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Preface

PREFACE

So far, the Nobel Prize in Physics has been awhriee times for research in
superconductivity to a total of ten physicists: 1813 to Heike Kamerlingh Onnes for
discovering the phenomenon of superconductivity9ir2 to John Bardeen, Leon Neil Cooper
and Robert Schrieffer for their microscopic explaoa of superconductivity, the BCS theory;
in 1973 to Brian David Josephson for predicting the Josgpheffect; in1987 to Johannes
Georg Bednorz and Karl Alex Muller for discoveringeramic ‘high temperature
superconductors’; and i2003 to Alexei Abrikosov, Vitali Ginzburg, and Anthalames Legget
for the prediction of the Abrikosov vortex lattider the Ginzburg—Landau theory and for
achievements in the theory of superfluidity andescpnductivity and this itself will tell the
importance of this fascinating field and the seamid research for good conductors, for
practical applications.

After the discovery of superconductivity, it todiknast 50 years until this fascinating
phenomenon was understood microscopically, whet®bv Bardeen, Cooper and Schrieffer
established their BCS theory. But long before thire were powerful phenomenological
theories capable to explain most of the electroretigrand thermodynamic observations on
superconductors and these are very useful everytodage London theory of Fritz and Heinz

London from 1935 is particularly useful for the degtion of the highT, superconductors. The

Ginzburg—Landau theory of 1951 is quite universalcontains the London theory as a
particular limit and predicts that superconductaran be of type-l with positive energy of the
wall between normal conducting and superconductiognains or of type-Il with negative wall
energy, pointing to an instability.

The penetration of vortices into type-ll supercartdis was predicted first by

Abrikosov when he found a two-dimensional periatilution of the Ginzburg—Landa(GL)

equations. Abrikosov correctly interpreted thisusimn as a periodic arrangement of flux lines,

the flux-line lattice (FLL). Each flux line or flaor, vortex line carries one quantum of magnetic
flux @=h/2e=2.07x10" Tm?, which is caused by the super-currents circulatingthis

vortex and the magnetic field peaks at the vortsitipns. The vortex core is a tube in which

the superconductivity is weakened; the positiothefvortex is defined by the line at which the
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superconducting order parameter vanishes. For weparated or isolated vortices, the radius
of the tube of magnetic flux equals the magnetitepation depth., and the core radius is

somewhat larger than the superconducting coherdangth £ The periodic solution exists
when the GL parameter K =\/§ exceeds the valu&/x/i (this condition defines type-II

superconductors) and when the applied magnetid fi&| = p,H, ranges between the lower

a

critical field B, =p,H =@, In(x/zk)/(4n)\2),where B=0, and the upper critical field

B., =HM,H., =@ /(2r€”), where B=B, = B,. For |B,|<B,, the superconductor is in the
Meissner state, which expels all magnetic flux &mtes B =0inside the superconductor
except in a thin surface layer of thickn@s¥Vith increasing applied magnetic field, the spgci

of the vortices decreases and the average fluxideﬁsincreases; one haB = 2@, (\/§a2) for

the triangular FLL. The flux tubes then overlap lsubat the periodic inductiorB(x, y) is

nearly constant, with only a small relative var@tiabout its averagé. With further increase
of B the vortex cores also begin to overlap such that amplitude of the order parameter
decreases until it vanishes whénreachesBcz, where the superconductivity disappears.

The GL theory also yields the magnetization curves ofideal vortex lattice and the
elastic properties of the vortex lattice, whichrtwut to be highly non-local (dispersive). The
effects of vortex pinning and the melting of theesolattice into a vortex liquid, occurring in
high T, superconductors may be calculated by treatingvibiéex lattice as an elastic medium.
The magnetic dc and ac properties of supercondacwoth realistic shapes (e.g., rectangular
platelets and films, thick strips, thin disks aaigs, and thick disks or short cylinders) can be
computed from the London theory or from the Maxegllations using appropriate constitutive

laws for the electric fieldE(J, B) (generated by moving vortices) as a function efcabrrent
densityJ (driving the vortices) and inductioB or vortex densityB/q, .
The discovery of high temperature superconduc{®t$S) by Bednorz and Muller in

1987 has marked tremendous advance in the fielslpérconductivity as it has contributed
enormous scientific and industrial benefits worldevin the fields such as energy, electronics,
communication, medicine and transportation. In pautar, the cuprate basetTS has had an

enduring fascination for the condensed matter gisysommunity not only due to their high

values but also for their scientific significand@espite considerable research, there is no

Vi
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recognized theory foHTSmaterials and by what routes, the Mott insulatoce@nplish the
miraculous transformation into superconductors whk addition of electrons or holes are the
big problem that, to date has not been solved. fidfiscts the lack of a formal understanding of
strongly correlated metal oxides but also reflatis experimental subtleties of this system with
its marked tendency for disorder, compositional plaxity and anisotropic properties.

Even though there are a large number of hifjhsuperconducting materials known
today, Bi-based superconductors have attracted researchare tb their widespread
applications. The material has not only high trdiosi temperaturg(T,), but also has extremely
high critical magnetic field B,,). It is less susceptible to degradation as a restitixygen loss

and less sensitive to attack by water and carbaxide compared to any othddTS and its
lower melting point being in the range 800-9@) The main advantage @i-based system is
its layered structure, which can be progressivadfjodmed to induce a high degree of texturing,
thereby enhancing the superconducting propertiesnodg the Bi-based systems,
Bi—2212 (Bi,S,Ca Cy Q,;) is considered to be the best candidate for faltiocaof long
length wires and tapes with moderate current cangyicapabilities. Moreover, the

superconducting transition temperature di-2212 is strongly related to the carrier
concentration in theCuQ, planes. The hole carrier density of t&&iQ, plane in Bi—2212 can

be altered by changing the oxygen stoichiometrpyocationic substitution of divaler@a/ Sr
in the active layers of Bi—2212 by suitable cations. Hence, the properties of
Bi —2212 superconductor can be tailored for specific appiicas.

The structural, superconducting and flux pinningogerties of HTS can also be
improved by doping and the modified materials awestsuitable for the application at higher
temperatures and magnetic fields fields. Doping eso be used as a powerful method to
explore the mechanism of high temperature superattiity. There exist a large number of
reports on rare earth (RE) doping on HTS The role of RE substitution on the
superconducting properties oBi—2212 superconductor has been studied since, it is an
efficient tool to understand the underlying meckamof highT, superconductordn Bi-based
superconductors, large scal®E doping is possible only iBi—2201 and Bi-2212. In
Bi—2223 higher amounts ofRE doping is not possible. Most of the existiRREE doping

studies inBi—2212 are at Ca site and inPb free samples and the results show that Rt

vii
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doped samples, th€ value decreases and only there is a marginal im@neent in self-field
Jc. Again there is no information available on in-flel. and flux pinning properties. But
RE doping in Pbsubstituted Bi—2212 [(Bi,Pb)—2212] at its Sr site has shown a
tremendous enhancementTp self- and in-fieldJ. values and flux pinning properties. Hence
for the present work, | have choosen the superoctodu(Bi, Pb)-2212 and the REs

(i) Lutitium (Lu), (ii) Holium (Ho), (iii) Dysprosim (Dy), (iv) Terbium (Tb), (v) Gadolinium
(Gd), (vi) Europium (Eu), (vii) Cerium (Ce), (viiNeodymium (Nd) and (ix) Lanthanum (La) as
the dopants and the site Sr for substitution. Titogam of my doctoral thesis w3 to explore
the influence of RE substitution at theSr site on the superconducting properties of
(Bi,Pb)—2212, (ii) to find the impact of dopant level and processoundition on the
superconducting and flux pinning propertiési) to enhance our knowledge and understanding
on the doping dependent evolutiontdTS, (iv) to suppress the flux creep and to enhance the
flux pinning properties(v) to evaluate the theory and different mechanisfikio pinning(vi)

to analyze the effect of refining the microstruetby fine tuning of sintering temperatureij)

to search the novel effect of out-of-plane (disorolgtside theCuQ, plane) disorder,\{ii) to

explore the significance of different lattice sitks substitution, ik) to study theE-J
characteristics andh-index, &) to determine and analyze the temperature and etagfield
dependent activation energyi)Xto compare the conventional Arrhenius model \ilign newly

modified vortex-glass modelxi{) to analyze the thermally activated flux flogWAFF)

resistivity and Xiii) to scale the vortex liquid resistivity close ttetvortex-glass to liquid
transition regime forRE modified (Bi, Pb) — 2212 superconductors.

The dissertation is organized into eight chaptdnse introductory chaptercfiapter 1)
begins with a brief overview on high temperaturpesaonductivity, superconducting materials,
structural arrangement, underlying theories, apgations and the specialties oBi-based
superconductors. The details of the experimental analytical techniques in general are
outlined in chapter 2 while the specific methods used are also describethe respective
chapters.

In chapter 3, the influence of rare earth(Lu, Ho, Dy and TP substitution on the
superconducting properties @Bi, Pb) —2212 system is discussed in detail. The structural and

superconducting properties are studied for difféereRE concentrations in the range

viii
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0<x<0.5 and the results are compared with tiiRE-free (Bi, Pb)—2212 superconductor.
The REs are chosen on the basis of ionic size and valenteria and a variety of analytical

tools like XRD, SEM, EDAX, R—-T and J. measurements are employed for the

determination of structural and transport propestielhe superconducting properties such as

T, and J. are highly enhanced and this increase is explaimgthe dual effect of the decrease
in the hole concentratioP) in CuQ, planes from the over-doped to an optimally-dopetes
and the improvement of coupling between @eQ, layers which is achieved byRE
substitution. Beyond the optimum levels, Thegets reduced and an under-doped condition is

attained due to reduced hole density, which trigger metal to insulator transition in
(Bi, Pb)—2212 system.

In chapter 4, the suppression of flux creep and flux pinning ertips of RE (Lu, Ho,
Dy, Th, Gd and Eu) substituted(Bi, Pb) —2212 system is discussed in detail and the results
are compared with theRE-free (Bi,Pb)—2212 system. The enhancement of flux pinning
properties is evident from the improved(B) and normalized].(B) characteristics. Among
the RE substituted samples, thd.(B) characteristics are found to be much better f&u

substituted samples and the maximum values ofdbuiing force densitie¢F, _ ) of the RE

P max
- substituted samples are found to shift towardghéi fields and temperature and this means
that the irreversibility line(IL) of the RE substituted samples shift towards higher fieldd an

temperatures. Alson>15 and J<J, shows a glass-state for flux-lines, indicatingithe
improved flux-pinning ability due to the creatiohpmint defects by the substitut&®E atoms.
The improvedJ. values also support this. A correlation betwaenindices andJ. of RE
substituted (Bi, Pb)—2212 superconductor is also observed. The
J.(B), F.(B), E- J U J- J characteristics are highly improved foRE substituted
(Bi, Pb)—2212 superconductors. Also enhanced. and n values at applied fields under

transport current flow show that th&®E modified material is a promising candidate for
magnetic applications. The pinning analysis cleai®ynonstrates that the substitutionRIE in

(Bi,Pb)—2212 superconductor significantly enhances its fluxnoig strength at a relatively
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high temperature of 64 K by the introduction ofrpalefects, which also contribute to tig of
the RE substituted(Bi, Pb) —2212 superconductor.

In chapter 5, theeffect of refinement of microstructure on the fdimning properties of
RE (Ho, Dy, Gd and La substituted(Bi, Pb) —2212 system is discussed in detail. The effect

of sintering temperature on thRE substituted(Bi, Pb) — 2212 superconductors is investigated
systematically. The microstructural variations dghly temperature-sensitive. THAg value is
found to be invariant with the sintering temperatdior the sameRE content. Thel. value of
RE substituted samples depends mainly onRIEeused and the enormous increase of self-field
J. of the samples (with sanRE content) heat treated at higher sintering temperas is due
to the formation of the refined microstructure. Whihe formation of disrupted grains with
decreased texturing reduces the self-fidld of the samples heat treated above or below the
optimum sintering temperatur@,,). The investigation of the microstructural and fhirning
properties of RE substituted (Bi,Pb)—2212 superconductors prepared at different
temperatures ranging from 846 to 86C point towards the importance of fine tuning of thea
treatment temperature in the preparationRE substituted(Bi, Pb) —2212 superconductors to
tailor their properties depending on different ajpptions. For instance, thdRE substituted
samples prepared at comparatively lower sinterieigperatures (846 — 85 ) are useful for
magnetic field applications due to their betterxflpinning properties. Whereas, the samples
prepared at higher sintering temperatures (854 0 86 ) are useful for self-field applications
due to their enhanced self-field current carryirapacity.

In chapter 6, the noveleffects ofdisorder at various out-of-plane lattice sites dret
superconducting and flux pinning properties BE substituted (Bi, Pb)—2212 system is

analyzed in detail. It is found that the self-fielll and J.(B) characteristics of RE
substituted samples are highly sensitive to theadbgite. The enhancement of flux pinning
properties are evident from the improvdd(B) characteristics and the Dew-Hughes pinning
analysis shows that for all samples, the peak fpwsibf F, at h = 0.33 = 0.03 which further
shows that the main pinning mechanism is due totgl@fects aroused out of the substitution of
RE atoms at the respective cationic sites. AmongREesubstituted samplesSrRE shows

the bestJ.(B) performance and the least self-field, while CaRE shows the leasd_(B)
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performance and the best self-field. These results show that the irreversibility linfetloe

RE substituted samples [especial§rRE] gets shifted towards higher magnetic fields and
temperatures, and the flux pinning strength sereiti depends on the site in whi®E is
substituted. The enhancement of superconductinlgflam pinning properties are discussed
based on the variation of out-of-plane disorderamfjes in the chemical as well as electronic
inhomogeneities due to the dopingRE atoms in thg Bi, Pb) —2212 system.

In chapter 7, the thermally activated flux floyT AFF) resistivity of RE (RE= Ly Hq
Eu, La and Cé substituted(Bi, Pb) —2212 superconductor has been discussed in detail with
the help of two theoretical methods [(i) Arrheniasthod and (ii) modified vortex-glass model].
The analysis of the resistivity data using the Anius plot show that with decreasing

temperature, the activation enerdy,(B) initially shows a plateau region and subsequently

changes to a divergent behavior which indicatesctimssover from the Arrhenius to the vortex-

glass regime. By using the modified vortex-glasdefidhe equations fop andU,(B,T) are

obtained and the outcome of the analyses using th@sations are in good agreement with the
experimental data. In addition, the scaling anadys shown to be applicable for the whole
vortex-liquid regime of th&RE substituted samples and thus it is concludedtt@Bnalysis of

TAFF behavior in any highl, superconductor using the modified vortex-glassehadhighly

advantageous over the Arrhenius method. Again, gnba RE substituted samplesSrRE
shows the best in-field performance and henceltixeflbw resistivity is very much suppressed
for this sample whileCaRE shows the least. Thus it is concluded that for me#g field
applications defects created at tt® site is more influential than defects Bi or Ca sites.
The highly enhanced temperature and magnetic fieljpendent activation energy at applied
fields under transport current flow suggests thdte tRE modified (Bi,Pb)—-2212
superconducting materials are the promising cantidafor magnetic applications. Finally,
chapter 8 summarizes the major conclusions drawn out fromwtbek and the scope for future

work.
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CHAPTER 1

Overview on high temperature superconductivity

1.1. Introduction

In 1908, Professor Heike Kamerlingh Onnes initdatbe field of low temperature
physics by liquefying helium in his laboratory aitlen (Holland). Three years later, he found
that at 4.2 K, the dc resistance of mercury drogpexero [Figure 1.1(a) and 1.1(b)]. With that
finding the field of superconductivity was born [Onnes (1911)]. A perfect superconduistar
material that exhibits two characteristics progsitinamely zero electrical resistance and
perfect diamagnetism, when it is cooled below di@aar temperaturel_, called the critical
temperature. A considerable amount of time wenbéfore physicists become aware of the
second distinguishing characteristic of a superaotat (namely, its perfect diamagnetism). In
1933, Walter Meissner and Robert Ochsenfeld [Meisst al. (1933)] found that when a
superconductor material is cooled below its tramsitemperature in a magnetic field, an
electric current is established on its surface witieate an equal and opposite magnetic field to
the one that is being applied and results in &zaei magnetic field inside the superconductor.
As a result, the flux inside the superconductoexpelled in magnetic fields below a certain
threshold value [Figure 1.2(a) and 1.2(b)]. Theemq@menon came to be known as
Meissner effect, and laid the foundation for the thermodynamictiresnt of superconductivity.

The detailed research by Kamerlingh Onnes, Meisané Ochsenfeld showed that the
normal or superconducting state of a material iserdéined by the temperature, applied

magnetic field and the current flowing through superconductor. Thus, for the occurrence of

superconductivity in a material, the temperaturestme below the critical temperatu(@c),
the external magnetic field must be below the aattifield (H.) and the current density
through the material must be below the criticalrent density(JC). The three parameters

T.(H,J), Hc(T,J) and J. (H,T)define a critical surface as illustrated in figure (c) and

inside the surface the material is in supercondgcditate and outside the surface the material is

in normal state.
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Figure 1.1: (a) R—T plot of mercury obtained by Kamerlingh Onnes and ) the variation of
resistance with temperature for a normal conductorand a superconductor.

The usefulness of a superconductor for technodbgipplications depends on its ability
to carry high current density without resistivedas the working fieIc(H) and temperature
(T). There are two limits to thd. in practical superconductors: (i) the intrinslg is limited
by the upper critical fieldH_,) and the irreversibility fieldH,, ), and (ii) the extrinsicl. is

limited by the factors like grain connectivity, greorientation (anisotropy) and flux pinning.
Hence the main focuss of research in this areebbas to develop superconductors with high

values of T, H. and J. envisioned to realize superconducting materials goactical

applications with reduced operation cost.
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T>T. T< T,

Figure 1.2: (a) and (b) lllustration of the Meissne effect and (c) the three dimensional critical
surface of a superconductor.

1.2. Theoretical background

Though superconductivity is discovered in 1912pdk a long time to get a successful
microscopic explanation for its occurrence. In 4,9&orter and Gasimer proposed the first
model called two-fluid model to describe supercaniity. After the discovery of Meissner
effect, the London equations proposed by Londothlers [London et al. (1935)] explained the
behaviour of a superconductor in magnetic fielddso London brothers proved that the field
inside a superconductor in the Meissner state deeaponentially with distance from the

surface. This defines the London penetration dftgthdon et al. (1935)]4, , being defined as
H(A.)=(¥e)H (0), where H(0) is the field at the surface of the superconductior.1950

Ginzberg and Landau [Ginzburg Ginzburg V L, “Nobhekture” (2004)] explained the normal
to superconducting transition using the Landaurhebphase transitions. Landau theory takes
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Figure 1.3: (a) and (b) Variation of internal magnéic field with external field for type | and type 11
superconductors and (c) and (d) show theH —T phase diagram of type | and type II
superconductors.

electrodynamic, quantum mechanic and thermodynamuperties into account and expresses

the degree of superconductivity in a material amplex order parameter described by the
density of super-electrons; and a phas@ at positionr, as ¢ (r)=n(r)e“". Using this
expression in an expansion of Gibbs free energy Meawhere the order parameter is small),

gives the two GL-equations which define two fundatak length scales characterizing the

superconducting state. They are the penetratignthd€), ), which has already been

mentioned, and the coherence lengfhwhich characterizes the spatial variatiorﬂo(fr) and

in an ordinary superconductor, it can be up torarfecrometers in length.

In 1957, Abrikosov [Abrikosov (1957)] successfulpyedicted the vortex structure in
superconductors by applying GL-theory, which pregidan immense understanding of the
magnetic properties of superconductors. Thus,halsuperconductors were divided into two

classes, type | and type I, based on the ratfarddamental superconductivity parametdysto

4
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§. This ratio, k =A /&, is called the Ginzburg- Landau parameter. If « <0.707, the
superconductor is type I. lk >0.707, the superconductor is type Il. The more fundanienta

characteristic distinction for type | and type Upgrconductors is the sign of the interface
energy between the normal and superconducting ad@mdiype | has a positive interface
energy, and type Il has negative interface enefgype | superconductors expel an external

magnetic field from their interior, up to a thernyodmic critical field H.. For external fields
above H. the superconductor turns into normal material atidws the external fields to
penetrate into the interior of the superconduckeor fields <H. (Meissner state) type |
superconductor acts as a perfect diamagnet soxtkatl and M =—-H and for fields>H_

(normal state) Y =0 and M =0. Figure 1.3 (a) shows the variations of internaldiwith

external field for a type | superconductor.
The negative interface energy allows the typeupesconductor to occupy as much

interfacial area as possible and hence, the tygedérconductors have two critical field.,
and H., [Figure 1.3 (b)]. Below the lower critical fieltl.,, a type Il superconductor behaves

as that of a type | superconductor and expels aagnetic field from its interior. For fields
above the value oH_,, the external magnetic field starts to penetrate the interior of the
type Il superconductor in the form of quantizedfitortices. These quantized flux vortices are
known as fluxons and each fluxon is a tube of mditithe order of London penetration depth

A, in which superconducting screening currents cateubround a small non superconducting

core of radiusé. The flux carried by a single fluxon i®, =h/2e=2x10" Wb [Abrikosov

(2004)]. As the external field increases, more arade flux vortices are created at the surface
of the superconductor and are penetrated into ritexior, and they arrange themselves in a
regular lattice. This state, called the mixed statevortex state is important for the practical
applications. As the field increases further, ti ¥ortices fill the superconducting matrix and
thus reduce the superconducting area. At a paatidugh field, called the upper critical field

H.,, the entire superconducting area is filled by wedi and the superconductor turns into a
normal material. For fields< H., (Meissner state) type Il superconductor acts geréect
diamagnet so thagy =-1 and M =-H, for fields >H_, and <H_, (mixed or vortex state)

magnetic field penetrates in the form of quantizeortices so that0O>y>-1 and
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0>M >-H and for fields>H_, (normal state)y =0 and M =0. Figure 1.3 (b) shows the

variations of internal field with external fieldrfa type Il superconductor. Figure 1.3 (c) and (d)
show schemati¢d —T phase diagrams for type | and type Il supercormactespectively. The

H, is of the order of 10-10@T for most of the type Il superconductors, whileythave very
high H., values of several tesla. This property allows tipe Il superconductors to remain

superconducting in high fields, which is advantagem many applications such as magnetic
levitation and transformers. Thus, the GL-theorg igery efficient tool to analyze the physical
properties of a superconductor, but it does nog¢ givnicroscopic explanation to what happens
inside the material as it becomes superconducting.

A microscopic quantum theory of superconductiwgs first published in 1957 by
Bardeen, Cooper and Schreiffer, and is known asBlS theory [Bardeen et al. (1957),
PBardeen et al. (1957)], which explains the fasaigproperties of superconductors. According
to BCS theory, the pairing of electrons (Cooper pairg) thie exchange of atomic vibrations
(phonons) is the reason for the occurrence of sopéuctivity. The pairing of electrons is in
momentum space rather than in real space. In fhersonducting state some of the electrons in
the material form pairs known as Cooper pairs (sepectron pairs) and condensate into an
energy state. An electron-phonon interaction, ntedithe pairing of electrons. As a negatively
charged electron moves through a lattice of pasitons, it locally distorts the neighborhood
lattice and creates an area of greater positivegeh@ensity around it. Another electron passing
nearby in the lattice is then attracted to thisrgaalistortion and forms the Cooper pair. The
electrons are thus indirectly attracted to eacleroimd form a Cooper pair (Figure 1.4) through
the lattice (phonon) interaction. The coherent supstion of these Cooper pairs into a
condensate creates an energy gap in the excitspiectrum. In the superconducting state this
gap prevents the scattering of electrons and peximero electrical resistance. In a simplified

picture, superconductivity is created by two paiegettrons (Cooper pair) having wave vectors

of opposite signK, and K_ but being equal in magnitudi,

:|K_|. Their total wave vector

will then be ~ 0, which corresponds to an infinite wavelength. Thevalength is much larger

than the distance between the atoms in a crystathameans that the Cooper pair will not be
scattered by the lattice and thus it does not éspee any resistance as it flows through the
material. The coherent superposition of these Copags into a condensate creates an energy

gap in the excitation spectrum which prevents tlattering of electrons and infinite
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conductivity is maintained in superconducting stdtiee binding energy of Cooper pairs was

estimated to beA(0) =1.75,T, at zero kelvin [Bardeen et al. (1957)], whet40) is the

superconducting energy gap.

Electron-2 A

 EEEE R o)

K/ Electron-1

Figure 1.4: The phonon mediated electron-electronnteraction to form the Cooper pair. The
electron-1 modifies the vibration of positive ionwhich in turn interacts with electron-2 and the net
result is the attractive interaction between the tw electrons.

The BCS theory successfully explained the supercondugtivitiow T, materials, but
it failed to satisfactorily explain the supercontivty in high T_ cuprates [Lee et al. (2006)].
For example, the occurrence §f values higher than 40 K could not be explainedBgS

theory. Also the experimentally determined energp gf HTS was found to be twice as that

calculated usingBCS theory. Hence forHTS materials more specific superconductivity

theories have been developed, and most importantsotine Resonating Valance Ba(ﬂVB)

theory [Anderson (1987)]. Also there emerged ao$eew theories which have been forwarded
with BCS type mechanism such as phonon coupling, polaratiatesl interactions, mediation

through excitons, plasmons, spin fluctuations ket¢he year 2000, Pan et al [Pan et al. (2000)]
proposed that high temperature superconductivitglires fluctuations of the magnetic spins of

atomic nuclei, rather than phonon mediated mechani classical low temperature

7
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superconductoriLTS). Using Low temperatureSTM studies onHTS materials, they

observed that higi, superconductivity originated from strong interantof electrons moving

through copper oxide layers. However, till now neessful theory could be formulated for

HTS materials due to the lack of direct evidence.

1. 3 Superconducting materials

Mercury(Hg) Is the first material observed to be supercondgadta 1911. Now, nearly
after one century of the discovery of the phenomenbousands of materials including
elemental metals, alloys, binary and multicompommrpounds of metals, ceramics, doped
fullerenes and organic molecules are found to lpersonducting with transition temperatures
ranging from a milli kelvin to ~ 150 K [Geballe (@D), Phillips (2000)]. Many materials which
are non-superconducting under normal conditionsoinec superconducting under pressure,
upon irradiation or charge doping and some matenmathe form of thin film.

Table1.1 gives some of the superconducting materials ofouar classes/families.
Among the simple elemental superconductors Li hashtghesfT, of 20 K under high pressure
while Nb has the highesE, of 9.25 K under normal conditions. Highly conduagtiordinary
metallic materials like Cu, Ag and Au are non-sgpeductors even to the lowest temperature
studied. Al is superconducting and ha$_ af 1.18 K in bulk and 3.6 K in the form of thirirfi.
Inter-metallic materials with thé\15 crystal structure such &3S, Nb3Sh, Nb3Ga andNb3Ge
have higher transition temperatures than the el@hesuperconductors. Of thesAl5
superconductor$yb3Ge has aT, of 23.2 K and this was the highélktfor a superconductor for
many decades, before the mid 80’s. All these simgimental, alloy and intermetallic

superconductors that havé, at or below 23 K are known as the low temperature
superconductoréLTS) and are well explained by tH&CS theory of superconductivity.

The discovery of superconductivity in copper oxgiestems was a breakthrough in
superconductivity research. In 1986 Bednorz and léifrom the IBM laboratory in
Ruschlikon near Zurich reported the existence pestonductivity inLa—-Ba—-Cu -0 system

at a surprisingly highT, of ~ 30 K, [Bednorz et al. (1986)] initiating thexa of high T,

superconductivity ITS). The discovery of superconductivity in the mix¥d-Ba-Cu-0
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compound system witfi, above 90 K, higher than the boiling temperaturdicpfid nitrogen
(77 K) was another milestone in the search for i¢WS materials [Wu et al. (1987)]. Today,
different cuprate compounds have been found andltbglay the superconducting properties at
relatively high temperatures. The highest reliableever measured up to now was in the
HgBa,Ca,Cu0, system [, = 164 K) under 30 GPa pressure [Gao et al. (1994)]

In March 2001, a new type of superconductdgB, was discovered and it is having a
T, of 39 K [Nagamatsu et al. (2001)]. It has a laglestructure but not as anisotropic as the
cuprates and has two band gaps open up bdlojtiu et al. (2001), Szabo et al. (2001)],

implying that there are two types of super-electromthe material. It is presumed that this can

cause creation of vortices carrying an arbitraagtion of a magnetic flux quantum [Babaev et

al. (2002)]. Recently, in 2008, iron based supedcator, LaFeAsF,O_, (x=0.11) was
discovered having &_ of 26 K [Kamihara et al. (2008)], which was raiged50 — 55 K by
replacing La by different rare earths. These irasedn superconductors have very high,

values of the order of 300 T [Jia et al. (2008)hwever, arsenic toxicity and the necessity of
inert atmosphere, high pressure and temperaturth@mmain challenges to be addressed for the
development of these materials into practical cetws [An R Z, Wei L, Jie Y, Wei Y, Li S X,
Cai L Z, etal. (2008)].

Table 1.1: Superconducting materials under variouglassifications

[Jrome et al. (1980), Saito et al. (1991), Poolal ef1995), Hott et al. (2005), Buzea et al. (20®Lizea
et al. (2005), Kamihara et al. (2008), An et a0(@), Ishiguro et al. (1998), Jia et al. (2008)méanoto
et al. (2008), Yi et al. (2008)].

Type/class Example T, (K)
Elements Hg 4.2
Nb 9.2

Li (under pressure) 20
B (under pressure) 11
W (thin film) 55
Pd (irradiated) 3.2
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Amophous materials dd Fewss 1.0
ThgoC0z0 3.8
Alloys VTi 7.0
NbTi 9.0
A15 type (A3B) NbsSn 18.0
NbsGe 23.2
Laves phase (AB2) ZrV, 9.6
LaOs 8.9
Chevrel phase (ABxM06S8) PbMa:Ss 12.6
S 2M0eS 14.2
Heavy electron systems UPdAI 3 2.0
CeCuSis 0.6
Magnetic material ErgBy 10
Doped Fullerenes S0 47.4
Rb, 7T12.2Cs0 45
Borides MgB. 39
ZrB1; 5.82
YRh4B4 11.3
Borocarbides YPd:B,C 23
Oxides Ba.eKo.4BiO3 30
LiTi ;04 13.7
Cuprates YBa,CusOy 92
Bi>.SrLCaCuw,0Os 80
Bi,SrnCaCu0ip 110
Hg.SRCaCusO1p 135
Oxypnictides SmexFo 1 FeAs 55
NdOy so.1d-€AS 51

1.3.1 Crystal structure

The important structural element of all high superconductors is the set nfCuO,

planes separated by the charge reservoirs. Maesiadh asLa, ,S,CuO, and Nd,_, S,CuO,

10
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contain one plane per unit cell and are referrecidcsingle layered compounds. The most
commonly studiedBi —2212 and Y -123 systems are double-layered systems with 2
planes per unit cell. The electron transport arat@sses responsible for superconductivity at
high T, are believed to be the intimately connec@D, planes.

Several families of cuprates can be synthesizéd wi1,2,3 and within each family,
the transition temperature increases with numberCaO, layers. Also, the cuprates are
characterized by superconducti@yO, planes separated by non-metallic interlayer actisag
charge reservoirs for th€uO, planes. It has an orthorhombic or tetragonaldatstructure,
with an elongated-axis whilea- andb-axes are of comparable or same length. The general
chemical formula of high T, superconductors can be empirically represented as

A.ECa _CuO where A = Bi/Pb/TI/Hg/Au/Cu/ Ca/B/Al/Ga, E = Ba or S, andm and

2n+m+ 2+y?

n are integers and< y< 1 [Yamauchi et al. (2000)].

Charge Reservoir AOy
Block o0 00 ;
EO Charge Reservoir
f‘ CLI02 @ CO:’ Block
Active Block 00 QO
e o
Charge Reservoir AO, O -Cu AV 4 8P
0-Y v
Block EO O-5 g gg 8 Active Block
Active Block G200 FONR
ctive Bloc|
~ Cuo, o
Charge Reservoir EO 0O 00 Charge Reservoir
Block AOx > O ok
o0 OO
(a) (b)

Figure 1.5: (a) General crystal structure of cupraé based high temperature superconductor and
(b) shows the crystal structure ofYBa,Cu ,0,_;superconductor.

The choice of E depends on the active Ia;(e!k@x) involved, since it has to provide necessary
spatial adjustment o€uO, to the AO, layers. These active layers af@uO,/Ca,_,/CuO,)

stacks are separated by charge reservoir stEﬁM,(AOX)m/ EO as shown in figure 1.5 (a).

Superconductivity inHTS is believed to have its origin from different sugmnductive

11
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interactions existing in theCuO, layers [Orenstein et al. (2000)]. Strongest of thkse
interactions is the intralayer coupling within ea@uO, layer. Interlayer coupling, the
superconductive interactions betwe€nO, layers within a giver{CuO,/Ca,_,/CuO,) stack,

is weaker than intralayer coupling. The weakeslbis the Josephson’s coupling, which exists
between different{CuO, /Ca,_,/CuO,) stacks across the insulating interlayer. For examp
figure 1.5 (b) showing th&Ba,Cu ,O,_; structure, one can clearly see stacks of the sioyidé

perovskite. On inspecting the structure, one plaina time, one finds that the orthorhombic
Y —-123 structure consists of layers such &80, BaO, CuQO2, Y, CuO2, BaO and CuO,

beginning at the bottom and proceeding upwards.s;Thu YBa,Cu,0, ; superconductor,

(CuO,/Y/Cu0,) and BaO layers act a€uO, stack and active layer, respectively.

1.3.2 Important properties
The layered structure, non stoichiometry and dropac properties are certain common
features of high temperature cuprate based supsuctors. All cuprate basddTSs have

CuO, sheets with or without apical oxygen atoms. Theiheocharge carriers in the cuprates
are in theCuO, planes and the superconductivity is believed t@® tplace in these planes.
These CuO, planes are separated each other by interve@ngO chains in123 and 214

cuprates. The layer containing other materials or etan oxide layers
(Ba—O, Bi—-O,TI-O and Hg—O) in other cuprates serve as the charge carriervase
The presence of other elements and the spacingbettheCuO, planes also change the value
of T..

If the crystal contains an element with variabléaaay, then any change in the number
of ions of that element can be compensated by @samgthe ion charge. This maintains the
charge balance but alters the stoichiometry. Elesnaiith variable valancy mostly occur in
transition elements and in rare earths. The noichstonetric compounds can have formulae
that do not have simple integer ratios of atom®yTisually exhibit a range of compositions.

The oxygen stoichiometry and ordering also playsrucial role in determining the
structure and properties of cuprates. 183 systems the dependence of the structure and

properties on oxygen content has been well studhedause the oxygen stoichiometry is easily

12
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varied between 6 and 7 due to the loosely boundyexyatoms in theCu—-O chains. For
example inYBa,Cu,0, ;, when 0<J<0.25, the structure is orthorhombifc=3b) and
T.=90K. When 0.3<0<04, the structure is still orthorhombic, but#3b, and
T.=50-60K. When 0=1.0, the structure is tetragonal and the material isn no

superconducting. In the case &SCCO system, excess oxygen in ti& —-O layers (one
oxygen for every four or five unit cells) leadsmeommensurate modulation.

Finally the HTS materials are highly anisotropic in many of theioperties such as
resistivity, critical current and upper criticaleld [Hagen et al. (1988), Worthigton et al.

(1987)]. This is thought to arise from the quasstmensional nature of the conducti@gO,

planes [Goodenough et al. (1990), Raveau et a@Q)19In Bi —2212 crystals, the normal state
conductivity parallel to theCuO, planes is typically 10 times higher than that in the

perpendicular direction, making them the most amgac of all known superconductors. The

anisotropic parametey is 1 for NbTi and Nb,Sh, 2 to 3 for MgB,, 5 to 7 for YBCO and
50 to 200 for BSCCO. The large anisotropic nature BSCCO, restricts its application at very

low temperatures and low self-field uses such asepaables, even thoughi., (at 77 K)

exceeds 10 T. The anisotropy in critical curremsiy (JC) Is one of the important factors to

be considered for practical applications such addbrication of superconducting magnets and
for other field based applications. In addition ttas, the investigation of anisotropy in
HTS materials will provide very useful information ohet dominant pinning mechanism

operating in these materials.

1.3.3 The Bi;Sr,Can.1CunO2on+4+ System
The Bi-based highT_ cuprate superconducting materials can be represeny the

homologue series having general formulgi,S,Ca,_CuO,,,; that contain either,
n=1 2or 3CuQ, layers per unit cell. Primitive unit cells of slagayer, bilayer, and trilayer
Bi-based superconductors differ only in the num(m%l) of CuQO,/Ca/CuO, slabs packed

along the c-axis; upon insertion of one or two s)dhe c-axis parameter of the crystallographic
cells increases from 24.6 to 30.6 and 37.1 A [Taraset al. (1998)]. All the members in the

series are superconductors with differ@ptvalues. TheBi,S,CuO,,; superconductor (n = 1)

13
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has aT, around ~ 10 KBi,S,CaCu.0O,, (n=2) andBi,S,Ca,Cu0,,, (n = 3) havel_ s of ~
80 K and 110 K, respectively [Maeda et al. (1988}je compounds with higher value (n = 4
and 5) also exist in multiphase mixture of bulktiein films having aT, of 90 K and 50 K,

respectively.

1.3.3.1. Bi-2201 system
TheBi,S,CuO,, sSystem is usually referred to & —2201and it has &, of ~ 10 K. Its
structure contains &uO,layer at its centre surrounded bySa—0O layer and then @i -0

layer on each side. The equilibrium phase is ooged with holes and is a semiconductor. This

phase is orthorhombicAmaa) with cell parametersa=5.36 A b=5.37 A andc=24.37 A

The number of formula units per cell &= 4. The superconducting Raveau phase is reported to
have a wide range of solid solubility and pseud@gonal crystal symmetryBi —2201 has the
simplest prototype structure due to the presencesiofjle octahedrally coordinated

Cu-0Oplanes with no intervening Ca layer like other Bisbd superconductors.

1.3.3.2. Bi-2212 system
The Bi,S,CaCu0O,, (Bi—2212) is the most important and extensively studiedchhig

T. phase (Figure 1.6). The crystal structureBof-2212is composed of three building blocks
other than twoCuO, planes: (1)Bi,O,block, (2) & —O block, and (3)Cablock. These three

blocks are charge reservoirs and, at the same sma&ces of disorder which result in the

structural supermodulation of tH& — O layers. The excess oxygen atoms are locatedneanr

the Bi,O, block which acts as the hole dopaBi’ ions tend to replace th&* ions in the
S -0 block (sometimes called site mixing). Ti@a** ions in the plane sandwiched by two
CuO, planes can easily be replaced by rare-earth ioitts relatively smaller ionic radii.
Bi* and RE* substituted fors** and Ca’* decrease the hole density in tBeO, layer. Ca

adopts eight co-ordinates. There is no oxygenisti¢hrel. ThereforeCu has only five nearest
neighbours in square pyramidal co-ordination rathan elongated octahedral co-ordination of

Bi —2201. The structure may be described with the orthoiliomAmaa group with cell
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parameters beinga=5.414 A. b=5.418 A and c=30.89 A, with Z=4. The detailed
structural parameter d8i,S,Ca,Cu.O,;is given intable 1.2,

Ca
1 Perovskite
Cu,0 layer
r Sr, O
Bi, O
Rocksalt ‘
layer "l '. Bi, O
o -Ca ,.(v‘\ Sr, 0
h . | \'
o = Bi Cu, O
. Perovskite
© -Cu Ca layer
o - 0 Cu, O
O - Sr Sr, O
Bi, O
Rocksalt
layer
Bi, O
Sr, O
| Perovskite
Cuw, 0 layer
Ca

Figure 1.6: Crystal structure of Bi —2212 high temperature superconductor.
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Table 1.2: Structural parameters of BpSr,CaCu,Os.; obtained by Rietveld Refinement
[Sunshine et al. (1988)].

Cell a=5415 b=5419 c¢=30.90
parameter A A A V=09067 A
Atom Position X y z Occupancy
Bi(1) 8i 0.00 0.00 0.1989 1.0
Sr 8i 0.00 0.50 0.1091 1.0
Ca 4b 0.00 0.50 0.0000 0.8
Bi(2) 4b 0.00 0.50 0.0000 0.2
Cu 8i 0.00 0.00 0.0543 1.0
0O(1) 16j 0.25 0.25 0.0510 1.0
0(2) 8i 0.00 0.50 0.1980 1.0
0O(3) 8i 0.00 0.00 0.1200 1.0

1.3.3.3. Bi-2223 system

TheBi,S,Ca,Cu0,, s, referred to aBi —2223, shows the highesE, of 110 K among
Bi-based superconductors. Its structure consiséslditional CuO, and Ca layers, inserted with
CuQ, /Ca/CuO, block of Bi —2212 yielding CuQO, / Ca/Cu0O,/Ca/CuO, club sandwich. The

other Cu atoms are in square pyramid co-ordinatibite inner Cu atoms are in square plane
co-ordination. These layers are separated by itisgléayers with a rock salt structure. These
rock salt layers lead to a distance of 1.2 nm,cihieerence length between the blocks. Hence,

anisotropy is large (>30), pinning is weak and sp@ort properties are very sensitive to
magnetic fields. The space group assigned to thase isAmaawith a=5.39 A b=5.41 A

c=37.1A andZ = 4.

1.4 Physics behind the HTS materials

The CuQ, layers are believed to be the location of the heobharge carriers in the

cuprate HTS compounds [Orenstein et al. (2000)]. This is imeagient with band structure
calculations [Figure 1.7 (a)]. There are sevehnainaical, structural and electronic aspects of the
copper oxide superconductors that distinguish tifremm other oxides. In copper oxide, the

difference in energy between the oxygen and mehadad is very small, and produce electronic
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energy bands. Also, oxygen is highly involved e tconduction process as in the case of

copper, which is a rare situation in conductinglesi

Zhang-Rir:e band

Hubbard
hand

Density of states

Density of states Density of states

(@) (b) (c)

Figure 1.7: Schematics of the electronic energy s&s involved in the charge transport inHTS (a)
in an independent electron model, (b) including orsite Coulomb repulsion of theCu SdXZ_y2 states

and (c) hybridization of oxygenO 2p, states and the lower HubbardCu 3dx2-y2 band.

The electronic configuration foEu atom is1s®2s*2p®3%*3°42 8 ° nine of the ten
available d-orbital energy states are filled. Thape of theCu—-0O co-ordination polyhedra are
such that there are four near in-plane oxygen feighand one or two distant apical oxygen.
This makes the energies of the orbital towardsaihiees because of lower repulsion from the
oxygen orbital. The result is that the nine elattconfiguration has a single unpaired electron

in the Cu 3dx2_y2 orbital [Figure 1.8]. That is the deformation bketoxygen octahedra which
surround eachCu ion make the?»dxz_yz orbital, the only unoccupie€u 3d orbital and it

accommodate the single hole.

This copper3dx2_y2 state hybridizes with th© 2p_ orbital of the surrounding four

oxygen atoms. Due to the strong Coulomb repulsiorafiding another hole at@u site, these
holes cannot move to neighbori@y sites. This Coulomb correlation effect preventsedallic

behavior and turns the stoichiomethtTS compounds into insulators [Figure 1.7 (b)].
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Figure 1.8: The d-electron configuration for Cu®*.

Actually, the metal-insulator transition of coppedides is more complicated than this
classical Mott scenario. The gap for electronicitaxions here is not determined by the mutual

Coulomb repulsion of coppe$dxz_y2 holes, but, by the energy required to transfeharge

from an oxygen ion to the copper ion since the ésgloccupied electronic states are derived
from oxygenO 2p_ orbital with only a small admixture d€u character [Figure 1.7 (c)].
Hence, undoped copper oxides are not Mott-Hubbasdlators but Charge-Transfer insulators.
Virtual charge fluctuations generate a super-exghanteraction, which favours antiparallel
alignment of neighbouring spins. The result is loagge anti-ferromagnetic order up to rather

high Néel temperature§,. What is special about copper oxides in the big @boonducting
oxides is that they are composed@fO, layers which form 2-dimensional spin-1/2 Heisegber

anti-ferromagnetic subsystems that are subjecatocplarly strong quantum spin fluctuations.

This is the starting point for many theoretical aggions of theHTS in cuprate compounds

such as the Resonating Valence Bcélﬁd/B) [Anderson (1987)] or the Quantum Ciritical Point

(QCP) scenario. In theRVB picture, the anti-ferromagnetic lattice is pereeivas a network

of spin singlets made up of pairs of antipara{leli spins of the anti-ferromagnetic lattice. The
ground state of the anti-ferromagnetic latticenighis view a resonating superposition of such

configurations of valence bonds in close analogthtochemical picture of resonating double
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bonds in benzene. Putting an additional oxygen bale certain lattice site compensates the
correspondingCu spin by means of a singlet formation and leavesesghere an unpaired spin
of the related broken valence bond. The same haldsfor the removal of &u hole (along
with its spin). The many-body ground state of sackystem with broken valence bonds is
suggested to be a liquid-like state made up ofréineaining resonating valence bonds and the
decoupled charges (holons) and unpaired spinsdisg)jras independent degrees of freedom.
The single-band Hubbard model and its variatioagehbecome the most common
framework used for making theoretical analyses jmdlictions about the cuprates [Hubbard
(1963)]. They are tight-binding models, which sdlgat each electron is modeled as being
bound to a specific discrete site, as opposediegist a state with more continuous degrees of
freedom. In its original formulation, the Hubbaraael only allows electrons to move directly
to immediately adjacent sites (called nearest righ hopping, controlled by the transfer

parametert), but extensions to the model can also includet-nearest neighbour hopping

(parameterized ak ), or even greater hor($") etc. Among the biggest successes of this model

is its ability to produce a normal state Fermi acef consistent with experimental measurement.
As a result, such measurements are routinely pdesired in terms of the hopping parameters
of the model. The Hubbard model consists of a snplo-part Hamiltonian intended to

describe a system of strongly interacting partickesh as the electrons in a Mott insulator. The
particles are assumed to be on a lattice with upwmm present at each site. The Hubbard

Hamiltonian is:

H=H,, +H

hop int (1.9

where, H, , the energy required by the particles to hop frora site to another. This form is

hop !
originally written by Gutzwiller [Gutzwiller (1963)in which, the kinetic energy terrh,  is
given in momentum space terms. The second (&ﬂm) represents the energy required for two

particles to occupy the same lattice site, an@fierred to as the interaction term. Shortly after
Gutzwiller wrote it in this form, the first term @ahe Hamiltonian was rewritten in real space
terms by Hubbard [Hubbard (1963)]:
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Hreal—space thy X,0 ya ZU n, nXl (1,2)

X,Y,0

where, ¢ andc'are creation and annihilation operators, respdgtiveis the kinetic energy (or

transfer) term, and7D{T : 1}. While x and y can refer to any sites in the lattice, the matrix

elementt, , is non-zero only when they are nearest neighbdespite its simple form, with

suitable choices of andU, the Hubbard model can be shown to exhibit a rarigeoperties

including magnetic order such as antiferromagneti&siU — 0 for non-zerot in equation
(1.2), the system approaches a non-interacting,stéth plane wave solutions. At the other
extreme, ad) becomes large with respecttiothe energy required for two particles to occupy
the same site becomes large and the system ise@fteras strongly correlated. In the half filled
Hubbard model, the number of electrons becomes seniattice sites. By increasing - t,

the model describes a transition from metal to Mosulator (a Mott transition), since the
increasing Coulomb repulsion at a particular greyvents electron transport from site to site.

This brings us closer to a plausible model of tbamal stateCuO, plane in the cuprate based

superconductors.
Although the Hubbard model can display many progeiof Mott insulators, it does not
offer any direct insights into the cuprates. Fattta model was needed, that represented the

behaviour of electrons and holes in 880, plane. Emery proposed [Emery (1987)] a three-

band Hamiltonian that accounted for the variougggneontributions of electrons and holes in
the copper and oxygen orbitals, and of those happetween them. Zhang and Rice were able
to simplify this construction significantly by imiducing the object now known as the Zhang-

Rice singlet state [Zhang et al. (1988)]. It wa®wn experimentally that holes in tHeuO,
plane actually lie on oxygen sites. In the halgfil (U ) Hubbard model, each copper atom

can be regarded as havingﬁailxz_y2 hole, since it has adxz_y2 state with only one electron in it.

This hole is depicted in as having spinin figure 1.9. Zhang and Rice argued that once the
material is hole doped, any hole on the surroundiygen atoms can form a lower energy state
by hybridizing with the central copper hole to foansinglet state. These singlets would then be
free to travel around the crystal, hopping frone 4a site, always centred around one copper

atom. Because the motion is centered on the capers, the system can be described with a
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one-band model that disregards the oxygen sites.r@sult is a theoretical justification for the
validity of using thet—J model, as originally proposed by Anderson [Andar$b987)], to
represent the in-plane electronic structure ofdingrates. This model is constructed by taking

theU - t limit of the Hubbard model, and introducing anif@mtomagnetic interaction term:

1
Hint(t—J) = ‘]Z(S'Sj _anjj (1.3
{i.1)

\ /
\ /
\ /

\ /

\ /

\ /

N /

Figure 1.9: The Zhang-Rice singlet. Four oxygen atos (red) surround a central copper atom
(olive). A down-arrow represents the spin of the He present on any copper site, and an up-arrow
represents the spin of a dopant-induced hole on thexygen site.
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where (i,j} are nearest-neighbour pairsy and S; are spin 1/2 operators. The

antiferromagnetic interaction energy is equal to4t2/U because of the possibility of a virtual
spin-flipping process involving a hop to an adjacencupied site and back. This model
produces an antiferromagnetic ground state (iVthet or undoped limit), since the energy of
the system can be lowered by ensuring that neigidpetectrons have oppositely aligned spins.

Numerical studies of the two-dimensiortat J model suggest that at optimal values of

the parameter]/t(~ 0.3- 0.49 the holes form bound pairs with effective attraetiorce acting

between them. These pairs can then be expectedntiense at low temperatures, leading to
superconductivity [Dagotto (1994)]. In this picturthe formation of the pairs does not
immediately require that they condense into a siiggbund state, which potentially explains the
pseudogap state - the region of the phase diagwdmbitng a precursor energy gap but no

superconductivity.

Figure 1.10: Simple model for the electronic degreeof freedom in the CuO2 plane of cuprate high
temperature superconductors. Left panel: Square ldice with one spin (1/2) state at every vertex.
Coulomb repulsion prevents electron hopping, and aiferromagnetic correlations impose an

overall antiferromagnetic ground state. Right panel With hole doping, electron hopping becomes
possible. (Red = Cu, Blue = O).

It should be noted that, despite being the mosjuieatly cited, the Zhang-Rice singlet is
not the only plausible state to be proposed aschia@ge carrying unit in the cuprates. It is

necessarily centred on the copper atoms of Ge®, plane, but experimental evidence of

oxygen-centred, static charge ordered states bastig begun to emerge.
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Figure 1.11: Generalized temperature - hole dopinghase diagram ofH TS dominated by the
interplay of anti-ferromagnetism and superconductivty.

In the copper oxide superconductor parent matefilaés C3* spin %2 ions in this CuO
plane are ordered anti-ferromagnetically at a heaghperature and the materials are insulating.
The high anti-ferrimagnetic ordering temperaturdigates that the copper spins are coupled
very strongly. Superconductivity is induced whée tlectron count in the Cu@lane is
changed from one electron per copper site. It mélaats compounds are doped to make the
formal copper valence differ from € typically higher. This is accomplished through
manipulation of the charge reservoir layer, eityeadding oxygen or by partial substitution of
one atom of higher or lower valence for anotherother words, the parent compound is doped
by either electrons or holes, and the anti-ferrametig ordering changes to superconductivity.
This is because with doping, hoping of electromsnflCu to Cu becomes possible as shown in
the right panel of the figure 1.10.

A schematic phase diagram of hole-doped cupratbgiware the most widely studied
examples of the cuprate high-temperature superaboid) is presented in figure 1.11. They
exhibit superconducting critical temperatures up 160 K at optimum hole doping

nearp ~ 0.16, where p ~ 0.16 is the number of doped holes per Cu atom. At ramgperature,

the undoped parent compound is a charge transfett)Misulator, with an antiferromagnetic
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ordering of spin states on the copper sites of G€; lattice. Unlike in regular band-gap
insulators, charge transport in Mott insulatorsnisibited at the cost of high Coulomb energy
associated with doubly occupied copper sites. Rémgoglectrons (in other words, creating
holes) allows charge to flow by leaving some prdiparof vacant sites for electrons to hop
into, a process which also destroys the antifergomaism.

Introducing small numbers of mobile charge carrierthis way, with low levels p <~ 0.06) of
hole doping, first produces a poorly conductingd(goorly understood) spin glass state. At
slightly higher doping, when a sufficient concetila of charge carriers is present, the
superconducting state mysteriously emerges. Theteeason for this is, one of the most

important unsolved problems in physics. Supercotindticis most resilient against increases in

a)

B (
J

S FL:J SxBap

Superconducting matrix

P

U Loy e
: [3) — é .
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. [} g
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“- .-.~|
% Flux flow|
ﬁ "'-:'-"‘Fluxcreep

Current density

Figure 1.12: (a) The type Il superconductor in thevortex state showing the flux vortices and the
magnetic field (B) in a vortex core. HereJ 4 is the superconducting circulating screening currets

associated with the vortices andr, is the Lorentz force, (b) schematic illustrationdor two kinds

of pinning centers in HTS and (c) the E —J characteristics for flux creep and flux flow of HTS
materials.
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temperature and magnetic field at an optimal dojergl of around ~ 0.16, but persists until
abovep ~ 0.25, at which point the crystal behaves like a metad any of the remaining

antiferromagnetic order disappears [Wakimoto e{24104)].

1.5 Flux pinning and critical current density

Based on the behavior of superconductors in theepie of magnetic fields, they are
classified into two categories, Type | and Typeadl mentioned in section 1.2. In Type |
superconductors, above the thermodynamic criticald,H., perfect diamagnetism is
destroyed and the superconductor is reverted backhe normal state. But in Type Il
superconductor, perfect diamagnetism is observéy umto a limit called the lower critical

fieldH,. AboveH_,, the magnetic flux lines partially penetrate inte tmaterial up to a field
called the upper critical fieldH.,, and aboveH_,, the magnetic flux fully penetrates into the
material and the material returns back to the nbstage. BetweerH ., and H., the material is

said to in a mixed state or vortex state. Thuthévortex state, the type Il superconductor is
filled with fluxons and each fluxons are quantiZkeck vortices which are shown in figure 1.12
(@). The number of quantized vortices increases vakternal field and in a perfect
superconducting crystal the competition betweeninlber-vortex repulsion and the magnetic
pressure from the outside field causes the vortioearrange themselves in a regular lattice
known as Abrikosov vortex lattice. An Abrikosov vex has a normal core, which can be

approximated by a long thin cylinder with its apiarallel to the external magnetic field. The
diameter of the cylinder is of the order 2§ and the density of Cooper pa1¢s|2 decreases to

zero at the vortex centers (Figure 1.13). The tdoamf the circulating super-current around the
core is such that the direction of the magnetild fgeenerated by the current coincides with that
of the external field and is parallel to the norroate. The magnetic field and the circulating

currents decay radially out from the core &j{r)OIn(A_/r) at short distances and as,
B(r)Or exp(-r/A.) at long distances from the vortex centers. Theutiting super-currents

surrounding the vortex core, predominantly locatedhe CuO, planes, cause an interaction

between the vortices, which is repulsive (attragtifor parallel (antiparallel) vortices. The

interaction extends to a distance of the orderdpf[Minnhagen et al. (1987), Pearl et al.

(1964)].
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Vortex core Screening curvent

Figure 1.13: Sketch of an Abrikosov vortex in an aisotropic superconductor. The diameter of the
vortex cylinder is of the order of 2 and the density of Cooper pairs(|l//|2) decreases to zero at

the vortex centers.

The ideal Type Il superconductors are not suitémenany bulk applications, because

when a macroscopic transport current flow throdghsuperconductor, the fluxons experience a

Lorentz forceq =J xB

.o, IN @ direction perpendicular to both the superentr(Js) and

applied magnetic fielc( Bapp) [figure 1.12 (a)]. This Lorentz force tends to radhe flux lines

and it will result an e.m.f equal to the rate owsbe of flux (the flux flow induces an electric

field E=n,qv,, wheren, is the number of fluxonsg is the quantum of flux and, is the

velocity of flux flow). Therefore, the material adges an electrical resistance, and hence
energy is dissipated. Hence, in order to sustanntbn dissipative current flow at high fields
and temperatures the flux lines must be pinned.tMbBES materials contain point defects and

columnar defects [Figure 1.12 (b)], which tend to fhe flux vortices and consequently the
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magnetization curve becomes irreversible. Theltasupinning force opposes the movement

of flux lines until the current density attainsréical valueJ., given by the balancing equation,
F.=J.xB per unit volume of superconductor. When Lorentzcdo F, exceeds a
characteristic pinning forde,, the flux lines can move and the voltage will béedeed and

hence, energy is dissipated [Lee et al. (2001)].

The physics and engineering of vortex dynamicsfandpinning are highly interesting
and are active research fields in applied supenacindty. The atomic or crystal defects, grain
boundaries, voids, strains, twin planes, inhomoijieseand secondary phases present in real

superconductors are effective pinning sites. Tte flinning can be improved to maximikein

practical conductors by tailoring the microstruetwf the superconductor. The tailoring of

microstructure for optimized flux pinning can enbarthe J. by even one or two orders of

magnitude in practical superconductors at highegmatic fields. To nucleate a flux line within
the superconductor, the system must provide enenghgy to convert the core of the flux line
to the normal state. This energy per unit lengtfiof line, called the condensation energy, is
given by the volumetric free energy due to the netigrfield within the flux line and the cross

. HZ . o
sectional area of the fluxon coreE&sg,, =/J°—2Cnf2, where H is the thermodynamic critical

field and & is the coherence length. If the flux line is ceetieon a flux pinning center such as a
void or normal conducting inclusion of radifisthe condensation energy needed to produce the

normal core of the flux line would be saved, anel flox line would see a lower free energy at
the location of the void than it would be in thdkourhat is, a pinned vortex has a lower free
energy than a free vortex in a superconductor. ré€kalt of this free energy change is that the
flux line requires an increase in its energy pdt lemgth equal to the condensation energy, to
move away from the flux pinning center. Thus, the pinning center holds the flux lines from
moving and hence reduces the dissipation.

In a practical superconductor, there will be adangmber of flux lines interacting with
each other and interacting with different pinnimgnters. The bulk flux pinning depends on the
basic interactions between the individual flux $§nand between flux lines and individual
pinning centers. For a weak interaction betweerflthelines (the magnetic interaction between
flux lines is repulsive) the flux line lattice acs a two dimensional elastic crystalline solid. In

this case there will be as many flux lines as bssare located on the pinning centers. If the
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number density of flux lines is less than or egoahe number of pinning centers (for instance
in small applied fields) then each flux line is iwvidually pinned and the bulk pinning force is
large. On the other extreme in which the interactetween the flux lines is strong, the flux
line lattice acts as a two dimensional rigid crijsta solid. In this case, the bulk pinning force
due to a collection of randomly distributed pinnicgnters will be small over the completely
rigid flux line lattice. However, for practical pairystalline systems the correct description of
pinning lies somewhere between these two extrerhelrect summation and rigid flux line
lattice.

Again at finite temperature, the flux lines may jufnom one pinning configuration to
another by overcoming the energy barrier due tontaé fluctuations, resulting in energy
dissipation. The net flux movement is zero in theeace of current, however in the presence of
even a small current; there will be a net fluxhe tirection of Lorentz force [Lee et al. (2001)].
As the current increases, the number of forwardpjunctreases while the backward jump
decreases leading to an increase in net flux monenide effect of thermally activated flux
creep tend to dominate the early stages of digsipat HTS materials due to the fact that the
activation energy is smaller for conventional Tylpenaterials and because they are usually
used at higher temperatures, hence, the thermad\ersegreater. This thermally activated flux

creep causes a significant curvature of the J characteristic curve around, as shown in

Figure 1.12 (c).

1.6. Applications

The unusual physical properties of superconducteslted in some remarkable
applications in specific areas. Superconductingenmas can replace the conventional materials
in many applications, with better performance. Ttleoice between conventional and
superconductive materials is generally relate@tbical and economical aspects, and the latter
is the main factor limiting the widespread use operconductors in practical applications.
However, in many fields the superconducting tecbgylis often the only possibility for
achieving the required performance. By using supetacting components, the size and weight
of instruments and devices can be reduced comparednventional techniques which are an
important issue for fields like space applicatiohsday, superconductors have a wide range of

commercial and industrial applications in energgdorction, storage, and its distribution, in
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sensor materials, in microwave communication systemd most importantly in high field
magnets. The main application sectors of superadmipmaterials are given itable 1.3.
Superconducting magnets have exclusive uses in somalercially available instruments like
MRI instruments in medical field, and for high field gnats for NMR and particle

accelerators.NbTi, is the mostly used superconducting material iRl magnets. For high
field magnets,Nb,Shis mostly used and somdE TS based inserts are also developed for still

higher fields. HTS based magnets inserted in high fidldS magnets are tested upto ~ 25 T
[Weijers et al. (2004)]. Superconducting solenads being used for bending and focusing of
high energy particles in high-energy particle pbygsiabs like BNL, CERN, DESY and the

Fermi Laboratory. Besides solenoids, supercondgd®i cavities are also finding applications
in particle accelerators. Large-scale applicatibsuperconducting cavities to electron and ion
accelerators is established at many laboratorieanar the world. With the development of
cryocoolers, various kinds of cryogen free supedceoting magnets with fields of the order of
20 T have been developed for practical applicat[gviatanabe et al. (2003). In fusion reactors,
the plasma temperature needed for energy produittisaveral million degrees, and high field
superconducting magnets are required to confingld®ma. The International Thermonuclear
Experimental ReactorITER) project is engaged in the development of fusieactor and a
large quantity of LTS superconductors is being industrially manufactufed the project
[Potanina et al. (2003), Salpietro (2006)].

Table 1.3: General applications of superconductors.

Area/Field Applications Prefered geometry

Energy/Power: Generators, SMES, Coil, wire/tape

Generation & Superconducting bearings

Storage for flywheel storage

Energy/Power: Cables, Transformers, Coil, wire/tape (Bulk

Distribution Current leads, FCLs, also in special cases)
Motors.
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Magnets NMR, MRI instruments, Coil, wire/tape
Magnetic confinement of
plasma in Fusion reactors,
Particle accelerators, High

field magnets.

Electronics In microwave filters, thin films
Digital logic circuits as
RSFQ, Sensor applications

Biomedical Detection of extremely thin films, Josephson
small neuromagnetic fields, junctions.

Magnetoencephalanography

(MEG),
Magnetocardiography
(MCG)

Industrial Magnets for shielding andulk, coil, wire/tape
separation, sensors thin films, Josephson

junctions

R&D Superconducting RF Coil, Bulk, films,

cavities in particle wire/tape.

accelerators, Synchrotrons

and High field magnets.

Other applications Magnetic levitation, Bulk, wire/tape and
Magnetohydrodynamics, thin films

Space applications

Since the super-current in a superconductor psrsfst a very long time,
superconductors have applications in energy stosdge Superconducting Magnetic Energy
Storage GMES) can store mega joules of energy, without resstosses.SVIES systems

capable of storing mega joules of energy are ajréested and installed in various places. They
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are receiving more importance with regard to futelextrical power grids. The Korea Electro-
technology Research Institut&ERI ) has already developed3MJ / 750kVA SMES.

One of the specialities of superconductors is thay find applications in extremely
weak and extremely high magnetic fields. Supercotidg magnets provides high fields while
superconducting thin films are used for the debectof extremely weak fields. The

Superconducting Quantum Interference Devi€®WID ) based on the Josephson effect is the
most sensitive magnetomete8QUID based technology is widely used for the non-inxasi

clinical measurements of weak biomagnetic fieldpeeially in the mapping of extremely weak

magnetic signals from the human brain. In matexiéénce and physics resear8UID based

magnetometers and susceptometers are being usedafpretic characterization of materials.
The Magnetic Property Measurement SystediPMS) and Physical Property Measurement
System PPMS), the two well-known commercial instruments mamgtieed by Quantum
Design, USA are based on superconductor technology.

Superconducting cables can replace the conventapder/aluminium based cables in
electric power transmissions and can minimize thasimission loss. However, the higher cost
for the superconducting technology compared tactmentional methods is the main hurdle in
the limited use of superconductors in this sec@wnductors made oBi—2223are being
applied in variety of power transmission cables distribution cables. The world’s first grid
using high temperature superconducting system wasgzed in New York, USA. Another
major application of superconductors in electrigvpogrid is for the control of fault currents in
electrical transmission and distribution networls, Superconducting Fault Current Limiters
(SFCL). Fault Current Limiters ECL) restrict the maximum current through a networkl an
protect the devices from an accidental over curr8eteral groups are actively involved in

developing SFCL for industrial applications. AL.2 MVA, 10.5kV Bi-2212 LN, cooled

SFCL has been developed and commissioned for proteetilgdroelectric plant auxiliary
transformer circuit.

Superconducting thin films are finding more apgiimas in electronic industry. Rapid
Single Flux Quantum RSFQ) is an emerging digital electronics technologyt thelies on
guantum effects in superconducting materials totcdwsignals, instead of transistors. The
quantum pulses are switched by Josephson junct®mgerconducting components such as

resonators, filters and delay lines with performeafar superior to conventional technology are
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being widely used in microwave electroniddTS microwave technology is a promising one,
especially at frequencies belo®/Hz. Superconducting microwave technology offers unique
advantages derived from the low microwave lossupkesconducting materials and the inherent
low thermal noise in cryogenically cooled compogefeveral microwave communication base
station receiver front ends consists of supercatiuiyicomponents.

Another important application of superconductors msagnetic levitation in
transportation. Several superconducting magneyidallitated systems are operational around
the world (for example: Maglev trains). Most of gieesent maglev systems ug8CO material

since, it exhibits high magnetic irreversibilityld at LN, temperatures and it has the ability to

grow into large grains. Bulk or thin film is usuapreferred in maglev applications. Due to the
expulsion of magnetic field in the superconductsigte, a superconductor can be used for
magnetic shielding application®Bi —2223 HTS is mainly used for magnetic shielding
applications. Among the various applications dé&scti above the cuprate system has the
potential of replacing existing superconductorsmany fields with improved performance
and/or low cost. The possible applications of ctgrhasedH TS wires/tapes/cables/coils
include magnets for medium field applications anderts for high field applications. Other
possible applications include superconducting faansers, motors, generator§MES and
particularly inS-CLs. Besides the conductor applications, the thin fijomections can find a
place in future electronics also.

It is clear from the broad base of applications #rer proximity to commercial side
demonstrations thaHTS technologies are on the threshold of the promsgaerconductor
revolution. As manufacturers scale up productigitgs will inevitably be driven down and the
commercial viability will be further enhanced. Bidess this, information technology industry is
also exploring for faster communication, larger noeyncapacity and faster processing power
and it is clear that the market pull for electromidS technologies will grow dramatically in
the next few decades. Based on these consideratiarmnsortium of European companies has
estimated that the total world market in supercatidg products will reach 20 billion Euros by

2020. Finally, the recent discoveries MgB, and Fe based superconductors which exhibit

novel properties remind us that novel materialshvgtrange and unexpected properties will

continue to appear and our technology horizonsaatfitinue to expand.
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1. 7. Aim of the present work

As mentioned earlier, there are three supercomdughases in thdBSCCO system,
Bi,S,Cu,0, (Bi-2201), Bi,S,CaCu0, (Bi-2212), and Bi,S,CaCuQ, (Bi-2223.
The three phases differ mainly by the numbeCaf-O layers, which rest between ttg —O
layers. The main advantage of Bi-based systens igyered structure and hence a high degree
of texturing can be easily induced in it. Althougingle crystals of compounds such as
Y -Ba—-Cu-0O have very high critical current densities and rsgrédlux pinning, they are not
useful in polycrystalline form because super-curreffiectively cannot cross the boundaries
between grains which are misaligned by aro@fd, making most of the grains weakly linked
[Dimos et al. (1990)]. Presently, the most prongsiBSCCO compounds for long length
conductor manufacture amBi —2223, which is the phase having the highdstof ~110K.

Although, Bi —2223 can be made into useful conductor forms, its sugrefucting properties
are not as good aBi—-2212 at low temperatures. The principal reason behimd is the
comparatively larger anisotropy @i — 2223 than that ofBi —2212.

In the proposed workBi —2212 system withT_ ~80 K is selected for the investigation

because of the broad mono-phase field of stakalétya function of temperature and chemical
composition as well as chemical stability. Alsogatries high current densities in high fields at
low temperatures, and significant currents at higimperatures. But, the two-dimensional
character of theBi —2212 is responsible for poor flux pinning within theagrs. However, at

temperatures belowd0 K, where flux pinning is strongBi —2212 conductors can carry
significant current densities in very high magnédigetds. While, conventional low, materials

can carry significantly greater current densitieloa magnetic fields, thddi —2212 can carry
higher current densities at fields above 8 T. Taet that Bi —2212 can carry high current
densities in high fields at low temperatures, agdicant currents at high temperatures, makes
it a promising material for further investigatidmprovements in the current carrying capacity
at either low temperatures and/ or high temperatureéhe presence of external magnetic field
could makeBi —2212 feasible for many practical applications. Theref@nhancement of flux
pinning in Bi —2212 has become one of the main challenges, and maegneh groups have
attempted to achieve this by the introduction ofnpag centres into the system by different
methods [Villard et al. (1996), Kazin et al. (2008arun et al. (2006), Wang et al. (2004),
Makarova et al. (2005), Amira et al. (2005), Agreski et al. (2006), Biju et al. (2006)].
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Doping of impurity atoms which create point defeatsl/ or secondary phase precipitate of
nano size in the system can act as flux pinnergifKet al. (2001), Sarun et al. (2006), Wang et
al. (2004), Makarova et al. (2005), Amira et al0@3), Agranovski et al. (2006), Biju et al.
(2006)]. Even though such doping enhances fluxipmrvery often it causes a reductionTin
Substitution of magnetic and non-magnetic transitoetals namely, Fe, Co, Ni and Zn,
respectively, atCuO, layers reduces th@, or destroys the superconductivity Bi —2212
[Maeda et al. (1990), Lonnberg et al. (1992), Simige et al. (2004), Gu et al. (1997)]. On the
other hand there are scattered reports on impraveimethe J. of Bi—2212 by low level
addition of Fe, Co, Ni and Ti [Ha et al. (1996),dtial. (1997), Noetzel et al. (1998), Wang et
al. (2002), Traholt et al. (1997)]. Studies on ditdison, out of CuO, layer in Bi —2212 have

also been performed, of which majority of them @oe@e on the substitution of yttriun(rY) at

Ca site [Tamegai et al. (1989), Mandal et al. (199830 et al. (1992), Kazin et al. (2001),
Murugakoothan et al. (1994), Mitzi et al. (1990)andirus et al. (1992), Kendziora et al. (1992),
Maeda et al. (1990), Nowik et al. (1992), Veenehdgtal. (1993)] because of their comparable

ionic size and a few a® and Bi ~sites [Hudakova et al. (2004), Prabhakaran et1&9§)].
Tarascon et al. show that the effects of rare e(’RIE) substitutions depend on the nature of
RE and how nicely it accommodates in the crystalcstme of Bi —2212 [Tarascon et al.

(1989)]. But, the results are scattered due toehfit processing methods, processing
parameters and many other different aspects of stacty. Hence, comparison of the results is

not possible. It is expected that cationic subsitituof the divalentCa® /% by a trivalent
RE ion induces variation in hole concentration of t@®O, planes in theBi-2212
superconductors [Mandal et al. (1991), Gao etl&l92), Kazin et al. (2001), Murugakoothan et
al. (1994), Mitzi et al. (1990)]. By tuning the dop concentration, an optimum carrier

concentration in the system can be achieved, waittances the critical temperatL(rE) of

the system. All these studies were done on thergefeemula of Bi,S,CaCu.O,; which is a
Pb-free system. However, no suBE doping studies were reported earlieBn—2212 except
the preliminary investigations of rare earth additin bulk Bi —2212 by Aloysius et al.
[Aloysius et al. (2005)] and Biju et al. [Biju el. 2006)] which turned out as the main

motivation for the present study.
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Therefore, the main objective of this work is nwestigate the influence dRE doping
and processing conditions on the structural, trarisgnd flux pinning properties dBi —2212
superconductor and to develop novel superconduatdise system with highly enhanced flux
pinning properties. The investigations mainly fadi®n the following aspects:

(i) Standardize the stoichiometry of the precurSBE doped Bi —2212], which can
give highly improved superconducting properties.

(i) Suppress the flux creep process and themgipyove the flux pinning properties.

(i) Refine the processing conditions and microsture for getting best self- and in-
field critical current densities.

(iv) Study the disorder produced outside (a0, planes systematically and compares

its influence on the self-field. and flux pinning properties.

(v) Tune the doping concentration and maximize tlhe pinning force, pinning
potential values and —index and improve thie —J characteristics.
(vi) Compare the experimental results with thaoafprediction.

(vii) Scale the vortex liquid resistivity curvesdaanalyze its significance.
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CHAPTER 2
Synthesis and characterization

2.1Introduction

This chapter deals with the methods of synthests @draracterization of pristine and

doped (Bi, Pb) - 2212 superconducting compounds. Of all th&r'S so far discoveredsi, Tl

andHg based superconductors are the most difficult nzdseto prepare in pure form. Improper
choice of starting composition, sintering tempemtsintering time and atmospheric conditions

would irreversibly result in the formation of certampurity phases likeCa,CuO,, S CuO,,
Ca,PbO, etc. These impurity phases drastically affectithportant physical properties of the

superconductor, thereby limit their applicabilitgnge. For example, the usually observed

insulating phases such &a,CuO, and Ca,PbO, present along the grain boundaries in
(Bi, Pb) - 2212 reduce the value of critical current dengtl ) drastically. The preparation of

high T_ superconductor precursor can be divided into teteps, namely, selection of starting

materials, mixing and calcination.

2.2 Methods of synthesis
For the preparation oBi —2212 superconductor, many different starting matefi#ks

oxide and carbonate [Ochsenkihn-Petropoulou M, aggulou R et al. (2002), De-Ninno et
al. (1989), Motoi et al. (1989), Zhao et al. (288 Fuijii et al. (2000)], hydroxides [Fuijii et al.
(2000), Villard et al. (2000), Villard et al. (20QIMitchell et al. (1995)], nitrates [Salah et al.
(1996), Mancic et al. (2000), Sinha et al. (199Bhattacharya R N, Chen J et al. (2003),
Krishnanraj et al. (1994)] and metals have beeorntep. Different preparation methods such as
the sol-gel route solid state route [De-Ninno P GMarinelli M, Paerno G, Gambardella U,
Paroli P et al. (1989), Motoi Y, lkeda Y, Uwe Hkaido T (1989), Zhao et al. (1989), Mitchell
et al. (1995)], melt quenching [Fuijii et al. (20D@recipitation [Salah et al. (1996), Sengupta et
al. (1999)], spray pyrolysis [Mancic et al. (2008jnha S K, Gadkari S C, Sabharwal S et al.
(1991)], freeze drying [Krishnanraj et al. (19949hd electrostatic deposition route [Villard et
al. (2000), Villard G, Legendre F, Poissonnet &let{2001), Bhattacharya R N et al. (2003),
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Gendre et al. (1995)] have been described in teeature. The diversity of applied starting
compounds and the preparation routes have the comgual to get a reactive and
homogeneous mixture of the starting ingredientss Thvery important for the preparation of
Bi —2212 bulk superconductors with high critical currenhdiéies. Each preperation route has
its own benefits and drawbacks. The major challsnge the control of the stoichiometry,
achievement of homogeneity and the prevention ofaraination.

The calcination process is usually done in sevstaps, at different temperatures
ranging from 7500 860C and heating durations from minutes [Mancic e{2000), Sinha et
al. (1991)] to days [Mitchell et al. (1995)]. Thegmrameters mainly depend on the
characteristics of the starting materials and ttoegssing route [Sager et al. (2004)]. However,
independent of the starting material chosen, atneatment in air in excess of 80Qis needed
in order to get theBi —2212 phase.

The solid state approach is the most often usedteréar the Bi —2212 precursor
synthesis, because of its simplicity. In methodshsas sol-gel, the starting materials react to
form intermediates after decomposition of the orgdigands below 350C upon heating in
air. Therefore, the reaction pathwaysBo—-2212 are similar, while the formation rates vary,
depending on the nature of the starting mater@iging calcination of the starting materials,
after burnout or decomposition of the carbonates, Bi —2201 phase starts to form around
600 °C. At 700 °C, the Bi —2212 phase starts to form, however only above 80Gt rapidly
forms at the expense @i —2201due to intercalation [Chen F H, Koo H S et al. (Q99The
reaction rates can be accelerated using reactamupors with high surface area or by tuning
the calcination parameters such as temperaturénpgeate and oxygen partial pressure in the

atmosphere.

2.3 Steps used in the present work
In the present workPb doped Bi—2212 [(Bi, Pb) —2212] was used and its calcined

precursors were prepared by conventional solicesgthesis using high-purity chemicals such
as oxides and carbonates as the ingrediémﬁg.g %, Aldrich Milwaukee ,V\/I) The required
amount of ingredients was estimated according écstbichiometry used. The ingredients were

accurately weighed using an electronic balar(dmaetller AE240,Greifensee,SNitzerIand)
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having a least count dfOxg. Subsequently, these ingredients were mixed anghgrasing a
planetary ball miII(FRISCH Pulversette 6, Idar —Oberstein, Germany) in an agate bowl with

agate balls. After the milling process, the ingeads get homogenized with a reduction in
particle size and increase in the contact areadstvdifferent ingredients. Extreme care was
taken to avoid contamination of the ingredientsirdyurweighing and milling process. The

homogenized mixtures were placed in alumina cresibhnd subjected to three stages of

calcination in air between temperatur880to 830°C/ 12Ch in air using a programmable

furnace.

Sintering at -
d:FFerent tem emtures

Figure 2.1: Flow chart showing the preparative mdtod of (Bi \ Pb) — 2212 superconductor.
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Intermediate grinding in acetone medium was engadyetween each calcination stage
to avoid agglomerates and to improve homogeneitye Temperature and duration of
calcination were varied depending on the natur¢hefsamples. The calcined powders were

compacted into pellets having a diameter ofivi2 and thickness of aboutrdm by filling in a

cylindrical die. Uni-axial pressure of 500Pa was applied using a hydraulic press
(Herzog TP 20P) . The bulk density of the pellets prior to and aftiettering were estimated by

measuring the mass, thickness and diameter ofdhetg This is done to monitor the density

variation during sintering because unlike otherangc materials, Bi-based superconductors
show retrograde densification behaviour due tocltaracteristic layered structure, i.e., upon

sintering the density reduces from its value be&ingering. The mass was precisely measured
using an electronic balance, thickness and diamaftethe pellets were measured using a
micrometer screw gauge at different points andageralues were taken.

Current contacts

Voltage contacts

(@) (b)

Figure 2.2: Schematic view of four probe contacts ade to the (Bi, Pb) —2212 pellets using (a)
silver paste and (b) silver strip
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The pellets were sintered at a temperature irrdhge from 84%0 860C for 120h
(60 h+ 60h) in two stages with one intermediate pressing uniher same pressure of

500 MPa. Intermediate pressing between the sintering staégesecessary to minimise the
retrograde densification of the samples [Kumarle{2005)]. After heat treatment, the bulk
samples were cut and polished to a typical dimensefal2x 3x 1mm® . The flow chart of the
different stages of processing is shown in figurk Zerminals for electrical contact were also
made during compaction of calcined powder. This d@ase by embedding silver strips in the
pellets during pressing or by coating high quatibyducting silver paste on the surface of green
pellets (figure 2.2). Silver strip remains embeddedthe sample through out the sintering
process while silver paste forms a strong coatihickvbecomes a smooth surfaced metallic
spot after the intermediate pressing process. Batbe type of contacts can reduce the contact
resistance by about an order compared to the nseidlod of making the electrical contact, i.e.,

coating silver paste on the final sintered pelieli®wed by an annealing.

2.4 Characterization

2.4.1X-Ray Diffraction (XRD) analysis

X-ray diffraction is a very useful and easy metHod the identification of phase of
crystalline materialsXRD data can be used for a semi-quantitative phadgsamaBesides the
phase analysisXRD data gives useful information regarding the cry$ittice parameters,
strain, grain size and texture. In the presentysttiee powder samples were filled in standard

holders and the XRD patterns of the samples were taken using

PhilipsX ' pert Pro(PW304Q 60  X-ray diffractometer ~with Cu Ka  radiation

()I =1.540566 AJ employing a proprietary high speed detector namé(yelerator and a

monochromator at the diffracted beam side. Theesysdtasd - 26 Bragg-Brentano geometry
with fully automated operation and data acquisitiBrogrammable slits were used to keep the
exposed sample area constant throughout the wiwale sange. Most of the scans were

performed under a tube voltage and currend@kV and 30 mA, respectively. The samples

were scanned frorh5-50° ( 2 values) with a step size 0f 0.01°,
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The phase identification of the samples was penor using X Pert Highscore
software with support of theCDD PDF |l database. The phase assemblage of different phases

(volume percentage) formed in the reaction mixtwere quantitatively estimated from the
integrated X-ray peak intensities obtained from tX&®RD patterns using the relation,

F.=(21,/2 1 ) Where,x is any phaseF, is the volume percentage of the phaseis the

integrated peak intensities of the phasand |, is the integrated peak intensities of all the

phases in the mixture. As mentioned earliBr~2212 has an orthorhombic structure with
Amaa symmetry. The d-values of selected peaksBof-2212 were used for its lattice

parameter calculations using the relation,

1 h> k* |17

&)@t )
The determination of the preferred orientation lbé tcrystallites in polycrystalline

aggregates is referred to as texture analysistranterm texture is used as a broad synonym for

preferred crystallographic orientation in the poygtalline material. The intensity of a given

reflection (h kI) Is proportional to the number of, k, | planes in reflecting condition

(Bragg’s law). The orientation of the unit cell used to describe crystallite directions. By
collecting data from several reflections, the cagtglorientation distribution of the crystallites

can be built for single polycrystalline phase. larigg index(F) is a measure of texture in the

material which is calculated from the peak intgnsitthe XRD patterns of sintered pellets and

the corresponding randomized powder. It is caledlatsing the relation,

|, —|
F=| 2 r 2.2
i (22

Where, ! is the ratio of intensities from the surface ahgée and

_ Z |
00]]
| =| &= %
Z lota

Here |, refers tol measured for the pellets amd for the corresponding randomized powder

(2.3)

[Lotgering (1959)]. A fully aligned sample will hava Lotgering index of 1 and a totally
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random sample has an index of zero. The best-aligaenples with layered structure (as in
Bi —2212) haveF in the range0.80- 0.95

2.4.2 Scanning Electron MicroscopySEM)
The extremely high resolution and magnification dadye depth of focus of the

Scanning Electron Microscop@ﬁEM) make it a potential tool for studying the micrasture

of materials. TheSEM scan the sample with high energy electron beaaraster scan pattern.
The scan produces different signals including séapn electrons, back scattered electrons,
characteristic X-rays, auger electrons etc, whightain the microstructural information of the

sample. Hence, th&EM can generate three types of principal images, hamecondary

electron image{SEl), backscattered electron imageBSE), and elemental X-ray maps. In

the present study, the microstructural analysis daage using aJEOL JSM  56Q0/ scanning
electron microscope equipped with an energy disgeps-ray spectrometer (Phoenix) used in

secondary electron imagir(@EI ) mode. The typical images were magnified up to 500But

in some cases, a magnification of 10,000 X was akemd. Freshly fractured surfaces of the
samples were mounted on brass studs using adhegmiven tapes or conducting silver paste.

Since, the superconductin@Bi, Pb)—2212 is electrically conducting, gold coating was not

required. Finally, the brass studs with the mousseadples were loaded on the sample holder of

the Scanning Electron Microscope.

2.4.3 Energy Dispersive X-ray SpectroscopyeQS)

Energy Dispersive X-Ray Spectroscopy is an aradlytechnique that qualitatively and
quantitatively identifies the elemental compositioh materials. EDS analyzes the top two
microns of the sample with a spatial resolutionoofe micron. In the present study, an

EDS (Phoenix) system attached witlBEM was used. The spectrum was taken either for a

large area or for a single spot depending on theirement. TheEDS data can be compared to
either known standard materials or computer-geedrtiteoretical standards to produce either a
full quantitative or a semi-quantitative analysiEhe location of the peaks identifies the

elements. The peak heights vary because eachtioansas a different probability of occurring

43



CHAPTER 2 Synthesis and characterization

and the detector’s efficiency is a function of gyerUsing the peak intensities of the standard
(1,) and of the samplgl,) the weight percenfC,) were determined by:
C I

EI =(AZF, ). x |_ (2.4

S S

Where (AZF). is a correction factor which depends on the atomimber of elemen{z),

i
absorption coefficient of the materiélb\) and the flurosence caused by other atoms, when

excited from the emitted X-ray(s, ).

2.4.4 Resistivity - Temperature measurement

The resistancgR) in ohms(Q) versus temperature was measured using the fobepro
method for determining the critical temperatu(@,)and transition width (AT,). The
temperature at which resistivity starts fallingagen as thél, and the difference between the
temperatures corresponding to tB8 % and 10 % of normal state resistivityT,, —T,,) is

defined asAT_. A current in the rangel-100 mA was passed through the outer terminals of

the sample (figure 2.2) using a programmable ctisearce (Keithley 220, current range: 1 nA
to 100 mA) while the voltage drop across the ineeminals was recorded with digital nano
voltmetersKeithley 181 or 2182, both have a resolution of 1 nano volt.

The electrical leads were soldered onto the sibtgpes in the sample surface which

were prepared during the processing stage. The ureasnts were performed from liquid
nitrogen temperaturé?? K) to room temperature by lifting the sample holdeseanbly from
the bottom of a LM dewar at regular intervals of time, keeping a tamislifting step-length. A
silicon diode sens&ﬁDT —470) was used to measure the temperature. A Lakeshogetature
controller (L340) was used to control and monitor the temperaturecematic diagram of
resistivity — temperature measurement setup usddeipresent study is given in figure 2.3. A
set of three different values of curre(llt 10 &100 mA) was used in order to check the ohmic
behaviour of the sample. In addition, the directodrcurrent was reversed periodically for each

data point in order to remove the effect of anyriwelectric voltage. The measurements were

performed on circular pellets or bar-shaped santesg collinear contact terminals to obtain
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To temperature controller
A

To nano volt meter ﬁ: To current source

Hollow Cu rod

Locking screw

Aluminium flange

T~ Hylem sheet
~—— Case holder

Sample holder
with electrical — |
connections

~—Cylindrical Cu vessel

Temperature — Sample

sensor

~— Pin hole

-

Figure 2.3: Schematic diagram of the set up usedrfthe R-T measurement of( Bi, Pb) —2212
pellets.

the resistivity. The resistance values were coederto resistivity using the equation,

,o:(RA/I), where p is the resistivity inQcm, R is the resistance if2, A is the cross

section area ircm” of the sample andl is the distance between the two voltage termimmals
cm. All the instruments used in the measurement waerfaced to a personal computer with
GPIB - IEEE -488 interface bus and the measurements were carriedising appropriate

software.

2.5 Current — Voltage characteristics
Investigations of current versus voItaQb—V) characteristics are very important for

both the evaluation of the superconductor for pcatapplications and the understanding of its

critical current limitation mechanism. For the highmaterials, the flux pinning strength plays
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Figure 2.4: Schematic diagram of the set up used rfdhe measurement of | -V and

J. —B characteridtics of the (Bi, Pb) - 2212 superconductor.

a very important role in deciding thelr—V characteristics, and the value of critical current

density J. can be obtained from thke-V characteristics [Chen et al. (1959)]. Beldw the

vortices are pinned and a true superconducting sagstablished fod <J.. J. is defined as

the current density above which vortices becomeiladtux creep and flux flow region) and

give rise to an induced electrical field. AboVe the vortices are not pinned and a low applied

current causes a linear resistance in the samplelafger currents the vortices start to move

(flux flow) and give rise to power law behaviour tfe induced electrical field of the form,

V O1" where, | is the current flowingy is the voltage generated across the voltage kadls

n is a function of applied magnetic field and tengpere. Qualitatively, one can conclude that

sharper the take off in the—V characteristics after thé. value, higher can be the n-value

(n—index), which in turn implies the higher flux pinning abylof the superconductor.
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In the present work, the transpdrt-V properties were measured by the four probe
method under self- and applied-fields. In orderréduce the Joule heating at the current
contacts due to the large transport currents, apaten controlled pulsed current method was

employed usingDC power supply systemAplab 9711 or Sorrenson DHP-5) for the

| -V measurement. After each current pulse, suffictene was given to cool the sample
before next measurement. The bar-shaped superddngjeample(lzx 3x 1mm3) was fixed to

the sample holder and mounted in a liquid nitroggyostat with a provision for evacuation,
using a rotary pum;ﬁLeyboId Heraeus TRIVAC). The measurement temperature was reduced

from 77 to 64K by applying vacuum and was monitored by a tempegatontroller. The

direction of the current was parallel to the dil@ctof the pressed surface and that of the
magnetic field was perpendicular to the pressethsarof the pellet. The voltage across the
voltage leads was recorded by a digital nano vakmé&he schematic diagram of the setup in

which | =V measurement was performed is shown in figure B. critical currentl. was
determined from thd -V measurements with ayMem™ electric field criterion derived from
the resistance between voltage terminals. Jhevalues of the samples were calculated from

|, and the total cross-sectional area of the samples.

2.6 In-field J; [J. (B)] measurements

The analysis ofJC(B) characteristics gives valuable information regagdihe flux

pinning capability of the superconductor or theligbbf the Abrikosov vortices to withstand
the melting of the vortex lattice in presence ofeexal magnetic fields. Samples showing

higher flux pinning force are the promising candesgafor magnetic applications. In the present

study, J. (B) characteristics were measured using the setuprsimofigure 2.4. The sample

was fixed to the sample holder with the electrie@lds soldered onto it and mounted in the
liquid nitrogen cryostat. The magnetic field wasgwced by charging a bipolar electromagnet

with required value of current which can generatemaximum field up to1.5T. A

programmable constant current sou(Gé A, Aplab 971(P) was used for charging the magnet.

The generated magnetic field was calibrated usinGaaussmeter(Lakeshore 410) with
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transverse hall probe. The temperature of the sampls kept fixed a64 K which was
precisely monitored by a temperature contro(léak%hore L340) . The voltage values were

monitored by digital nano voltmeters. The measurem&s automated using a computer which
increases the magnetic field in steps of equatvate and simultaneously records the value of

current through the sample. T80 A rated constant current source was used for thisose

(Aplab 971 or Sorrenson DHP - §

2.7 Conclusions

The major experimental facilities and techniquesduer the preparation c(fBi, Pb) -2212

superconductor have been reviewed in the preseqteh The structural characterization was

done using X-Ray Diffractio XRD), Scanning Electron MicroscopySEM ) and Energy
Dispersive X-ray Analysi§EDAX ), while the superconductor characterization was drmieg

p-T, 1 -V and J. (B) measurements.
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CHAPTER 3
Influence of rare earth substitution on the supercaducting properties of
(Bi, Pb)-2212 system

3.1 Introduction

Since the discovery of Bi-based high temperatungeszonductors, there have been
many studies to improve the superconducting pra@gserin particular the critical temperature
(T.) and critical current densitfd. ) of Bi —2212 system. This is becaudg and J. are the
parameters of primary importance for practical maplons of HTS. The superconducting
properties of high temperature cuprates are styotgppendent on the hole carrier concentration
on the CuO, planes. The pur®i —2212 system is slightly over-doped with holes and heiace
careful tuning of the carrier concentration is lieggi to optimize the superconducting properties
of the system [Gupta et al. (1994)]. Doping of alilent impurities or oxygen non-
stoichiometry can change the charge carrier cormgon considerably in Bi-based
superconductors [Awana et al. (1993), Thamizhavell.e(1997), Illyushechkin et al. (2004),
Chen et al. (1994)]. The chemical inhomogeneitieb disorder produced due to the doping also

strongly affect theT, of Bi-based high temperature superconductors amténJ. of the
system.

In high T_ cuprates theCuO, plane is believed to be responsible for the
superconductivity. Also for Bi-based supercondugtoine impurities substituted at tige site
are generally found to suppress the [Tarascon et al. (1998), Hedt et al. (1994)] ahd t
doping outside theCuO, plane changes the charge carrier concentratidgheobystem. There
are reports showing that small amount b at Bi site of Bi —2212 improves structural
modulation, enhanced. and shift the irreversibility Iine(IL) to higher fields [Kim et al.
(2003), Gladyshevskii et al. (2004)]. It also sfgantly improves the c-axis conductivity due to
the reduction of the anisotropy [Zhao et al. (2003dtohashi et al. (1999)] and consequently
enhances the intrinsic pinning. The detailed amalgEthe results on the substitution Bb at
Bi site of Bi—2212 revealed that thePb doped Bi —2212 has much superior transport
properties than undopei — 2212, even though, a slight reduction in thewas observed. The
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range of Pb substitution for achieving the best supercondgcproperties forBi —2212 was
found to be withinx =0.4- 0.5[Sarun et al. (2009), Sarun et al. (2008), Vinale{2008)] and
closer t00.5 gives the best result. Based on these experimesgalts,x=0.5 was chosen as
the Pb content for the present study. A few reports ar@lable on the substitution of rare
earth(RE) in Bi —2212 at Ca site. Most of these previouRE doping studies orBi —2212
were done withoutPb doping atBi site [Uprety et al. (2001), Cao et al. (2000), 8a&¢ al.
(2000), Sanderson et al. (2005)], which concluded even thoughRE substitution improves
the structural stability oBi —2212, the superconducting properties show a degradergitwith

increase in dopant concentration [Singh (1998)efial. (1999), Dos-Santos et al. (2001)]. Our
studies on co-doping oPb and RE in Bi —2212 have shown significant improvement in its
superconducting properties [Sarun et al. (2009)ursat al. (2008), Vinu et al. (2008)]. As a
continuation of the above studies, this chaptesgmts the preparation and superconducting
characterization ofBi —2212 substituted withPb at the Bi site and RE (Lanthanides

Lu, Ho, Dy andTb) at theS site, respectively, as typical examples.

3.2 Experimental details

The RE substituted(Bi, Pb) - 2212 superconductors with a general stoichiometry of
Bi, (Pb, S ,,RE,Ca, Cu,0,, were prepared by solid state sintering using hpglmity
chemicals(>99.9 %, Aldrich Milwaukee ,VVI) such as oxides/carbonates of the ingredients.

Here RE = Lu, Ho,Dy, Tb and the samples with differefRE stoichiometry will be hereafter
denoted asREx, where x is the corresponding stoichiometry. The requiredoant of
ingredients was estimated according to the stomhktoy used and the ingredients were

accurately weighed using an electronic balar(dmaetller AE240,Greifensee,SNitzerIand)
having a least count df ;/g. Subsequently, these ingredients were mixed andngraising a
planetary ball miII(FRISCH Pulversette 6, Idar —Oberstein, Germany) in an agate bowl with

agate balls. After the milling process, the ingeatts get homogenized with a reduction in
particle size and increase in the contact areadsivdifferent ingredients. Extreme care was
taken to avoid contamination of the ingredientsirdumweighing and milling process and then

subjected to a three-stage calcination process inir a at
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800°C/15h+ 820°C/ 4th+ 840C/ 6B using a programmable furnace. Intermediate

grinding was done between each calcination stagevtad agglomerates and compositional

variations that may still exist or may arise dueadcination. The calcined powders were then

pelletized at a pressure of 58Pa using a hydraulic pres@Herzog TP 20P) and having a
diameter of 12nm and thickness of aboutrdm by filling in a cylindrical die. The pellets were

heat treated aB45°C/60h + 848°C/60h with one intermediate pressing under the same

stress.

Phase analysis of the samples was done using X-daffractometer

[Philipsx ' pert Pro(PW304Q( 6()] equipped with an X'celerator and a monochromatahat

diffracted beam side. For all samples, scans werdenn 26 and at0.01/step. All the scans

were done usingCu Ka radiation with a tube voltage ofOkV and current 3@nA by

exposing a constant area of the sample. The pHaséfication of the samples was performed

using X 'Pert Highscore software in support with thelCDD PDF Il data base. The
microstructural and elemental analyses of the sesnplere done using scanning electron

microscopy(JEOL JSVI 560(1_V) and energy dispersive X-ray spectroscopy, respaygtiFor
electrical measurements, the samples were cur@atangular bar of dimensidi2x 3x 1mm®
The transition temperature(Tc) of the samples was determined by the four-probe

DC resistance method by cooling the sample in a ligMigtryostat. In order to minimize the

contact resistance, four silver strips were fixedt@ one surface of the pellet during pressing.
Leads of high quality copper were soldered to sistaps. The outer two leads were connected

to a programmabl®C current sourceKethely model: 220) and a constant current of hA

was used for the resistance measurement. The gotteqp between the inner two leads was
measured using a programmable nano voltméteithiely model: 181). The temperature of the

sample was monitored by a temperature controlleakgshore model: L340) using a
temperature sensc(tDT —470) . The transport critical currents of the samplesati-field was
measured a64 K in a liquid N, bath cryostat under vacuum by employing four-protathod

with the standard criterion of zAcm™. For these measurements @plab 9711P constant

current source was used. The directions of theentinvere parallel to the pressed surface and

all these measurements were automated USPI@® interfaced with a personal computer.
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3.3 Structural characterization

3.3.1 XRD analysis
The XRD patterns of the RERE = Lu, Ho, Dy and Th) substituted(Bi, Pb) - 2212
pellets obtained after the last stage heat tredtmerormalized with standarRD pattern of

pure @i,Pb)-2212 sample and the resultant patterns are showigime 3.1 (a) - (d). In order to

avoid the effect of slight variations in the progieg conditions, thdRE -free sample is prepared
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Figure 3.1 (a) - (d): The normalized XRD patterns of the RE -free and RE substituted
(Bi, Pb) —2212pellets after the last stage heat treatment aB45 °C/ 60h and 848°C/ 60h.

with every batch ofRE substitution for a better comparison. TWRD patterns are analyzed

using the X Pert Highscore software. It shows that all the samples contaily ¢ine peaks
corresponding to theéBi, Pb)—2212 phase and no peaks of any secondary phase cogtaini

RE or any other cation were detected at this stagi@iwihe detection limit of the instrument.

The absence of secondary phases suggests thheakdctant phases are converted into the
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(Bi,Pb)—2212 and the substitutedRE is incorporated into the crystal lattice of

(Bi,Pb)—2212 superconductor. Also Figure 3.1 (a) - (d) showat tivhen theRE content

increases, the peak height corresponding tc((ﬂbb) planes systematically decreases. In order

Normalized Intensity

Normalized Intensity

Lu0.000 8(26) = 0.33° (a) Ho0.000 &(26) =0.21° (b)
Lu0.025 l Ho0.025 l<—>
Lu0.075 Ho0.075
Lu0.125 > Ho0.125
Lu0.150 g2 Ho0.150
g
e}
s
©
15
o
=
22.8 23:.0 23:.2 23:4 2:;6 2?...8 22l.8 23:.0 23:.2 23:4 23:.6
20 (degree) 20 (degree)
——Dy0.0 526) = 0.25° (©) —— Th0.000 5(26) = 0.26° (d)
——Dy0.1 1 —— Tb0.025 l‘—’

— Th0.075

——Th0.125
— Th0.150

Normalized Intensity

22.8 23.0 232 234 23.6 238

20 (degree)

24.0 22.8

23.2 234 236

20 (degree)

23.0

23.8

Figure 3.2 (a) - (d): The normalized XRD peaks of the RE -free and RE (RE = Ho, Dy, Gd
and La) substituted (Bi, Pb) —2212 pellets for the (008) plane at around B = 23.1° and5(26)
represents the maximum peak-shift of RE substituted sample with respect to theRE -free

sample.

to bring out the decrease in peak heighf{@dl) planes, the(008) peaks of all samples are

separately shown, with better resolution in FigBr2 (a) - (d). This shows that the texturing

decreases with increase BE content. This figure also shows that 1@@8) peaks of theRE

doped sample shift towards higher angle [maximuakshift5(20) is marked in figure] with

respect to the position oRE free (Bi, Pb) — 2212 sample, which indicates that c-axis length of
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the RE substituted samples decreases with increasBEncontent. This decreased c-axis

length supports that the substitutB& atoms enter into the crystal structure(Bi, Pb) -2212

superconductor.
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Figure 3.3 (a) - (h): The lattice parametersa, b and c of the RE-free and all RE
substituted samples calculated by considering an throrhombic symmetry for the
(Bi, Pb) - 2212 system.
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The lattice parameteirs b andc of RE-free andRE substituted samples calculated by

considering an orthorhombic symmetry (cBi, Pb) — 2212 system using the formula,

1 _h* k? |2
> st —+— (3.2)
d a- b° c¢

are shown in Figure 3.3 (a) — (h), wheteis the inter-planar spacing alﬁdkl) are the Miller

indices. A marked variation is observed in the t&lystructure of RE substituted samples

compared toRE -free sample. It is found that for tHeE -free sampleb -axis value is greater

than a-axis (b > a). With increase inRE -content (except foHo) the orthorhombic symmetry

of the system changes to a pseudo-tetragonal symaehigherx (stoichiometry). TheHo
substituted samples maintain its orthorhombic sytryngp to its highest level of doping. It is
noted that thea and b -axis parameters oDy substituted samples show an increasing trend,
while Lu substituted sample shows an increasing trendafaixis and a decreasing trend for
b-axis. The Tb substituted samples show an increasing trend{axis while decreasing
tendency inb-axis parameter upt@b0.075 and then increases to form a pseudo tetragonal
structure. No appreciable changedanand b -axis parameters is observed fdo substituted
samples. The variations ia and b -axis lattice parameters are associated with tbheease in

Cu-0 bond length inCuQ, planes, which controls the dimensions in the batahes of
(Bi, Pb) - 2212 system [Uprety et al. (2001)].

A general tendency of systematic contraction ie thaxis length is observed with
increase iNRE-content, indicating the incorporation &®E atoms into the system. This is
because inBi -based cuprate superconductors, when a trivalgéianc®E** replaces a divalent
cation S?*, additional oxygen is incorporated in tiB:—O layers of the structure in order to

establish the charge neutrality. As a result, gmuision betweerBi —O planes gets reduced
due to the reduction in the net positive chargethe Bi —O planes. This results in the
contraction of Bi —O layers and causes the reduction of thaxis length. The anisotropy of

the system decreases with these changes in tloe lptrameters [Sanderson et al. (2005)]. The
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Table 3.1: The values of rare-earth RE ) stoichiometry (x), cell volume, Lotgering index
(F), critical temperature (T,), the transition width (AT_), normal state resistivity (o,),

resistivity at 300 K (0,4, ), hole carrier concentration per Cu atom (P ) and self-field J.
for RE -free and all RE substituted (Bi, Pb) - 2212 samples.

Cell
RE X volume F c AT, Pn Pk P/Cu Je
(A3) K K pQcm pQcm atom  kAm™

RE-free 0.000 880 0.92 80.7 1.33 34.28 92.67 0.2074 1642
0.025 888 0.88 84.9 287 44.74 150.17 0.2016 3421
0.050 883 0.85 86.5 3.15 5545 199.27 0.1992 7840
0.075 882 0.82 90.3 3.33 61.38 207.77 0.1927 10150

- 0.100 880 0.80 93.0 3.87 73.34 264.15 0.1873 13810
0.125 878 0.80 94.2 4.18 79.53 269.65 0.1844 9894
0.150 877 0.75 958 4.89 89.91 395.64 0.1800 9089
0.025 892 090 826 293 40.05 100.27 0.2032 2999
0.050 892 0.87 87.7 3.27 50.83 106.30 0.1952 8736
Ho 0.0/5 890 0.85 885 355 53.61 128.63 0.1937 12080

0.100 888 0.85 91.6 4.01 57.69 138.89 0.1874 9378
0.125 888 0.83 91.8 4.45 6537 147.34 0.1870 8784
0.150 888 0.79 935 5.05 7058 169.07 0.1828 4012
0.1 887 0.75 91.7 485 66.57 17791 0.1847 5872
0.2 890 0.73 92,5 574 86.13 198.08 0.1826 13930
Dy 0.3 892 0.68 945 7.28 125.56 291.80 0.1762 8493
0.4 890 0.64 96.6 8.92 136.03 413.21 0.1600 3241
0.5 893 0.56 90.3 10.79 205.19 534.63 0.1319 847
0.025 896 0.85 84.8 3.58 41.45 13558 0.1994 3581
0.050 896 0.78 86.4 3.96 48.90 176.05 0.1968 9603
0.075 894 0.74 882 415 56.36 190.96 0.1936 18080
0.100 895 0.69 904 4.84 61.68 20587 0.1893 13760
0.125 896 0.63 92.2 5.09 8192 221.84 0.1851 10510
0.150 897 0.60 94.4 592 119.19 247.41 0.1790 7539

Tb
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variation in lattice parameters is also reflectedhie change in cell volume &E substituted
samples (Table 3.1). For example, the cell volumd®yp increases slightly witlrRE content.
The Tb substituted samples also show an increase irvakime after an initial decrease up to

x= 0.075. TheHo and Lu substituted( Bi, Pb)—2212 samples show a large reduction in cell

volume which is due to the large reduction in thaxis length of these superconductors. The
important result noticed is that tleeaxis contraction is dependent on the ionic raflihe RE
dopant. The decrease in tbv@xis length is smaller for thRE with larger ionic radii while the
shrinkage is drastic wheRE with smaller ionic radii is substituted. For exdeypwvhenTb
(O.923A) Is substituted, the value af-axis parameter decreased from 30.85 + chaa 30.70
+ 0.02A, while for Lu (0.861/§) substituted sample, the-parameter decreases from 30.85 +
0.02A to 30.48 + 0.0A for a change ix = 0.0 to 0.150.

Using the XRD patterns of both pellet and powdered samplesl,.dbgering index € )
is calculated (Table 3.1) using the equation,

—_ la_lr

F=| 2
-1 (3.9

Where, | is the ratio of intensities from the surface ahgée and

| = —ZIOO' (3.2)
thotal

Here |, refers tol measured for the pellets amd for the corresponding randomized powder
[Lotgering (1959)]. Lotgering index represents thegree of texturing in the grains. The
(Bi,Pb)-2212 system is inherently oriented in t{80l) direction due to its characteristic
layered growth along the@—b plane, which is further enhanced by the repeatesdsmg

process and hence, the reflections from the orie®0l) planes have high intensities. It is

observed that as thRE -content increases, the -value decreases monotonically for all tRE
substituted samples. This supports that the texgudecreases with increaseREE content. It is

also noted that th&E -free sample shows the bdstvalue (0.92).
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3.3.2 SEM analysis
The SEM images of freshly fractured surfaces RIEE -free and typicalRE substituted

(Bi,Pb)-2212 samples are shown in Figure 3.4. The structuraiphwogy of the samples
varies with increase ix value and no secondary phase is detected in athecfamples, even
up to the highest value of investigated The grain morphology oRE -free (RE0.00() sample
shows clear and flaky grains with a layered grotytiical of (Bi,Pb)-2212 Whereas, in the
RE substituted sample, the flaky nature of graingpmiears with distinct reduction in grain

size and increased porosity. The systematic dezrea¥XRD peak height [Figure 3.2 (a - d)]

and the microstructural variation iIEM images [Figure 3.4] confirm that the microstruetur

of (Bi, Pb) — 2212 deteriorates with increase 8 content. That is th&®E -free sample shows

Figure 3.4: SEM micrographs of the fractured surfae of the RE -free and RE (RE = Lu, Ho,
Dy and Tb) substituted ( Bi, Pb) - 2212 samples.

the best microstructure with respect to texturingy@in alignment compared to all othBRE
substituted samples. This is further evidenced ftbenLotgering index [ ) calculation of the

samples (table 3.1). This deterioration in the ogtiucture plays an important role in limiting
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the self-field J. of the system, since the weak links associatetl thi¢ grain boundaries are
known to limit the J. value. The possible reasons for the formation e$¢hweak links are the

misorientation of grain boundaries and the compwmsad variations at the grain boundaries. In
the case ofRE substituted samples, the misorientation graduatlyeases with increase &E

content (Figure 3.4) and hence the weak links ialseases with increase &E content.

3.3.3 Compositional analysis
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Figure 3.5 (a) — (f): TheEDS spectra of RE -free and typical RE (RE = Lu, Ho, Dy and Th)
substituted (Bi : Pb) —2212 grains. The cationic composition of RE substituted samples is given

in table 3.2.
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Table 3.2: The rare-earth (RE ) stoichiometry (X) and the initial and final cationic compositions
of RE -free and RE substituted (Bi, Pb) —2212 grains obtained by EDS spot analysis, keeping

the intensity of Cu as standard.

Cationic composition of RE-free and RE substituted (Bi, Pb)-2212 grains
RE X (Bi, Pb) Sr RE Ca

initial final initial final initial final initial f inal

RE —free  0.000 2.10 2.04 2.0 1.96 0.000 0.00 1.10 1.07
0.025 2.10 1.99 1.975 1.98 0.025 0.03 1.10 1.03
0.050 2.10 2.05 1.950 1.94 0.050 0.04 1.10 1.05
0.075 2.10 2.03 1.925 191 0.075  0.07 1.10 1.01

- 0.100 2.10 2.01 1.900 1.89 0.100  0.09 1.10 1.09
0.125 2.10 2.07 1.875 1.86 0.125 0.11 1.10 1.04
0.150 2.10 2.04 1.850 1.82 0.150 0.13 1.10 1.05
0.025 2.10 2.02 1.975 1.97 0.025 0.01 1.10 1.06
0.050 2.10 1.98 1.950 1.96 0.050 0.04 1.10 1.01
Ho 0.075 2.10 2.09 1.925 1.93 0.075 0.06 1.10 1.05

0.100 2.10 2.02 1.900 1.89 0.100 0.08 1.10 0.99
0.125 2.10 2.03 1.875 1.88 0.125 0.12 1.10 1.04
0.150 2.10 2.07 1.850 1.86 0.150 0.13 1.10 1.02
0.1 2.10 2.06 1.90 1.93 0.1 0.07 1.10 0.98
0.2 2.10 1.99 1.80 1.78 0.2 0.15 1.10 0.99
Dy 0.3 2.10 2.03 1.70 1.67 0.3 0.24 1.10 1.02
0.4 2.10 1.97 1.60 1.56 0.4 0.36 1.10 1.00
0.5 2.10 2.00 1.50 1.43 0.5 0.44 1.10 1.05
0.025 2.10 1.98 1.975 1.96 0.025 0.02 1.10 0.97
0.050 2.10 2.03 1.950 1.95 0.050 0.04 1.10 1.01
0.075 2.10 2.04 1.925 191 0.075  0.07 1.10 1.03
0.100 2.10 1.97 1.900 1.88 0.100 0.08 1.10 1.02
0.125 2.10 2.02 1.875 1.86 0.125 0.11 1.10 0.99
0.150 2.10 2.06 1.850 1.83 0.150 0.14 1.10 1.06

Tb
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The compositional analysis has performedHE)S using the spot analysis mode and &#@S
spectra of theRE -free and typicalRE substituted( Bi, Pb)—2212 grains are shown in figure
3.5 (a) — (f). The presence BE is detected in thé&kE substitutec{ Bi, Pb) — 2212 grains with

a corresponding reduction i& and its cationic composition is given in table 8e3timated

keeping the intensity oCu as standard). This supports that tRE atoms are successfully
doped into the(Bi, Pb)—2212system and form a structure with almost identigaitial
stoichiometry (table 3.2). It also shows that thtiorof RE/S in the (Bi, Pb)—2212 grains is
almost equal to that of the corresponding startioigpposition for eachx, which indicates that
the substitutedRE is successfully incorporated in the crystal stetof (Bi, Pb)—2212 The

quantitative data in table 3.2 also shows thatdfwéchiometry of & and RE in the final

samples varies according to the nominal stoichioygnetivisaged, within a limit of around 10

%. Hence, the data confirms the successful sutistitof RE at the S -site of ( Bi, Pb) — 2212

system.
3.4 Superconductor characterization

3.4.1 p-T measurements

The temperature dependences of the resistivityRierfree andRE (RE = Lu, Ho,
Dy andTb) substituted( Bi, Pb)—2212 samples are shown in figure 3.6 (a) — (d). The-=zer

field resistivity plot is extrapolated to zero fRE -free and allRE substituted samples to get

the value ofp, (Table 3.1). It shows that the normal state resigt( 0,) and the resistivity at
300 K (0500« ) [Table 3.1] is minimum foRE -free (34.28 and 92 /Qcm) and increases with
increase ofRE content ) and the maximum value is obtained @y0.5 (205.19 and 534.63

uQcm), i.e. thep, and p,,, values sensitively depend on the defect concenraflso, the
highest p, value for Dy0.5 reflects the increased impurity scattering anché@rgamount of
disorder in this sample and the enormous incraaseei o,,,. is due to the increased porosity
of REsubstituted(Bi,Pb)—2212 superconductor (figure 3.4), which increases twstive

weak links between the grains. The significancgpfvalue is discussed in detail in chapter 7.
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The critical temperatureT() of the samples (table 3.1) is determined by estiimg the

temperature at which the resistivity starts drogdiom a linearly varying metallic behaviour

(dp/dt >0), while cooling it. It is observed that all thengales show metallic behavior above
the T, and the value ofT, increases with increase iRE concentration (table 3.1). The
maximumT, obtained forLu, Ho, Dy andTb substituted samples are 95.8 K £ 0.150),
93.5 K (x = 0.150), 96.6 KX = 0.4) and 94.4X = 0.150), respectively, while tHE obtained
for the RE-free sample is 80.7 K. It is clear from the figB& (c) and table 3.1 that the

optimal value ofRE gives the maximuni_ and in the case of Dy thE is higher by about 16

K (for Dy0.4) than theRE -free sample.
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Figure 3.6 (a) — (d): Temperature dependent resistity plots of RE -free and all RE (RE
= Lu, Ho, Dy and Tb) substituted (Bi : Pb)—2212 samples. The normal state resistivity

(p,) value is indicated by an arrow and thep, values are given in table 3.1.
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CHAPTER 3 Influence of rare earth substitution on the superconducting properties

The hole carrier concentration of thdRE substituted samples showing a
superconducting transition is calculated usingghenomenological formula [Krusin-elbaum et
al. (2004)],

P = {1~ (T./Tera)} /82.6}; + 0.1¢ (33

Here P is the hole carrier concentratio@u atom andT__., corresponds td_ for P = 0.16,

—max
the optimal concentration. The value Bffor RE-free and allRE substituted samples is given
in table 3.1 and the results show that as the ddpael increases, the hole carrier concentration

continues to decrease which makes the system dptidaped (P = 0.16), where thd_ of the

RE substituted samples becomes maximum. Beyond themamp level, the system is

transformed into an underdoped state with lesse&uammof hole carrier concentratior (.16,

for Dy0.5, P=0.1319) and hence,T, decreases. This can be understood by the following
explanation. It is well known that th&E-free (Bi,Pb)—2212 system is inherently “over-
doped” with holes. WherRE**/RE* ions are substituted fo® %, each substitution oRE

provides additional electrons to fill the vacantdsoin the crystal. Hence, the hole concentration

in the CuO, plane decreases. This controls the hole concemtrat the CuO, planes and when

the RE concentration reaches the optimal stoichiometing $ystem becomes “optimally-

doped” leading to enhanced, and J.. Beyond this “optimally-doped state” the system
becomes “under-doped” due to the large reductionhaole carrier concentration, which
transform the conduction mechanism (cBi,Pb)—2212 from metallic to semiconductor or
insulator. Also, the transition widthAT, is found to increase with increase RE content
(Table 3.1). This increase in tHET_ is because of the changes in chemical as weleasrenic
inhomogeneity in the(Bi,Pb)—2212 system caused by the variation in the charge erarri

concentration due t&®E substitution.

3.5 Self-field J. measurement
Figure 3.7 (a) and (b) shows the variation of §elfi J. as a function oRE (RE = Lu,
Ho, Dy and Tb) content. The self-fieldJ. is found to increase significantly witiRE

substitution and it reaches a maximumxat 0.075 for Tb, Ho and at aroundk =0.1to 0.2
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for Lu, Dy and then decreases at higiRE concentrations. Moreover, the value &f also

depends on the substitute®E. The pure sample shows & of 1642 kAm?, while the

maximum J. obtained byRE substitution is in the range aR08Z(for Ho at x=0.075) to

18076 kAm? (for Tb at x=0.075) at 64 K. This shows that th&. is enhanced drastically at

the optimum doping concentration. The increaseansportJ. is ~ 7—-11 times higher than

the RE-free (Bi,Pb)—2212 sample and the enhancement can be explained lagvgolThe

replacement o5 with RE results in the chemical and electronic rearrangeroithe charge
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Figure 3.7 (a) and (b): Variation of self-field J. value of the samples withRE (RE = Dy, Lu,

Ho and Tb) content.
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reservoir layers & —O/Bi -O/S —0) adjacent to theCuO, layers through which the actual

supercurrent is believed to flow. The crystal defecreated due to th&®E substitution is

mainly confined in theS -layer. At self-fields, vortices confined in th€uO, layers are
effectively pinned by the defects in ti&-layer which leads to the formation of strongly
coupled Josephsons vortices in tBeO, layer. Hence,RE substitution in(Bi,Pb)—2212
increases the Josephsons coupling strength bettvedZuO, layers across the blocking layers
(S -0O/Bi—0O/S -0). This improves the self fieldl. of the optimized RE substituted
(Bi,Pb)-2212 superconductors. The improvement in thE of RE substituted
(Bi,Pb)—2212 samples (due to the decrease in hole concentratishe CuO, plane) also
contributes towards the improvement of transgrt

Further, RE substitution alone cannot produce the observedairegment inJ.. The

electrical conductivity of the blocking layers & —2212 is systematically enhanced, and the
anisotropy is substantially reduced by the dopihdrlo atoms into the blocking layer8{(—0)
[Zhao et al. (2003), Motohashi et al. (1999)]. Thisreases the Josephson coupling strength

between theCuO, layers across the insulatigj —O layers [Kleiner et al. (1994)], which in
turn increases the-axis conductivity, and as a resull, increases. In addition, the pinning
centers introduced by thRE*/RE* ion in the(Bi, Pb)—2212 lattice enhance the self-field

Jc. The above results show that the enhancemedt iof RE substituted samples is because
of the chemical and electronic re-arrangement dhtced due to the dual effect of substitution
of RE and Pb in Bi—2212 At higher x values, theJ. of the RE substituted samples
decreases. This is because, at higRer concentrations, the charge carrier concentration
decreases while grain boundary weak-links and ftgrosreases. Thus, it is concluded tfat
does not depend on the microstructure wiilestrongly depends on it.

Furthermore, at highelRE concentrations X), excess number of oxygen atoms are
incorporated into the oxygen deficie® —O layers, which makes it more insulating. This
increases thec-axis resistivity, hence, weakens the Josephsopliogustrength between the

CuO, layers across thdési —O layers, resulting in the reduction of the selfdiel.. The

reduction of the hole carrier concentration beyai@ optimum level at higherRE
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concentration also triggers the metal to insulatansition MIT) in (Bi, Pb)—2212 system

[Shabna et al. (2008), Shabna et al. (2010)].

3.6 Conclusions
This chapter presents a systematic study on thetstal and superconducting properties of

RE substituted (Bi, Pb) - 2212 [Bi, ;Pb, S ,,RE,Ca, Cu ,0 ¢ system with different RE
concentrations < x< 0.5 and RE = Lu, Ho, Dy andTb) and the results are compared
with RE-free (Bi, Pb)-2212 superconductor. It is observed that a significstnictural and
electronic change takes place in the system diREtsubstitution. TheXRD and EDS results
give a clear evidence that tiRE is substituted at th& site of (Bi, Pb) - 2212 system. As a
result, the critical temperatureT () and self-field critical current densityJ{) increase
remarkably at optimunRE concentrations. Th6EM micrographs and Lotgering index results
show that better grain growth or orientation is ribe reason for enhancement of
superconducting properties, because due R6 substitution grain size and orientation
decreases. The increaseljnas well asJ.. is explained by the dual effect of the decreagben
hole concentration inCuO, planes from the over-doped to an optimally-dopéates (as
evidenced from thé® value) and the improvement of coupling between@h®, layers across
the charge reservoir layer achieved B -doping. TheJ. also decreases rapidly at higher

value because of the decreased inter-grain comtgctmis-orientation of the grains and
increased porosity as evidenced from t8EM micrographs and Lotgering index results.

Beyond the optimum levels, the gets reduced and an under-doped condition isatladue to

reduced hole density.
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CHAPTER 4
Suppression of flux creep and flux pinning propertes of rare earth (Lu, Ho,
Dy, Th, Gd and Eu) substituted (Bi, Pb)-2212

4.1 Introduction

Among the cuprate based hidh superconductorséHTS), Bi —based systems are of

great technological interest, since the supercamuudransition temperatureT() of these

materials exceed liquid nitrogen temperature aredr throperties are most suitable for the
fabrication of long length of wires and tapes. Thain advantages dBi —based systems are
their layered structure and hence, texturing caneagly induced in it. Also, its oxygen
stoichiometry is relatively invariant with respestito cationic doping, when samples are
prepared in identical conditions and it has lesseak link problems compared tBi —2223.
But their applications in magnetic fields and ajrhtemperatures are limited because of their
strong anisotropic properties, extremely short cehee length £) and large penetration depth
(A). The crystal structure dBi —2212 is highly two dimensionalZD) with alternate stacking
of superconductinguO, layers and poorly conducting thick blocking layeshich reduce the
Josephson coupling between the supercondud@in@, layers. The transport and magnetic
properties are highly anisotropic and the in-planaductivity along theCuO, layers is much
higher than that of the out-of-plane conductivitprey the blocking layers [Kotaka et al.
(1994)]. Due to the weak coupling between the sugretucting layers, th8D vortices melts
into 2D pancake like vortices at higher temperatures #@ldsf [Pradhan et al. (1994)]. The
2D pancake vortices are easily de-pinned causing dheep and energy dissipation during

transport current flow. The critical current depsitd. ) and critical temperaturel() are the
important parameters for potential applicationsHfS and the J. value is primarily limited

due to the insufficient flux pinning properties [balestier (1996), Su et al. (1995)]. In order to
sustain high non-dissipative transport currentsletated temperatures and fields the vortices
must be pinned. There has been numerous efforent@ance the flux pinning properties of

Bi —based systems, and hence the value by introducing effective pinning sites [Lti &.
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(1997), Biju et al. (2007), llyushechkin et al. (&), Wang et al. (2001), Rahier et al. (2006),
Yorimasa et al. (2003), Kazin et al. (2000)].

One of the effective methods to enhance the fluxipg properties ofBi —based
superconductors is to modify the system by seledtioping. It has been experimentally found
that the Pb doping atBi —site in Bi —2212 increases the& —axis conductivity by more than
one order of magnitude and reduces the electro-aeteganisotropy [Zhao et al. (2003)],
enhances the intrinsic pinning and there by imprgvihe J. in pure Bi—2212 crystals
[Chong et al. (1997)]. A few studies reported thla¢ flux pinning strength of cuprate
superconductors increases B& doping [Vinu S, Sarun P M, et al. (2008), VinuSayun P M,
et al. (2008), Biju et al. (2007)]. On the techrgi@l side the substitution oPb for Bi
improve the superconducting properties of both $wkd tapes [Fujii et al. (2000)] and the
substitution of rare earthRE) ions in the place offa/S stabilize the crystal structure of
Bi —2212system [Jin et al. (1999)]. This chapter presenysstudies on suppresson of flux
creep and enhancement of flux pinning propertie8iof 2212 substituted withPb at the Bi
site andRE (LanthanidesLu, Ho, Dy, Th, Gd and Eu) at its & site, respectively, as typical

examples.

4.2 Experimental details

The RE substituted(Bi,Pb)—2212 superconductors with a general stoichiometry of
Bi, ;Pb, S, ,RE.Ca, Cu,O ., were prepared by solid state sintering using hogluity
chemicals(>99.9 %, Aldrich Milwaukee ,VVI) such as oxides/carbonates of the ingredients.

Here RE = Lu, Ho,Dy, Th, Gd, Eu and the samples with differelRE stoichiometry will be
hereafter denoted aBEX, where x is the corresponding stoichiometry. The prepanasteps,

phase identification, micro-structural and elemkntanalysis and superconductor
characterization parts were already explained itaiden chapter3. For the critical current
versus magnetic field measurements, the directbitise current and magnetic field were kept
parallel and perpendicular to the pressed surfdceh® pellet, respectively. Thee-J

characteristics of the samples under zero and fliedds namely,0.32T and 0.64T were
measured ab4 K by four-probe method in a liquid nitrogen bathastat with provision for

vacuum. A computer controlledc —pulse method with four-probe arrangement was ueed t
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determine E—-J characteristics using a constant current souréglap 9711P) and
subsequently to determine the transpgst of the samples. The pulse method effectively

minimizes the Joule heating from current leads emdtacts by providing sufficient cooling

time between each pulse. Thus it also avoids tlikieimce of the ramp-rate orkE-J

characteristics. The, (B) characteristic was studied with field ranging frém® - 1.4T. All

these measurements are automated USIPIgB interfaced with a personal computer.

4.3 Theoretical background

To describe the pinning in high, materials, one can assume that the core pinning is

dominant due to the large values of Ginzburg patan{& ). This leaves two different sources
of pinning, either by i) non-superconducting (normal) particles embedded the
superconducting matrix leading to the scatteringhefelectron mean free pathl - pinning )
or (ii) pinning provided by spatial variations of thé associated with fluctuations in the

transition temperaturél, (OT, or Ak -pinning). Pinning is different for various sizes of

pinning centers compared with the inter-flux lipasing (d ) which is given by

=[5 )%

where ¢ denotes flux quantum. The interaction volunvg, for point pinning centers is,

NI~

Vi ~ & (é- coherence length), whereas for volume pinning ereny/_ ~d>. The Dew-

pin
Hughes model [Dew-Hughes et al. (1974)] is a disechmation model of elementary pinning
forces and according to this model, the flux pigriorce per unit volume can be represented by

an expression of the form,

F. =nLf, ¢.2)

69



CHAPTER 4 Suppression of flux creep and flux pinning properties

where f, is the pinning force per unit length of pinnedxfline, L is the total length of flux-
lines per unit volume that is directly pinned, amds an efficiency factor, determined by the
extent to which its neighbors in the flux lattidéoe a flux line to relax towards a position of
maximum pinning. LetAW be the work done in moving unit length of fluxdifrom a pinning
center to the nearest position where it is unpinaed x be the effective range of the pinning

interactions then,

o _(-aw)
P X 4.3)
Therefore equation4.2) becomes,
= - _1LAW
P X 4.4)

Flux-lines interact with pinning centers because shperconducting properties of the latter are
different from those of the bulk of the supercortduc Pinning centers may be classified on the
basis of their dimensions compared with the valluédo given by equation4.1). Point pins

are regions whose dimensions in all directionslese thand’. A point pin can interact with
only one flux line at a time. Line pins, such &latations or needle shaped precipitates have
one dimension long compared witd'. When lying parallel to the local direction &, they
can interact with one flux line over their whol@dgh. Lying at an angle t8 they can interact
with several flux lines. Grain boundaries and pléte precipitates have two dimensions greater

than'd’, and act as surface pins. Large precipitates alittimension larger thatd ' produces

volume pin. It is now possible to evaluate the miiti@s in equation 4.4), appropriate to
various pinning situations. The value &W depends upon the nature of the pinning
interaction, that is, whether it is magnetic orecginning. When the pinning is due to core
interaction,AW is equal toAG, the change in the Gibbs function of unit lengtHlox-line as

it moves from the pinning center to the matrix. T@@b’s function per unit volume of a

superconductoG (H,T) in the mixed state is given by,
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_Hy (ch —H )2
232 x*- 1] 46)

Here G, (H ,T) is the Gibbs function of the normal state. Theosdderm is the free energy of

G(H,T)=G,(H,T)

the flux-lattice in the superconductor. An approation to the core energy( ) alone may be

arrived at by multiplying the Gibbs function peritwolume by the volume of the flux line core.

Assuming a radius of [E = (%/Zzzuoch)o's} for the flux line core and areaf* we get,

_fzﬂo(ch_ H)2
2.32( K2 - J) 4.6)

EC:

For small pinning centers, when size of the pinrdagter'a<d' (point or surface) theAW

is equal to the change in core enerBy, as defined by equatior#(6). Therefore,

_fzﬂo(ch_H)z

AW = 2.3 X*- 1] 40)

For volume and surface pirt, =S, /2, and for point pinL =BV, /¢g,. Here S, is the surface
area per unit volume projected in the directiohafentz force and/. is the volume fraction of
the superconductor. If the flux lines are perfecibid, then each will, on an average, have a
fraction V. of its length inside a pinning centey [~ (a,/l)3. Where 'a’ is the size of the
pinning center andl' is the spacing between the pinning centers]. il&ily for volume pin,
x=d, for surface pinx=¢ and for point pinx =a/2. Pinning functions for specific situations
like core, normal orAx, volume, surface or point may be determined by riirsg the

appropriate valueg, L, AW and x into equation 4.4) and for point pins we get,

71



CHAPTER 4 Suppression of flux creep and flux pinning properties

_ HVeH? h?(1-h)"
" 464K ¢8)

Here p and q describes the actual pinning mechanism. For nlopaet pins, p=1 and
g =2, and the position of maximurk, appeared at the reduced field valuehef 0.33. From

equation @.8) we get,

P ¢.9)
BII’I’ BII’I’
Where A is a numerical parameter, alﬁ&/B,”) =h is the reduced field. There are many

different pinning mechanisms, simultaneously activéd TS and it is an important task to find

the dominant one. The experimental curves are theoretically fitted using equatid9).

The RE-free and RE substituted(Bi, Pb)—2212 samples are further analyzed with

the help of E-J characteristics using one-dimensional flux-creepdeh, wherein the flux-
creep is caused by a thermally activated motiofiuaflines. This motion is characterized by a
velocity, which is strongly dependent on the localrent density. To understand the flux
motion in the presence of applied magnetic fieldused the Maxwell’'s equation of the form,

0B _ 0E
E & 4(10)

where, E is the local electric field which can be relatedhe flux density and the velocity of

the thermally-activated flux motiow by the relation,E =vB. The velocity of the vortex

motion in a thermally activated process is given by

U= Uce_[u (‘J)/kBT] 401)
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where U (J) is the pinning potential barrier ang, is the velocity whenU (J)=0. If the

pinning energy has a logarithmic dependence oculent density then,

J
U(J):UCM(TCJ 4.12)

Here, U. is the pinning energy and equatio.12) follows that the electric field equals

[Shantsev et al. (2000)],

J n
E=E (TC) 4013)

The logE —logJ curves is callecE —J characteristics and the slope of the curve gilies t

n—index of the material.

4.4 Flux pinning analysis

4.4.1J.(B) Characteristics
Figure4.1 (a) - (f ) shows the variation of. with magnetic field P, (B) characteristics] for
RE-free and RE(RE=Lu, Ho, Dy, Th,GdandEu)  substituted (Bi,Pb)-2212

superconductors at 6K and magnetic field up to 1.%. This characteristic shows that the

substitution of RE in optimum concentrationx = 0.07% to 0.1 for Lu, Ho, Tb and
x=0.1to 0.z for Dy,Gd,Eu) in (Bi,Pb)—2212 results in an enormous improvement in its

N (B) characteristic. To compare the flux pinning proiesrof the samples, the variation in

normalized in-field critical current density of RE-free and all

RE (RE = Lu, Ho, Dy, Th,Gd and Eu) substituted Bi, Pb) - 2212superconductors for magnetic

fields up to 1.4T is given in figure4.2 (a) —(f). The normalizedl. (B) characteristics of the
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RE substituted samples are found to be much better those of theRE -free sample. This
shows thatRE substitution drastically enhances the flux pinngngperties of(Bi, Pb) — 2212

system.
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Figure 4.2 (a)—(f): Variation in normalized in-field critical current density of RE -free and
all RE(RE = Lu,Ho,Dy,Tb,Gdand Eu) substituted (Bi, Pb)-2212 superconductors for
magnetic fields up to 1.4T.
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Among the RE substituted samples, thi. (B) characteristics are found to be the best
for Eu substituted samplesE(10.135). The ratio, J. (B)/J. (0), of Eu0.135 is higher than
that of theEu -free sample Eu0.000) by a factor of41.3 at 0.4T and the decrease i with
increasing magnetic field is lower foEu0.135 than for Eu0.000and all otherEu doped
samples. Similarly the ratial. (B)/J. (0), of Lu is 35.4 (Lu0.10C), Tb is 27.69 (Tb0.075),

Ho is 27.3 (Ho00.075), Dy is 18.5 (Dy0.2) and Gd is 9.9 (Gd0.2) times higher than that
of the RE-free sample RE0.00C). That is, the deterioration al. due to magnetic field is
significantly reduced for optimaRE substitution. In order to bring out the increasethe
J. (B) performance of optimallyRE substituted samples, thé.(B)/J.(0) values of all
samples at 0.40, 0.60, 0.8 and 1D0are separately given in figu€3@)— (f ). This figure

again clearly shows that the in-field performannd ¢he flux pinning strength are very much

improved for optimalRE content.

4.4.2F,(B) characteristics

It is widely accepted that a very fruitful tool twiwhich one can investigate the flux
pinning properties of superconductors is the datation of pinning force density
(F- =J. xB) [Koblischka et al. (2000)]. The pinning force déy F, as a function of applied
field is shown in4.4(a)—(f). It is seen that the maximum value Bf is shifted to much
higher values for RE-substituted sample (Tabel). For example, for the optimaRE
substituted samples, thE, values are1395+ 1kNm™ (for Lu0.10C), 1725+ 1kNm™ (for
H00.075), 1355+ 1kNm™ (for Dy0.2), 2752+ 1kNm™ (for Tb0.075), 645+ 1kNm™ (for
Gd0.2), 3413+ 1kNm™ (for Eu0.135) as againsB0+ 1kNm™ for the RE-free (RE0.00C)
sample. This means thg, value is at the least 22 (fa8d0.2) to a maximum of 114 (for

Eu0.135) times greater than th&E -free (RE0.00C) sample. This increase strongly support
that the flux pinning strength ofBi, Pb)—2212 samples significantly increases witRE

substitution and the maximum value Bf sensitively depends on the selecteigl.
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Table 4.1: The values of rare-earth (RE ) stoichiometry (X), critical temperature (T.), the self-
field J., the maximum value of F, (F,,,), the fitting parameters (p, q) and the irreversibility

field (B,,)for RE -free and all RE substituted ( Bi, Pb) —2212samples.

irr

T J. Fo B at which p q B,
RE X K° AmM2 KN Foaoceurs () (£ 0.05) (+0.05) (+0.05T)
RE -free 0.000 80.7 1642 30 0.16 0.62 1.43 0.49
0.025 84.9 3421 148 0.24 0.66 1.49 0.78
0.050 86.5 7840 870 0.44 0.74 1.54 1.37
0.075 90.3 10152 1110 0.72 0.81 1.65 2.14
Lu 0.100 93.0 13810 1395 0.76 0.85 1.72 2.31
0.125 94.2 9894 918 0.68 0.88 1.76 2.06
0.150 95.8 9089 713 0.56 0.91 1.83 1.64
0.025 82.6 2999 81 0.2 0.65 1.45 0.63
0.050 87.7 8736 791 0.48 0.72 1.55 1.43
0.075 88.5 12082 1725 0.80 0.77 1.64 2.27
Ho 0.100 91.6 9378 1209 0.68 0.80 1.67 2.11
0.125 91.8 8784 880 0.56 0.82 1.70 1.76
0.150 93.5 4012 245 0.36 0.83 1.74 1.12
0.1 91.7 5872 256 0.40 0.66 1.47 1.21
0.2 92.5 13927 1355 0.80 0.84 1.71 2.14
Dy 0.3 94.5 8493 577 0.56 0.87 1.75 1.67
0.4 96.6 3241 65 0.20 0.90 1.80 0.68
0.5 90.3 847 5 0.08 0.92 1.83 0.26
0.025 84.8 3581 139 0.24 0.65 1.51 0.72
0.050 86.4 9603 810 0.56 0.70 1.58 1.61
0.075 88.2 18076 2752 0.84 0.77 1.69 2.37
Tb 0.100 90.4 13763 1695 0.76 0.82 1.74 2.15
0.125 92.2 10506 1031 0.64 0.85 1.80 1.93
0.150 94.4 7539 513 0.48 0.88 1.83 1.49
0.1 92.5 7233 228 0.40 0.63 1.46 1.28
Gd 0.2 94.3 11910 645 0.68 0.78 1.52 2.02
0.3 94.9 8353 345 0.56 0.83 1.56 1.64
0.045 86.8 4895 271 0.36 0.64 1.44 1.50
0.090 90.9 11095 1465 0.80 0.72 1.51 2.31
Eu 0.135 93.3 12874 3413 0.96 0.89 1.73 2.74
0.180 94.4 10785 1339 0.60 0.91 1.87 1.83
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4.4.3 Theoretical fitting for F,

The value ofF, as a function of reduced magnetic fiell<B/B,, ) is shown in Figure

r

4.5(a)-(f) and all sets of data are found to fit well (Figdr&(a)—( f ) , solid parabolic line)
with the Dew-Hughes equation [Dew-Hughes et al7@)pgiven by equatiort.9. For normal
point pinning, the values ofp andq are 1 and 2, respectively, and the maximum vafug,o
appear at a reduced field valbe= 0.33. For RE -free sample, the values @f and g are found

to be 0.62% 0.0t and1.43+ 0.05 respectively. But forRE substituted samples, the values of
p and g are found to be).91+ 0.05 1.83+ 0.0%f (for Lu0.15C), 0.83+ 0.05 1.74% 0.0
(for H00.150), 0.92+ 0.05 1.83+ 0.0¢ (for Dy0.5), 0.88+ 0.05 1.83+ 0.0¢ (for
Tb0.150), 0.83%+ 0.05 1.56+ 0.0f (for Gd0.3), 0.91+ 0.05 1.87+ 0.0t (for Eu0.135),
respectively, and th@ and q values of all samples are given in taldld. Here thep andq
values are closer tth and 2 as predicted by the theory and also the maximulumevaf F,

(Foma) appeared ah=0.33+ 0.0z [Figure 4.5(a)—( f )], which agrees with the theoretically

Pmax
predicted value tf =0.33). Hence, the main pinning mechanism of these sesnigl the point
pinning due to point defects aroused out of thessultion of RE atoms at theS site of
(Bi, Pb) — 2212system.

4.4.4 NormalizedF,

The normalized pinning force densitf{/F.,.., ) as a function of applied field is shown

Pmax

in figure 4.6(a)-(f). It is seen that the maximum values Bf/F.,, of RE substituted

Pmax

samples appeared at68T Gd 0.2 0.96I Eu 0.13f as agains0.16T (table 4.1) for RE-
free sample(RE0.000) at 64 K. These results show that the irreversibility linetloe RE

substituted samples gets shifted toward higher eiagrields and temperatures if theE
content is in the rangex=0.075- 0.. for Lu, Ho, Tb and x=0.1-0.2 for Dy, Gd, Eu,
respectively. In other words the flux pinning styn of RE substituted samples improves
considerably compared to thBE-free sample whenRE content is in the optimum level

(x=0.075- 0.1 for Lu, Ho, Tb and x=0.1- 0.2 forDy, Gd, Eu) and is decreased if theE

content deviates from this range (tadld).
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Figure 4.4 (a)—(f): Variation of pinning force density F, as a function of magnetic field for
RE -free and RE (RE = Lu, Ho, Dy, Th,Gd and Eu) substituted (Bi, Pb) -~ 2212 samples.
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Figure4.5 (a)—(f): Variation of pinning force density F, as a function of reduced magnetic
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rr
(Bi, Pb)—2212 samples. The parabolic solid line represents then¢oretical fit and the vertical
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Figure 4.6 (a)—(f): Variation of normalized pinning force density (FFFPmax) as a function of
applied magnetic field up to 1.4 T for RE-free and RE(RE =Lu, Ho,Dy,Tb,Gdand Eu)
substituted (Bi, Pb)-2212 samples.
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When RE atoms are substituted in ti{8i, Pb) — 2212 system at itsy site, the RE>*

ions replace the* ions and there is a consequent change in theecaohcentration in the
CuO, planes. The replacement of divalent cations bxakent ions will cause changes in the
hole concentration and can lead to chemical asasgedllectrical inhomogenities (chap®&x By
the substitution of th&kEs at the S site, the inhomeogenity introduced may be thellatace
distortion caused by the difference between thecioadii for the two ions. These lattice
distortions can also act as pinning centers ast pmefects. There is also the possibility of
formation of nano-size precipitate containifiRE ions, which can enhance the flux pinning
strength of the system [Su et al. (1995), Majevetkal. (1995)]. The enhancement of in-field
Jc is due to the changes in the flux pinning proesrtWhen theRE content increases beyond
a critical level, the number of defects increashictv are likely to form larger defects larger
than the coherence length of the system. Theserlatgfects inhibit the transport of super-

current and thus reduce the in-field critical catréensity and flux pinning properties.

In the case oBi —2212, the flux lines undergo a crossover from three-disnenal flux

lines to 2D pancake vortices at higher magnetic fields andperatures. The2D pancake

vortices are mainly confined in theuO, layers. Pb in the system improves the Josephson
coupling between theCuO, layers by reducing the anisotropy and increasimg ¢-axis
conductivity, [Zhao et al. (2003), Hamadneh et(2007)]. RE substitution in(Bi, Pb) —2212

decreases the-axis length and hence, increases the Josephsgiirgpgtrength between the

CuO, layers across the blocking laygi® —O/Bi —O/S —0). This improves the self- and in-
field J. of the optimizedRE substituted samples. The crystal defects createdtd Pb

doping are mainly confined in thBi layer, but the defects produced BE substitution are

mainly in the S layer. The vortices are confined in tBeO, layers, which are closer to ti&e
layer than to theBi-layers. Thus, it is likely that the strongly coegblvortices in theCuO,

layer are effectively pinned by the defects in tlearer S layer than the defects produced in
the distantBi layer. This is attributed to the enhanced fluxnpig and the unusually high
J.(B) performance of RE substituted (Bi, Pb)—-2212 samples. Also,B,, is inversely

proportional to the resistivity along-axis (0,) and the distance between adjac€hiO,

83



CHAPTER 4 Suppression of flux creep and flux pinning properties

planes(d,); i.e., B, 01 (p.d,) [Kim et al. (1991)]. This implies that a decreasec-axis
length and/or resistivity could enhance the flurnpng properties of the material. The present
experimental results clearly show that the sulistituof RE decreases the-axis length and
substitution of Pb at Bi -site decreases the resistivity [Biju et al. (2Q0Thus the combined

effect of Pb and RE increases thé3

irr

and flux pinning properties. Again, the experinaknt

results showed that there must be a competitiond®st the carrier concentration and interlayer
interaction [Wang et al. (2004)]. At lowdRE doping levels the contribution of the interlayer
interaction dominates over the-axis resistivity (p.) and hence improves the flux pinning
properties. WhenRE content exceeds the optimum level, the effect esistivity on flux

pinning become dominant over the contribution freraxis lattice parameter shrinkin@l,).

This in turn reduces the flux pinning strength ighler RE content.

4.4.5 E-J characteristics

Figures 4.7(a)-(c) and 4.8(a)—(c) show theE~-J characteristicslog E — log J
curves) of theRE -free andRE (Ho andTb) substituted(Bi, Pb) — 2212 samples measured at
0.00, 0.32, 0.64T and at64 K as typical examples. Almost a linear behaviowsesen in the

E - J characteristics, which is due to the thermallyvated flux-creep and flux-flow. All the

E - J characteristics fit well with the equatidog E =nlogJ +C, whereC is a constant and

the slopes of these curves give the index, which has been tabulated in tadl@. It is found
that, both in self- and applied-fields, the maximuatue of n—index is obtained at the same
X (x=0.075) value for eachRE where their best superconducting and flux pinrpngperties
are obtained and hence, a maximum current will flelh minimum dissipation of energy. At
self-fields all the samples show relatively high index value while at in-fields thea—index
value decreases (Tabie2), since then—index is a field dependent parameter.

The samples substituted with optim&lo and Tb content have betten—-index
(n>15) at 0.00,0.3z and 0.64T . The n—index greater thai5 even at an applied field of

0.64T and at the temperaturé4 K show that the flux lines are effectively pinnedtirese

samples. In other words, these observations retredl at self- and applied-fields0.32

and0.64T ), the flux-lines are in glass-state (weak creep)skmples withn >15 and for the

remaining samples with <15, the flux-lines are in liquid-state (strong cregymakura et al.
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Figure 4.7 (a)—(c):

The E —J characteristics of Ho-free and Ho substituted (Bi, Pb) -

2212 samples at0.00, 0.32and 0.64T.
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Figure 4.8 (a)—(c): The E —J characteristics of Tb-free and Tb substituted (Bi, Pb)— 2212

samples at0.00, 0. 32and 0.64T.
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Table 4.2: The values of rare-earth (RE) stoichiometry (x), n—indices and pinning
energy (U,) obtained for RE -free and Ho and Tb substituted (Bi, Pb) - 2212samples.

n-index at Uc (meV) at
RE X
0.00T 0.32T 0.64T 0.00T 0.32T 0.64T
RE -free 0.000 5.20 3.30 1.20 29.0 18.4 6.6

0.025 16.60 14.00 10.56 87.9 74.0 55.8
0.050 21.14 19.60 15.68 111.8 108.7 83.0
0.07v5 32.72 2250 19.15 1731 1189 101.2

Ho 0.100 24.75 21.80 18.00 131.0 1154 95.3
0.125 20.60 19.02 17.40 109.0 100.7 92.0
0.150 20.04 13.17 10.14 106.0 69.7 53.7
0.025 13.00 8.47 3.35 71.8 46.8 18.4
0.050 21.90 15,50 10.00 1211 85.6 55.2
Tb 0.075 3590 30.95 19.80 198.4 1709 109.5

0.100 31.30 26.10 16.70 172.8 144.1 92.3
0.125 23.85 18.40 13.00 131.7 101.6 71.7
0.150 17.20 12.60 7.60 95.0 69.5 41.9

(2003)]. TheRE substituted(Bi, Pb) — 2212 samples withn around 15 at applied-fields under
transport current flow can be used for magneticliegipons such as insert-magnets for high
field NMR magnet system [Shantsev et al. (2000)]. A coniabetweenn—value (or U.)

and J. for different samples is observed by comparing thevalues [Figures4.9 (a) and
(b) ] with the J. values (Table4.1), i.e., highJ. values are generally found for samples with
large n—values (n >15), while small J. values are typically observed for samples with low
n-values(n<15). Thus, the general trend in the observed dissipasidhat the flux-creeping
effects in RE substituted (Bi, Pb) — 2212 samples are weaker for the samples with larger

n-indices and vice-versa. In the present work, th&enked high n-indices iRE substituted

(Bi,Pb)—-2212 samples are for the experimental data measuredtamperature as high as
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64 K and hence, there is a great scope for furthertidrascrease inn-indices as the

temperature comes down #2 K .
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Figure 4.9 (a) and (b): The variation of characteristic pinning energy (U ) with RE
(Hoand Tb) content at0.00,0.32 Q 64T and at 64 K.

Figures4.9 (a) and (b) show the variation o, as estimated from the—index with

respect tox. It reveals thatREs [ Ho and Tb] when substituted wittx =0.075 show the best

flux pinning capability as evident from a peakinigl,, both for self- and in-fields namely,
0.32 and 0.64T , respectively. The relative performanceRi substituted samples in self- and

in-fields is evaluated by comparing its values with those of th&E -free sample and thie
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values are given in table 4.2. THRE -free sample shows; values of 29.& 0.ineV in the
self-field (~ 6 and 7 times lesser than the best sampleHaf and Tb) and 18.4 0.IneV
and 6.6+ 0.IneV at 0.32 and 0.64T (which is also less than tho and Tb substituted
samples). It is also observed that all fRé substituted samples have better compared to the

RE -free sample. Hence, it is concluded that BRie substituted samples have much better flux

pinning properties than thBE -free sample.

4.4.6U(J)—-J characteristics

The variation of activation barrier for vortex mati[U(J)] with respect toJ in self- and
applied-fields are shown in figures10@)- €) and 4.11@)- ) for Ho and Tb substituted
(Bi,Pb)—2212 samples at0.00, 0.32, 0.64T and at 64 K, which show a logarithmic

dependence on the current density over a wide rafige results show that deterioration of

U (J) due to the magnetic field is significantly reduasia result ofRE substitutions. This

shows that doping ofRE atoms at theSr-site enhances the flux pinning properties of

(Bi, Pb)—2212 superconductor. The activation potential requiiedthe motion of fluxons is
higher for RE substituted samples with higher, (n-values), while the least is observed for
the RE-free under the transport super-current flow. Fridme figures 4.10@)- €) and
4.11@)- ), it is clear that theREs [Ho and Tb] when substituted withx =0.075 has the
best flux pinning strength. On extrapolating theveuto a pointJ (J) =0 [figure 4.10@)- )
and4.11@)- )], the J. (at 64K ) at self- and applied-fields can be found out.nfrrihe
relation,U (J) =U_.In(J ./J), it is seen that when current dens{t}) becomegl/e) times J.
(denoted asJ,) then U =U(J,), where J, is the current density for the transition from
vortex-glass to vortex-liquid state. The value Jf determines the onset of the solid vortex-
glass to liquid transition, i.e., the vortices arehe solid-glass state fof <J, and it starts to
melt to vortex-liquid state fod > J . This clearly reveals thaRE substituted(Bi, Pb) - 2212

superconductors exist in a solid-glass state atiehrhigher current density in self- and applied-
fields as compared witlRE -free samples. This is another evidence for trangtpinning effect
of vortices in theRE substituted(Bi, Pb) — 2212 samples.
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Figure 4.10(a)—(c): The variation of flux creep activation barrier of Ho-free and Ho
substituted (Bi, Pb)—2212 samples at0.00, 0. 32and 0.64T.
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The origin of then—-value is generally attributed to the distributionthe elementary
flux pinning centers (intrinsic effects) and frohretnon-uniformities in the cross-sectional area
of the superconductor (extrinsic effects). Hera, Samples withn >15, the intrinsic effects
dominate and hence high—values are observed [Hampshire et al. (1987)] feptlb higher
self and in-field J.s. This reveals that these samples have good flurimgncapabilities and
homogeneity and are the potential candidates fogneiic applications. At highemRE
concentrations, thé—index decreases due to the domination of extriaffiects such as the
non-uniformities in the microstructure ¢Bi, Pb)—2212 (weak-links). Thus, the reduction of

n—index and henceJ. is primarily due to the collective effect of theeak-links, distributed

throughout the sample.

4.5 Conclusions

This chapter presents a systematic study on thepioning properties olRE substituted

(Bi,Pb)-2212 [Bi, Pb, 3 ,,RE,Ca,Cu,0D 4] system with differentRE concentrations
(0Osx<0.5andRE = Lu, Ho, Dy, Th, Gd and Eu) and the results are compared WRE -
free (Bi, Pb)—2212 superconductor. The enhancement of flux pinningperties is evident
from the improvedJ.(B) and normalized].(B) characteristics. The maximum values of bulk

pinning force densitiegF, ) of the RE -substituted samples are found to shift towardidrg

Pmax
fields and temperature. This means that the irstvdity line (IL) of the RE substituted
samples shift towards higher fields and temperatur&dhe enhancement of these
superconducting and flux pinning properties areikatted to the changes in the hole
concentration and disorder of the lattice due eoréplacement o&** by RE* ions. Also, the
Dew- Hughes pinning analysis shows that the mammipg mechanism is the point defects
aroused out of the substitution & atoms at theS -site of (Bi, Pb)—2212 system. The
samples are further analyzed By-J characteristics and these characteristics areessfdly
explained by the flux-creep theory. It is foundttheost of theRE substituted samples show a
glass-state for flux-lines, indicating their impeal flux-pinning ability due to the creation of

point defects by the substituteBE atoms. The improved)_. values also support this. A
correlation betweem-indices andJ. of RE substituted(Bi, Pb)-2212 superconductor is

also observed. A deeper insight into the superccimtly behaviour of RE substituted
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(Bi,Pb)—2212 superconductors has been obtained by comparingséife and in-field
n—indices. The highly improvedJ.(B), F.(B), E-J, U(J)-J characteristics and
enhancedJ_and n—value (>15) at applied fields under transport current flowshbat the

modified material is a promising candidate for mgtgnapplications.
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CHAPTER 5
Effect of refinement of microstructure on the flux pinning properties of rare
earth (Ho, Dy, Gd and La) substituted (Bi, Pb)-2212

5.1 Introduction

One of the most important characteristics of thghhiemperature superconducting
cuprates is the large electromagnetic anisotropyifested in their transport and magnetic
properties. This is caused by a highly two dimemal crystal structure which consists of

alternate stacking of superconducti@gO, and poorly conducting blocking layers. Generally,
in all high temperature superconducting cupratdse tut-of-plane resistivity[p.],

corresponding to the electrical conduction acrdss hlocking layers, is always large with
respect to the in-plane resistivifyo,] along the well conductingCuO, planes, and the
anisotropic parameter is usually determined frone tielation [Kotaka et al. (1994)]
y=(p./ps)"°. Among the well known cuprate-based high tempeeatsuperconductors
[HTS], Bi—2212 exhibits one of the largest electromagnetic amgogt due to its thick
blocking layers which consist of insulatiri§j —O double layers. AlthougiBi —2212 and its
homologous compoun®@®i —2223 are the materials widely used for wire and tapglieations
at high temperatures, their poor performance ufig&s still prohibits the extensive use of
these materials for high magnetic field applicasionin order to overcome this problem,
enormous efforts have been made for improving thiea current properties oBi —2212 and

Bi —2223 systems under magnetic fields [Pradhan et al.4) 9%rbalestier et al. (2001) and
Zhao et al. (2003)].

The flux pinning ability and hence, the transpodpgerties ofBi —2212 superconductor
at high temperatures and high magnetic fields aamrthanced by reducing the anisotropy of
the material [Nomura et al. (1993)] and by intradgcartificial defects having a size matching
the coherence length. First method strengthensntiee-layer coupling betweeQuO, layers
which increases the flux pinning potential andha tater case, the artificial defects act as extra
pinning centers. It is known that tHeb substitution atBi site in Bi —2212 significantly

reduces the electromagnetic anisotropy [Zhao €R28D3)]. Also, thePb and RE substituted
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Bi —2212 [(Bi, Pb) —2212] has shown enhanced.s in applied fields, compared to tHeb
free Bi —2212 [Chong et al. (1997)] and the results were alredidgussed in detail in chapter
4. In chapter 4, we found that wheRE ions are substituted in the place ofS in
(Bi,Pb)—-2212, the flaky nature and the texture of the grainsdga#ly deteriorate with
increase ofRE concentration. However, in spite of the detetioraof the microstructureRE
and Pb substituted samples showed much befiervalues compared to thRE -free sample.
Therefore, it is expected that there is a greapesdor further improvement ofl. if the
deterioration of microstructure oRE and Pb substitutedBi —2212 could be suppressed. In
order to refine the microstructure & and Pb substituted Bi —2212, a systematic study has
been conducted on the system by precisely varyiegsintering temperature within a narrow
range between between 846 and 8&D The study has lead to the achievement of refined
microstructure, highly enhanced transpdgt in self- and applied-fields and very stable flux

pinning capabilities inBi, Pb) — 2212 substituted withRE (Lanthanideddo, Dy, Gd andLa).

5.2 Experimental details

The RE substituted(Bi, Pb)—2212 superconductors with a general stoichiometry of
Bi, ;Pb, 3, ,RE Ca,Cu,D,; were prepared by solid state sintering using hmirity
chemicals (> 99.9 %, AldrichMilwaukee WI ) such as oxides/carbonates of the ingredients.
Here RE= Ho, Dy, Gd, La andx is the corresponding stoichiometry [x = 0.000 [Riz-free),
0.075 (forHo) and 0.2 (foDy, Gd andLa)] which has given the best superconducting ard flu
pinning properties (chapter 3 and 4). The requiaadount of ingredients was estimated
according to the stoichiometry used and the ingmdi were accurately weighed using an
electronic balancgMetller AE240,Greifensee Switzerland ) having a least count ofl ug.
Subsequently, these ingredients were mixed and ngrousing a planetary ball mill
(FRISCH Pulversette 6, Idar —Oberstein, Germany) in an agate bowl with agate balls. After
the milling process, the ingredients get homogehingth a reduction in particle size and
increase in the contact area between differententignts. Extreme care was taken to avoid
contamination of the ingredients during weighingl amilling process. The dried powder was
subjected to a three-stage calcination process inir a at

800°C/15h+ 820°C/ 4th+ 840C/ 6B using a programmable furnace. Intermediate
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grinding was done between each calcination stagavtid agglomerates and compositional

variations. The calcined powders were then pebketiat a pressure of 500Pa using a
hydraulic press(Herzog TP 20P) and a cylindrical die. Pellets having an approxana
diameter of 12nm and thickness of dim were made. The pellets &E-free sample were

heat treated 3848°C/120h which is the optimized sintering temperature fus tsample and
hereafter denoted aREF848 (REF=RE-free). The pellets ofRE substituted samples were

grouped into eight sets. The first set was heateceat846°C and the remaining sets at 848,
850, 852, 854, 856, 858 and860°C, respectively, for 12Ch (60 h + 60 h), with one

intermediate pressing under the same pressurefaseke initial pressing. The samples with

different sintering temperature will be hereaftendted asRET, here RE= Ho, Dy, Gd, La

andT is the corresponding sintering temperature. Tlad tieatment was done in a large volume
programmable muffle furnace with a Eurotherm (Mod2104) temperature controller. The
stability and accuracy of the temperature was #0.5

Phase analysis of the samples was done using XhHferpctometer Philips X pert
Pro(PW304( 60 lequipped with an X'celerator and a monochromatahatdiffracted beam
side. For all samples, scans were mad@édnand at0.01 /step. All the scans were done using
Cu Ka radiation with a tube voltage off0kV and current 30nA by exposing a constant area
of the sample. The phase identification of the damwas performed usink Pért Highscore
software in support with thdCDD PDF Il data base. The microstructural and elemental
analyses of the samples were done using scanrectyah microscop)(JEOL JSM 5600_V)
and energy dispersive X-ray spectroscopy, respaygtiviFor electrical measurements, the
samples were cut into rectangular bar of dimendi®r 3x Imm’ . The transition temperature
T. of the samples was determined by the four-pr@i@resistance method by cooling the
sample in a liquidN, cryostat. In order to minimize the contact resisgrfour silver strips

were fixed on to one surface of the pellet durimgsping. Leads of high quality copper were
soldered to the silver strips. The outer two leadse connected to a programmall€ current

source Keithely model: 220) and a constant current of b@A was used for the resistance
measurement. The voltage drop between the inner leemls was measured using a

programmable nano voltmeteKdithely model: 181). The temperature of the sample was
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monitored by a temperature controllérakeshore model: L340) using a temperature sensor

(DT —-470). The transport critical currents of the samplesseif- and applied-field was

measured a64K in a liquid N, bath cryostat under vacuum by employing four-protethod

with the standard criterion af jMcm™. For these measurements #@plab 9711P constant
current source was used. The directions of theeatiiand field are parallel and perpendicular,
respectively, to the pressed surface of the pellee J.(B) characteristic was studied with
field ranging from0.0-1.4T All these measurements are automated us§liR¢B interfaced

with a personal computer.

5.3 Structural characterization

5.3.1 XRD and EDS analysis
The XRD patterns of theRE (RE = Ho, Dy, Gd andLa) substituted(Bi, Pb) —2212

pellets obtained after the last stage heat tredtimerormalized with standardlRD patterns of

pure (Bi,Pb)—-2212 sample and the resultant patterns are shown inei§.1 (a) - (d). The
XRD patterns are analyzed using tKe Pert Highscore software. It shows that all the samples
contain only the peaks corresponding to tf&i,Pb)—-2212 phase and no peaks of any

secondary phase containinge or any other cation were detected at this staghiwithe
detection limit of the instrument. This suggestst tdmost all the reactant phases are converted

into (Bi,Pb)—2212 and the substitutedRE is incorporated into the crystal lattice of
(Bi,Pb)—2212 superconductor. Also, figure 5.1 (a) - (d) showsttwhen the sintering
temperature of theRE substituted samples increases, the peak heighéspmnding to the

(00) planes systematically increases. In order to bouigthe increase in peak height (@0 )
planes, theg/008) peaks of all samples are separately shown, witletsesolution in Figure 5.2
(a) —(d). This shows that the texturing increases with iaseeof sintering temperature (up to
856 - 858°C) and thereafter the peak height gradually deceeadéch show that the texturing
decreases beyond this temperature. This figure sitewvs that thg008) peaks of theRE
doped sample shift towards higher angle [peak sii®9) is marked in figure] with respect to
the position of RE free (Bi, Pb)—2212 sample. Even though all the patterns are takermund

identical conditions, only th&kE substituted sample will show a peak shift. Thipparts that
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the RE atoms enter into the crystal structure(&i, Pb)—2212 superconductor and theeaxis

length of RE -substituted samples decreases. This decraaarid length also supports that the

substitutedRE atoms enter into the crystal structure(Bf, Pb) — 2212 superconductor.
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Figure 5.1(a)—(d): The normalized XRD patterns of the RE -free and RE substituted
(Bi, Pb) —2212 pellets after the last stage heat treatment.

The lattice parameter variations BE -free and RE substituted samples calculated by

considering an orthorhombic symmetry @i, Pb) — 2212 system using the formula,

1 _h k* I?
= +—+

d> a* b® c¢? (5.9
Here d is the inter-planar spacing anhkl) are the Miller indices. A marked variation is
observed in the crystal structure BE substituted samples compared to fRe-free sample.
The c-axis lattice parameter of all theE -doped samples is 30.732 A (fdp), 30.763 A Dy),
30.749 A Gd), 30.725 A (&) with in the accuracy of 0.002 A. Similar behavivas been
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observed in the case afandb axes where = 5.362 + 0.002 A and =5.398 + 0.002 A (for
Ho), a = 5.357 + 0.002 A and = 5.404 +0.002 A (foby), a=5.359 +0.002 A and =
5.401 + 0.002 A (foGd), a = 5.406 =+ 0.002 A ant = 5.392 + 0.002 A (fot.a), are
obtained. A contraction i-axis length is observed in all thBE substituted samples as
compared with theRE -free sampleso(= 30.885 + 0.002 A), indicating the incorporatioinRE
atoms into the(Bi, Pb) —2212 system. However, the-axis length does not vary with increase
in the sintering temperature. The reason for thisnkage inc-axis length is described in detail
in chapter 3. The anisotropy of the system deeeasith these changes in the lattice

parameters [Sanderson et al. (2005)].
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Figure 5.2 (a)—(d): The normalized XRD peaks of the RE -free and RE (RE = Ho, Dy, Gd
and La) substituted (Bi, Pb) —2212 pellets for the (008) plane at around D = 23.1° and(20)

represents the maximum peak-shift of RE substituted sample with respect to theRE -free
sample.
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CHAPTER, 5 Effect of refinement of microstructure

Again, the results show that the Lotgering indexnfaasure of the texture of the
samples) calculated from th¥RD data (Table 5.1) is found to be strongly dependenthe
sintering temperature. As the sintering temperatoeeases, thé& value of the doped samples

increases monotonically up to a temperatur8®%— 858°C which indicates the increase of

texturing with increase of sintering temperaturbug, a very good texturing is expected to be
induced in the microstructure oRE substituted samples by sintering the samples sat it
optimized temperatures. It is also noted thatfefree sample shows the bdstvalue (0.92).
The energy dispersiveX-ray spectroscopic EDS) analysis of RE substituted
(Bi, Pb)—-2212 grains (spot analysis) reveals the presenc&dfin (Bi,Pb)—2212 grains.

The quantitative estimation of the cations fr&mRS patterns of these samples (keep@igas

reference) shows that the approximate cationic asitipn areBi, ,,Pb, , S, HO , £a ; SU ,;

Bi1.59Pb0.5§. 1.8Py O.ZQa l.&u 2. Bil.GSPbOAAS. 1.79d 0.1ga L&U 2 Bil.53pb0.4§ 1.8‘;'a O.lg:a 1.(§u 2!
for Ho, Dy, Gd andLa substituted(Bi, Pb) — 2212superconductors. This clearly supports that

the RE atoms are successfully substituted into the crgstacture of(Bi, Pb) — 2212 system.

5.3.2 SEM analysis
Figure 5.3 and 5.4 shows the SEM images of theturad surfaces of thérE-free

sample sintered at 84& and RE substituted samples sintered between 846 and 860 he
grain morphology of theRE-free sample shows clear and flaky grains with degegrowth

typical of (Bi,Pb)—2212, whereas for RE substituted samples, a systematic change in

microstructure with respect to the sintering terapge is observed. For example, RE846 the

characteristic flaky morphology dfBi, Pb)—2212 grains transforms into round grains with a
reduced texture. As we go frofRE846 to RE856 (for Ho and Dy )/RE 858 (for La and Gd )

the flaky morphology and texture reappear with @dgal improvement in microstructure with
respect to an increase in sintering temperatueeifttensity variation in XRD shown in figure

52@)-d) also clearly supports this]. For temperatures above
856 °C (for Ho and Dy)/ 858°C (for La and Gd ) the microstructure again deteriorates, which

shows that the optimum sintering temperat(fg,) for obtaining the best microstructure for

the RE -substituted samples 854 ‘C <T,, < 860°C This improved microstructure plays an
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Spm 1y 860

Figure 5.3: The SEM images of the fractured surfaces olRE -free and typical RE (RE =Ho
and La) substituted ( Bi, Pb) — 2212pellets sintered between 846 and 86(C.
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€

N\ 20
.

Stm | GaSeoteE g
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Figure 5.4: The SEM images of the fractured surfaces oRE -free and all RE (RE = Dy and
Gd) substituted (Bi,Pb)—2212peIIets sintered between 846 and 860C in order to view the
systematic change in microstructure with respect tgintering.
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important role in increasing the self-fieldl. of the system. Since, the weak links associated
with the grain boundaries are known to limit the values of superconductors, and the possible

reasons for the formation of these weak links Beemisorientation of grain boundaries and the
compositional variations at the grain boundaries. the present case, the maximum
misorientation is observed fdRE846, and it gradually decreases with an increase itesing
temperature, and it is least for the sample sidtere at
856 °C (for Ho and Dy)/858°C (for La and Gd ) as shown in figures 5.3 and 5.4. Also,
among theRE -substituted sample$kE856 (for Ho and Dy )/ RE 858 (for La and Gd ) has the

least number of grain boundaries and hence hamihienum amount of weak links. Thus, by

tuning the sintering temperature, the effect of kvaaks in the system can be minimized.

5.4 Superconductor characterization

Figure 5.5 (a) shows the variationTp with RE content and sintering temperature, and
it shows that theRE substituted samples have much higher values (88.1K for Ho,
92.2 K for Dy, 94.7K for Gd, 90.8K for La) compared to theRE-free sample
(80.6K). It is found that thel,. value is same for samples doped with a sped&¥fc [Figure
5.5 (a)] irrespective of the sintering temperatargg this is because the same amouribfis
is present in all the doped samples. Again, thera systematic trend observed between the
sintering temperature and self-fielt} values [Figure 5.5 (b) and table 5.1]. In the calS&®E
substituted samples, the lower sintering tempeeai846 "C ) resulted in lowerJ. values at 64
K. The J. value increases with an increase in sintering tgatpre, as shown in figure 5.5 (b),
and finally the sample RE856 (for Ho and Dy )/ RE 858 (for La and Gd ) shows maximum
Jc. The enhancement of self-field. with respect to the sintering temperature is obsip
due to the improvement in the microstructure of shenple. The samples sintered above the

optimum sintering temperatur@,,) show lesserd. [Figure 5.5 (b)] than the sample sintered

atT

opt

because of reduced texturing (Figls@)— (d), 5.3 and 5.4). TheRE -Free sample,

which was sintered at its optimum sintering tempes (848 °C), shows aJ. value of only
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1642 kAm? while the RE substituted sample gives a maximudy of 31960 kAm?
(for Gd858).

The doping of eacHRE atom in (Bi, Pb)—2212 supplies one electron to the system,
which reduces the number of holes and thus shiftssiystem from the “over-doped” to the
“optimally-doped” condition, as far as the hole siénis concerned [Gupta et al. (1994)]. The
attainment of optimum hole concentration is resgmedor the enhancement @ and hence
the J. value of theRE substituted samples. Further, the variation ifffsgld J. with respect

to the sintering temperature is due to the refirgniie microstructure with respect to grain
alignment and grain size.
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Figure 5.5: (@) Critical temperature values of RE -free and all RE substituted samples sintered

between 846 and 860C, (b) Variation in self-field J. value of the samples with respect to the
sintering temperature.
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5.5 Flux pinning analysis
5.5.1 Normalized J.(B) characteristics

Figure 5.6 @)- (d) shows the normalized in-field critical current digty characteristics
of RE-free andRE substituted(Bi, Pb)—2212 samples at 64 K and at a magnetic field up to
1.4 T. The normalized).(B) characteristics of thdE substituted samples are found to be
much better than those of thHeE-free sample. That is, the deterioration &§f due to the

magnetic field is significantly reduced becauseRE doping. This shows that theE doping
enhances the flux pinning properties of i, Pb)— 2212 system. In the case d@i —2212,
the flux lines undergo a crossover from three-disi@mal flux lines (3D) to 2D pancake

vortices at higher magnetic fields and temperaturee 2D pancake vortices are mainly confi-
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Figure 5.6 (a)—(d): Variation in normalized in-field critical current density of RE -free and

RE (RE =Ho, Dy, Gd and La) substituted (Bi, Pb) —2212 samples for magnetic fields up to 1.4
T.
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Table 5.1: The values of sintering temperatureg( T,

sinter

), Lotgering index (F ), self-field J., the
maximum value of F, (F . ) and the magnetic field at whichF
RE substituted (Bi, Pb) - 2212samples.

obtained for RE -free and

P max

Tonter Je F o mex Fieldat F,
RE (C) a (kAm™) (kNm™) occurs (T)
RE - free 848 0.92 1642 27 0.24
846 0.58 11183 1937 1.00
848 0.62 12879 1747 0.80
850 0.69 14152 1671 0.80
Ho 852 0.75 17396 1609 0.72
854 0.79 19862 1437 0.68
856 0.88 24599 1111 0.60
858 0.86 22636 1343 0.68
860 0.85 19032 1575 0.72
846 0.70 9115 2228 0.96
848 0.75 14133 1874 0.84
850 0.77 16465 1707 0.76
Dy 852 0.82 19173 1465 0.68
854 0.88 23196 1198 0.56
856 0.90 27589 1029 0.52
858 0.89 24976 1403 0.60
860 0.86 21031 1523 0.64
846 0.68 13390 1697 0.84
848 0.72 15090 1191 0.68
850 0.73 17650 812 0.56
ad 852 0.77 19710 711 0.52
854 0.80 23400 642 0.48
856 0.83 25440 616 0.44
858 0.88 31960 543 0.36
860 0.84 25490 915 0.60
846 0.69 4581 462 0.52
848 0.71 7251 287 0.44
850 0.75 8765 258 0.44
La 852 0.76 10089 233 0.40
854 0.80 11205 184 0.32
856 0.87 12415 114 0.28
858 0.90 13012 93 0.28
860 0.88 9937 202 0.32
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ned in theCuO, layers. ThePb substituted in theBi site of theBi —2212 system improves
the Josephson coupling between @O, layers by reducing the anisotropy and increadneg t

c-axis conductivity [Zhao et al. (2003) and Hamddm al. (2007)]. TheRE doping in
(Bi,Pb)—2212 decreases the c-axis length and hence, incre&dseslasephson coupling

strength between th€uO, layers across the blocking laye(& —O/Bi -O/S -0). This
improves the self- and in-field. of the optimized holmium doped samples. The chyéects

created due td’b doping are mainly confined in thigi layer, but the defects produced Bz

doping are mainly in the&s layer. The vortices are confined in ti&iO, layers, which are

closer to theS layer than to theBi layers. Thus, it is likely that the strongly coegblvortices
in the CuO, layer are effectively pinned by the defects in tlearerS layer than the defects

produced in the distanBi layer. This is attributed to the enhanced pinrang the unusually
high J.(B) performance ofBi, Pb)— 2212, doped withRE.

Among the RE substituted samples, th&.(B) characteristics are found to be much
better for the RE substituted samples, at the sintering temperabdfire846 “C. The ratio,
J.(B)/J.(0), of HoB46 is higher than that of th&E -free sample by a factor of 4.6 at 0.2
T and of ~ 14 at 0.40 T, and the decrease Jp with increasing magnetic field is lower for
RE846 than for RE -free and all otheRE substituted samples. That is, the deterioratiod of
due to magnetic field is significantly reduced fBE substituted samples sintered &6 °C.

In order to bring out the enhancement in thgB) performance ofRE846, the J.(B)/J.(0)
values of all samples at 0.40, 0.60, 0.8 and 1.@0€eTseparately given in figu7@)— d).
This figure clearly shows that the in-field perf@nte and the flux pinning strength are very
much improved forRE846. When the sintering temperature increases,Jh@) performance
of RE substituted samples gradually decreases and thglsaintered aB56 and/ or 858°C
shows the leasi.(B) performance. The result can be understood again the microstructure
of the samples (Figures 5.3 and 5.4). In sanii846, the grains are smaller, more rounded,

and less textured with a maximum number of grainndlaries, and hence the pinning due to

grain boundary is more effective, leading to thethk. (B) performance. However, more grain

boundary weak links in the sample reduce the s&f-fJ.. In RE8560r RE858 the larger
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flaky grains are highly textured and have lessaingboundaries and hence lesser weak links

due to the optimum sintering temperature. Thisddadesser pinning and higher self-field.

Sample RE860 has better pinning thaRE856 or RE 858 which is obvious from the earlier

observations on the deterioration of the microstmec(Figures 5.3 and 5.4).

5.5.2F,(h) characteristics

The flux pinning strength of a superconductor cardbtermined by measuring the flux

pinning force densityF, = J. x B [Koblischka et al. (2000)]. In figuré.8 (a)- (d) the value
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Figure 5.7 (@)- (d): Variation of J.(B)/J.(0) with respect to the sintering temperature and

applied magnetic fields at 0.40, 0.60, 0.80 and 0.0T in order to understand the relative
performance of the RE -free and RE (RE = Ho, Dy, Gd and La) substituted (Bi, Pb)—2212
samples.
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Figure 5.8 (a)— (d): Variation in pinning force density (F,) as a function of reduced magnetic
field (h= B/Bm). The parabolic solid line represents the theoretiddit, and the vertical solid line
(at h=0.33) represents the theoretical position of the maximunvalue of the flux pinning force
(F according to the Dew-Hughes theory. The vertical atted Iline
(at around h=0.38- 0.42 represents the (experimental) position of F of the RE
substituted sample sintered at846 °C . The oh represents the maximum deviation observed as

compared with the theoretical position ofF

Pmax)

P max

Pmax *

of F, as a function of reduced magnetic figld=B/B,, ) is shown. All sets of data are found

r

to fit well (figure 5.8 (@)— (d), solid parabolic line) with the Dew-Hughes equati@ew-

Hughes et al. (1974)] given b, = A(B/B,,)" (1-B/B,,)?, where A is a numerical parameter.

r

For normal point pinning, the values pf and g are 1 and 2, respectively, and the maximum
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value of F, (table 5.1) should appear at a reduced field v&lee0.33. For RE -free sample,
the values ofp andq are found to be 0.61 and 1.41, respectively. But RE substituted

samples, sintered between 846 and 860 the values of p and g are found to be 0.80 £ 0.05
and 1.65 + 0.09, respectively. In our case, forgamsintered at 856C, the maximum value

of F appeared much closer to the theoretically predictevalue

Pmax
h=0.33[ figure5.8 (a)- (d)]. Hence, the main pinning mechanism of this sangplheé point
pinning due to point defects aroused out of thesstution of RE atoms at the Sr site.

However, for samples sintered at 848, the peak position of appears beyond

Pmax
h=0.38. That is, compared to the theoretical position,aximum shift ofoh=0.09 (La846

is found, and this supports the fact that in additio point pinning, grain boundary pinning is
also effective in sample sintered at 845 Based on the above pinning analysis, it is fodrad t
the sample sintered at 84€ shows the maximum flux pinning strength amongtla RE

substituted samples arf€, attains a maximum value [figu®8 (@)- [d)].

5.5.3 NormalizedF, (B) characteristics

The normalized pinning force densitf, /F.....) as a function of applied magnetic field

Pmax

(B) is shown in figure5.9 (@a)- (d). The solid parabolic lines are the theoreticabfised on

the Dew-Hughes equatioR, = A(B/B,,)" (1-B/B,,)?, where A is a numerical parameter. It

r r

is seen that the maximum value Bf/F of Ho846, Dy846, Gd846 andLa846 appeared

Pmax
beyond 1.00, 0.96, 0.84 and 0.52 T, respectivayagainst 0.24 T foRE -free sample (table
5.1). The samples sintered at temperatures othard#6 °*C have improved microstructure and
self-field J. values but the maximum value &f/F,,., and the field at which,_ appeared
are less than that oRE846. These results show that the irreversibility line tbe RE
substituted samples (especialllRE846) gets shifted toward higher magnetic fields and
temperatures, and the flux pinning strengthRE substituted samples sensitively depends on

the sintering temperature. The results also shawftr magnetic field applications, the sample

sintered at a comparatively lower sintering tempeea(846 'C) is useful, whereas for self-

field applications, the samples need to be sintated higher temperaturg56 °C). That is,
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depending on the applications in self- or appliettf a fine tuning of sintering temperature is

essential for a dope(Bi, Pb) — 2212 superconductor for technological applications.
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Figure 5.9 @)-(d): Variation in normalized flux pinning force density (F,/F.,.) as a

function of applied magnetic field. The solid parablic lines are the theoretical fit based on Dew-
Hughes equation.

5.6 Conclusions
It is possible to tailor the microstructure and é¢eerthe critical current density and flux

pinning properties oRE substituted(Bi, Pb) — 2212 superconductors by appropriate choice of

the sintering temperatur@_ .. ). The results indicate that the self- and in-fiefoperties are

inter

highly temperature sensitive. Since all the sublgd samples with a specifiBE have the

same amount oRE, the additional electrons supplied to tti&, Pb)—2212 system due tdRE

substitution is almost the same. Consequently, hible concentration in that type dRE
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substituted(Bi, Pb)—2212 superconductors are identical and hefigeis invariant for these
samples. Now, thel. value of RE substituted samples depends only on the micrdstialc
and flux pinning aspects. The reason for the enasrincrease of self-field. value of the
samples heat treated at relatively higher sinteténgperatures is evident from the refinement of
microstructure with respect to the grain texturagyseen inSEM images while disruption of
the microstructure with decreased texture reducesself-field J. of the samples heat treated
at relatively lower sintering temperatures. Aldwe tainalysis demonstrates that the substitution
of RE in (Bi, Pb)—2212 superconductor significantly enhances its fluxnpig strength at a
relatively higher temperature of 64 K, which alsontributes to the finalJ. of the RE
substituted(Bi, Pb)—2212 superconductors. Again, the Dew- Hughes pinnirgjyess shows

that in addition to point pining, the grain boungaining is also effective for samples sintered
below or above the optimized sintering temperature.
The observed results from the investigation of mhierostructural and flux pinning

properties of RE substituted(Bi, Pb)—2212 superconductors prepared at different sintering

temperatures ranging from 846 to 88D point towards the importance of fine tuning of thea
treatment temperature in the preparationRE substituted(Bi, Pb)—2212 superconductors.
The results show that it is possible to tailor gneperties of(Bi, Pb)—2212 superconductors
by proper selection of the sintering temperature: istance, the RE substituted samples
prepared at comparatively low sintering temperat| {26 — 850°C) are useful for magnetic
field applications due to their better flux pinnipgoperties. Whereas, the samples prepared at
higher sintering temperatures (854 — 8@D) are useful for self-field applications due toithe
enhanced self-field current carrying capacity. Tésults also open up an opportunity to prepare
RE substituted (Bi, Pb)—2212 superconductors incorporating hybrid self- andfieid
properties by selecting a suitable sintering termoee. The enhancement of electrical
properties and magnetic performance is discusseddban the microstructural variation and
changes in the chemical as well as electronic irdgeneities due to the substitution BE
atoms in thegBi, Pb)—2212 system.
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CHAPTER 6
Novel effects of disorder outside the Cu@ planes on the flux pinning
properties of rare earth (Ce and Nd) substituted (B Pb)-2212

6.1 Introduction

Since the discovery of bismuth based high temperasuperconductorgHTS), the
effect of doping of other cations on the supercatidg properties of(Bi, Pb) — 2212 system
has been a subject of great interest for both wolists and theoreticians. This is because
doping is an effective method for improving theustural, transport, superconducting and flux
pinning properties ofBi -based superconductors and to make the materitdbsiifor the
application at higher temperature and magnetidgielThe main advantages @i -based
systems are their layered structure and henceyriegtcan be easily induced in it. However,
their applications in magnetic fields and at higimperatures are limited because of their strong
anisotropic properties, extremely short coherepogth (&), and large penetration depi).
The crystal structure ofBi, Pb)—2212 is highly two dimensiona{2D) with alternate stacking
of superconductinguO, layers and poorly conducting thick blocking layesich reduce the
Josephson coupling between the superconduc@in®, layers. Due to the weak coupling
between the superconducting layers, 8i2 vortices melts into2D pancake like vortices at
higher temperatures and fields [Pradhan et al.4]99The 2D pancake vortices are easily de-
pinned, causing flux flow and energy dissipatiomnrimy transport current flow. In order to
sustain high non-dissipative transport currentfigher temperatures and fields, the vortices
must be pinned.

In high T, cuprate based superconductors, @, plane is believed to be responsible
for the superconductivity. The impurities subsetlitat theCu site are generally found to
suppress th&, [Vom Hedt et al. (1994) and Tarascon et al. (1p98few studies reported that
the self-field J. and flux pinning strength of cuprate supercondictocreases on rare-earth
(RE) doping and the results were already discussedetaildin chapters 3 and 4. On the

technological side the substitution &b for Bi improve the superconducting properties of
both bulks and tapes [Fuji et al. (2000)] and thiessitution of RE ions in the place o€a/S
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stabilize the crystal structure of the system gliral. (1999)]. In all of the above works, only
one site (either S or Ca) is considered at a time. Therefore, in the presé@pter, in

(Bi, Pb) - 2212 superconductor the effect of disorder at varicatsoaic sites outside th€uO,

planes(Bi, & and Ca) on the self- and in-field properties are invesiga

6.2 Experimental details
RE-free [(Bi,4sPb,) S La,Cu,O,; here after denoted asRE00] and RE

(RE=Ceor Nd) substituted at theBi site [(Bi, ,,Pb, RE, ;7S Ca ,Cu Q.; here after
denoted asBiRE], at theCa site [(Bi, ,Pb,) S (Ca, ,,RE ,,2Cu Q ,; here after denoted as
CaRE], and at thes site [(Bi, (Pb, J)(S, ,.RE ,,Ca ,Gu Q .5 here after denoted &8 RE],

were prepared by solid state method. The detailsaaiple preparation, characterization and

measurements are the same as given in chapter 3.

6.3 Structural characterization

6.3.1 XRD analysis

Figures 6.1 (a) and 6.2 (a) show the normalized XRRtterns of the
RE (RE=Ceor Nd)-free and RE substituted(Bi, Pb)—2212 pellets after the last stages of
heat treatment. It shows that all the samples aortaly the peaks corresponding to the
(Bi, Pb)-2212 phase and no peaks of any secondary phase cowtd (Ce or Nd) or any
other cation were detected at this stage withird#tection limit of the instrument. The absence
of secondary phases suggests that all the regutasses are converted into tf@i, Pb) — 2212
and the substitutedRE is incorporated into the crystal lattice ofBi,Pb)—2212
superconductor. Also figures 6.1 (a) and 6.2 fwsthat when the dopant site changes, the
peak height corresponding to tH@l) planes decreases and the peak height is leask Rit.
In order to clearly bring out the decrease in pleeaight of the @0l) planes, the(Q08) peaks of
all samples are separately shown, with better uéisol in figures 6.1 (b) and 6.2 (b). It shows
that the texturing is maximum foREOO and is strongly dependent on the site at which the

RE (Ce) is doped. A measure of texture known as Lotgeiragx (F) is calculated from the
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peak intensity of theXRD patterns of sintered pellets and the correspondamgiomized

powder using the relation,

— a r

1-1,

Where, | is the ratio of intensities from the surface ahgée and

Z o1
Z | otai (62)

@)

o
o
S g
g S) g g g
S ge S >
e S 96] d
= —_ e > i NI
'Té A A SrCe
S BiCe
z
CaCe
15 20 25 30 35 40 45 50
20 (degree)
(b)
~—
1.0F | 8(20)=0.19°
| |
P R 1 |
g 08 | |
c
g | CaCe
S 06} |
e}
0] |
N
= 04
£
(@)
Z 0.2
0.0

22.8 23.0 23 2 23 4 23.6
20 (degree)

Figure 6.1: (a) The normalizedXRD patterns of the Ce-free and Ce substituted (Bi, Pb)-2212
pellets after the last stage heat treatment and (ihe normalized XRD peaks for the(008) plane at
around 20 = 23.1° andd(20) = 0.19° represents the maximum peak-shift dfe substituted sample
with respect to theCe-free sample.
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Figure 6.2: (a) The normalizedXRD patterns of the Nd-free and Nd substituted (Bi, Pb)-2212
pellets after the last stage heat treatment and (lihe normalized XRD peaks for the(008) plane at
around 20 = 23.1° and§(20) = 0.12° represents the maximum peak-shift dfid substituted sample
with respect to theNd-free sample.

Here I, refers tol measured for the pellets and for the corresponding randomized powder

[Lotgering (1959)]. TheF value calculated from théRD data (Table 6.1) is found to be
dependent on the site in whidRE is substituted. It is also noted that tRE -free sample has

the highestF value and hence, the texturing is maximum for slaisiple. These figures [6.1 (b)
and 6.2 (b)] also show that tH{@08) peaks of theRE (Nd) substituted sample shift towards

higher angle with respect to the position of tRE-free (Bi, Pb)-2212 sample, even though
all the patterns are taken under identical congliticAmong theCe substituted samples, a

maximum peak shift oB(26)=0.19 obtained forSCe and for Nd substituted sample, it is

0.1Z (for Nd). This supports the fact that the dopB& atoms entered into the crystal
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structure, and the-axis length of theRE substituted(Bi, Pb) — 2212 system decreases. Since
the shift is higher forfS'RE, the c-axis length is smaller for this sample amgared toBiRE

and CaRE. The lattice parameters of tHRE -free andRE substituted samples were calculated

by considering an orthorhombic symmetry for (i8¢, Pb) — 2212 system [Figure 6.3 and 6.4].

30.90 -45.416

-15.412
30.85

-45.408

30.80| 15.404

- -15.400
30.75

c - axis length (A)
aand b - axis length (A)

- 5.396

30.70) 15.302

-45.388

30.65

5.384

Ce00 SrCe CaCe BiCe
Sample

Figure 6.3: The lattice parameters &, b and c) of the Ce free and all Ce substituted samples
calculated by considering an orthorhombic symmetnyfor the (Bi, Pb)—2212 system.
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Figure 6.4: The lattice parameters 4, b and c) of the Nd free and all Nd substituted samples
calculated by considering an orthorhombic symmetnyor the (Bi, Pb)—2212 system.
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Figure 6.5: The EDS spectra of Ce-free and Ce substituted at different cationic sites
(Sr, CaandBi) of (Bi,Pb)—2212 grains.

It also shows that the c-axis lattice parametenev@ecreases witRE substitution and
the decrease is higher for substitution at Srasteompared with other two sites (Bi and Ca).
The contraction in c-axis length of @RE substituted samples as compared with Rie- free

sample indicates the incorporation & atoms into the(Bi,Pb)—-2212 system. This is

because when th@e‘”/ Nd* enters into the(Bi, Pb) - 2212 system, the interlayer distances

Az(Cu-Ca-Cu) and Az(Ca-S) expand but Az(S -Bi), Az(Bi—-Bi) and

Az(S —-Bi —Bi —) shrink because the extra oxygen resides inBiheO double layers. The
extra oxygen balances the increased valency dtigetoeplacement of cations lﬁ.‘)e‘”/ Nd* .

Consequently, the net positive charge in tBie-O layers reduces. Hence, the repulsion
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between them is reduced, and the distance betwictkie dayers along the-axis in the structure
contracts [Ekin et al. (1989)]. In addition to thilse difference in ionic radii (ionic radii &2,
Ca?*, Bi** are 1.18, 1.00, 1.03 and that@&"" andNd** are 0.87 and 0.983 A, respectively)
between the cations an@E is also responsible faraxis reduction. Again, as compared with
RE -free samplea andb-axis values are slightly increases fBE substituted samples. The

elongation ofa andb-axis is generally associated with the increagberCu—-0O bond length in

CuO, planes, which controls the dimension in the bakalg[Narsaiah et al. (1992)].

6.3.2 Compositionalanalysis
The compositional analysis has been performe@&D$ using the spot analysis method,

and theEDS spectra of theCe free and allCe substituted(Bi, Pb) — 2212 grains are shown in

figure 6.5 as a typical example. The presenceQ# is detected in theCe substituted

(Bi, Pb)—2212 grains with a corresponding reduction in cationd the composition is found
to be (Bi,,Pb,,)S,.£a,,Cu,, for Ce00, (Bi,Pb,.Le,,S,&a,Qu , for BiCe,
(Bi, 5,Pby ) S, [Ca, e ,Cu , for CaCe and (Bi, ,;Pb,.)(S, £e,iCa , Fu , for SCe
Similarly for Nd substituted samples the compositis found to be(Bi,.Pb,,)S,,Ca,,
Cu,, for NdOO, (Bi ,Pb,Nd, 4S5, Ca,Lu , for BiNd, (Bi Pb,.)S,,(Ca, e o
Cu, ,for CaNd and (Bi, .,Pb, (S, £e,4Ca ; Gu , for SNd. This supports the fact that the

RE atoms are successfully substituted into ¢Be Pb) — 2212 system at the respective cationic

sites and forms a structure with almost identigatial stoichiometry (as given in the

experimental part).

6.4 Superconductor characterization
Figure 6.6 (@) shows the temperature dependences of the residovicerium free and

cerium doped(Bi, Pb)-2212 samples as a typical example. It shows that foiuce doped
samples the normal state resistiv{y,) is minimum for CaCe (55.08 uQ2cm) (Table 6.1) and
maximum for SCe (72.1 uQcm), i.e. the p, value sensitively depends on the dopant site.
Also, low residual resistivity ratidRRR) and high AT, values (Table 6.1) are obtained for

S Ce which reflect the increased impurity scattering aigher level of disorder in this sample.

The Nd substituted samples also show similar results I[€T@kl).  Further insight into the
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effect of disorder outside th€uO, planes can be obtained from the valuedgd{r,x). Here,

o’(r,X) is the variance of ionic radii of cations, whidearepresents the amount of disorder in

the system [Attfield et al. (1998)]. The valuedsfr, x) can be calculated using the formula,

az(r,x):gré{l—%}f{ﬁer+(1—52]rc}2 (6.3

Here x is the amount ofCe/Nd substituted at different cationic site® =Ce** for Ce
substituted samples andd® for Nd substituted samples ar@= Bi* or S* or Ca*. Also
r, and r. are the radius of the corresponding cation. Thé @lgo, and o?(r,x) is given in

figure 6.6 (b) and (c) and it shows that bottp, and o’(r,x) values are maximum for the
sampleSCe and Nd (Table 6.1) and hence it is concluded that theobplane disorder is
maximum whenRE is doped at the strontium site.

The T, values of RE-free andRE substituted samples are given in table 6.1, aml it
interesting to note that thRE substituted samples have much highewralues compared to the
RE -free sample. The doping of ea®E atom in the(Bi, Pb)-2212 system supplies one or

two electron to the system depending on the dogigtwhich reduces the number of holes and
thus shifts the system from over doped to the agdtymdoped condition as far as the hole

density is concerned [Guptha et al. (1494he attainment of hole concentration closer ® th
optimum value is responsible for the enhancement offhe hole concentration of the doped

sample showing superconducting transition is cateadl using the phenomenological formula
[Krusin Elbaum et al. (2004)],

|
p=|\ Temad) | ,g1g (6.4)
82.6

Here P is the hole carrier concentratio@u atom andT

cmax

corresponds td, for P=0.16,

the optimal concentration. The value Bf obtained forRE -free andRE substituted samples is

given in table 6.1 and th® value is closer to 0.16 fo&Ce. Since the hole concentration is
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closer to the optimal value, this sample showsntiaimum T_. Again, there is a systematic

trend observed betwedw?(r,x) and p,] and self-field J. values [Figure 4(a), (b), (c) and

table 6.1]. In the case oRE substituted samples, the defect concentratioress for RE

substituted at the Ca site and hence, theJ. is higher for this sample

(20414+ 5kA/m? for CaCe and 1352& %A/m? for CaNd Even thoughT, is maximum
for SRE, the lower self-fieldJ. of this sample is due to the increased disordezvaenced

from figure 6.6 (a), (b) and (c) and hence, theuced intra-grainJ...
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Figure 6.6: (a) Temperature dependent resistivity jpts of Ce-free and Ce substituted
(Bi, Pb)—2212 samples as a typical example. The normal state istivity (0,) value is indicated

by an arrow and (b) and (c) the plot between variace of ionic radii *(r, x) and p, for Ce and
Nd substituted samples.
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Table 6.1: The values of Lotgering index(F ), normal state resistivity (0,), residual resistivity
ratio (RRR), critical temperature (T.), AT, hole carrier concentration/Cu atom (P), self-field

J., and 0%(r,x) values of RE -free and all RE (Ce and Nd) substituted (Bi, Pb)—-2212
samples.

. P, T. AT, . o(rx)
RE Ste  F RRR P 02

IU-Q cm K K kAI’T’I_2 X 10-4 A

RE-free NIL 091 443 217 813 1.33 0.18971913  NIL
gCe 082 721 188 874 501 0.1664 14312 34.686

Ce CaCe 0.88 550 208 86.7 2.81 0.1717 20414 6.099
BiCe 087 611 193 841 3.83 0.1822 18436 9.240

gNd 084 663 195 896 419 0.1663 8016 14.007

Nd CaNd 0.89 53.8 234 891 235 0.1746 13526 0.104
BiNd 087 581 212 87.8 298 0.1796 9864  0.797

6.5 Flux pinning analysis
6.5.1 NormalizedJ. (B) characteristics

Figure 6.7 (a) and (b) shows the normalized irdfigtritical current density

characteristics ofRE -free and RE substituted(Bi, Pb)— 2212 samples at 64K and magnetic
field up to 1.4T. The normalized].(B) characteristics of thdRE substituted samples are
found to be much better than thatlEE -free sample. That is, the deteriorationJaf due to the

magnetic field is significantly reduced becauseRE substitution. This shows that tHeE

substitution enhances the flux pinning propertieqBi, Pb) - 2212 system. Among theRE
substituted samples, thk.(B)/J.(0) characteristics are found to be much better fiathal RE
substituted samples and the best result is fordhbstituted at th&s site (SCe and SNd).
The ratio, J.(B)/J.(0) of SCe is higher than that of cerium free sam&e00) by a factor
of ~5.5at 0.2 T and of ~ 13.2 at 0.#0and the decrease i), with increasing magnetic field
is lower for S Ce than for Ce00 and all other cerium doped sampldgdCe and CaCe). That

is, the deterioration ofl. due to the magnetic field is significantly reduded S Ce. Similar
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results were obtained fd&&Nd also [figure 6.7 (b)]. These figures clearly shihat the in-field
performance and the flux pinning strength are vemuch improved for

SRE (RE=Ceand Nd). When the dopant site changes, tlg(B) performance ofRE
substituted samples also changes and the samplesd deith RE at the calcium site
(CaCe and CaNd) show the least).(B) performance. The result can be understood again
from the disorder of the samples. The large diffeesin ionic radii between th&* and
Ce™ /Nd* may produce comparatively larger lattice disordemtCaRE and BiRE (this is
also a reason for increased normal state resistiWitSsRE as mentioned earlier). Theb and

RE substitution inBi —2212 improves the Josephson coupling between@h®, layers by

reducing the anisotropy and increasing the c-aomslactivity [the reason is explained in detail
in chapter 4]. TheRE substitution in(Bi, Pb)—2212 decreases the-axis length and hence

increases the Josephson coupling strength betviiee@GUO, layers across the blocking layers
(S -O/Bi -O/S —-0). This improves the self- and in-field, of the RE substituted samples.
The crystal defects created due to e doping are mainly confined in thgi —layer, but the
defects produced bRE substitution are mainly in th&r/Ca/Bi layer depending on the dopent
site. The vortices are confined in tReIO, layers, which are closer to ti&/Ca layer than to
the Bi—layers. Thus it is likely that the strongly coupledrtices in theCuO, layer are
effectively pinned by the defects in the nea®er-layer than the defects produced in the distant
Bi —layer. This is attributed to the enhanced pinnimgd &he unusually highJ.(B)
performance of(Bi, Pb)—-2212 substituted withRE at its S —site. Since the ionic radii
difference between calcium arRE is very small [the disorder is less as evidencethffigure
6.6 (a), (b)], and hence, the pinning efficiencwesy much reduced fo€CaCe as compared
with S Ce. Even thoughBi - layer is away fromCuQ, layer, the pinning efficiency oBiRE is
greater thanCaRE, which suggests the possibility of entrance of f#whe RE atoms at the
S site due to site mixing in the case BfRE. The & content from theEDAX result
[(Bi,,,Pb,.Le,0S,Ca,Qu , obtained from EDAX result for BiCe and
(Bi, 5,PbosNd , 9S , £a , u , for BiNd as compared with the starting composition

(Bi, 5,sPb, RE , -4 S Ca ,Gu Q ] also supports this.
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6.5.2 F,(B) characteristics

It is widely accepted that a very useful tool wathich one can investigate the flux pinning
strength of a superconductor is the determinatibflux pinning force densityF, =J.xB
[Koblischka et al. (2000)]. The value & as a function of reduced magnetic fighi= B/B,,)

is shown in figure 6.7 (c), (d) and all sets ofadate found to fit well (solid parabolic line) with
the Dew-Hughes equation [Dew-Hughes (1974)] given b

F, = A(Bi_sjp(l—B—?jq (65)

rr irr

Here A is a numerical parameter. The fitting pagters for differentCe and Nd substituted

(Bi, Pb)—2212 samples are given in table 6.2.

Table 6.2: The values of different pinning paramet®f RE -free and RE (Ce and Nd) substituted
(Bi, Pb)—2212 samples.

RE Ste p q B, (T)
RE- free  NIL 0.66 1.59 0.72
gce 091 1.93 3.25

Ce CaCe 080 1.71 1.81
BiCe 0.84 1.77 2.54

SNd 0.88 1.89 3.46

Nd CaNd 081 1.74 2.29
BiNd 0.82 1.78 2.82

For normal point pinning the value pfandq are 1 and 2, respectively, and the maximum value
of F, appeared at a reduced field value 0.33. For cerium free sample, the valuep ahdq

are found to be 0.66 and 1.59, respectively. ButsfCe, p=0.91,g=1.93 and forS'Nd, p =
0.88,q = 1.89 are obtained, which are closer to the @teally predicted value. Also, in our

case, for all samples we get the peak positioR0bth = 0.33 + 0.03 [in figure 6.7 (c) and (d),

for all samples we get the peak position F§f closer to the vertical solid line drawn at the
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reduced field oh = 0.33], which shows that the main pinning mecsianis due to point defects
aroused out of the substitution BE atoms at the respective cationic sites. The stighiation

of p andq values from the theoretical values for point pingnmay be due to the influence of
surface pinning by grain boundaries. Based on Hwe pinning analysis, it is found that the
samples SCe and SNd show the maximum flux pinning strength amo@gpand Nd

substituted samples arfg, attains a maximum value of 2512 kNrfor SCe and 885 kNrit
for SNd.
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6.5.3 NormalizedF (B) characteristics

The normalized pinning force densif, /F

is shown in figure6.8(a) and (b). It is seen that the maximum value Bf/F,

) as a function of applied magnetic field

Pmax

of SCe

Pmax

and SNd appeared beyond 1.00as against 0.60 T fofaRE and 0.24T for RE0O. These

results show that the irreversibility line of tki® and Nd substituted samples [especighCe
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and SNd ] gets shifted towards higher magnetic fields asdgeratures, and the flux pinning
strength ofCe and Nd substituted samples sensitively depends on tleeirsitvhich Ce and
Nd is substituted. Also the experimental resultsastieat for magnetic field applications, the
RE substituted at itsS site is useful, where as for self-field applicaspthe RE need to be
substituted at th€€a site. That is, depending on the applicationseiifr ©r applied-field, the
suitable selection of doping site is very much e8akfor the RE doped (Bi, Pb)—2212

superconductor, for technological applications.

6.6 Conclusions
This chapter presents a systematic study orfiteet of disorder at various out-of-plane

lattice sites onT,, self- and in-field J. and flux pinning properties oRE (Ce and Nd)
substituted (Bi, Pb) - 2212 superconductor. It is found that the self-field and J.(B)

characteristics ofCe and Nd substituted samples are highly sensitive to thgadbsite. The

enhancement of flux pinning properties are evidemm the improvedJ.(B) characteristics

and the Dew-Hughes pinning analysis shows thateti@nced flux pinning is mainly because
of the point defects produced by the substituilel. Among the RE substituted samples,
SRE shows the besi.(B) performance and the least self-fie}d, while CaRE shows the

least J.(B) performance and the best self-field. Also, the shifting of the peak position of

pinning forces density{F, . ) towards the higher fields fo€e and Nd substituted samples

Pmax
shows a shifting of the irreversibility line towardhe higher fields. The enhancement of
superconducting and flux pinning properties areulsed based on the variation of out-of-plane
disorder, changes in the chemical as well as eleictinhomogeneities due to the doping of
RE atoms in the(Bi, Pb) — 2212 system.
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CHAPTER 7
Scaling of vortex liquid resistivity in rare earth (Lu, Ho, Eu, La and Ce]
modified (Bi, Pb)-2212

7.1 Introduction
The future application of high-temperature supedcmtors[HTS] strongly depends on

their capacity for carrying large loss-free curseint the presence of magnetic fields. However,
especially close to the transition to the normaitest flux creep and flux flow effects are
unusually large and counteract the flux pinningjsthcausing a reduction of critical current
density. INHTS the vortex system is soft due to large anisotrdipg,extreme type Il character
and the short coherence length and hence, a mettgax liquid replaces the conventional
Abrikosov vortex lattice in the wide regions of thertex-matter phase diagram [Nelson et al.
(1989)]. Strong thermal fluctuations lead to thdtme of a flux line lattice over a substantial

part of the mixed state phase diagram and at teahpes below the melting temperatufe,

the vortex system is in a (pinned) superconductiodex-solid phase with non-zero critical

current, while afl >T_ it is in a dissipative vortex-liquid state [Houghtet al. (1989)].

The melting transition of the vortex matter and la¢ure of the vortex solid are strongly
affected by disorder. The vortex solid in a clegatam undergoes a first order Bragg glass
melting transition into vortex liquid due to strottgermal fluctuations but turns into a second
order transition for highly disordered systems imng point defects or a Boss glass to liquid
transition in systems with columnar defects. Thergj anisotropic properties together with
short coherence length leads to the pronouncedn#ilr assisted motion of vortices in HTS
and one important result is the resistive transibooadening of HTS in applied magnetic fields
and under bias currents. However, there is no cet@mpmlonsensus on how the relative higher
temperature and strong anisotropy lead the obseessstive transitions. This is because neither
the pinning mechanisms nor the high-temperatureahycs of vortices in these anisotropic
systems are well understood [Blatter et al. (199@)je of the fundamental assumptions of the

vortex glass theory introduced by Fisher [Fished8d)] to explain this resistive transition

129



CHAPTER, 7 Scaling of vortex liquid resistivity

broadening is the concept of divergence of a voglags correlation length{ (T) at the glass

transition temperaturg; and according to this theory,

&MafT -1, (7.

and herev is the static critical exponent. For a second oplase transition, applied & and
to the characteristic time scale, 0 ¢;, the DC current-voltage characteristics for a vorte

glass with quenched disorder are scaled vEHj*l O F+(J£§‘l). Where,E is the electric field,

z, the dynamic critical exponen&

14+

a scaling function)], the current density and, the

dimensionality. AboveT,, and for J<<J., F, -1 giving a linear glass resistivity,

pUd ‘T/Tg —Jf(m_d) , 1. e., the linear resistivity vanishes accordiagie power law [Rydh et al.

(1999), M. Andersson et al. (2000), Rydh et alO@0,

S

_ 1T _
P=Polz (7.2)

g
Here s=v(z+2-d) is the critical exponent ang, is the characteristic resistivity. The value
of p, is proportional to the flux flow resistivityo,, which is related to the normal state
resistivity through the Bardeen- Stephen equatjop= p,(B/B,,). Hence, p,is proportional

to p,. Therefore,

S
P=p !
T (7.3)
g
The influence of a magnetic field on the glass giteaan cannot be directly derived from the
glass scaling theory. It is instead usually intetl through the behavior of the coherence
length in the zero-field fluctuation regime [Fishet al. (1991)]. A consistent and more
complete description of the resistivity can be aebd by introducing a modified expression for

&, without affecting the general ideas of a vorteasgl The present chapter describes a

modified model for scaling the vortex liquid resigy of HTS by the introduction of the

modified ¢ .Here it is referred that the vortex glass as @staparated from the vortex liquid
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through a second order phase transition displagiags scaling. Also, it is proposed that the

driving force of the glass transition is given Ilne tenergy differenc&k ;T —-U,, whereU, is
the current independent mean pinning energy, idstéahe temperature differend@ -T).
This explains the position of the glass transitiBp(T) in a simple way. The model is

successfully applied to the measurementsRnfree andRE (RE = Lu, Ho, Eu, La and Ce)
substituted(Bi, Pb) — 2212 superconductors. The implications on the disspypain the vortex

liquid state and on the critical current in thetearsolid state are also discussed.

7.2 The Model

For the vortex glass model presented in equati@ntiie linear resistivity close td,
mainly depends on the distance Tp and the relevant energy scales are therelgiie and
kgT,. In a superconductor, however, energy scales asdhdensation energy or the pinning

energy are changing with both temperature and ntegield. Therefore, as depicted in figure

7.1, one should consider the distance to the tiandine B, (T) in the two-dimensionaB -T
diagram instead of the one-dimensional distancg tat constantB. Similar effects are well

known from corrections to the temperature depenglaricthe superconducting condensation

energy close tdB.,. In a general description, we denote the relevastgy scale determining
flux motion in the vortex liquid byU,(B,T). The linear resistivity caused by thermal
fluctuations will be determined from the competitioetweerlJ ,(B,T) and the thermal energy,
ksT. In this picture, it is natural to assume that acsjc resistivity level corresponds to a

constantU,(B,T)/k,T, i.e., the resistivity scales as,

p =F UO(B’T)

0. K, T (7.4)
Here,F is a scaling function and the normal state resigtip, is choosen as the characteristic

resistivity. This is based both on the empiricalufes presented below and on the fact that any

characteristic energy should be relatedgoin some way. The vortex solid-to-liquid transition

then occurs when the two relevant energy scalesaural, i.e., when,
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Uo(B,T)=kgT, (7.5
Since disordered materials are discussed in thewilg, the transition temperature is denoted
by T, as for a glass transition. The main argumentsdcqassibly be valid also for the
resistivity above a melting transition. An interegt observation is that the proposed model
directly suggests that a curve in tBe-T diagram containing points of equal resistivity slio
follow the same behavior as the vortex solid-tasligline. This gives a natural explanation of

the experimental fact that a determination of tb&dgo-liquid transition line by different

experimental methods give similar result althougime methods only correspond to a constant

(low) resistivity level [Brandt et al. (1995)].

0.5
0.4} B,(T)

| g
0.3 PRSURR o (T, B)

B (arb. units)

0.1F

0.0 'l 'l 'l 'l
0.5 0.6 0.7 0.8 0.9 1.0

TIT,

Figure 7.1: Sketch showing the principal physicaldea behind the approach. The relevant energy
scale,U,(B,T), at a specific point(T, B) in the vicinity of the vortex solid-to-liquid transition is

determined by the distance to the transition Iine,Bg(T), ina B-T diagram. This is in contrast

to other approaches, where only the temperature diance to Tg is taken into account.

The main difficulty is to find the explicit magnetfield and temperature dependence of
U,. In the following, an approach to do this for atearglass transition is presented. It should

be noted here that differences from a conventigogkx glass model are rather subtle as far as

the temperature dependence of the resistivity iscemed. In the present picture, the

132



CHAPTER, 7 Scaling of vortex liquid resistivity

characteristic energy,(B,T) replaces the thermal energy at the glass trandine, k;T_, in

the vortex glass expressions and thus, gives a mhetaled description of the resistivity at

temperatures away fron,. Since U, is expected to be a slowly varying function of
temperature and the resistivity disappears rapltiige toT _, it may seem hard to observe any

differences between these two models from expetisndtowever, such differences can be
detected by plotting the experimental data in gopravay, as will be shown below. The main
advantage of the present model is that it givesmsistent and detailed description of the
magnetic field dependence of the resistive traositi

A direct consequence of the arguments above andtiequ(7.3) is that the resistivity

close to a vortex glass transition, should be amitis

KgT

P =P, m - (7.6)

WhereU,(B,T) has replaced,T, as the relevant energy scale. Now by solving theagon

(7.6) forU,(B,T) one can obtain,

-1
p S

=T|1+| —
P, (7.7)

U,(B,T)
Kk

B

andU,(B, T)/k, can be calculated directly from the experimengahgrovided one knows the
critical exponents and p,.

To proceed, we note that a good scaling of thestiggy curves of disordere¢HTS can

be obtained empirically by writing the effectivenping energy,

KT T T
——Bc _|1-—|=U,B)l 1-—

B 0 7.8
(B/BO) T, T (7.9

Although, the exact interpretation bf, and the precise temperature and field dependeaoses

U,(B,T)=

not completely clear, the form used in equatio8) s quite reasonable. HerB, and S are

temperature and magnetic field independent corstaAtso along the zero resistance

temperaturdT (B)] line,
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(1=t
B—Bo[T} (79)

Here,t =T /T, anda =13, hence equation (7.9) becomes,

8Y [T.-T,

Bo T (7.10

g

Now on substituting equation (7.10) in (7.8) one oétain,

k., TT T T
U,(B,T)=7—2|1-—|=U,(B)| 1-—
O( ) (TC —Tg) TC 0( ) Tc (7.1])
Now from equation (7.11), it is found that,
kK. TT
UO(B) = 9 7.12
(T.-T,) (7.19

and also in equation (7.11) the field dependencengicit through the field dependence in

T,(B). Now substituting equations (7.11) in (7.6) andglifging, one can obtain the relation,

T(T,-T,)

P =P, W (7.19

and it will be very much useful for analyzing theperimental data. It should be noted that the
field dependence of the resistivity only comeshimtgh T, (B) in this relation.
From the similarities between the equations (7r8) @.6), it is clear that the description

can be seen as a modification of the vortex gléeory. Let us therefore explore the

consequences of these modifications and compare thigh the existing theory to find the

values ofT  ands. From equation (7.3) one directly obtains,

(aln p)_l _T-T,
oT S

(7.14
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The usual way of extracting the vortex glass temfpee (T;) is to calculate the inverse of the
logarithmic derivative of equation (7.3) from theperimental data (given in equation 7.14) and
to extrapolate the plotted data (Oln ,o/aT)_l=O. But in the present approach, instead of

equation (7.3), the equation (7.13) is used to fhm&llogarithmic derivative and the following

relation is obtained.

dlnp '1_T—Tg T -T
aT s (T.-T, (7.19

The only difference between equations (7.14) antb{7s a factoif(T, —T)/(Tc—Tg)] which is
nearly one for temperatures sufficiently closeTio Now, rearranging the terms in equation
(7.15) one obtains,

dlnp\ (T, -T,) _T-T,
T T-T) s (7.19

Now, extrapolate the plotted data (@In ,0/6T)_1[(TC -T,)/(T, —T)} =0 in order to obtairl.

The slope for the linear portion closerTp directly gives the value df/s and hence the value

of s is directly determined. Equation (7.13) also predlia scaling behavior between the

normalized resistivity, o/p,, and the scaled temperatuf& (T, -T,)/T,(T.-T)] -1, with
T, =T,(B). The slope of the curve give the critical exporemilso the normal state resistivity

p, is determined by the linear extrapolation of teeozfield resistivity plot to zero.

7.3 Experimental details
RE-free [(Bi,;Pb,)S La,Cu,D,s; hereafter denoted asRE0.000] and RE

(RE = Lu, Ho, Eu, La and Ce) substituted at thes site [(Bi, ;Pb,)(S,,RE,)Ca, Cu,O ¢;
hereafter denoted a&®Ex or SREx and x is the corresponding stoichiomelyy Bi site
[(Bi, 5,Pb, RE ;3 S Ca ,Cu Q. here after denoted asBiREx], at the Ca site
[(Bi, Pb,) S fCa, ,.RRE ,,ACu Q . here after denoted aSaREx], were prepared by solid

state method. The details of sample preparatioaracierization and measurements are the

same as given in chapter 3.
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7.4 In-field p-T plots

The temperature dependence of the normalized ixesisplots of RE-free and RE
substituted(Bi, Pb) — 2212 samples at different magnetic fields with in taege 0.2 and 1.5 T
are shown in figure7.2 @)— (f ). Here, in the case of figures&2 (a)— (), the resistivity is
measured for samples with differeRE stoichiometry [dopant site same (Sr site) andfittesl
magnetic field values used are 0.4, 0.8 and 1.2nTfjgure 7.2 (€), the resistivity is measured
for different magnetic fields from 0.2 to 1.5 T [&@ng dopant site and stoichiometry remains
same] and in7.2 (f ), dopant site varied [stoichiometry constant andftked magnetic field
values used are 0.4, 0.8 and 1.2 T]. The downwargdature at the lowest temperatures
indicates that a glassy regime is approached, wisSiciaracterized by a diverging activation
energy (which will be discussed in detail in théseguent sections) for flux motion and a truly
zero resistivity is obtained below the field-depemidglass transition temperatufg(B). Using
equation (7.6) the resistivity at the glass traosit region can be represented as
Py = PulkeT/Uo(B,T) =1 = p,|¥x~1", where x=U,(B,T)/k, T. The temperature and field
dependence ofJ,(B,T) can be estimated from the measurements by comsijdeonstant
resistivity levels in the glassy regime. For eaabhslevel, the above equation fgy predicts
the energy ratiox to be constant under the condition of linear tesig. The relation between
magnetic field and temperature should therefore bmplicitly given by
X(p) = constant =U,(B,T)/k, T with x=1 corresponding to the glass line and the uppet limi
of the studied glass scaling region is marked pgrabolic dotted black line in figure 7.2. Also
in figure 7.2, a broadening of the resistive traosi with an increase in magnetic field is
obtained, which is a direct consequence of theflaetuations in the vortex system. The strong
thermal fluctuation leads to melting of flux linattice at a temperature, known as melting

temperature(T,) and belowT,, the vortex system is in superconducting vortexdsphase
with non-zero critical current, while af >T_, it is in dissipative vortex-liquid state. When

disorder is introduced, the vortex-solid transfoiimte glassy vortex state. Also, depending on
the type and strength of the disorder, differepiesyof glassy-solid state (vortex-glass state in
presence of point disorder and Boss-glass statprasence of correlated disorder) can be

obtained. The linear resistivity disappears ircalies as a power law given by equation (7.2).
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Figure 7.2 (a)—(f ): The temperature dependence of the normalized resigity at different
magnetic fields for RE -free and RE substituted (Bi, Pb) —2212 samples at different magnetic
fields. Here, the zero-field plot is also given focomparison and the studied glass scaling region is

marked by parabolic dotted (black) line.
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Figure 7.4 (a)—(c): The zero-field resistivity plot of typical RE -free and RE substituted
(Bi, Pb)—2212 samples and it is extrapolated to zero to get thealue of p, .
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The linear resistivity caused by thermal fluctuatowas determined from the

competition between the characteristic enefdy(B, T)] and the thermal energlg,T. The
vortex-solid to liquid transition occurs whé,(B,T) =k,T, as mentioned earlier and hence,
the characteristic enerdy,(B,T) replaces the thermal energyT ) at the glass transition line.

Therefore the linear resistivity equation can bgtem as given in equation (7.6).

The parametet,(B,T) is dependent on magnetic field and temperaturachwis
having a form ofU,(B,T)=U,(B)U,(T). Here,U,(B) contains the magnetic field dependent
part [equation 7.12] and ,(T) is a general function of temperature [equatiorL]l.Now, by
solving the above linear resistivity equation fdg(B,T), equation (7.7) can be obtained, and
using equation (7.7) the value of,(B,T) can be calculated, provided,(T) and the critical

exponent s is known. In order to find the value ofT, the relation
(6Inp/aT)‘1[(Tc—Tg)/(Tc—T)]:(T -T,) /s is used (equation 7.15) and hence, the graph
between (01n p/aT)‘l[(Tc—Tg)/(TC—T)] vs. T is plotted using the experimental data and

extrapolated the plotted data (@In ,0/ aT)[(T, -T,) /(Tc —-T)] = 0. Typical examples are given

in Figure 7.3. To find the value & the inverse of slope for the linear portion clogelly can
be calculated. Typical examples are also includeBigure 7.3. Also, the zero-field resistivity
plot is extrapolated to zero fdRE -free (x= 0.000) and th&E substituted samples to get the
value of p, [Table 7.1 and figures 7.4 (a) — (c)].

The variation of T_with RE-content is given in table 7.1. It shows that Tevalue
gradually increases from 80.7 KRE-free sample) to 94.4 KEu0.180)with increasing the
amount of x value and the maximum value ®f depends on the specifiRE substituted.
Doping of eachRE atom in (Bi, Pb) — 2212 supplies additional elections to the system due to
the higher valence state &, which reduces the number of holes and thus sthifissystem

from the ‘over-doped’ state to ‘optimally doped’nzhtion, as far as the hole carrier density is
concerned. The attainment of optimum hole concgatras responsible for the enhancement of

T.. Figure7.3@)- (f) and table 7.1 show the variation Bf and s values as a function of

RE -content at different magnetic fields. It showstthiae T, value gradually increase up to an
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Table 7.1: The rare-earth (RE) stoichiometry (X), critical temperature (T_), the normal state

resistivity (p0,), T,, and s values for RE-free and RE substituted (Bi,Pb)-2212

SUpGI‘COﬂdUCtOI’S.

T from T, from o, T, using the method s using the method

_ , - in fi given in figure 7.3
RT plot figure 7.5 Usin given in figure 7.3
RE X p g fig, 7.94 (+ 0.05 K) (£0.07 K)
(* > no@ > 05 (uQcm) 04T 08T 12T 04T 08T 12T
RE -free  0.000 80.7 80.78 39.81 65.63 -- -- 2.39 -- --
0.050 86.5 86.62 55.43 75.66 71.13 -- 293 295 --
Lu 0.100 93.0 93.17 73.36 87.73 82.11 -- 3.27 331 --
0.125 94.2 94.46 79.51 83.25 76.99 -- 3.11 3.08 --
0.025 82.6 84.51 40.05 75.80 70.83 -- 255 252 --
Ho 0.050 87.7 87.68 50.83 79.58 78.33 -- 279 275 --
0.075 88.5 88.45 53.61 84.35 82.89 -- 293 291 --
0.100 91.6 91.63 57.69 8150 76.68 -- 2.75 2.7 --
0.045 86.8 86.75 65.75 77.03 71.81 -- 3.05 3.02 --
Eu 0.090 90.9 90.97 69.12 81.61 73.95 -- 3.21 324 --
0.135 93.3 93.33 72.85 86.42 82.82 -- 3.67 3.65 --
0.180 94.4 94.35 76.33 84.04 78.64 -- 349 344 --

0.050 85.7 85.32 66.34 75.94 69.83 -- 3.62 3.59 --
0.100 88.6 88.74 76.92 83.72 80.62 73.83 3.88 3.85 3.90
0.150 90.6 90.51 85.57 78.24 72.24 - 3.71 3.66 -
0.200 92.3 92.28 90.14 67.21 3.24

La

SrCe 0.075 87.3 87.41 72.11 8115 7797 7210 3.74 3.75 3.73

CaCe 0.075 86.8 86.75 55.04 74.57 68.03 -- 3.72 3.76 --
BiCe 0.075 84.7 84.12 61.13 76.56 71.21 66.93 3.71 3.73 3.74
T, from T, from O, T, using the method s using the method
B  RTplot figure7.5 Using  givenin figure 7.3 given in figure 7.3
RE fig. 7.4
T 2D EC0 T aem) (£0.08) K (£0.07)K
0.2 93.0 93.17 73.36 89.04 3.25
0.4 93.0 93.17 73.36 87.57 3.27
0.6 93.0 93.17 73.36 85.09 3.25
0.8 93.0 93.17 73.36 82.12 3.23
Lu0.100 1.0 93.0 93.17 73.36 78.83 3.28
1.2 93.0 93.17 73.36 75.23 3.27
13 93.0 93.17 73.36 71.76 3.25
14 93.0 93.17 73.36 67.39 3.28
15 93.0 93.17 73.36 64.14 3.24
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optimum stoichiometry (Lu0.100,Ho 0.075Fu 0.13t La0.100,SCe0.075 and then

decreases. The values are found to be identical irrespectivehef thagnetic field; i.e., the
value is independent of the applied magnetic fiel8ince the {§ value is maximum for
Lu0.100,H0 0.075Fu 0.133,a 0.10and SCe 0.0 the flux lines are in glass state and the

flux pinning strength is maximum for these sampke, the flux lines are effectively pinned in

these samples.

7.5 T and B dependent activation energy

The calculated temperature and magnetic field d#grenpinning energyfU, (B, T)]
using equation (7.7) in Kelvin scale is shown igufie 7.5@)- (f ) which shows that the

pinning energy of optimally RE substituted samples
(Lu0.100,Ho 0.075Fu 0.139,a 0.10ihd SCe 0.07increases noticeably comparedR& -

free sample (not a superconductor at T = 64 K and 8.8 T) and otherRE substituted

samples. A striking feature is the linear behawiod ,(B,T) at the temperature closeTp and

it is found that on extrapolating this linear beloavor different magnetic fields, the entire lines

corresponding to each stoichiometry merge at atpomT_ [figure 7.5 (e)] and at this point the
value of U,(B,T) is found to be zero. Also, this linear portionlwebeys the equation
U,(B,T)=U,(B)1-T/T,) with a magnetic field dependebk,(B) as given in equation (7.11).
Furthermore,T; can be directly obtained from figure 7.5 by coesiidg the crossing points of
the linesU,(B, T) and the solid linék;T, which is the criterion used for finding, in equation

(7.5). It is therefore concluded that figure 7.5aisstrong evidence for the validity of this
modified model. Also the above calculat€dand T, values well agree with the values given
in table 7.1.

Another important point is that the temperatureeshelence ofU,(B,T)illustrated by
figure 7.5() directly shows that the ordinary vortex glass egpion is insufficient for
describing the data. For an ordinary vortex glassleh one expects a horizontal line since

equation (7.2) implies a constat,(B) =k;T,(B) at all temperatures close ff. This is

obviously not the case as described in figure 7.5.
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Figure 7.5 (a)—( f ): The energyU,(B,T)/k, determined from equation (7.7) for all samples

at different magnetic fields. As shown by the solidines, the low resistivity parts of the curves are
well described by equation (7.11) with a magnetideld dependentU,(B). The T, value is obtained

when U, (B, T) crosses the solid link;T and the X —intercept gives the value ofT.
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7.6 B dependent activation energy
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Figure 7.6 (a)—(f): The U,(B) values of RE -free and RE substituted (Bi, Pb)-2212
samples calculated using the equatioon(B)=kBTch/(Tc —T,) (theoretical) and from the

slopes of figure 7.5 (experimental). The peak valgeare given in table 7.2. ForRE -free and
certain RE substituted samples the plots at higher magnetidelds are not included because of

poor performance at 64 K.
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Table 7.2: The magnetic field dependent activation energfU,(B)] values of RE -free and RE
substituted (Bi, Pb) - 2212superconductors.

U,(B)/Kg determined from the slopes

U,(B)/kg :Tch/(Tc —T,) using

RE X of figure 7.5 (Experimental) (K) equation (7.12) (Theoretical) (K)
04T 08T 12T 04T 08T 12T
RE -free  0.000 437.6 - - 439.1 - -
0.050 601.8 399.3 -- 599.3 398.7 --
Lu 0.100 1493.1 698.2 -- 1493.9 697.5 --
0.125 708.6 418.9 -- 709.5 420.2 --
0.025 730.2 433.5 -- 728.7 435.1 --
Ho 0.050 857.8 735.7 -- 859.5 733.1 --
0.075 1799.3 1309.8 -- 1798.7 1307.6 --
0.100 738.6 472.1 -- 739.1 470.7 --
0.045 679.8 415.4 -- 682 415.4 --
Eu 0.090 797.1 395.1 -- 797.5 395.1 --
0.135 1166.9 735.7 -- 1168.2 735.7 --
0.180 763.5 469.6 -- 762.4 469.6 --
0.050 685.2 382.8 -- 688.7 384.1 --
La 0.100 1482.9 881.3 435.6 1484.8 882.6 439.3
0.150 571.5 353.2 -- 575.3 357.1 --
0.200 243.6 -- -- 247.8 -- --
SrCe 0.075 1130.3 717.5 407.3 1134.8 722.6 411.8
CaCe 0.075 517.4 308.6 -- 532.9 315.9 -
BiCe 0.075 846.8 457.6 321.8 853.9 464.6 327.8
U,(B)/Kg determined from the slopes U,(B)/k, =T. Tg/(Tc -T,)
RE of fig. 7.5 (Experimental) . )
using equn. (7.12) (Theoretical)
T K K
0.2 2027.5 2026.1
0.4 1492.6 1494.3
0.6 971.9 974.3
0.8 696.2 694.1
Luo.100 1.0 517.8 516.0
1.2 3154 317.4
1.3 313.4 310.9
1.4 240.1 242.9
1.5 204.9 207.5
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From equation (7.11), it is clear that the fieldpeledence only comes in through the
term U,(B). The magnetic field dependent activation enetyyB) calculated directly from
the slopes of the linear portion Bf;(B,T) [figure 7.5] and the corresponding value caledat
using the equation (7.12) at different magnetitdfgfrom 0.2 to 1.5 T) are given in table 7.2.
The values ofU,(B) calculated by both the ways, also agree well witich other and the
optimally doped samplesLu0.100,Ho 0.075Fu 0.139,a 0.1Cand $SCe0.075 show
maximum value. This explains the strong pinningafof vortices in these samples. Also, the
high U,(B,T) values of Lu0.100,H00.075,Eu0.135,La0.100,SCe0.075 and other RE
substituted samples justify the shifting of thewersibility line of theRE substituted samples
to higher temperatures and magnetic fields comptaréae RE -free sample. The crystal defects
created due to theb doping in Bi —2212 are mainly confined in th&i — layer, but the defects
produced byRE substitution are mainly in th& —layer. The vortices are confined in the

CuO, layers, which are closer to tH& —layer than theBi —layers. Thus, it is likely that the
strongly coupled vortices in th€uO, layer are effectively pinned by the defects in tlearer

S —layer than the defects produced in the distint layer. This is attributed to the enhanced
pinning and the unusually high activation energyuga of RE substituted(Bi, Pb)—2212

superconductor.

7.7 Scaling of the resistivity curves
Another important feature is that equation (7.1@dpcts a scaling behavior between the
normalized resistivity,0(B,T)/p,, and the scaled temperatufiie(T, -T,) /Tg (T.-T)] -1 with

T, =T,(B). Such a scaling is shown in figures 7.7 — 7.10, r¢ttbe resistive transitions at

different magnetic fields have been scaled onto@mee. From the corresponding slopes (the
linear portion indicated by solid line) in figure77— 7.10, the values of critical exponent s for
all the samples are found and these are in googeagnt with the values given in table 7.1.
This scaling behavior indicates that the tempeeatdependent resistivity under various

magnetic fields can be described with equation)(i6the regime ofT, <T <T.. Also, an

interesting point is that the scaling also worksteamperatures close ffy, although we begin
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the discussion for temperatures closelfo This clearly indicates that the arguments used her

are of fundamental nature for understanding thebtavior of the vortex-liquid.
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Figure 7.7: Scaling of the normalized resistivity,0(B, T)/,on , curves for the samples (a) Lu0.100

atB=0.2to 1.5T, (b) Lu0.050 at B = 0.4 and 018 (c) Lu0.100 at B =0.4 and 0.8 T, (d) Lu0.12% a
B = 0.4 and 0.8 T. The slope of the curve (the paonh indicated by black solid line) gives the
critical exponent, s. These values are in agreemewnith the values given in table 7.1.
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Figure 7.8: Scaling of the normalized resistivity,0(B, T)/pn , curves for the samples (a) Ho0.100

atB=0.2t01.5T, (b) Eu0.090 at B = 0.4 and 018 (c) Eu0.135 at B = 0.4 and 0.8 T. The slope of
the curve (the portion indicated by black solid lire) gives the critical exponent, s. These values are
in agreement with the values given in table 7.1.
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Figure 7.9: Scaling of the normalized resistivity,0(B, T)/,on , curves for the samples (a) La0.050

at B=0.4and 0.8 T, (b) La0.100 at B = 0.4, 0.8é& 1.2 T, (c) La0.150 at B = 0.4 and 0.8 T. The
slope of the curve (the portion indicated by blue did line) gives the critical exponent, s. These
values are in agreement with the values given inlte 7.1.
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7.8 Comparison of Arrhenius and modified vortex-glas model

The temperature and magnetic field dependent aesisttransitions oRE -free andRE
(RE = La and Ce) substituted(Bi, Pb) — 2212 samples at different magnetic fields (0.0, 0.8, O.
and 1.2 T) are shown in figure 7.11 (a) and (b)e Tipper limit of the studied glass scaling
region is marked by a blue dashed line and theal dwles in figure 7.11 (a) and (b) are the
Arrhenius fits and these linear fits are basedhenassumption of equation (7.11) and here the
values of eaci,(B) was determined from the corresponding slopes@f(B,T) vs. /T plot
[based on the Arrhenius equati@fB,T) = g,e /" from Anderson (1962) and Anderson et al.
(1964)]. From figure 7.11 (a) and (b), it is fouti@t the fits do not exactly coincide on the low
resistive portion where the experimental data shavegeviation. Hence, the value of (B)
determined from the slope does not give the exalctev

Figure 7.12 shows the graph between the magnelit diependent apparent activation
energy[-0In p(B,T)/d(1/T)] and temperaturéT) determined from the Arrhenius method for
RE -free andRE (RE =La and Ce) substituted(Bi, Pb) - 2212 samples at different fields. In
the case ofCe substituted samples, the results show that-ihkm p(B,T)/0(1'T) values are
better for S Ce0.075 than Ce-free and otherCe substituted(BiCe0.075and CaCe 0.075
samples. Similarly folLa substituted sample$,a0.10C show the best result [which is given as
a typical example in figure 7.11 (a)]. This showattthe magnetic field performance is very
much improved for these sampl¢§&Ce0.075and La0.100 compared to the otheRE
substituted samples. Also in figure 7.12 (a) and Q(B) [U,(B) =-0In p(B,T)/0(1/T)] plots
have (red) horizontal solid lines, where each efhhas a limited length. Each length covers
the temperature interval which corresponds to titerval of the reciprocal temperature for
determiningU,(B) in the Arrhenius plot. In these figures, it isergsting to note that each
-0In p(B,T)/d(UT) plot can be divided into five regions (indicatgdrbd numerals). The first
region is the normal state region at higher tentpeza where-0In o(B,T)/0(XT) is almost
temperature and magnetic field independent. Thengeoegion is the primary superconducting
transition regime, where-dIn p(B,T)/0(XT) quickly increases and the resistivity begin to
decrease sharply (flux flow regime). The third io&gis a plateau region, where

-0ln p(B,T)/d(UT) for each field measurement shows a step strucnepossibly relate to
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Figure 7.11 @)and () :The Arrhenius plot of the normalized resistivity, o(B,T)/p,, of RE-
free and all RE [(a) La and (b) Ce] substituted (Bi, Pb)—2212 superconductors at different

magnetic fields. Here, the zero-field plot ofRE0.00C is also given for comparison. The linear
Arrhenius fits are based on equation (7.11) andJ,(B) is determined from the corresponding

slope.
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Figure 7.12 @)and @): Plot of -dInp(B,T)/d(}T)vs.T of RE-free and all
RE [(a) La and (b) Ce] substituted (Bi, Pb)—2212 samples at different magnetic fields. The
~0In p(B,T)/0(1/T) curve in the presence of magnetic fields is dividednto five regions

(indicated by red numerals) for TAFF analysis. The horizontal solid lines (red lines) ith limited
length represent the reciprocal temperature intervafor determining U (B) in the Arrhenius plot.

153



CHAPTER, 7 Scaling of vortex liquid resistivity

TAFF behavior. But the resistivity data in the thirdyimn are only about one order of
magnitude less than that of region one, where débistivity is in normal state. Therefore, it is
concluded that the data in the third region areindhe TAFF regime. The fourth region is
again a sharply increasing region, whei@ln p(B,T)/d(1/T) quickly increases. Also, in this
region the resistivity values are about two to ¢hoeders of magnitude less than that in region
one. Hence, the resistivity in this range is in A&F regime. The fifth region is a strongly
fluctuating region, where thedln p(B,T)/d(YT) curves show an irregular shape because the
material is going to a strongly superconductingestand the resistivity reaches the lowest
measurable range. The analysis concludes thaT#k= resistivity is in the fourth region.
Also, according to the vortex glass transition tlyethe linear ohmic resistivity vanishes based

on the relation, pD‘T —Tgr [equation (7.3)]. This means that the plot of
[dIn o B,T)/a(T)]‘l(Tc —Tg)/Tg (T.=T) vs T should be a straight line (closerTp). The plots
of inverse logarithmic derivative of the resistyit
[dIn ,o(B,T)/a(T)]'l(TC -T,)/T,(T.-T) va T of RE substituted samples are shown in figure
7.3, and this plot also shows linear curve in the tesistivity region (region four). Hence, the

resistivity analysis based on equation 7.6 (obthibg vortex glass transition theory) is most

suitable for the analysis of the resistivity datah@ present case.

7.9 Conclusions

The thermally activated flux flow resistivitfTAFF) of RE-substituted(Bi, Pb)—2212
superconductor has been discussed in detail wighhitlp of two theoretical methods [(i)
Arrhenius method and (ii) modified vortex-glass relpdThe analysis of the resistivity data
using the Arrhenius plot [figures 7.12 (a) and (hpw that with decreasing temperature, the

activation energyU,(B) initially shows a plateau region and subsequewtigpnges to a

divergent behavior which indicates the crossovemfthe Arrhenius to the vortex-glass regime.
Again, the divergence df),(B) is suppressed fo& Ce0.075 and La0.100, which indicates
that the critical region of the vortex-glass tréiosi is enhanced by comparatively larger point
defects produced due to the substitution@ and La atoms in the place d&. The vortex-

glass model assumes that the vortex correlatiogtieat the glass transition temperature is

proportional to ‘T—Tg‘_v and the linear resistivity vanishes according lte power law,
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P =Py
are obtained and the outcome of the analyses tisasg equations are in good agreement with

the experimental data. In addition, the scalingyaig is shown to be applicable for the whole

T/Tg —1‘5. By using the modified vortex-glass model, equai¢n.6), (7.7) and (7.11)

vortex-liquid regime of theRE substituted samples, and this clearly indicatest tthe
arguments used here are of fundamental naturdaéounderstanding of the full behavior of the

vortex-liquid. Hence, the analysis 3AFF behavior in any highl, superconductor using the

modified vortex-glass model is highly advantageousr the Arrhenius method. Also, among
the RE substituted samples, the optimally rare earth tgubsd samples
(Lu0.100,H0 0.075Fu 0.133,a 0.10nd SCe 0.07 show the best magnetic field
performance and the reason for these improvenaetsnainly due to the creation of point
defects due to the substitution BE atoms at thes site as discussed in detail in the previous
chapters. Again, among the cerium doped samp8€e0.075 shows the best in-field
performance and hence, the flux flow resistivitwé&y much suppressed for this sample while
CaCe0.075 shows the least. Thus, it is concluded that fogme#ic field applications defects
created at the site is more influential than defects Bt or Ca sites. The enhancement of
superconducting and magnetic properties is disdubssed on the variation of out-of-plane
disorder, changes in the chemical as well as eleictinhomogeneities due to the substitution

of RE atoms in thgBi, Pb) — 2212 system.
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CHAPTER 8
Summary and futuredirections

8.1 Summary

The salient features of the thesis are summarizéds chapter. The compound used for
the present study is(Bi,Pb)—2212 and the REs used are (i) Lutitium (Lu),
(i) Holmium (Ho), (iii) Dysprosium (Dy),  (iv) Terbium (Tb),  (v) Gadolinium (Gd),
(vi) Europium (Eu), (vii) Cerium (Ce), (viii) Neodymium (Nd) and (ix) Lanthanum (La).
The objectives of the present work, as stated aticge 1.6 of chapter 1 were to devel&k
substituted (Bi, Pb) — 2212 superconductor with novel properties by propeeden of the
RE, doping level, refining the processing parametears$ microstructures and to investigate the
effects of RE substitution on the structural and supercondugbirogerties, suppression of flux
creep,n—index, E—J characteristics and temperature and magnetic diefendent activation
energy values. Another important objective of trekwvas to scale the vortex liquid resistivity
curves and to bring out the significance.

High temperature superconductors are mostly agipdic oriented materials and have
many superior superconducting properties over inetalv temperature superconductors. The
role of RE substitution on the superconducting and flux pignproperties ofPb substituted

Bi —2212 superconductof(Bi, Pb) —2212] has been studied since, it is an efficient tool to
understand the underlying mechanism of hifjhsuperconductors. EarlieRE substitution
studies inPb— free Bi —2212 have shown that there is hardly any improvemen, ior in the
flux pinning properties and there is no work whiaports the effect ord.. In the present

work, to evaluate the performance of the samplasgpus characterization techniques such as

phase analysis, lattice parameter calculation axdute analysis byXRD, microstructural
examination bySEM equipped withEDS and measurement @f, J., J.(B) andE-J. The
main findings of the work are summarized below.

The structural and superconducting properties arnedied for different RE
concentrations in the rangé<x<0.5 and the results are compared with tRE-free

(Bi, Pb) - 2212 superconductor. Significant structural changesiodae toRE substitution and
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these changes increase with increaseRl content. The systematic change in the lattice
parameters together with tl#S analysis has shown the successful substitutioRE©fatoms

in (Bi,Pb)-2212 system. The maximum values ©f as well asJ. are observed at different

X (x=0.075- 0.200 values and as compared with tiRE-free (Bi, Pb)—2212system, T,
improvements are in the range 13 — 16 K andthemprovements are 8 — 11 times depending
on the substitutedRE. The results show that, value systematically increases with decrease of
hole carrier concentratio(P). The increase i, as well asJ. is explained by the dual effect
of the decrease in the hole concentratiolCu®, planes from the over-doped to an optimally-

doped state (as evidenced from tRevalue) and the improvement of coupling between the

CuO, layers which is achieved bRE substitution. Beyond the optimum levels, the gets

reduced and an under-doped condition is attainedtalueduced hole density, which triggers a

metal to insulator transition i(Bi, Pb) — 2212 system.

The suppression of flux creep and flux pinning gmdies of RE (Lu, Ho, Dy, Tb,
Gd and Eu) substituted (Bi,Pb)-2212 system is analyzed in detail between the range
0<x<0.5 and the results are compared with tRE-free (Bi,Pb)-2212 system. The

enhancement of flux pinning properties is evidemnf the highly improvedJ.(B) and
normalized J.(B) characteristics. Thd (B)/J. (0) value of optimally substituted sample is

around42 times greater than that dRE-free sample at 0.4 T and the similar trend is also

observed for higher magnetic fields. The maximunues of bulk pinning force densities

(Fora) Of the RE substituted samples are found to shifts towardghér fields and

temperatures and this means that the irreversidilie (IL) of the RE substituted samples
shift towards higher fields and temperatures. Alsamples withn>15 and J <J, show a
glass-state for flux-lines, indicating their impsal flux-pinning ability. The improvedJ_
values also support this. A correlation betweerrn indices and J. of RE substituted
(Bi,Pb)-2212 superconductor is also observed. Th& B &)B €3J U J J)
characteristics are highly enhanced RE substituted(Bi, Pb) — 2212 superconductors. Again

a systematic dependence is observed between iadic of RE and the above mentioned

properties. With increase of ionic radii froou to Eu, the maximum values of,, B,
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n-index andU. systematically increase (except oy andGd). This again shows that larger
defects at th&' site is not desirable. THay andGd substituted samples show deviations and
this may be due to the higher dopant level. Alsbameed U. and n values at applied fields
under transport current flow show that tRE modified material is a promising candidate for
magnetic applications. The pinning analysis cleddynonstrates that the substitutionRE in

(Bi, Pb)—-2212 superconductor drastically enhances its flux pignstrength at a relatively
high temperature of 64 K by the introduction ofrgailefects, which also contribute to tlg

of the RE substituted(Bi, Pb) — 2212 superconductor.

Investigation on the effect of temperature on nstmacture and flux pinning properties
of RE (Ho, Dy, Gd and La) substituted(Bi, Pb) —2212 system show that the microstructural
variations and flux pinning properties are highdynperature sensitive. THe value is found to
be invariant with the sintering temperature for $aeeRE content. The enormous increase of
self-field J. of the samples (with sam&E content) heat treated at optimum sintering
temperatures is due to the microstructure refinemafhile formation of disrupted grains with
decreased texturing reduces the self-fig|d of the samples heat treated above or below the
optimum sintering temperatur@,, ). The investigation of the microstructural and flirning
properties of RE substituted (Bi,Pb)—2212 superconductors prepared at different
temperatures ranging from 846 to 88D point towards the importance of fine tuning of thea
treatment temperature in the preparatiorRE substituted(Bi, Pb) —2212 superconductors to
tailor their properties depending on different aggtions. For instance, th&®E substituted
samples prepared at comparatively lower sinteramgpieratures (846 — 85@ ) are useful for
magnetic field applications due to their bettexfipinning properties. Whereas, the samples
prepared at higher sintering temperatures (8540-@p are useful for self-field applications
due to their enhanced self-field current carryiagacity.

Studies on the effects oflisorder at various out-of-plane lattice sites dre t

superconducting and flux pinning properties & substituted(Bi, Pb) —2212 system show
that the self-fieldJ. and J.(B) characteristics oRE substituted samples are highly sensitive

to the dopant site. The enhancement of flux pinmpngperties is evident from the improved

J.(B) characteristics. Dew-Hughes pinning analysiss itound that the peak position &f
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appeared ab = 0.33 + 0.03 which shows that the main pinningchamism is due to the point
defects aroused out of the substitutionRE atoms at the respective cationic sites. Among the

RE substituted samples'RE exhibits the best).(B) and the least self-fieldl., while
CaRE shows the least).(B) and the best self-field).. This shows that for self-field

application the defects at Ca site are desirabiéevitr magnetic field application defects at Sr
site are highly advantageous. It is also seenttf@imaximum value of,/F, ., of SRE
appeared beyond 1.00as against 0.60 T fofaRE and 0.24T for REOO at a comparatively
higher temperature of 64 K. These results show tha irreversibility line of theRE
substituted samples [especiallgyRE] gets shifted towards higher magnetic fields and
temperatures, and the flux pinning strengthRE substituted samples sensitively depends on
the site in whichRE is substituted. The enhancement of supercondyeimd flux pinning
properties are discussed based on the variationtedf-plane disorder, changes in the chemical
as well as electronic inhomogeneities due to théstdution of RE atoms in the
(Bi, Pb)—2212 system.

The thermally activated flux floWTAFF) resistive transition curves in magnetic fields
of RE (RE =Lu, Ho, Eu, La and Ce) substituted(Bi, Pb)—2212 superconductor is analyzed
using both Arrhenius and modified vortex-glass niotlee analysis of the resistivity data using
the Arrhenius plot shows that with decreasing tepee, the activation enerdy,(B) initially
shows a plateau region and subsequently changaslieergent behavior which indicates the
crossover from the Arrhenius to the vortex-glaggme. Again, the divergence &f,(B) is
suppressed foS’RE, which indicates that the critical region of thertea-glass transition is
enhanced by comparatively larger point defects yred due to the substitution of optimum
amount of RE at & site of (Bi, Pb) — 2212 system. By using the modified vortex-glass model,
the equations foro and U,(B,T) are obtained and the outcome of the analyses ukexe

equations is in good agreement with the experinheddta. In addition, the scaling analysis
suggested from this model is shown to be applic&hiehe whole vortex-liquid regime of the
RE substituted samples. Thus it is concluded thattr@ysis ofTAFF behavior in any high

T. superconductor using the modified vortex-glass ehas highly advantageous over the

Arrhenius method. Again, among tlRE samples,S'RE shows the best in-field performance

and hence the flux flow resistivity is very muctpptessed for this sample whi@RE shows
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the least. Thus it is concluded that for magneéltfapplications defects created at the site
is more influential than defects &i or Ca sites. The highly enhanced temperature and
magnetic field dependent activation energy at appliields under transport current flow

suggests that theRE modified (Bi,Pb)—2212 superconducting materials are promising

candidates for magnetic applications.

8.2 Scopefor futuredirections

The present work reports the preparation &E modified(Bi,Pb)-2212
superconductors with highly enhancigd self- and in-field d values analysis of flux creep and
thermally activated flux flow and scaling of vortdiquid resistivity. At higher RE
concentrations, the occurrence of the phenomenowikras metal to insulator transitigMIT)
has been observed due to the large decrease imotbecarrier concentration and subsequent
transformation of(Bi, Pb) — 2212 system into an extreme under-doped state. A sydiernd a
careful study of this unusual normal state propeftyBi, Pb)—2212 system is necessary to
understand its impact on high temperature superadivity and to enlighten the mechanisms,
since it can reveal the reason behind the origimsilating states as well as the basic character
of the metallic state induced by the cation subtih (RE). Future efforts may be directed
towards the nano-structural aspects of the systainpeeparation of wires and tapes using the
newly developed formulations, so that their higintiproved superconducting properties can be

exploited for conductor applications in self- anefields at a relatively high temperature of 64
K.
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