between Tc is just a fraction of a Kelvin.

Choy (1990) extended the Ginzburg-Landau theory and Pavlopoulos

(1993) used a BCS approach to account for the appearance of double Tc and

why a double Tc appear in some samples while in others only one. Both ap-

proaches introduce a sample dependent parameter that control the double Tc

structure. Choy (1990) showed that in an intrinsic double Tc the higher Tc is

a normal to superconducting transition while the lower Tc is a superconduc-

tor to superconductor transition (fig. 3.3a).

The explanation of the double Tc by Pavlopoulos (1993) starts from the

solution of the BCS gap equation. Three kinds of solutions are possible 1) s-

wave, 2) d-wave and 3) mixed s-wave and d-wave solutions. They intro-

duced an onsite pairing interaction g0 and two transition temperatures: Tc

which separates the normal and superconducting phase; and Tc\ which sepa-
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rates the s-wave, and mixed s-wave and d-wave solutions. The separation be-

tween Tc and Tc,\ is determined in a sensitive way by go as shown in fig.

3.3b. So a single Tc is observed if Tc and Tc\ coincide and a double Tc is ob-

served when Tc and Tc\ are separated depending on g0.

In Pb:Bi substituted Bi-Sr-Ca-Cu system, the (Bi,Pb)2Sr2CaCu2O8+6

and (Bi,Pb)2Sr2Ca2Cu30io+v normally co-exist in varying proportion and

usually an extrinsic type of double transition is observed because of the pres-

ence of the two phases.

Cold press and anneal method

The preparation method for synthesizing cold-pressed-annealed

Bi2Sr2CaCu2O8+8 is almost similar to the two-stage process described in

chapter 2. A third stage is added for the cold press and anneal stage.

1) The proper amounts of oxides/carbonates were mixed then reacted be-

tween 800 °C and 820 °C for 60 hours. The reaction was interrupted

twice for regrinding at room temperature.

2) Pellets (13mm diameter) were made by wet uniaxial pressing in

* methanol at 70 MPa then sintered at 860 °C. Different sinter times

• were tried, from 20 hours to 120 hours. Typically the pellets were

I 0.6 mm thick and 0.4 g in weight. Samples made up to this stage are

! called as-sintered samples.
I
* 3) The as-sintered pellets were uniaxially pressed at room temperature

f then annealed 860 °C. Samples made up to this stage are called cold-

| pressed-annealed samples. Several cold pressures were used, from

35 MPa to 280 MPa. Likewise, several anneal times were also tried

up to 160 hours.

The sinter temperature in step (2) and the anneal temperature in step (3)

are both fixed at 860 °C. As was described in chapter 2, 860 °C is near the

highest temperature where Bi2212, both unsubstituted and substituted up to



1.7Bi:0.3Ge, can be subjected without the occurrence of a partial melt. From

this chapter onwards both temperature are fixed at 860 °C.

Usually in step (2) the pellet was sintered in a hanging fashion as shown

in fig. 2.1a to minimize contact with the alumina boat. This geometry was

not favorable because the sintered pellets tended to warp slightly and in the

application of pressure in step (3) the warped pellets would break into sev-

eral pieces or develop cracks. To minimize warping the pellets were sintered

in a leaning fashion, (fig. 2.1b).

During cold pressing the sample was free to relax (or expand) laterally,

perpendicular to the direction of pressure. Typically the thickness of the sam-

ple was reduced by 15% after cold pressing, but this does not necessarily

mean that the density was increased by the same amount. Immediately after

the application of cold pressure, the sample was inspected for cracks by view-

ing it against a light. Samples with cracks were discarded.

The maximum weight that the ram of the hydraulic press used here can

deliver is 10 tons. When this was applied to a 13 mm diameter pellet, a maxi-

mum pressure of 70 MPa was obtained. To get higher pressures the pellet

was cut diametrically into half or into '/t-pie sections before pressure was ap-

plied. This way a pressure of 140 MPa or 280 MPa was reached.

R(T) and resistivity measurements

R(T) was measured in a manner described in chapter 2. Room tempera-

ture resistivity was measured by the Van der Pau method. Gold contacts

were attached as shown in fig. 2.3c. The resistivity p was computed using

the following formulas:

Rab.cd = Vcd / lab

Rbc.da = Vda / Ibc

_ 7t d Rab.cd + Rbc,da ~Rab,cd.
P~lnT 2 Wda



Rab,cd-Rbc,da f 1.rexp(ln2/f)1— — — = 7-r arccosh[—^ L]
Rab.cd +Rbc,da l n 2 2

Rab.cd > Rbc,da

The subscripts a,b,c and d refers to the corners of the sample as shown in fig.

2.3c. For instance, lab is the current across the a-b corners. The value of p

given the various voltages and currents was computed by iteration.

AC magnetic susceptibility

The magnetic induction B, the magnetic field intensity H and the mag-

netization M are related by

B = H + 4TTM.

The magnetic susceptibility x is defined through the relation

A superconductor under an applied magnetic field H less than the critical

field Hc is a state of zero magnetic induction B. An equivalent statement is

that a superconductor is a perfect diamagnet, X=-~~. Shielding supercurrent

circulates in the sample to achieve a state of zero magnetic induction. Above

the critical temperature a superconductor becomes a normal metal and usu-

ally x*0-

X can be measured by the AC mutual induction method. An AC mag-

netic field H is applied via a primary coil and the induced magnetization M

of the sample is detected by a secondary coil. The magnetization of a super-

conductor does not linearly follow the applied magnetic field, usually the M-

H curve exhibits a hysteresis (fig. 3.4b). Note that a M-H hysteris means that

energy is dissipated. In AC susceptibility measurement the M-H hysteresis

is accounted for by treating x as complex quantity,

x = x' + a"-

•5 1



X' is the component of % in-phase with the applied field and %" is the compo-

nent out-of-phase with the applied field. The x"(T) curve peaks to a maxi-

mum at a certain temperature, which is an indication that a sample is

changing to a bulk superconducting state.

Two types of shielding currents are possible in granular superconduc-

tors : shielding currents that circulate within one grain and shielding currents

that loop across several grains (fig. 3. la). The critical temperature Tc,x' is de-

fined as the temperature where the real magnetic susceptibility first deviates

from its normal state behavior. At Tc,x' only intragrain shielding currents cir-

culate. The critical temperature Tc,x" is defined as the temperature at which

X" is maximum. At Tc,x" bulk magnetic expulsion starts and the circulating

shielding currents span across several grains. Tc,x" also corresponds to the

shoulder of x' (fig- 3.1c).

A schematic diagram of the AC magnetic susceptibility measurement

used here is shown in fig. 3.5. A primary coil imparts an applied AC field to

the sample. Two secondary coils in series at the opposite ends of the primary

coil detect the magnetic induction. The sample is placed in front of one of

the secondary coils. The two secondary coils are wind in opposite sense.

When there is no sample or the sample is non-magnetic (X^X the induced

current in the series secondary coils is by symmetry zero. When the sample

is magnetic (x^O) the symmetry is broken and an induced current flows in

the secondary coil. The current is proportional to X-

The sample was cooled by a helium refrigerator. A sapphire block

(which has a high thermal conductivity at low temperature) was thermally

connected to the cooling arm and served to make a uniform temperature. A

sample was attached to the sapphire block using a GE 7031 insulating var-

nish. The temperature was measured by a Pt 1000Q which was also attached

to the sapphire block. Measurement was done when the temperature was go-



ing down. The cooling rate of the refrigerator was controlled by supplying

current to a heater inside the refrigerator. A computer controlled electronic

system recorded the real and imaginary susceptibilities, and the temperature.

Several samples can be measured in one experimental run but in this study

only a maximum of two samples were measured in every experiment.

The primary coil was fed with a IV rms 520 Hz signal. From calcula-

tion, the estimated applied magnetic field was 10 Oersted. The magnetic re-

sponse of the susceptibility measuring system was not calibrated so the

pick-up voltage could not be converted to absolute units. The sample demag-

netization factor was not computed.

X-ray diffraction with pellets

XRD measurements were done using pellet samples. A 0.5 mm deep

cavity type glass sample holder was used to mount the sample. The sample

was attached to the cavity of the glass holder by a double sided tape. The

front surface of the glass holder defines the sample plane of the diffractome-

ter. For the surface of the pellet to coincide with the diffractometer sample

plane, the thickness of the pellet must be 0.5 mm minus the thickness of the

double sided tape (which is not easy to measure). The samples did not have

the same thicknesses and typically they ranged from 0.6 mm to 0.4 mm

thick. So the surface of the mounted samples had an offset with respect to

the diffractometer plane and the offset was not the same for all samples.

This may cause small shifts in the position of the diffraction peaks which

would not be the same for all samples.

The XRD patterns were collected by a RIGAKU RAD-IC diffractome-

ter. A copper target was used set at 40 KV and 20 mA. The divergence and

scatter slits were both set at !/2° and the receiving slit was 0.3 mm. Stepsize

was 0.02°(29).



The effect of cold pressure on R(T)

The role of the cold pressure is examined. The results for the as-sin-

tered and cold-pressed-annealed samples wherein the cold pressure is varied

from 35 MPa to 280 MPa and the anneal time is fixed at 80 hours are shown

in figs. 3.6 and 3.7. The resistive data for the as-sintered sample is first de-

scribed and note that the as-sintered sample is equivalent to a cold-pressed-

annealed sample cold press at zero pressure. Tc is «74 K, Tc>o is «61 K and

ATC is « 11 K. The R(T) exhibits a prominent resistance tail and dR(T)/dT

shows a two-peak structure which are typical signatures of the broad super-

conducting transition in polycrystalline Bi2212.

At 35 MPa the R(T) behavior is hardly affected and it looks the same to

that of the as-sintered sample. The case of the 70 MPa cold pressure is

skipped at the moment. At 140 and 280 MPa, the Tc increases to «85 K or

an increase of roughly U K compared to the as-sintered sample. Also at 140

and 280 MPa, the width of the transition ATC (defined as T c - Tc,o) remains at

approximately 11 K but the amplitude of the resistance tail is clearly less

than that of the as-sintered sample and the secondary peak in dR(T)/dT from

the resistance tail is very small. Two effects of the cold pressure are posi-

tively established: the increase in Tc and the reduction of the amplitude of

the resistance

The sample cold pressed at 70 MPa shows a very broad resistive transi-

tion (fig. 3.6c). A closer examination of its dR(T)/dT (fig. 3.7c) shows two

major peaks of nearly the same height at temperatures «72 K and «85 K, and

two other minor peaks (marked by arrows). The two major peaks correspond

to the Tc's observed in the as-sintered samples and the cold-pressed-annealed

samples cold pressed for at least 140 MPa given earlier. Therefore by infer-

ence, the sample cold pressed at 70 MPA has two distinct Tc's at about 72 K

and 85 K, and the minor peaks in dR(T)/dT are due to the two-peak structure



of each transition. The resistance tail of the 85 K transition merges with the

normal resistance region of the 72 K transition but it can be reasonably esti-

mated that the Tc,o of the 85 K transition falls somewhere between 75 K and

80 K or a ATC of roughly 11 K.

The effect of the cold pressure to Tc is summed up as follows: at a low

cold-press pressure of 35 MPa the 72 K transition manifests, at 140 MPa or

higher cold-press pressure the 85 K transition comes out, and midway at 70

MPa cold-press pressure both transitions appear. The room temperature resis-

tivities of the samples in fig. 3.6 are from (a) to (e) 0.78, 0.66, 0.70, 0.74 and

0.64 mQ-cm, showing a slight improvement with increasing cold pressure,

but there is no big decrease in resistivity that goes with the big increase in

Tc. The slope of the linear region of the normalized R(T) correlates well

with Tc. In fig. 3.6, both samples with Tc«74 K have the same slope and the

two samples with Tc«85 K have also the same slope which is steeper than

the one for Tc«74 K. The sample that shows a double Tc has a slope which

lies between those for Tc«74 and 85 K.

The effect of anneal time on R(T)
I
i The next set of data examines the role of the anneal time. The R(T)

I curves for the cold-pressed-annealed samples wherein the cold-press pres-

sure is fixed at 140 MPa and the anneal time is varied from 0 hour to 80

hours are shown in fig. 3.8. The Tc increases to «85 K and the amplitude of

the resistance tail decreases sharply when the anneal time is at least 40

Hours. No prominent double Tc (similar to fig. 3.6c) is observed in this se-

ries of samples, probably because the interval between the anneal times used

is big. A close inspection of fig. 3.8b reveals a small step around 85 K, indi-

cating an incipient transition at this temperature; so fig. 3.8b is also an exam-

ple of a double resistive transition. Fig. 3.8 also demonstrates that the anneal

time, like the cold pressure, is an important parameter and by adjusting it the



Table 3.1 Critical temperatures of as-sintered and cold-pressed-annealed

sinter
time

(H)

100
20
20

Cold-
pressure
(MPa)

—

70
140

Anneal
time

(H)

—

80
80

Tc

(K)

74
85.5 & 72
85.8

Tc,/'

(K)

62
75&62
88

Tc,X'
(K)

74
85
96

resistance tail is reduced and Tc is increased abruptly. The sample that was

cold pressed but was not annealed has a high room temperature resistivity,

about 9 mQ-cm, and its Tc,o is well below 60 K, which are evidences of a de-

graded superconducting property. The annealed samples have more or less

the same normal state resistivities as the samples in fig. 3.6. The slope of the

linear region of R(T) goes steeper with anneal time.

Sinter time in the cold press and anneal method

An earlier experiment on the cold press and anneal method used a sinter

time of 40 hours, cold-press pressure of 70 MPa and 80 hours anneal time.

Except for the slightly longer sinter time of 20 hours, these parameters

should produce a double Tc. However no effect in the R(T) was observed.

The sinter time could be an important parameter in the cold press and anneal

method.

Magnetic transitions

Fig. 3.9 shows the real part of the magnetic susceptibility %'(T) curves

of (a) an as-sintered sample, and cold-pressed-annealed samples cold pressed

at (b) 70 MPa and (c) 140 MPa. The samples in fig. 3.9 were selected from

those in fig. 1. The temperature Tc>x' where x'CO first deviates from its nor-

mal state behavior is the onset of intragrain diamagnetic transition. Below

Tc.x', X'(T) exhibits a shoulder which signals intergrain transition. Fig. 3.10



shows the imaginary part of the susceptibility x"(T) curves corresponding to

the same samples used in fig. 3.9. Tc,x", the temperature of the %"(T) peak,

is the bulk intergrain transition temperature. Examining figs. 3.9 and 3.10 re-

veals that Tc,x" nearly coincides with the shoulder of x'CD, confirming that

the two have a common origin which is intergrain transition. The x"CO in

fig. 3.10b clearly shows two peaks and the corresponding x'(T) curve (fig.

3.9 b) also shows two shoulders, both considerations indicate the presence of

a double critical transition. Table 3.1 summarizes the resistive and magnetic

critical temperatures of the samples in figs. 3.9 and 3.10. Tc,x' and Tc,x" in-

crease with cold pressure which indicate that both intragrain and intergrain

properties are enhanced. The magnetic transition is more sensitive to the

cold press and anneal process since Tc,x' and Tc,x" increase by more than

20 K while the resistive Tc increases by only 11 K. The sample that displays

a double resistive transition also exhibits a double magnetic transition and

the temperature separations are almost the same, about 13 K.

Lattice constants and modulation period

The XRD patterns of the as-sintered and cold-pressed-annealed pellets

were collected. The samples were not crushed into powder to prevent peak

broadening. Representative XRD patterns of three samples with different Tc

behaviors are shown in fig. 3.11. The diffraction peaks can be indexed as

coming from the Bi2212 phase. No new impurity phase is observed in the

cold-pressed-annealed samples.

As mentioned in an earlier section, when a pellet is used in XRD meas-

urement there is a sample offset with respect to the diffractometer plane

which is not the same for every sample. The offset can cause a shift in the

diffraction peaks and this is best illustrated by the fact that the same sample

measured in pellet and in powder forms does not have the same peak loca-

tions (Table 3.2). To account for the peak shift, a zero angle offset is used in



Table 3.2 Diffraction lines of an as-sintered Bi2Sr2CaCu2Os+5 measured in powdered

and pellet form.

Miller Powder Pellet

index 29° 20°

002
008
113
115
001£
117
200
0012

5.69
22.98
24.80
27.39
28.86
30.91
33.09
—

5.62
22.90
—
27.30
28.78
30.80
33.00
34.76

calculating the lattice dimensions from the positions of the diffraction angles

using Bragg's law,

where

1
dhkl =

The above equation is solved by non-linear least squares fitting; treating the

lattice constants a and c, and the zero offset 29O as fitting parameters; and the

Miller indices as independent variables. The following diffraction peaks

were used: (002), (008), (115), (0010), (117), (200) and (0010). This method

was tried for an as-sintered sample both in the pellet form and in powder

form (Table 3.2). The thickness of the pellet was »0.6 mm and the powder

sample was carefully packed so that the powder was leveled with the diffrac-

tometer plane (the surface of the glass mounting). The two samples should

give the same lattice constants. Without using a zero offset the lattice con-

stants for the pellet are a=5A27 A and c=30.99 A, and for the powder are

a=5.409A and c=30.92 A which are too far apart. Using a zero offset, the re-

sults for the pellet are a=5.408 A, c=30.87 A and 20o=-0.113°; and for the



powder a=5.402 A, c=30.88 A and 20o=-O.OO3°. Note that the values of the

c-axis are now nearer to each other. The difference in the a-axis is small

but, from the estimated experimental error below, it is significant. The pellet

has a big zero offset while the powder has a small zero offset which is ex-

pected based on the thickness of the pellet and the fact that the powder was

carefully packed. This demonstrates the effectiveness of using a zero offset.

The lattice constants for the samples in fig. 3.11 are a=b= 5.407 A and

c=30.88 A. The measurement errors are estimated as Aa=±0.003 A and

Ac=±0.02 A. These estimates for the errors are based on a ±0.02° (29) ex-

perimental uncertainty in determining the positions of the (200) and (0012}

peaks. To within measurement errors the a and c lattice constants are un-

changed.

When the modulation of the structure is taken into consideration the

Miller index of a diffraction line becomes (hklm) where m is the order of

modulation. In the previous paragraphs it is understood that the order of

modulation is m=0. The expression for the interplanar distance with modula-

tion is

dhk lm = \ "> ~> 9 9 9 7 •

Vh2 / a2 + (k+m/s)2 / a2 + I2/ c2

The position of the (0211) modulation peak is used to determine if the modu-

lation period changed or not. The modulation period is calculated from the

difference of the peak positions of the (0211) modulation peak and the

(2000) sub-lattice peak,

A, 1 X
200211-200200 = 2 sin(-) - 2 sin(- . , - , ) .

a 2 V(2 + 1 / s ) 2 / a 2 +l /c 2

This method of calculating the modulation is not sensitive to the error in a-

axis and c-axis. The difference in peak positions, 200211 - 200200, for the

samples in fig. 3.11 is 3.70° ±0.02° (20). So, to within experimental error



the modulation period is unchanged. The calculated modulation period is

4.78±0.02.

It is possible that a new type of modulation exists in the cold-pressed-an-

nealed samples that was not detected by powder x-ray diffraction. This is

highly possible considering the smallness of the modulation peaks. The dis-

crepancy between the data calculated from powdered and pellet samples

worsens when it comes to the modulation period. For example, the modula-

tion period calculated from a powdered sample is 4.72+0.02.

The samples in fig. 3.11 have a c-axis (perpendicular to the pellet sur-

face) preferred orientation as can be judged from the higher intensity of the

(00120) peak with respect to the (2000) peak as compared to the powder

sample in fig. 2.7. The degree of preferred orientation among the pellet sam-

ples can be visually judged from the (0012.0) to (2000) intensity ratio. It is

clear that there is no correlation between the degree of preferred orientation

and either the increase in Tc or the appearance of a double Tc.

Porosity

The SEM photographs of selected samples are shown in fig. 3.12. The

cold-pressed-annealed samples apppear to have less pores. This indicate that

as intended the cold press and anneal method reduces the porosity of sintered

samples.

Chemical stability

The conditions of 140 MPa cold pressure and 80 hours anneal time, and

70 MPA cold pressure and 80 hours anneal time are found to be reproducible

in preparing samples with Tc ~85 K and double Tc respectively. Samples

which have either of the two Tc's or both Tc's are stable; the R(T) behaviors

do not degrade when the samples are subjected to thermal recyling between

liquid nitrogen and room temperatures, or when they are left alone for a long

period of time.

Discussion and recommendation

Three observations are discussed: the reduction of the resistance tail,

the increase in the critical temperature and the presence of a double transition.
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The resistance tail is not reduced by just cold pressing a sintered

Bi2Sr2CaCu2O8+5 to lessen porosity and in fact a known result is that the em-

ployment of cold pressure to a Bi2212 pellet degrades its superconducting

property (Singh, 1990). A high temperature anneal after the application of

cold pressure is necessary. The reduction of the resistance tail is not mani-

fested as a narrowing of ATC but as a decrease of the resistance between Tc

and Tc,o, and it is sensitive to both the cold pressure and anneal time. How-

ever, the cold press and anneal method is not limited to porosity effects since

it strongly influences the critical temperature as well.

The transition width and the origin of the big increase in the critical tem-

perature can be explained more readily in terms of composition inhomo-

geneity. Pham (1992) also pointed out that a conventional air-prepared pellet

of Bi2Sr2CaCu2O8+8 is a mixture of several phases of

Bi2±xSr2±yCai±zCu2O8+5 having different values of x, y, z and 8. The broad

resistive transition is a reflection of a distribution of Tc due to the spread in

x, y, z and 5. When a sintered pellet is cold pressed, the grains are crushed

and pushed closer to each other. At the anneal stage, because of the more in-

timate physical contact between grains, further reactions ensue which nor-

mally are not achieved in conventional press and sinter method. These

reactions result to a shift in the average value and spread of x, y, z and 8. A

change in the slope of the linear region of R(T) has been observed in

Bi2Sr2CaCu2O8+5 annealed in special atmosphere or rapidly quenched

(Kato, 1994; Rentschler, 1994), therefore the increasing slope of the linear re-

gion of R(T) with anneal time (fig. 3.6) and cold pressure (fig. 3.8) supports

the view that further reactions go on at the anneal stage. Probably the ensu-

ing reactions do not affect the average excess oxygen, even though a de-

crease in 8 could resolve the drastic rise of the critical temperature (Pham,

1992; Triscone, 1991), since 8 is related to the modulation period (Kambe,

1995) and no change in the modulation period is detected. A change in the

excess oxygen site without necessarily changing 8 can also increase the criti-

cal temperature (Krishnaraj, 1995), but it is also ruled out because the c-axis

remains unchanged. Possibly, small shifts occur only in the average values

of x, y and z, which could explain why no changes in the modulation period

and lattice dimensions are observed. The final average x, y and z composi-



tion alters the hole concentration in the CuO2 plane leading to a higher criti-

cal temperature. A narrower spread of x, y and z causes the sharper resistive

transition.

The double critical temperature that is observed is not commonly seen

in unsubstituted Bi2Sr2CaCu2Os+8. It is perhaps due to the presence of two

phases of Bi2±xSr2±yCai±zCu2O8+5 having different sets of values for x, y

and z. The double resistive Tc manifests when the cold pressure (fig. 3.6c)

or the anneal time (fig. 3.8 b) used is not enough to complete the reaction at

the anneal stage. There is an important significance for this: the increase in

Tc with cold pressure and anneal time is abrupt.

To recapitulate what has been discussed so far, an air-prepared sintered

Bi2Sr2CaCu2O8+S is a mixture of several phases of

Bi2±xSr2±yCai±zCu2O8-K> having different values of x, y and z. By subject-

ing it to the cold-pressed and anneal process, adjustments in the Bi/Sr/Ca self-

substitution ratio occur, and as a result of these adjustments the slope of the

normal state R(T) becomes steeper and at some point the Tc increases in an

abrupt manner.

The probable reason why no considerable increase in the critical tem-

perature was observed in the earlier studies of cold-pressed-annealed Bi2212,

such as Ravi (1994), is that the cold pressure used was not high enough.

The critical transitions of the as-sintered and cold-pressed-annealed sam-

ples are summarized in table 3.1. Comparing this with table 1.1 clearly illus-

trates that the cold press and anneal method produces changes in the critical

temperature that are as much as what can be induced by adjusting the carrier

concentration through the excess oxygen.

There are several aspects of the double Tc in the Bi2Sr2CaCu2O8+5 that

should be explored further. What will happen if, in combination with the

cold press and anneal method, the excess oxygen is adjusted by annealing in

special atmosphere? What about heat treatment such as rapid cooling? If a

substitution or doping is done, will the double Tc character of the

Bi2Sr2CaCu2O8+5 remain?
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Chapter 4
Resistive and magnetic transitions in the

Bi2-xGexSr2CaCu2O8+8 0<x<0.3

Introduction

The properties of the high temperature superconductors are known to be

affected by the substitution of a constituent atom by another atomic specie.

A common technique of studying these materials is to induce property

changes by substitution and then to correlate back these changes to some fun-

damental aspects of superconductivity. In this study, the Bi in the Bi2212

phase is substituted for Ge. The BiO layer controls the hole concentration in

the CuO2 layer either via a charge transfer mechanism between the BiO and

CuO layers, or through the excess oxygen that resides in the BiO layer. By

substituting Ge for Bi, a structural relaxation in the BiO layer will be induced

that would allow a closer examination of the role of the BiO layer. The

Bi:Ge substitution in Bi2-xGexSr2CaCu2O8+8 is carried in the range 0<x<0.3

in step of 0.1. Both as-sintered and cold-pressed-annealed samples are used

and therefore the effect of Bi:Ge substitution and sample quality are simulta-

neously investigated.

When Ge is substituted for Bi two phases are formed : the Bi2212 phase

and an unknown phase. The Ge is incorporated to both the Bi2212 phase and

the unknown phase. At x=0.1, the Ge occupies the Bi site and, at higher x, it

also enters the Cu. The Ge induces a structural relaxation in the Bi2212

based on the following observations: the c-axis decreases with increasing x,

and the a-axis first increases at x=0.1 then at higher x it settles back near its

value at x=0. Tc increases with increasing x in the as-sintered samples. Tc

also increases when the Bi:Ge substituted samples are subjected to the cold

press and anneal process. For the cold-pressed-annealed samples Tc is al-

most independent of x. The Bi.Ge substituted samples exhibited an en-



hanced capability to improve its sample quality when subjected to the cold

press and anneal method.

The Bi:Ge substituted samples provided several data of widely different

resistive and magnetic transitions and so an opportunity arises to investigate

closely the relationship between resistive and magnetic transitions, and sam-

ple quality in granular superconductor. The result suggests that sample qual-

ity is also directly related to the intergranular pinning force density.

Experimental

The sample preparation, x-ray diffraction, R(T) and x(T) measurements,

and SEM methods have been discussed in the previous chapters.

Phase analysis, lattice constants and modulation period in Bi:Ge and Cu:Ge
substituted Bi2212

A structural relaxation usually occurs when a substitution is done be-

cause the lattice has to adjust to the difference in physical properties be-

tween the substituent atom and the atom being substituted. As shown in

table 1.2, the properties of Ge are very different from that of Bi. The most

stable form of Ge is Ge while for Bi is Bi . Ge (r=0.53 A) is consider-

ably smaller than Bi (r=0.96 A). The structural relaxation can be seen by

the way the unit cell dimensions respond to the substitution. Fig. 4.1 shows

the XRD patterns of powder samples obtained from Bi:Ge substituted as-sin-

tered pellets sintered at 860 °C. Small amounts of an unknown phase and

an unreacted CuO are visible starting at x=0.2.

The presence of unreacted CuO in fig. 4.1 suggests that Ge is possibly

substituting for Cu. From size consideration, it is more appropriate to substi-

tute Ge for Cu. Whether Ge enters the Bi or Cu site can be distinguished

since the Bi2212 structure may relax in a different manner depending on the

actual site the Ge occupies. In order to know how the Bi2212 structure re-



sponds to a Cu:Ge substitution, Bi2Sr2CaCu2-xGex08+8 0.1<x<0.3 were pre-

pared and investigated by x-ray diffraction. Unfortunately the Cu:Ge substi-

tuted samples could not be sintered at 860 °C because they would suffer

severe partial melting at this temperature. Instead, the samples were sintered

at 845 °C. As an aside, the difference in melting point between the Bi:Ge

and Cu:Ge substituted samples is an indication that the two substitutions in-

volved different sites. The XRD patterns for the Cu:Ge substituted samples

are given in fig. 4.2. Notice that there is no unreacted CuO which implies

that Ge enters into the Cu site. At x=0.3, the Bi2201 phase is present and

possibly also at x=0.2. The unknown phase found in the Bi:Ge substituted

samples is also present in the Cu:Ge substituted samples. In chapter 2 it was

pointed out that in the unsubstituted Bi2Sr2CaCu2O8+8 the unknown phase is

present after the reaction stage but disappears after the sinter stage. By de-

duction, the presence of the unknown phase in Ge substituted (either for Bi

or for Cu) sintered samples means that Ge stabilizes the unknown phase.

And the consequence of this is that Ge is incorporated both to the Bi2212

and the unknown phase regardless of whether the Ge is intended to substitute

for Bi or Cu.

A closer examination of the XRD patterns in fig. 4.1, especially the re-

gion just above the 117 peak, suggests that the unknown phase may be pre-

sent even in the unsubstituted Bi2212. The pronounced higher angle wing of

the 117 peak indicates an incipient peak. Onoda's (1988) indexing places a

small modulation peak just above the 117 peak. Also possible is that a tiny

amount of the unknown phase is responsible for this small peak.

The lattice constants, obtained from figs 4.1 and 4.2, are plotted against

x in fig. 4.3. In both Bi:Ge and Cu:Ge substituted samples the c-axis de-

creases with increasing x. This a typical response of the Bi2212 to substitu-

tion. In Ca:Y and Bi:Pb substitution, the c-axis also decreases with



increasing level of substitution (figs. 1.7b and 1.8). The a-axis of the Bi:Ge

substituted sample increases at x=0.1 then decreases as x increases, whereas

in the Cu.Ge substituted sample the a-axis slightly decreases at x=0.1 and re-

mains flat at higher x. The difference in the a-axis length between the two

kinds of substitution at x=0.1 is, from the point of view of experimental er-

ror, significant. It implies that at x=0.1 the sites occupied by Ge in the Bi:Ge

and Cu:Ge substituted samples are not the same ; possibly Ge is occupying

the Bi site in the Bi:Ge substituted sample and Ge is occupying Cu in the

Cu:Ge substituted sample at x=0.1. With further increase in x, the Ge in the

Bi:Ge substituted samples begins to occupy the Cu site and so the a-axis

length of the two types of substitution merges as x increases beyond x=0.1.

The modulation period is hardly affected by the Ge substitution. In the

unsubstituted, and Bi:Ge and Cu.Ge substituted samples the modulation pe-

riod is 4.72±0.02.

The Cu:Ge substitution is brought out only in this section to clarify the

site occupation of Ge. The following sections are concern entirely with

Bi.Ge substitution.

Room temperature resistivity

The room temperature resistivity increases with x which is an indication

of a decrease in the carrier density in the CuO2 layer induced by the the

Bi:Ge substituion (fig. 4.4). Another possibility is that the Bi:Ge substitution

introduces microscopic inhomogeneities that serve as scattering centers and

thus causes the increase in normal state resistance.

Critical temperatures

Figs. 4.5 and 4.6 show the R(T) curves of as-sintered and cold-pressed-

annealed samples for the different values of x. Figs. 4.7 and 4.8 show the

corresponding magnetic susceptibility versus temperature curves. Tc, Tc,o

and Tc,x" are plotted against x in figs. 4.9 and 4.10 for the as-sintered and



cold-pressed-annealed samples, respectively. The sinter and anneal tempera-

tures are both 860 °C. The preparation parameters for the as-sintered sam-

ples are 70 MPa pelletizing pressure and 100 hours sinter time, which in the

unsubstituted Bi2212 will always yield a Tc«72 K. For the cold-pressed-an-

nealed samples, the preparation parameters are 70 MPa pelletizing pressure,

20 hours sinter time, 140 MPa cold-press pressure and 80 hours anneal time.

These parameters always produce the higher Tc for the unsubstituted Bi2212.

The as-sintered samples show an increase in Tc with increasing x. This

increase in Tc is a possible effect of Ge. The Tc,o also shows a similar in-

crease. The resistance tails are prominent and the Tc,x"'s are close to the

Tc.o's , both are typical behaviors of as-sintered pellets. The resistive transi-

tion widths remain almost unchanged with doping.

In the cold-pressed-annealed samples the Tc is almost constant with re-

spect to the Bi:Ge substitution level. The Tc,o increases and the width of the

resistance tail decreases with increasing x. The resistance tails are generally

less prominent as compared to the as-sintered samples. The Tc,x"'s are close

to the Tc's, a behavior that is very different from that of the as-sintered sam-

ples.

A few things need to be elaborated. First about the Tc and the inhomo-

geneity of the as-sintered Bi2Sr2CaCu2Os+5 in terms of the Bi/Sr/Ca self-

substitution ratio. From the increase of Tc in the cold-pressed-annealed

samples regardless of the Bi:Ge substitution (fig. 4.10), the inhomogeneity

persists in the Bi:Ge substituted samples. A slight increase in the as-sintered

Tc and a very small increase in the cold-pressed-annealed Tc are induced by

the Bi:Ge substitution. Although now the temperature separation between

the two transitions is smaller, the two Tc's do not merge and they are still dis-

tinct from one another. This implies that the relaxation in the BiO layer in-

duced by substituting Ge for Bi has no dramatic effect in the Bi/Sr/Ca



inhomogeneity of the Bi2Sr2CaCu2O8+8- The effect of the Bi:Ge substitu-

tion being the narrowing of the temperature separation between the two Tc's.

These results also indicate that the as-sintered and cold-pressed-annealed

Tc's need not respond in the same manner when the Bi2Sr2CaCu2O8+8 is al-

tered by substituting one of its components by another kind of atom.

Another point to elaborate is about the resistive transition width. All

the cold-pressed-annealed samples have the same preparation parameters and

it would be expected that these samples will have the same transition width

irrespective of the value of x. As mentioned in the previous chapter, the ori-

gin of the resistance tail is the spread in the Bi/Sr/Ca self-substitution ratio.

The x=0 has the widest resistance tail, so it has the widest spread in the

Bi/Se/Ca self-substitution ratio. The x>0 samples have narrower resistance

tails, so they have narrower spreads in the Bi/Sr/Ca self-substitution ratio

compared to the x=0 sample. This is contrary to the expectation that the cold-

pressed-annealed samples should have the same transition widths irrespec-

tive of x. Therefore, the Bi:Ge substitution enhances the reaction that goes

on at the anneal stage when the cold press and anneal method is used.

In the as-sintered samples the Tc,x"'s are near the corresponding Tc,o-

A very different behavior is seen in the cold-pressed-annealed samples; the

Tc,x"'s are near or almost coincide with the corresponding Tc's. This obser-

vation holds regardless of the level of Bi:Ge substitution and so it is an inher-

ent response of the Bi2212 to the cold press and anneal method for the given

preparation parameters used.

The relation between magnetic and resistive transitions by Bi:Ge substitu-
tion

During the search for the appropriate cold press and anneal parameters

in the Bi:Ge substituted samples, several resistive and magnetic data were

collected other than what has been presented in the previous section. The im-

portance of these data lies not so much on the effect of the Bi:Ge substitu-



tion but more on the relationship between the resistive and magnetic transi-

tions in the Bi2212 and how they are affected by the cold press and anneal

method. The data from the Bi:Ge samples provide widely separated mag-

netic and resistive transitions from which a closer investigation of the resis-

tive and magnetic transitions.

Amplitude of the resistance tail and x(T)

Usually in sintered samples the Tc,o and Tc,x" are near to its other. The

interpretation for this is that bulk zero resistance and bulk magnetic flux ex-

pulsion occurs at roughly the same temperature. The as-sintered samples fol-

lows this behavior (fig. 4.9a) but in the cold-pressed-annealed samples Tc,x"

is nearer to Tc (fig. 4.9b). This shows that Tc,o and Tex" n e e ^ n o t be di-

rectly related. To offer an alternative relationship between resistive and mag-

netic transitions, it is first important to know what feature in the shape of the

magnetic transition correspond to the resistive tail. What are needed are data

of magnetic transitions coming from samples with the same resistive Tc but

which have different tailing appearances. These kind of data can be obtained

from cold-press-annealed samples that have different anneal times.

Fig. 4.11 shows the effect of anneal time in the resistive and magnetic

transitions of cold-pressed-annealed Bii.9Geo.iSr2CaCu208+5. The com-

mon parameters used are 20 hours sinter time and 140 MPa cold-press pres-

sure. The anneal times are (fig. 4.1 la) 20 and (fig. 4.1 lb) 80 hours,

respectively. Both samples have the higher Tc of «87 K, and both also have

the same Tc,o of « 81 K. Fig. 4.1 lb has a clearly lower amplitude of the re-

sistance tail than fig. 4.1 la. A very visible change in x'CO that can be attrib-

uted to the increase in anneal time is the shape of the shoulder of x'(T). The

arrows in the x'OO plots of fig. 4.11 delineate the region of the x'CO shoul-

der. The higher temperature arrow indicates the onset of intragrain diamag-

netism while the lower temperature arrow indicates the start of bulk



intergrain diamagnetism. At short anneal time the x'CO shoulder is rounded

(fig. 4.1 lb) and, in contrast, at long anneal time the drop in %' at the shoulder

is steeper and the two-step transition at the shoulder is now more accentuated

(fig. 4.1 la). Therefore, the amplitude of the tail in R(T) is related to the

structure of the shoulder of x(T): a small resistive tail translates to a steeper

decline of the %'(T) shoulder. Single crystal data provides the limiting case

of a negligible resistance tail and in this case the drop in the transition of

X'(T) is very sharp without a shoulder (Kendziora, 1996).

A re-examination of the xOO curves in figs. 4.7 and 4.8 and their corre-

sponding R(T) curves in figs. 4.5 and 4.6 agrees with the observed relation

between amplitude of resistance tail and the shape of the x(T) shoulders.

The x(T) of the as-sintered samples in figs. 4.7 shows rounded shoulders be-

cause of their prominent resistive tails, and in fig. 4.8 the x(T) curves have

more accentuated two-step structures which correlate with the corresponding

small resistive tails.

In fig. 4.11, the positions of the Tc,x" and the onset of diamagnetism are

increased slightly by 1 K and 3 K respectively as a result of the increase in

anneal time. In contrast the resistive Tc and Tc,o are hardly affected. This

means that the magnetic transition is more sensitive to cold press and anneal

method compared to the resistive transition.

Tc,x" and the cold press and anneal method

A deeper understanding of the relationship between magnetic and resis-

tive transitions can be gleaned from data that shows widely separated transi-

tions. Such kind of data can be obtained from cold-press-annealed samples

when the sinter time, cold pressure and anneal time are varied simultane-

ously.

In the chronological sequence of experiments performed on the cold

press and anneal method, the first ever attempt was done using the following



Table 4.1 Resistive and magnetic transitions of as-sintered and cold-pressed-annealed
Bi i 8Geo.2Sr2CaCu208+5.

Sample
(from
fig. 4.11)

a)
b)
c)
d)

Sinter
time

(H)

80
20
40
20

Cold-
pressure
(MPa)

—

70
70
140

Anneal
Time

(H)

—

20
80
80

Tc

(K)

80
87
87
87

Tc,o
(K)

65
82
82
82

TC,X"

(K)

61
68
74
87

Tctf
(K)

79
76
82
96

parameters: 40 hours sinter time, 70 MPa cold-press pressure, and 80 hours

anneal time. This was followed by a second experiment using the parame-

ters: 20 hours sinter time, 70 MPa cold-press pressure and 20 hours anneal

time. The samples where for 0<x<0.3. No effect on the resistive Tc was ob-

served for both the x=0 and x=0.1 samples. In both experiments the Tc of

the x=0.2 and x=0.3 cold-pressed-annealed samples increased (which was a

big surprise then) compared to their respective as-sintered Tc. The fact that

the Tc for the x=0 and x=0.1 samples was not affected by the cold press and

anneal method while the x=0.2 and 0.3 samples were affected is now inter-

preted as due to the effect of Bi:Ge substitution in enhancing the reaction that

occur at the anneal stage when the cold press and anneal method is used. The

resistive and magnetic results for these first two experiments for the case of

x=0.2 are tabulated in table 4.1 and plotted in figs. 4.13 and 4.14 (where for

the sake of completeness the as-sintered and cold-pressed-annealed results

for x=0.2 from figs. 4.6 and 4.8 are also included). Tc increases abruptly

upon cold press and anneal and seems to saturate to further increase in the

cold pressure and anneal time so two values of Tc can be seen in fig. 4.12:

«79 K for the as-sintered and «87 K for the cold-pressed-annealed samples.

The observed values of Tc,x' spans a wide range, from 79 K to 96 K (a 17 K

difference), and Tc,x" spans an even wider range, from 61 K to 87 K (a 26 K

difference).



The lowest magnetic critical Tc,x" is for the as-sintered sample. The

highest is for the sample cold pressed at also the highest cold-press pressure

of 140 MPa. The two cold-pressed-annealed samples cold-pressed at 70

MPa have Tc,x"'s midway and, between the two, the sample annealed for a

longer time has a higher Tc,x". The straight forward interpretation of these

results starts with the assumption that the amount of the adjustments in the

Bi/Sr/Ca self-substitution ratio that occur at the anneal stage in the cold-

pressed-annealed samples is controlled by cold pressure, and for the same

cold-press pressure the anneal time is the controlling parameter. Then, in fig.

4.12, there is an increasing anneal stage reaction from (a) to (d) which also

coincides with the increasing Tc,x". This shows a direct relation between the

position of Tc.x" an^L the reaction that occur at the anneal stage. Tc,x' also

exhibits a similar behavior with respect to the cold press and anneal process.

There could be a large increase in the superconducting volume fraction

in fig. 4.12. Since the susceptibility data are not in absolute units, the magni-

tude of the volume fraction and its possible increase could not be quantified.

Grain morphology and Bi:Ge substitution

Fig. 4.13 shows the SEM photographs of cold-press-annealed samples

for x=0 and x=0.2. These samples were sintered for 20 hours, cold pressed

at 140 MPa and annealed for 160 hours. A long anneal time was used to en-

sure well reacted grains. The sharp difference between the two photographs

is the much larger grain size of the x=0.2 compared to the x=0 sample. The

relative easiness of the Bi:Ge substituted sample to grow larger grains upon

cold press and anneal could be related to the effect of Ge in enhancing the re-

action at the anneal stage.

Intergrain pinning force density

In the previous chapter it was conlcuded that the reaction at the anneal

stage induces adjustments in the Bi/Sr/Ca self-substitution which in turn is re-



sponsible for the increase in the critical temperature. The preceding sections

show that the sensitivities of the critical temperatures Tc,x', Tc.X" and Tc to

the cold press and anneal method are not the same. This section focuses on

Tc,x' and Tc,x'\ and the dissimilar rate of increase of the two to the cold

press and anneal method is interpreted in terms of the intergrain pinning

force density.

The BCS theory provides a microscopic description of the superconduc-

tors while the Ginzburg-Landau theory gives a phenomenological approach.

Another much simplified picture is through the critical state models which

describe the current density and magnetic field inside a superconductor. Of

particular interest in these models is the pinning force density. Below the

critical temperature, the magnetic field inside a superconductor is the num-

ber of vortices present multiplied by the flux per vortex. The pinning force

density holds the vortices in place. It can shield the interior of the supercon-

ductor by fixing the vortices near the surface. It can also prevent energy loss

through vortex morion by pinning them (Poole, 1995 p. 377).

Tc,x" is the temperature of maximum hysteresis loss emanating from the

motion of vortices. In ac susceptibility experiments, vortices form at the sur-

face and sweeps in and out of the sample as the ac field cycles. At Tc,x" the

vortices just reach the center of the sample so that only at the center is B=0

(fig. 4.14). Far below Tc,x" m e vortices cannot penetrate the sample. There

are two kinds of vortices in granular superconductors: intergranular Joseph-

son vortices and intragranular Abrikosov vortices. The magnetic behavior of

a granular superconductor are determined by the inter- and intragranular pin-

ning force densities, the fraction of the superconducting grains, the grain size

distribution, and the London penetration depth. If the applied ac magnetic

field is low, such as in this study, only intergranular Josephson vortices are

generated and these vortices meander along the grain boundaries. Also at



low applied field only the intergranular pinning force density is important.

The required intergranular pinning force density at Tc,x" is such that the

Josephson vortices just reach the center of the sample. Experimentally,

Muller (1989) have shown that the intergranular pinning force density ccj in-

creases with decreasing temperature and can be fitted well with

qj(T) _ ai(0) T 2

Heff(T) l̂eff(O) TC
J '

where Jieff is the effective permeability of the diamagnetic grains and Tc is

the magnetic critical density. The role of the temperature dependence of the

intergranular pinning force density is clarified by varying the amplitude of

the ac field since the required pinning force density at Tc,x" is proportional to

the applied field. When the amplitude of the applied ac field is increased, a

larger pinning force is required at Tc,x" and, because pinning force density in-

creases with decreasing temperature, sufficient pinning force can only be

achieved at lower temperature thus Tc,x" shifts downwards. Such a decrease

of Tc,x" with increasing field is commonly observed (fig. 4.15). Note that

Tc,x' is not affected by the increase in the applied field.

In fig. 4.11 and table 4.1, Tc,x" increases with the cold pressure and an-

neal time from (a) to (d) for a fixed amplitude of the ac applied field. Unlike

fig. 4.15, Tc,x' also increases. The Tc in the expression for (Xj(T) above can

be identified as Tc,x'- Below Tc,x', the magnetic field is expelled from the

grains because of the low applied ac field used, but it can still penetrate the

sample through the grain boundaries. Since the field does not enter the

grains, jaeff, which is a property of the grain, is assumed to be independent of

the cold press and anneal method and also of the temperature (below Tc,x')-

The expression for Oj(T) simplifies to

54



Table 4.2 The zero temperature intergrain pinning force density aj{0) of

Bii.8Geo.2Sr2CaCu208+6.

Sample
(from

fig. 4.11)

a)
b)
c)
d)

Sinter
time

(H)

80
20
40
20

Cold-
pressure

(MPa)

—

70
70
140

Anneal
Time

(H)

—

20
80
80

Tc,x"
TCX'

0.772
0.894
0.902
0.906

Intergrain pinning
force density

aj(O)

1.0
4.6
5.4
5.9

Since the applied magnetic field is fixed, the required pinning force at Tc,x"

is the same for all samples which means that as Tc,x' and Tc,x" increase the

ratio Tc,x' / Tc,x" should remain unchange. Note that the ratio Tc,x"/Tc,x" is

not maintained (table 4.2) so otj(O) is affected by increase in Tc,x" and

Tc,x". In order for all the samples in fig. 4.11 to have the same ctj(Tc,x")

without having the same Tc,%"/Tc,x", they must have different ctj(O). In table

4.2 the (Xj(O)'s of the samples in fig. 4.11 normalized to ctj(O)=l for the as-

sintered case are given. (Xj(O), the zero temperature pinning force density,

dramatically increases with the cold pressure and anneal time.

Summary and recommendation

The Bi:Ge substitution induces a relaxation in the structure of the

Bi2212 phase. This can be seen in the way the a-axis behaves and the de-

crease in the c-axis as the substitution level increases (fig.4.3). At least at

x=0.1, Ge enters the Bi site and so the observed changes in the lattice dimen-

sions are partly a reflection of the structural adjustments that occurs when Ge

enters the BiO layer. The modulation period is not affected by the Bi:Ge sub-

stitution which means that any change in the excess oxygen content induced

by the doping is negligible. A slight increase in the as-sintered Tc is induced

by the Bi:Ge substitution. The excess oxygen as the origin of the increase



can be eliminated. Since the c-axis decreases with the Bi:Ge substitution,

this increase in Tc is not due to the charge transfer mechanism. A possible

cause is a decrease in the Cu valence to compensate for the higher valence

ofGe.

The Tc of the cold-pressed-annealed samples increases compared to that

of the as-sintered regardless of the Bi:Ge substitution. This imply that the in-

homogeneity in the Bi/Sr/Ca self-substitution ratio in the as-sintered state is

still present even when the Bi:Ge substitution is introduced and so at the an-

neal stage adjustments in the Bi/Sr/Ca ratio occur which causes Tc to in-

crease. The Tc of the cold-pressed-annealed samples is almost independent

of x, meaning that the interaction between the Bi/Sr/Ca self-substitution ratio

and the Cu valence in the cold-pressed-annealed state is not sensitive to sub-

stitution. The resistive and magnetic studies of Bi:Ge substituted sample

shows that the magnetic transition is more sensitive to the cold press and an-

neal method. Another interpretation of the effect of the cold pressed and an-

neal method is given in terms of the magnetic behavior and using the critical

state models — the intergrain pinning force density is increased in the cold-

pressed-annealed samples and as a result the magnetic critical temperature in-

crease.

There are important aspects of the cold press and anneal method that are

of much interest to continue. These are the effects to the critical current den-

sity and the intergranular pinning force density. They can be studied, using

an appropriate critical state model, by ac magnetic susceptibility under vari-

ous amplitude of ac applied field with an impressed dc field. The Bi:Ge sub-

stituted samples are most convenient for this kind of study because their

superconducting property can be easily enhanced by the cold press and an-

neal method.



Chapter 5
Fluctuation conductivity in the Bi2-xGexSr2CaCu2O8+6

Introduction

The transition from a normal metallic phase to a superconducting phase as

the temperature drops below the critical point is a true thermodynamic transi-

tion. A change in the order parameter *?(x) is associated with the phase transi-

tion, *F(x) = 0 in the metallic phase and *F(x) ̂  0 in the superconducting phase.

As the critical point is approached from a higher temperature, thermodynamic

fluctuations cause the formation of small isolated superconducting regions,

where *F(x) ̂  0, in an otherwise normal metal, where ^(x) = 0. In the high-Tc

superconductors the manifestations of thermodynamic fluctuations to its physi-

cal properties such as electrical conductivity, magnetic susceptibility and spe-

cific heat are easily seen. This study is limited to fluctuation conductivity

above the critical temperature.

The thermodynamic fluctuation contributes a term (appropriately called

fluctuation conductivity but sometimes referred to as para-conductivity) to the

normal dc metallic conductivity. This contribution causes the conductivity of a

metal to deviate from its normal behavior well above the transition tempera-

ture. Fluctuation conductivity is hardly noticeable in the conventional low-Tc

superconductors. However, in the high-Tc superconductors fluctuation conduc-

tivity is readily observed; for instance, it causes the rounding of the resistive

transition instead of being sharp. Even before the discovery of high-Tc super-

conductivity the phenomenon of the thermodynamic fluctuation was already

widely studied in conventional superconductors, both theoretical and experi-

mental aspects (Tinkham 1974). Fluctuation conductivity regained interest in

the high-Tc materials particularly on the issue of dimensionality and the magni-

tude of the coherence length (for a review see Ausloss 1992).



The most naive and simplest way of fluctuation analysis is employed in

this chapter - the fluctuation conductivity versus reduced temperature is dis-

played in a ln-ln plot and then a theoretical curve is fitted on it. The Aslama-

sov-Larkin model for a two-dimensional superconductor and the

Lawrence-Doniach model for layered superconductors coupled by Josephson

tunneling are used for the theoretical fits. An effective superconducting thick-

ness of 34 A, consistent with two neighboring CuO2 layers fluctuating as one,

is determined from the two-dimensional Aslamasov-Larkin model. An out-of-

plane coherence length between 2-3 A is estimated from the Lawrence-

Doniach model, which implies that at most only two neighboring O1O2 layers

are coupled via Josephson tunneling. A cut-off in the upper limit of the wave

number of the order parameter was imposed to the two models in order to im-

prove the agreement between theory and experiment. It turns out that the cut-

off wave number is dependent on the Bi:Ge substitution level. This is

interpreted as a decrease in the in-plane coherence length as the Bi:Ge substitu-

tion level increases caused by the microscopic inhomogeneity induced by the

Bi.Ge substitution.

Fluctuation conductivity

A brief background on the theoretical aspect of fluctuation conductivity

from Tinkham (1975) is given in this section. The Ginzburg-Landau free en-

ergy can be expanded near Tc in the form

F = a|T|2 + ^ P M 4 + — |-ffiV - e* -
1 2m* c

|ffiV e* ¥ |2

*

x) is the order parameter that describes the thermodynamic transition at Tc.

The square of the order parameter ^(x)! is the density of electron pairs re-

sponsible for superconductivity, a is the only temperature dependent parame-

ter and it changes sign at Tc : a<0 below Tc and a>0 above Tc. P is a



positive parameter. The stable phase is the one wherein the free energy is mini-

mum.

Above Tc the normal metallic phase is stable, i.e. *F(x) = 0. Thermody-

namics allows small fluctuations in ^(x) and the order parameter can be writ-

ten as vF(x)=8vF; where 8T is a small quantity whose magnitude depends on

the temperature, and the free energy difference between the normal and super-

conducting phases. The thermal average <8VF> = 0, however thennodynamics

permits <8T2> * 0.

The order parameter has to satisfy the two coupled Ginzburg-Landau dif-

ferential equations:

P|¥|2xF + — ( - i f i V - e* A/c)^ = 0, ( 5 2 ^
2m*

*(-iE V - e* A/2c)*F + ¥(iK V - e* A/2c)¥*] = j V x H .
m

These equations define two characterestic lengths: the coherence length and the

magnetic penetration length. The coherence length £, is important in the fluc-

tuation phenomena; it is defined as

22/2m2 |a | )^ . <5-4)

The temperature dependence of £, can be written as

a®. (55)

8 "

where 2,(0) is the zero temperature coherence length and £ is the reduced tem-

perature defined as

T-Tc (5.6)

l c

Tc is the meanfield critical temperature.

The normal dc conductivity an is (Ashcroft, 1976)



a n _ n e 2 x (5-7)

By analogy the fluctuation in the order parameter is expected to contribute an

extra term

* Z 2 *m k

The *Fk(x)'s are the component of the fourier expansion of ^(x). Tk is the life

time of the k'th wave number fluctuation component. From the Ginzburg-Lan-

dau differential equations the analytical form of ^k(x) and Xk can be obtained

(the derivation will not be discussed here). The resulting expression for the

fluctuation conductivity tensor is

EeV ,
k

Only the Aaxx is necessary because the conductivity is always measured along

the x-y plane. The x and y directions are (almost) equivalent in the Bi2212

which greatly simplifies the actual summation process. The convention used

here is that the x, y and z coordinate axes are equivalent to the a, b and c crystal

axes respectively. The above expression is a mean-field equation valid only

for a narrow range of temperature — not too close to nor too far away from Tc.

What is of more concern to the high temperature superconductor is the upper

temperature limit since fluctuation tends to manifest well above Tc. It is as-

sumed that the upper temperature limit of the above equation roughly corre-

sponds to the temperature where considerable flucatuations are observed, about

20 K above Tc.

A more formal derivation of the fluctuation conductivity expression with-

out having to resort to an analogy is given by Schmidt (1968).



The Aslamasov-Larkin equations

The expression for the fluctuation conductivity appropriate for a three-di-

mensional system can be evaluated by converting the summation over k in eqn.

5.9 to an integration over k,

d3k C

k v*-'v

An expression of the fluctuation conductivity valid for a two-dimensional

film parallel to the x-y plane of thickness d can be obtained by replacing the

summation in eqn. 5.9 by

1 ^ 1 f d2k
v t dW'

For the two-dimensional case, the solution of the order parameter along the z-

axis is a standing wave subject to the boundary condition T(z=0)=x}/(z=d)=0.

The kz is discrete of the form kz=v7cz/d, where v= 0, 1, 2,3, etc. For d«£(T)

only the v=0 term is important and therefore kz=0.

Following the two dimensional case, an expression valid for a one-dimen-

sional system such as a wire of cross-section A can be obtained from eqn. 5.9

by replacing

±v—>lf-^- (5-
y La AJ(2JC) '

k

Using the same line of reasoning as in the two-dimensional case, the one-di-

mensional form is valid for A « ^ (T) and kz=ky=O.
The integrations can be carried out in a straight forward manner yielding

for the various dimensions:

1) 3-D

e2 V4 (



2) 2-D, d«£(t)

e2
- i

7C e 2

A C T x x " 16EA 8 •

These equations are called the Aslamasov-Larkin equations. They were first

derived by Aslamasov and Larkin (1968) from microscopic theory.

The Aslmasov-Larkin equations give the temperature dependence of the

fluctuation conductivity in terms of the reduced temperature e. Essentially the

temperature dependence of the various dimensions differ only in the exponent

of s; being -1,-1/2, and -3/2 for the 3-D, 2-D and 1-D superconductors respec-

tively, hi the high temperature superconductors, the supercurrent flows mainly

in the CuO2 layers and an important question is whether the fluctuation shows

a two-dimensional behavior, which implies a minimum interaction between the

CuO2 layers ,or a three-dimensional behavior, which implies interacting CuO2

layers. The dimensionality of a superconductor can be easily inferred from the

ln-ln plot of the Aa versus e since the slope (the exponent of 8) is directly re-

lated to the dimension of the superconductor.

The issue of dimensionality is not yet settled in high temperature super-

conductors. At least for the Bi2212 several results suggest a two-dimensional

behavior with a cross-over to a three-dimensional behavior very near Tc (fig.

5.1).

The amplitude of the fluctuation conductivity is inversely proportional to

the coherence length, layer thickness and wire cross-section for the 3-D, 2-D

and 1-D superconducting systems respectively; it provides an easy way of de-

termining the coherence length or the thickness of the superconducting layer of

the cuprates. As an aside, the readily observable fluctuation effects in the high



temperature superconductors implies that very short coherence lengths or very

thin superconducting layers are involved since both of them appear in the de-

nominator of the Aslamasov-Larkin equations.

2-D fluctuation with a cut-off in the wave number

The upper limit of integration over the wave number k in the previous sec-

tion (eqns. 5.10 to 5.12) is infinity. This is not very physically meaningful be-

cause an infinite wave number limit is equivalent to the fluctuation

conductivity containing terms that come from a vanishingly narrow order pa-

rameter. A physically more meaningful upper limit of integration is kc=y/4(0),

with y of the order unity. This takes into account the fact that the fastest spatial

variation of the order parameter is in the same scale as the coherence length.

kc is called the cut-off wave number. Especializing to the two-dimensional

case, the integral expression for the fluctuation conductivity from eqn. 5.9 with

cut-off is

-y k = k C , 9 A (5.16)
*e2 1 f 14k2 &(T) (27tkdk)
T - J J -)

H s d ^(27r)2[ l+

£xy is the coherence length along the x-y plane. The integration over k is in po-

lar coordinates along the x-y plane; it is straight forward and yields

= 1 6 H d E
 [ e + y2,2

For the two-dimensional case, the ln-ln plot of ACTXX without cut-off versus s is

a straigth line with slope of-1. The introduction of a cut-off wave number

gives a curvature to the ln(AaXx) versus ln(e) plot (fig. 5.2).

The Lawrence-Doniach model

Lawrence and Doniach (1971) developed a model for equally spaced su-

perconducting layers parallel to the x-y plane with an interlayer spacing s cou-



pled via Josephson tunneling. Starting from eqn. 5.9, the Lawrence-Doniach

model requires the following : (1) the z dependence of the order parameter

should be periodic, (2) the allowable values of kz are confined to the interval

[0, 2n/s], and (3) the denominator of eqn. 5.9 should be replaced by

[1 + k^x(T) + ky £y(T) + 2[£z(T)/s]2(l-cos[kzs])]3. Upon implementing the

three considerations, the integral form of eqn. 5.9 becomes

( 5 1 8 )

LD Tie2 | \ , f k^s^(T) (27Ckdk)
JOKz I

2

SS kU l+ k ^ (T> + 2fe(T)/s]2[l-cos(kzs)]3

k=0

The inner integral is a polar integration over k in the x-y plane. Carrying it out

is a laborious process and here the software Mathematica (licensed to the Ozaki

Laboratory) was used. The result for the case of no cut-off (i.e. kc=oo ) is

( 5 1 9 )

Two parameters enter the Lawrence-Doniach equation namely the layer separa-

tion s and the out-of-plane coherence length ^z. Eqn. 5.19 is plotted in fig. 5.3

fora fixed £ ;̂ and s=12, 15 and 18 A. Note that in the Bi2212 s«15A which is

one-half of the c-axis length. Fig. 5.3 shows that the Lawrence-Doniach model

is not very sensitive to small (fraction of an A) changes in s.

For small s, AaXx —> e " which corresponds to a 3-dimensional fluctua-

L D —1tion. For sufficiently high e, AaXx -> £ which corresponds to a 2-dimen-

sional fluctuation. There is cross-over temperature To where the fluctuation

behavior changes from 2-dimensional to 3-dimensional which can be expressed

as

2 4^0) 2
l o = I c ( l + ( „ ) )•



In fig. 5.4 Aoxx is plotted for a fixed interlayer spacing s=15 A and for £#=1,

2, 3 and 5 A. Note that in the cuprate superconductors £,2 is of the order of one

A. Fig. 5.4 shows that the Lawrence-Doniach equation is sensitive to the out-

of-plane coherence length and thus provides a method for determining £z(0).

The cross-over temperatures are marked with arrows in fig. 5.4.

The Lawrence-Doniach equation with cut-off is

LD* e V r 1
^ 216E8

[(1 + b)(l + 2a + b)] /2(l + 2a + 3ab)

b 2 ( l+b ) 2 ( l+2a + b)2

where

b =

Fig. 5.5 shows plots of the Lawrence-Doniach equation for several values of y.

The introduction of the cut-off produces more curvature to the Lawrence-

Doniach equation.

The samples

The samples used for fluctuation analysis are Bi2-xGexSr2CaCu2O8+5

0<x<0.3 made by the cold press and anneal process. The cold press and anneal

parameters used are 20 hours sinter time, 140 MPa cold pressure and 160 hours

anneal time. A very long anneal time was used to ensure well reacted grains.

The resistive properties are given in table 5.1 and the R(T) curves are shown in

fig. 5.6 and the dR(T)/dT in fig. 5.7.

Experimental determination of ACT

The quantity measured experimentally is the resistivity p and from p the

measured conductivity a is obtained by simply



Table 5.1 Critical temperatures and resistive properties of the Bi2-xGexSr2CaCu2O8-fS. A

and B are the coefficeints for the normal state resistivity

Pn(T)/p(300K) = A+ BT.

X

0
0.1
0.2
0.3

Tc

(K)

86.71
87.57
88.14
88.14

Tc,o

(K)

78
82
82.2
81.7

A

xlO-2

2.9303
5.2079
1.0065
1.0267

B

xl0-3

3.1827
3.2050
3.0202
2.9699

p(300K)

mQ-cm

0.68
1.06
1.16
1.26

CT = 1/p. (5.24)

The measured conductivity is the sum of the normal state conductivity c n and

the fluctuation conductivity ACT,

CT = CTn + ACT. (5.25)

The above relation is used to extract the fluctuation conductivity ACT provided

the normal state conductivity CTn is known. The normal state conductivity is

CTn=l/pn, (5-26)

where p n is the normal state resistivity. At temperature very much higher than

the critical temperature, the fluctuation conductivity is zero and so the meas-

ured resistivity is just the normal state resistivity. The criterion used here is

that at 50 K above the critical temperature the contribution coming from the

fluctuation conductivity is zero. A phenomenological relation of the form

pn = A + B T (5.27)

is fitted to the pn so that p n can be extrapolated to the fluctuation temperature

region. The constants A and B are obtained by the least squares fitting of the

measured resistivity from 140 K to 270 K. In fig. 5.6 the straight lines are the

fitted normal state resistances. The values of A and B are also given in table

5.1.

An important point that needs clarification is about the validity of the

theoretical expressions for the fluctuation conductivity developed in the pre-



vious sections, which assume current to flow along the x-y plane (a-b crystal

plane). In strict terms, these equations are applicable to single cyrstal samples

where the current terminals are situated so that conduction is along the a-b crys-

tal plane. There is no possible arrangement for the current leads that would en-

sure conduction along the a-b crystal plane in sintered samples because the

grains are almost randomly oriented. However, the large resistive anisotropy

of the high temperature superconductors constrains the current to flow along

the a-b plane. In the Bi2212 the resistivity along the c-axis is about 100 times

larger than along the a-b plane. Poole (1995, p. 26) asserted that in sintered

samples "the current encounters less resistance when it follows a longer path in

the (a-b) planes than when it takes a shorter path perpendicular to the planes, so

it tends to flow mainly along the crystallite (a-b) planes. Each individual cur-

rent zigzags from one crystallite to the next..." So current flow in sintered

samples is confined to the a-b plane which makes the theoretical expressions

for the fluctuation conductivity valid to sintered samples.

A customary practice is to put the experimental and theoretical fluctuation

conductivities on the same scale by normalizing both to the room temperature

conductivity (the inverse of the room temperature resistivity). What is actually

required for normalization is the grain room temperature a-b conductivity.

Now, the measured room temperature resistivity is a bulk resistivity that is in-

fluenced by the porosity and the misalignment of grains (which makes the ac-

tual path traversed by a current longer) of the sample, and also by experimental

errors. The room temperature bulk resistivities of the samples are also given in

table 5.1. Since it is difficult to estimate the actual grain resistivity from these

data, it is assumed that all the samples have the same room temperature grain

resistivity of lmQ-cm. All the room temperature bulk resistivities in table 5.1

are within 30% of this value.

A 7



Selection of Tc

The temperature dependence of the fluctuation conductivity is expressed

in terms of the reduced temperature e, which is strongly dependent on the criti-

cal temperature Tc. The determination of Tc is perhaps the most important

problem in the analysis of the fluctuation conductivity. A slight change in the

determination of Tc alters the shape of the ln(Ac) versus ln(e) plot especially in

the region very near Tc (fig 5.8). The method used for determining Tc adopted

here is through the maximum dR(T)/dT. Mori (1992) and Kim (1989) have

shown that this method provide a Tc very close to the mean-field Tc. The

broad resistive transition commonly observed in sintered samples makes the lo-

cation of Tc imprecise. Sharma (1995) pointed out that some of the earlier fluc-

tuation studies using sintered pellet samples showed very long resistive tails

and thus suffer from the limitation of imprecise Tc. A common practice is to

adjust the Tc so that a good fit between theory and experiment can be achieved.

The R(T) and dR(T)/dT of the samples used in this study as shown in figs. 5.6

and 5.7 exhibit narrow transitions and the resistive tails are small. This indi-

cate that the Tc of these samples given in table 5.1 are precise values.

2-D Aslamasov-Larkin fits

The strategy used to fit the Aslamasov-Larkin equations to the experimen-

tal data is to fix the dimensionality to 2-D and to treat the experimental Tc as a

constant. First, the 2-D Aslamasov-Larkin model without cut-off is fitted

while at the same time searching for the appropriate temperature range where a

reasonable fit can be obtained. Then the theoretical fit is improved by introduc-

ing the cut-off wave number. From the fit the thickness of the 2-D layer can be

extracted.

The 2-D Aslamasov-Larkin model without cut-off fits to the experimental

data are shown in fig. 5.9. The only adjustable parameter is the layer thickness

d indicated alongside the plots in fig. 5.9. A reasonable fit falls in the range



-4<ln(e)<-2. Vidal (1988), Mandal (1990), de Villiers (1992) and Pradhan

(1994) found nearly the same range of a 2-D fit in the Bi2212. Strictly, the

slope of the ln(Aa) vs ln(e) should be -1 for a 2-D fluctuation. In order to im-

prove the fit between theory and experiment, the slope is treated as a fitting pa-

rameter (Saligan, 1996; Mandal, 1990). For example, Mandal (1990) adjusted

the slope to -1.1. Pradhan (1994) obtained a better fit by treating Tc as a fit-

ting parameter. Small adjustments in either the slope or the Tc for the purpose

of improving the agreement between theory and experiment are not done here

because doing so will not give additional insight about the process or processes

behind fluctuation conductivity.

For the case x=0, there is a kink in the experimental fluctuation conduc-

tiviy between ln(e)=-3 and ln(e)=-2, and it is the cause of the bigger fitting dis-

crepancy in the x=0 compared to the other samples. Another critical transition

of the Bi2212 phase in the vicinity of 94 K may be responsible for this kink.

To improve the 2-D Aslamasov-Larkin fittings shown in fig. 5.9, a curva-

ture to the theoretical line is needed. This can be done by introducing the cut-

off wave number kc=y/£xy(0). Fitting the 2-D Aslamasov-Larkin model with

cut-off involves two parameters : the layer thickness d and the cut-off scale

factor y. The results are shown in fig. 5.10 together with the fitted parameters.

There is now a better fitting between theory and experiment especially in the

high e region, and the range where a reasonable agreement between theory and

experiment widens to -4<ln(e)<-1.5.

The fitted parameters for the 2-D Aslamasov-Larkin model for both with-

out and with cut-off are summarized in table 5.2. Without the cut-off, the val-

ues for the layer thickness d are scattered from 33 A to 55 A. With the cut-off

there is less scattering and the average value for the four samples is 34 A. This

thickness for the two-dimensional fluctuating layer of the Bi2212 is approxi-

mately equal to the c-axis lattice constant («30.8 A). There are two CuO2 lay-



Table 5.2 Fitting results of the 2-D Aslamasov-Larkin model to the

with-out

cut-off

x d[A] d

with cut-off

kc=Y / ^xy(O)

[Aj Y ^eff(x) / ^eff(x=0)

0
0.1
0.2
0.3

55
40
33
40

36
35
29
36

0.5
0.8
0.9
1.0

1
0.62

0.56

0.5

ers per unit cell; if each CuO2 layer manifests a superconducting fluctuation in-

dependent of the other CuO2 layers, the fluctuating layer thickness d should be

around 15 A (one half of the c-axis length). The fitted layer thickness d«34 A

indicates that at least two neighboring CuO22 layers are fluctuating as one

layer.

The cut-off scale factor y shows a sample dependence : y increases with x.

From physical considerations, y should be sample independent since its pur-

pose is only to scale kc with the inverse of ^xy(O), the in-plane (i.e. x-y plane or

a-b plane) coherence length. From fig. 5.2 a large y suppresses the high 6 fluc-

tuation. A long coherence length also suppresses fluctuation and so, by infer-

ence, the sample dependence of y is caused by a change in the coherence

length. The x=0 sample which has the smallest y has the longest effective in-

plane coherence length; and, since y increases with x, the effective in-plane co-

herence length decreases with x. Using some insights, the cut-off

wave-number kc is written as

, L _ (5-28)
C Seftfx)'

where êff is the effective in plane coherence length. The cut-off wave vector

depends only on £eff, which may be sample dependent. The effective in-plane

coherence length is defined as
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y

Since y increases with x, the above equation describes a decreasing ^eff(x)

x. Notice that the two equations are consistent with the original definition

The analysis of fluctuation conductivity using the Aslamasov-Larkin

model with cut-off gives a description of the change in the effective in-plane

coherence length although it does not give the actual magnitude. Table 5.2

shows the decreasing £eff(x) w*m increasing x normalized to £eff(x=0) = 1-

The estimated in-plane coherence length for the high temperarature super-

conductors is 10-30 A. This is a very small value that just extend to a few unit

cells and it implies that the coherence length has a greater sensitivity to local

chemical and structural imperfections. Most probably the Bi:Ge substitution in-

troduces such imperfections on a microscopic scale which are responsible for

the decrease of the in-plane coherence length as the Bi:Ge substitution level in-

creases.

Lawrence-Doniach fits

The Lawrence-Doniach model permits the determination of the out-of-

plane coherence length £,z(0). Other than £z(0), the interlayer spacing s is also

a parameter in the Lawrence-Doniach model. Here, the interlayer spacing is

fixed to s=15 A based on (1) the XRD lattice parameter measurements which

give c«30.8 A and (2) that there are two CuO2 layers per unit cell. Fig. 5.11

shows the Lawrence-Doniach without cut-off fits to the fluctuation data for

£z(0)=l .5, 3 and 5 A. Overall, the theoretical fits deviate from the experimen-

tal data; but these initial fits give a very rough estimate value of the coherence

length, 1 -5 A. More downward turn of the theoretical curve at higher 8 is

needed to improve the fitting which can be done by including a cut-off in the

wave number. Two parameters are adjusted to fit the Lawrence-Doniach
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Table 5.3 Fitting results of the 2-D Lawrence-Doniach model with cut-off to the

0
0.1
0.2
0.3

2.3
2
2
2.8

0.4
0.5
0.6
0.7

model with cut-off: the £c(0) and y; the results are shown in fig. 5.12. The fits

are excellent and covers a wide range, from -4<ln(e)<-1.5. The fit parameters

are given in table 5.3. No marked sample dependence of £z(0) is observed; its

value ranges from 2-3 A. This a very short out-of-plane coherence length

which is similar to what has been observed by other workers. An £z(0) this

short would imply that at most only two neighboring CuO2 layers are coupled

by Josephson type tunneling. And this is consistent with the 34 A effective

two-dimensional layer determined from the Aslamasov-Larkin analysis, which

also imply that two CuO2 layers are fluctuating as one. A sample dependence

of y is also observed. Like in the Aslamasov-Larkin case, this is interpreted as

a decrease in the in-plane coherence length caused by the microscopic inhomo-

geneity induced by the Bi:Ge substitution.

Discussion and recommendation

The strategy used for fitting the Aslamasov-Larkin and the Lawrence-

Doniach models to the experimental data differs from the usual approach. For

example, the mean field Tc is not treated as an adjustable parameter and, in the

Aslamasov-Larkin model, the dimensionality of the order parameter is fixed to

two. Normally a better theoretical fit can be achieved if there are more free pa-

rameters; and so usually the Tc and the dimension are allowed to make small

adjustments. The method used in the preceeding sections relies on the cut-off

wave number, which is treated as a free variable, to improve the agreement be-

tween the theoretical models and experimental data.
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The two-dimensional Aslamasov-Larkin model gives an effective super-

conducting thickness of 34 A and the Lawrence-Doniach model yields an out-

of-plane coherence length of« 2-3 A independent of the Bi:Ge substitution

level. Both values suggest that two neighboring CuO2 layers are fluctuating as

one.

The R(T) curves in fig. 5.6 shows that the deviation of the sample resis-

tance from the straight line normal resistance shows a dependence on the Bi:Ge

substitution level. At larger x, the sample resistance departs from its normal

state behavior at higher temperatures which also indicates that the supercon-

ducting fluctuation starts at a much higher temperature in the Bi:Ge substituted

sample. From fluctuation analysis, the parameter that shows sample depend-

ence is the cut-off wave number. Using appropriate reasoning, the sample de-

pendendent cut-off wave number is interpreted as caused by the decrease in the

effective in-plane coherence length as the Bi:Ge substitution increases.

The physical interpretation of the effective coherence length can be

gleaned from conventional low Tc superconductors, especially the granular

type. Aluminum grains embedded in an insulating matrix of AI2O3 is the typi-

f cal granular superconductor. The coherence length of aluminum is very long

I (of the order of 1000 A); but in a granular matrix the effective coherence

I length of aluminum is drastically shortened to the order of the dimension of the
*• grains because the insulating AI2O3 decouples the Al superconducting grains

i (Deutscher, 1990). In the Bi2212, the in-plane coherence length is fairly short

j- in the range 10-30 A. The carrier concentration is also low. These two factors

• combined, make the Bi2212 sensitive to microscopic inhomogeneities. The

Bi:Ge substitution introduces such microscopic inhomogeneities which cause

: the decoupling of some Cooper pairs formed within a grain and which lead to a

shorter effective in-plane coherence length.

The analysis of fluctuation in this chapter uses the ln-ln plots of ACT versus

6, which happens to be the simplest method. More precise results can be ob-

tained by using the dR/dT. However, this method of analysis requires higher

quality resistance data (Ausloss, 1992). The analysis of fluctuation conductiv-

ity data collected under a magnetic field is also desirable because it may pro-

vide an estimate of the actual magnitude of the in-plane coherence length.
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Chapter 6
Conclusion

The aim of this study is to investigate the Bi2Sr2CaCu2O8+6 following

two routes : 1) by the use of the cold press and anneal method for preparing

samples, and 2) by the substitution of Ge for Bi. The former is intended to

explore the extrinsic aspect of the Bi2Sr2CaCu2O8+6 system ; while the later

is a common method of introducing intrinsic changes, although there is no re-

port about the substitution of Ge for Bi in the Bi2Sr2CaCu2O846 so far. The

cold press and anneal method is carried out by preparing pellets in the con-

ventional press and sinter process and then the sintered pellets are sub-

sequently cold pressed at room temperature and annealed at high

temperature. The effect on the resistive and magnetic critical temperatures,

coherence length, fluctuation behavior, lattice dimensions, and modulation

period were studied. From the results, some inferences were made about the

nature of the processes that cause or influence the phenomena of high tem-

perature superconductivity.

The unsubstituted Bi2Sr2CaCu2Os+S is very sensitive to the parameters

of the cold press and anneal method. By varying the parameters (sinter time,

cold pressure and anneal time) the resistive critical temperature Tc of the

Bi2Sr2CaCu2O8+5 is increased in a step-like manner from «72K to «85K or

a double Tc at «72K and «85K can be made to appear. The magnetic critical

temperatures derived from ac magnetic susceptibility also increase depend-

ing on the cold press and anneal parameters applied. The sample that shows

two critical resistive transitions also displays two magnetic transitions. X-

ray diffraction analysis of the cold-pressed-annealed samples shows that the

lattice constants and modulation period are not affected by the cold press and

anneal method which implies that there is no change in the structure and oxy-

gen content.



The explanation of the considerable increase in the critical temperature

induced by the cold press and anneal method starts from the assertion of

Pham (1992) that conventional air prepared Bi2Sr2CaCu2O8+6 sintered pel-

lets are inhomogeneous mixtures of Bi2±xSr2±yCai+zCu2O8±8. The process

of cold pressing a sintered pellet promotes more intimate contact between

grains. At the anneal stage that follows the application of cold pressure, fur-

ther reactions occur that are not normally achieved using the conventional

preparation of sintered pellets. These anneal stage reactions cause the aver-

age values of x, y and z to shift which in turn alter the copper valence that

eventually leads to the sharp increase in the critical temperature.

The Bi:Ge substitution induces a relaxation in the structure of the

Bi2-xGexSr2CaCii2O8+S ; the c-axis decreases with increasing x, and the a-

axis first increases at x=0.1 then at higher x it settles back near its value at

x=0. At least at x=0.1, Ge enters the Bi site and so the observed changes in

the lattice dimensions are partly a reflection of the structural adjustments that

occurs when Ge enters the BiO layer. No change in the modulation period is

observed so the excess oxygen is not affected by the substitution. The Bi:Ge

substituted samples are also sensitive to the cold press and anneal method -

the cold-pressed-annealed samples have significantly higher critical tempera-

tures compared to the as-sintered samples. An increase in the as-sintered Tc

is induced by the Bi:Ge substitution while the cold-pressed-annealed Tc is

hardly affected. Since the c-axis decreases with the Bi:Ge substitution and

the excess oxygen is not changed, the modification of the Cu valence that is

responsible for the increase in the as-sintered Tc is not entirely through either

the charge transfer mechanism or excess oxygen but probably via simple va-

lence compensation to accommodate for Ge .

The current theories for the mechanisms that controls the critical tem-

perature of the Bi2Sr2CaCu2O8+6 are the excess oxygen, and the charge



transfer between the BiO and CuO2 layers models. The range of the critical

temperature of the Bi2Sr2CaCu2Os+5 that could be achieved (without doping

or for a fixed doping level) by varying the oxygen content and the c-axis

length (which controls the charge transfer mechanism) are given in figs. 1.5

and 1.6, and table 1.1. For the cold press and anneal method, the achievable

range of critical temperatures are summarized in table 3.1, for

Bi2Sr2CaCu2O8+6, and in table 4.1 for Bii.98Geo.2Sr2CaCu208+5. These

figures and tables clearly illustrate that the inhomogeneity in the Bi/Sr/Ca

self substitution and how it can be modified by the cold press and anneal

method plays an important role in determining the critical temperature of the

Bi2Sr2CaCu2O8+S, perhaps as important as the excess oxygen and the charge

transfer effects.

The increase in the magnetic transition temperature induced by the cold

press and anneal process is considerably larger compared to the increase in

the resistive critical temperature, independent of the Bi:Ge substitution.

From ac susceptibility data, two magnetic transitions are defined: Tc,x', the

onset of intragrain diamagnetic shielding, and Tc,x", the bulk intergrain tran-

sition temperature. Tc,x' is always higher than Tc,x". Between the two mag-

netic temperatures, Tc,x" is more sensitive to the cold press and anneal

process, and the ratio Tc,x"/Tc,x' is not maintained but actually increases as

the magnetic transitions increase. This implies that aside from raising the

critical temperature, the cold press and anneal method increases the inter-

grain pinning force density.

A fluctuation analysis of Bi2-xGexSr2CaCu2O8+6 shows that the fluc-

tuation conductivity can be adequately described by the Aslamasov-Larkin

model for a two-dimensional superconductor, and the Lawrence-Doniach

model for layered superconductors provided that a high energy cut-off wave

number is used. The two-dimensional Aslamasov-Larkin model gives an ef-

fective superconducting thickness of 34 A and the Lawrence-Doniach model
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yields an out-of-plane coherence length of« 2-3 A independent of the Bi:Ge

substitution level. Both values suggest that two neighboring CuO2 layers are

fluctuating as one. The deviation of the sample resistance, as Tc is ap-

proached, from the straight line normal state resistance shows a dependence

on the Bi:Ge substitution level and indicates that fluctuation starts at a much

higher temperature in the Bi:Ge substituted samples. From fluctuation analy-

sis, the parameter that shows sample dependence is the cut-off wave number.

Using appropriate reasoning, the sample dependent cut-off wave number is

interpreted as caused by the decrease in the effective in-plane coherence

length as the Bi:Ge substitution increases. Microscopic inhomogeneities are

introduced by the Bi:Ge substitution which causes the decoupling of some

Cooper pairs formed within a grain and which leads to a shorter effective in-

plane coherence length.

There are several aspects of the cold press and anneal method and its ef-

fect to the critical temperature of the Bi2Sr2CaCu2O8+6 that should be ex-

plored further. What will happen if, in combination with the cold press and

anneal method, the excess oxygen is adjusted by annealing in special atmos-

phere? What about heat treatment such as rapid cooling?

The cold press and anneal method has been shown to increase the criti-

cal temperature and the intergrain pinning force density. A very important

aspect to pursue is how the cold press and anneal method affects the critical

current density. The intergrain pinning force density and the critical current

are likely to be related to each other. Using an appropriate critical state

model, both can be studied by ac magnetic susceptibility under various ampli-

tudes of ac applied field and impressed dc field. The cold-pressed-annealed

Bi:Ge substituted samples are most convenient for this kind of study because

their magnetic properties are easily modified by the cold press and anneal

method.

The analysis of fluctuation in this study uses the ln-ln plots of Aa versus

e, which also happens to be the simplest method. More precise results can be

obtained by using the dR/dT. However, this method of analysis requires

higher quality resistance data. The analysis of fluctuation conductivity data

collected under a magnetic field is also desirable because it may provide an
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estimate of the actual magnitude of the in-plane coherence length. Other

models, aside from the Aslamasov-Larkin and-Lawrence Doniach models,

may also be tried in fluctuation analysis, especially models that are derived

from microscopic theories of superconductivity.
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Figure 1.1 The structure of high-Tc superconductors, (a) A CuO2 plane, (b) - (d),
Schematic representations of typical high-Tc superconductors which consist
of CuO2 layers containing one or more CuO2 planes. The CuO2 layers are
seprated by a metal oxide block or isolation planes.
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Figure 1.2 Tc versus hole concentration in La2-xSrxCu2O4 (Torrance 1988).
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Figure 1.3 Structure of Bi2Sr2CaCu2O8+5 (Calestani 1992).
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Figure 1.4 Excess oxygen and modulation period in the Bi2Sr2CaCu2Os+5 from Kambe
(1995).



1OO -

O . 2 O.3 O . 4

Excess oxygen content 5
Variation of T9 with 3 for BiaSrjCaCuaO..«..». Open circles

indicate the T*e defined as the midpoint of the transition curve in
the p(7~y. Closed triangles indicate the T\, defined as the onset
temperature of the Meissner effect, which is given by the crossing
temperature between the extraporated line of the steepest part of

"-~ J the normal-state value of x*c-

Tc

7 0

7.95 8 8.05 8.1 8.15 8.2 8.25 8.3
Oxytca coaient in 2212

Figure 1.5 Tc versus excess oxygen in the Bi2Sr2CaCu2O8+6. Top, From Kato (1994).
and, bottom, from Krishnaraj (1994).
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Figure 1.6 Tc versus c-axis in the BiiS^CaC^Os+g (Krishnaraj 1995).
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Figure 1.7 Lattice constants and Tc in Bi2Sr2Cai-xYxCu2O8+6. (a) Tc versus x (Shin
1992). (b) Lattice dimensions versus x (Fukushima 1989a).
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Figure 2.1. Sintering geometry to minimize contact between the alumina boat and
sample, (a) Hanging geometry, (b) leaning geometry.
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Figure 2.3. (a) Four probe resistance measurement method. Common methods of
attaching voltage and current leads, (b) Linear contacts. (c)VanderPau
method.
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Figure 2.4. Schematic of the R(T) measuring system. Not included are the vacuum
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Figure 2.5. XRD of Bi2-xGexSr2CaCu2O8+6 after the reaction stage. Top to bottom,
x=0 to x=0.3. D : Bi2201, • : unknown phase, c : CuO.
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Figure 2.5. Continuation. XRX) of Bi2-xGexSr2CaCu2Os+5 after the reaction stage.
Top to bottom, x=0.4 to x=0.7.
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Figure 2.5. Continuation. XRD of Bi2-xGexSr2CaCu2O8+6 after the reaction stage.
Top to bottom, x=0.8 to x=1.0
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Figure 2.7. XRD of Bil-xGexSnCaCwOg+S after the sinter stage. Top to bottom,
x=0 to x=0.3.
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Figure 2.7. Continuation. XRD of B.2-xGexSr2CaCu2O8+5 after the sinter stage.
Top to bottom x=0.4 to x=0.6.
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Figure 2.8. XRD of Bi2Sr2CaCu208+5 with Bi9Sr11 CasOg±Y impurity (arrow).
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Figure 2.10. SEM of Bi2-xGexSr2CaCu2Os+6 pellet sintered at 860 °C.
(Top) x=0. (bottom) x=0.2 (x 1500).



Figure 2.11. SEM of partially melted Bi2-xGexSr2CaCu2Os+S x=0.2 pellet sintered at
870 °C. (Top) Top view and (bottom) side view (x 1500).
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Figure 2.12. X-ray spectrum of Bi2-xGexSr2CaCu2Os+S pellets. (Top)x=0. 3,
(bottom) x=0.7
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Figure 2.13. R(T) of sintered Bi2-xGexSr2CaCu2O8-t6 pellets.
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Figure 2.14. Tc versus x of Bi2-xGexSr2CaCu2O8+6.
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Figure 2.15. R(T) of partially melted
Bi2-xGexSr2CaCu2O8+6 x=0.2 sintered at
870 °C.
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Figure 3.1 (a) Supercurrents in a granular superconductor. J T - transport

current, JG - intragrain shielding current, JB - intergrain

shielding current, (b) Resistive critical temperatures, (c)

Magnetic critical temperatures.
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Figure 3.5 Schemat ic diagram o f the ac magnetic susceptibility

apparatus.
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Figure 3.6 Normalized R(T) of (a) an as-sintered sample; and

cold-pressed-annealed Bi2Sr2CaCu2O8+6 samples cold

pressed at (b) 35 MPa, (c) 70 MPa, (d) 140 MPa, and (e) 280

MPa. The anneal times for (b) to (c) are all fixed at 80 hours.
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Figure 3.7 dR(T) / R(T) corresponding to the R(T) curves given in fig. 3.6
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Figure 3.8 Normalized R(T) of cold-pressed-annealed Bi2Sr2CaCu2O8+6

samples cold pressed at 140 MPa and annealed for (a) 0 hour,

(b) 20 hours, (c) 40 hours, (d) 60 hours and (e) 80 hours.
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Figure 3.9 Real part of the ac magnetic susceptibility of samples with

different resistive Tc's. (a) Tc at 72 K, (b) double Tc at 72 K

and 85 K, and (c) Tc at 85 K. Sample preparation parameters :

(a) as-sintered ; (b) cold-pressed-annealed, 70 MPa cold

pressure and 80 hours anneal time; (c) cold-pressed-annealed,

140 MPa cold pressure and 80 hours anneal time.
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Figure 3.10 Imaginary part of the ac magnetic susceptibility corresponding

to Fig. 3.9.
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Figure 3.11 XRD patterns of pellet samples with different Tc 's : (a) Tc at

72 K (b) Double Tc at 72 k and 85 K, and (c) Tc at 85 K.



Figure 3.12 SEM photographs of Bi2Sr2CaCu2O8+8- (Top) an as-sintered

sample sintered for 100 hours, (bottom) cold-pressed-annealed

sample cold-pressed at 140 MPa and annealed for 80 hours

(xl500).
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Figure 4.2 X-ray diffraction patterns of Bi2Sr2CaCu2-xGexO8+S.
• = unknown phase.

A = Bi2201.
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Figure 4.4 Room temperature resistivity of
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Figure 4.5 Normalized R(T) of as-sintered Bi2-xGexSr2CaCu2O8+5.
(a) x= 0 , (b) x=0.1, (c) x=0.2 and (d) x=0.3.
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Figure 4.6 Normalized R(T) of cold-pressed-annealed
Bi2-xGexSr2CaCu2O8+S. (a) x= 0 , (b) x=0.1, (c) x=0.2 and
(d) x=0.3. Cold press and anneal parameters are: 20 hours
sinter rime, 140 MPa cold-press pressure and 80 hours anneal
time.
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Fig. 4.7 Real (top) and imaginary (bottom)
magnetic susceptibilities of
as-sintered samples corresponding
to fig. 4.5.
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magnetic susceptibilities of
cold-pressed- annealed samples
corresponding to fig. 4.6.
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Bi2-xGexSr2CaCu2O8+S.
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Figure 4.11 Combined x'CO, x"(T) and normalized R(T) of
cold-pressed-annealed Bii.9Geo.lSr2CaCu208+8 sintered
for 20 hours and cold-pressed at 140 MPa. Anneal times
are (a) 20 hours and (b) 80 hours.
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Figure 4.12 Combined x'CO, x"(T) and normalized R(T) of (a) as-sintered
and (b-d) cold-pressed-annealed Bii.8Geo.2Sr2CaCu208+6-
The sinter time cold-press pressure and anneal time are
respectively: (b) 40 hours, 70 MPa and 40 hours; (c) 40 hours,
70 MPa and 80 hours; and (d) 20 hours, 140 MPa and 80 hours.



Fig. 4.13 SEM of cold-pressed-annealed Bi2-xGexSr2CaCu2O8+5 . Cold
press and anneal parameters are: 20 hours sinter time, 140 MPa
cold-press pressure and 160 hours anneal time. (Top) x=0 and
(bottom) x=0.2 (x 1500).



Fig. 4.13b SEM of cold-pressed-annealed Bi2-xGexSr2CaCu2O8+6 . Cold
press and anneal parameters are: 20 hours sinter time, 140 MPa
cold-press pressure and 160 hours anneal time. (Top) x=0 and
(bottom) x=0.2 (x 800).
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Figure 4.14. A schematic of a superconductor under an applied ac
magnetic field, (a) At the normal state, the magnetic field
fully penetrates the sample, (b) At Tc,x" , the magnetic
field penetrates up to the center of the sample.
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Figure 4.15. The effect of the amplitude of the ac-magnetic field on the ac
susceptibility of the Bi2212 (Ravi and Bai. 1994).
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Figure 5.1 Some results of fluctuation conductivity analysis using the Aslamasov-Larkin
two-dimensional superconductor model in the Bi2212 system from a) de Villiers
(1992), b) Mandal (1990) and c) Pradhan (1994).



XL
O
O
CO

In [(T-Tc)/TcJ

Figure 5.2 Aslamasov-Larkin two dimensional fluctuation with cut-off in the wave
number. The cut-off wave number is kc=y/£ab. From top to bottom, y= oo, 1,
0.7, 0.6, and 0.5. The common thickness is d=36 A.

XL
o
o
CO

-2 -

-3 -2

In [(T-Tc)/Tc]

-1

Figure 5.3 Lawrence-Doniach fluctuation for layered superconductors. The influence
of the layer separation s. From top to bottom, s= 18, 15, and 12 A. The
common c-axis coherence length is £^= 2.5 A.
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Figure 5.4 Lawrence-Doniach fluctuation for layered superconductors. The influence
of the c-axis coherence length ^c. From top to bottom, £^= 1, 2,3, and 5 A.
The common layer separation is s=15 A.

o
o
CO

-2 -1-3

In (T-Tc)/Tc

Figure 5.5 Lawrence-Doniach fluctuation for layered superconductors with cut-off in the
wave number. The influence of the cut-off wave number kc=y/̂ c- From top
to bottom y= QO, 1, 0.7, 0.6, 0.5, and 0.4. The common layer separation is s=
15 A and c-axis coherence length is £,c- 2.5 A.
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Figure 5.6 Normalized R(T) curves for Bi2-xGexSr2CaCu2Os+6. A linear normal state

resistance is fitted to each R(T) curve.
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FIG. 3. Log-log plots for the reduced paracemductivity
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C=0.024.

Figure 5.8 The influence of the choice of Tc to the fluctuation behavior (Mori, 1992).
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Figure 5.9 Theoretical fits for Bi2-xGe\Sr2CaCu2O8^> using the Aslmasov-Larkin
model for two-dimensional superconductor.
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Figure 5.9 Cont., theoretical fits for Bi2-xGexSr2CaCu2Og+5 using the Aslmasov-Larkin
model for two-dimensional superconductor.
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Figure 5.10 Theoretical fits for Bi2-xGexSr2CaCu2O84£ using the Aslmasov-Larkin
model for two-dimensional superconductor with cut-off in the wave number.
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Figure 5.10 Cont., theoretical fits for Bi2-xGe\Sr2CaCu2O8+6 using the Aslmasov-Larkin
model for two-dimensional superconductor with cut-off in the wave number.
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Figure 5.11 Theoretical fits for Bi2-xGexSr2CaCu2O8+6 using the Lawrence-Doniach
model for a layered superconductor. In each figure three fits are tried
corresponding to £c=l-5, 3 and 5 A.
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Figure 5.11 Cont, theoretical fits for Bi2-xGexSr2CaCu2O8+8 using the
Lawrence-Doniach model for a layered superconductor. In each figure three
fits are tried corresponding to £c=l .5, 3 and 5 A.
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Figure 5.12 Theoretical fits for Bi2-xGexSr2CaCu2Os+8 using the Lawrence-Doniach
model for a layered superconductor with cut-off in the wave number.
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Figure 5.12 Cont., theoretical fits for Bi2-\Ge\Sr2CaCu2O8+S using the
Lawrence-Doniach model for a layered superconductor with cut-off in the
wave number.


