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Chapter 1 

Introduction 



1.1 History of Superconductors 

Superconductors, materials that have no resistance to the flow of electricity, 

are one of the last great frontiers of scientific discovery. Not only have the limits of 

superconductivity not yet been reached, but the theories that explain superconductor 

behavior seem to be constantly under review. In 1911 superconductivity was first 

observed in mercury by Dutch physicist Heike Kamerlingh Onnes of Leiden 

University [1 ]. When he cooled it to the temperature of liquid helium, (4K) its 

resistance suddenly disappeared. The Kelvin scale represents an "absolute" scale of 

temperature. Thus, it was necessary for Onnes to come within 4 degrees of the coldest 

temperature that is theoretically attainable to witness the phenomenon of 

superconductivity. Later, in 1913, he won a Nobel Prize in physics for his research in 

this area. 

The next great milestone in understanding how matter behaves at extreme cold 

temperatures occurred in 1933. German researchers, Walter Meissner and Robert 

Ochsenfeld [2] discovered that a superconducting material repels a magnetic field .A 

magnet moving by a conductor induces currents in the conductor. This is the principle 

on which the electric generator operates. But, in a superconductor the induced 

currents exactly mirror the field that would have otherwise penetrated the 

superconducting material - causing the magnet to be repulsed. This phenomenon is 

known as strong diamagnetism and is today often referred to as the "Meissner effect". 

The Meissner effect is so strong that a magnet can actually be levitated over a 

superconductive material. 

In subsequent decades other superconducting metals, alloys and compounds 

were discovered. In 1941 niobium-nitride was found to superconduct at 16 K [3]. In 

1953 vanadium-silicon displayed superconductive properties at 17.5 K [4]. And, in 
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1962 scientists at Westinghouse developed the first commercial superconducting wire, 

an alloy of niobium and titanium [5]. High-energy, particle-accelerator 

electromagnets made of copper-clad niobium-titanium were then developed in the 

1960s at the Rutherford-Appleton Laboratory in the UK, and were first employed in a 

superconducting accelerator at the Fermilab Tevatron in the US in 1987[6 ] . 

The first widely-accepted theoretical understanding of superconductivity was 

advanced in 1957 by American physicists John Bardeen, Leon Cooper, and John 

Schrieffer [7]. Their Theories of superconductivity became known as the BCS theory 

- derived from the first letter of each man's last name - and won them a Nobel prize in 

1972. The mathematically-complex BCS theory explained superconductivity at 

temperatures close to absolute zero for elements and simple alloys. However, at 

higher temperatures and with different superconductor systems, the BCS theory has 

subsequently become inadequate to fully explain how superconductivity is occurring. 

Another significant theoretical advancement came in 1962 when Brian D. 

Josephson [5], a graduate student at Cambridge University, predicted that electrical 

current would flow between two superconducting materials - even when they are 

separated by a non-superconductor or insulator. His prediction was later confirmed 

and won him a share of the 1973 Nobel Prize in Physics. This tunneling phenomenon 

is today known as the "Josephson effect" and has been applied to electronic devices 

such as the SQUID, an instrument capable of detecting even the weakest magnetic 

fields. 

The 1980's were a decade of unrivaled discovery in the field of 

superconductivity. In 1964 Bill Little of Stanford University had suggested the 

possibility of organic (carbon-based) superconductors [8]. The first of these 

theoretical superconductors was successfully synthesized in 1980 by Danish 
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researcher Klaus Bechgaard of the University of Copenhagen and three French team 

members [9]. (TMTSF)2PF6 had to be cooled to an incredibly cold 1.2K transition 

temperature and subjected to high pressure to superconduct. But, its mere existence 

proved the possibility of "designer" molecules - molecules fashioned to perform in a 

predictable way. 

Then, in 1986, a truly breakthrough discovery was made in the field of 

superconductivity. Alex Muller and Georg Bednorz [10], researchers at the IBM 

Research Laboratory in Riischlikon, Switzerland, created a brittle ceramic compound 

that superconducted at the highest temperature then known 30 K. What made this 

discovery so remarkable was that ceramics are normally insulators. They don't 

conduct electricity well at all. So, researchers had not considered them as possible 

high-temperature superconductor candidates. The Lanthanum, Barium, Copper and 

Oxygen compound that Muller and Bednorz synthesized, behaved in a not-as-yet-

understood way. The discovery of this first of the superconducting copper-oxides 

(cuprates) won the two men a Nobel Prize the following year. It was later found that 

tiny amounts of this material were actually superconducting at 58 K, due to a small 

amount of lead having been added as a calibration standard - making the discovery 

even more noteworthy. 

Muller and Bednorz' discovery triggered a flurry of activity in the field of 

superconductivity. Researchers around the world began "cooking" up ceramics of 

every imaginable combination in a quest for higher and higher T e's. In January of 

1987 a research team at the University of Alabama-Huntsville substituted Yttrium for 

Lanthanum in the Muller and Bednorz molecule and achieved an incredible 92 K Tc. 

For the first time a material (today referred to as YBCO) had been found that would 

superconduct at temperatures warmer than liquid nitrogen - a commonly available 
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coolant. Additional milestones have since been achieved using exotic - and often toxic 

- elements in the base perovskite ceramic. The current class (or "system") of ceramic 

superconductors with the highest transition temperatures are the mercuric-cuprates. 

The first synthesis of one of these compounds was achieved in 1993 at the University 

of Colorado and by the team of A. Schilling, M. Cantoni, J. D. Guo, and H. R. Ott of 

Zurich, Switzerland [11]. The world record of T e  of 138 K is now held by a thallium-

doped, mercuric-cuprate comprised of the elements mercury, thallium, barium, 

calcium, copper and oxygen. The T e  of this ceramic superconductor was confirmed by 

Ron Goldfarb at the National Institute of Standards and Technology-Colorado in 

February of 1994 [12]. Under extreme pressure its Tc can be coaxed up even higher - 

approximately 25 to 30 degrees more at 300,000 atmospheres. 

The first company to capitalize on high-temperature superconductors was 

Illinois Superconductor (today known as ISCO International), formed in 1989. This 

amalgam of government, private-industry and academic interests introduced a depth 

sensor for medical equipment that was able to operate at liquid nitrogen temperatures 

(— 77K). 

In recent years, many discoveries regarding the novel nature of 

superconductivity have been made. In 1997 researchers found that at a temperature 

very near absolute zero an alloy of gold and indium was both a superconductor and a 

natural magnet [13]. Conventional wisdom held that a material with such properties 

could not exist. Since then, over a half-dozen such compounds have been found. 

Recent years have also seen the discovery of the first high-temperature 

superconductor that does not contain any copper (2000), and the first all-metal 

perovskite superconductor (2001) [14]. 
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Also in 2001 a material that had been sitting on laboratory shelves for decades 

was found to be an extraordinary new superconductor. Japanese researchers measured 

the transition temperature of magnesium diboride at 39 Kelvin - far above the highest 

Tc  of any of the elemental or binary alloy superconductors [15 ]. While 39 K is still 

well below the Tc's of the "warm" ceramic superconductors, subsequent refinements 

in the way MgB2  is fabricated have paved the way for its use in industrial 

applications. Laboratory testing has found MgB 2  will outperform NbTi and Nb 3 Sn 

wires in high magnetic field applications like MRI. 

Though a theory to explain high-temperature superconductivity still eludes 

modern science, clues occasionally appear that contribute to our understanding of the 

exotic nature of this phenomenon. In 2005, for example, Superconductors.ORG  

discovered that increasing the weight ratios of alternating planes within the layered 

perovskites can often increase T c  significantly. This has led to the discovery of more 

than 35 new high-temperature superconductors, including a candidate for a new world 

record. 

The most recent "family" of superconductors to be discovered is the 

"pnictides". These iron-based superconductors were first observed by a group of 

Japanese researchers in 2006 [16] . Like the high-T c  copper-oxides, the exact 

mechanism that facilitates superconductivity in them is a mystery. However, with T c 's 

over 50K, a great deal of excitement has resulted from their discovery. Researchers do 

agree on one thing: discovery in the field of superconductivity is as much serendipity 

as it is science. 
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1.2 High T, Cuprates 

The discovery of superconductivity was followed by a large amount of 

experimental studies. New superconducting materials were found and their physical 

properties were studied. As mentioned earlier in 1986 ,the 75 th  anniversary of 

superconductivity was marked by the discovery of new class of superconducting 

materials. Bednorz and Muller [10] of IBM Zurich discovered superconductivity in 

the La-Ba-Cu-O system at 40K. .The parent compound is lanthanum cuprate, 

La2Cua4, which has K2NiF4 structure. It is an antiferromagnetic insulator containing 

Cu2+  valence state. If one substitutes Ba or Sr or Ca, each having valency 2 +  for La 

having valency 3 +  to form La2xBaxCu04 (214) compound, the Neel temperature TN at 

the onset of antiferromagnetism is found to be rapidly suppressed as the hole 

concentration, which is proportional to x, increases. The conductivity increases as the 

copper ions become mixed valent Cu2+/Cu3+  and the long range antiferromagnetic 

ordering becomes frustrated by the presence of doped holes in the Cu02 planes. The 

antiferromagnetic phase consists of in—plane antiferromagnetic parent compound, the 

long range antiferromagnetic ordering is destroyed although short range 

antiferromagnetic spin fluctuations persist even in the superconducting state. 

In early 1987, a group headed by Chu and Wu [17] announced that a 

compound in Y-Ba-Cu-O system becomes superconducting with its T c  close to 90K, 

that is above the liquid nitrogen temperature. Attempts were also made to explore 

superconductivity in non rare earth based oxides The other cuprate families are: 

(i) Bismuth cuprate were discovered by Maeda et-al with composition [18] 

Bi2Sr2Can_1 Cun02.+4 where the Tc  was shown to increase with n upto 3. 

For n=3 ,Tc  of 100K was found. 
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(ii) In 1988 ,a thallium cuprate was discovered by Hermann and Sheng [19] 

having composition T1mB a2 C an-I CUn02+m+24n1=1 ,2) .The Tc  shown by 

this system is found to increase with n upto 3 and for n=3 T c  was observed 

to 125K, and 

(iii) The mercury based cuprates were discovered in 1993 with composition Hg 

Ba2Ca2Cu302n+2+8• The T c  (onset) was found to rise to 134K at ambient 

pressure [20] and 164K at 30GPa. 

All above mentioned cuprates are hole conductors. The best example of an 

electron conductor is Nd(Ce,Pr)CuO having crystal structure identical to La-Ba-Cu-

O. The parent Cuprate Na2CuO4 has tetragonal structure with square planar Cu04 

units. The discovery of non-cuprate superconductors also followed the discovery of 

cuprates. In this family highest T c  was exhibited by Bai,K xBiO3. Besides ceramic 

superconductor the physical properties of the materials based on the molecule C60 

revealed superconductivity with relatively high values of Tc in metal doped C60 

compounds [21].This group is called Fullerenes having general formula AX60(A-

alkali metals) with T c  =30K has also been discovered.[22,23]. 

The other superconductors discovered were in a series of compounds with the 

formula, RNi2B2C with a maximumT, of 16.5K for R=Lu [24,25] .These materials 

have attracted a great deal of interest because they display both superconductivity 

and magnetic order and effects associated with the interplay of these two phenomena. 

The superconducting compound, Sr2RuO4, has the same structure as the La e _ 

xMxCu04(M=Ba,Ca,Sr,Na) high Te  cuprate superconductors [26].While the T c  of 

Sr2RuO4 is only-1K,this compound is of considerable interest because it is the only 

layered pervoskite superconductor without Cu. Recently modified cuprate high 

temperature superconductors with magnetic charge-reservoir block i.e. 
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RuSr2GdCu2O8 (Ru1212) and RuSr2(RE0.7Ce0.3)2Cu2)10(Ru1222), where RE is the 

rare earth element ,were reported to undergo a magnetic transition at ferromagnetic 

transition temperature T n, followed by superconducting transition at T s  upon cooling. 

The transition temperatures respectively are(T n„ Ts) (133K,20-50K) for Ru1212 and 

(80-180K,30-42K)for Ru1222 with RE=Eu. Ferromagnetism is believed to coexist 

with superconductivity in Ru1212 and Ru1222. They may be called as 

superconducting ferromagnets because of their T n, >Ts. Active search for new 

superconductive materials is still going on. 

1.3 Crystal and Electronic Structure of cuprates 

The cuprate high Tn  superconductors are unconventional superconductors, 

they do not form the Cooper pairs but are strongly correlated by Fermi liquid. The 

cuprate high T n  superconductors are quasi —two dimensional conductors containing 

one or more Cu02 layers in each unit cell. The copper oxygen layers are separated 

either by intervening Cu-0 chains, or by layers containing other metals or metal 

oxides (BaO,BiO,TiO),that serves as the carrier reservoir. The Cu02 ,layers are 

believed to be the active component of cuprate superconductors. The original cuprate 

La2Cua4 superconductor described by Bednorz and Muller for which the 

superconducting phase was found to be crystallised in K2NiF4 structure, which is 

layered pervoskite with a strongly anisotropic crystal structure (Fig.1.3.1) The copper 

atoms are surrounded by an octahedra of oxygen atoms. These octahedra share 

corners and form a planar square network. These planes are well separated 

electronically. Thus if one looks at a copper plane it is a simple square lattice of 

copper atom. There is an oxygen atom between every pair of neighbouring copper 

atom (Fig.1.3.2 ). The copper oxygen distance in the plane is — 1.9A °  and that in the 

vertical distance is —2.4 A °. The copper planes are well separated by about 6 A °  
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Fig 1.3.5 The schematic picture of the bonding, non-bonding and 

antibonding bands 

La2Cua4 is partly ionic and partly covalent in the following sense. There is 

complete charge transfer of three electrons from La atoms. Even though Cu gives up 

two electrons and becomes Cu 2+, there is a strong covalent binding between the 

copper dx2-y2 and oxygen 2p orbitals. A well separated Cu 2+  ion will be in the 

electronic configuration 3d 9- that is ,one hole in the d shell. The 3d level, owing to the 

covalent bonding and the crystal fields from the oxygen octahedra, is split as shown in 

Fig.1.3.3. The splitting of the top two levels arises because the octahedral is elongated 

in the z-direction. There is enough experimental evidence that shows that this large 

distortion are dominantly arises from packing and electrostatic consideration rather 

than from Jahn-Teller effect. 
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Thus in the insulator we have one lone electron in the oxygen dx2_y2 level. The 

rest of the levels are far below the Fermi level d,a_ y2. The dx2_y2 level hybridizes 

strongly with the four of the oxygen 2p orbitals pointing towards the copper atom 

Fig.1.3.4 As far as transport and magnetic properties are concerned these orbitals, two 

oxygen 2p orbitals and one copper d x2_y2 orbital per unit cell ,(Fig1.3.2) in the plane 

alone seem to play an important role. Thus we have a simple tight binding model 

made up of oxygen 2p and copper d x2_y2 orbitals. In the insulator there are five 

electrons per unit cell. This tight binding model in which the only non-zero hopping 

matrix element t is between the copper orbital (of energy ei) and the neighbouring 

oxygen orbital (of energy E2)  is easily solved to get the dispersion relation [27] 

— (61 — 2)  ±[(e1 —£2)2  + 8t 2  (1 + cos k x a + cosk ya)]1/2 

Eko 

The subscript ± and 0 denote antibonding, bonding and non-bonding band 

respectively. The corresponding dispersion is schematically shown in Fig.1.3.5 The 

bottom band is the bonding band, middle one is the non-bonding band and the top one 

is the antibonding band. We have three orbitals per unit cell and hence we have 3 

bands. Since we have 5 electron per unit cell, the Fermi level lies in the middle of the 

antibonding band (Fig.1.3.5). The antibonding band is sufficient to understand the 

magnetic, transport and statistical mechanical properties of the insulator. We consider 

a simple tight binding model with nearest neighbour hopping between Wannier 

orbitals centered around the Cu sites. This Wannier orbital has the same x 2-y2 

 symmetry as the dx2_y2 orbital, but has large oxygen 2p orbital component as well. This 

tight binding model will approximately reproduce the antibonding band of our 

2 
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original tight binding model. In the case La2Cua4 this model contains one electron per 

site, and the rest of the four electrons being there in the bonding and non-bonding 

bands. 

Pure La2Cua4 with one electron per Wannier orbital in the above band is 

experimentally observed to be an insulator. When a La atom is replaced by Ba or Sr 

atom ,it donates only 2 electrons .Now, one of the oxygen atoms receives one electron 

instead of two. Oxygen being strongly electronegative grabs one more electron from 

the copper atoms, making one of the Cu 2+  into nominally Cu3+. That is one electron 

from our tight binding band had been removed. Thus, when the doping fraction is x, 

that is in La2_„Ba,,Cua4, a fraction x electrons, have been removed. Experimentally 

La2_„Ba,,Cua4 remains an insulator upto x-0.05 at very low temperature and then it 

starts superconducting. The phenomenon of removal of electron from CuO system by 

the addition of Sr or Ba is called doping. Experimentally T e  is a function of x and Tc 

is maximum when x-0.15. One wants to understand how the insulator arises and how 

it becomes superconductor on dopping. 

1.4 Mott Insulator and Magnetism 

The tight binding model that we considered above ,being half filled, will be a 

metal according to a simple band theory. But experimentally, it is found to be a good 

insulator with an energy gap nearly equal to 2ev. Such a band metal can become an 

insulator if a Fermi surface instability due to perfect nesting of the simple tight 

binding band in two dimensions occurs resulting in a charge density wave or spin 

density wave. There is no experimental evidence in existence for this. Thus one 

should look for an alternate explanation to be an Mott insulators. 
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Oxides [28] such as NiO, MnO and several other antiferromagnetic insulators 

can be conducting metals according to simple band picture. Such a picture fails when 

the energy scale of electron-electron repulsion becomes large compared to the tight 

binding bandwidth i.e. when we have one electron per orbital, the strong electron 

repulsion prevents electrons from gaining the delocalization energy thereby localizing 

one electron per orbital. When we take into account screening, the dominant 

electrostatic interaction is the outside Coulomb repulsion (the Hubbard U) . This is 

typically 5 to 10 ev in transition metal oxides. Since the electrons hop between 

transition metal atoms, only through the oxygen binding orbitals, the hopping integral 

(t) is low. Hence, delocalization energy of electrons with co-ordination number ( z) is 

small compared to U . This forces the electrons into a Mott-insulator phase. 

Any excitation involving charge transfer need an energy nearly equal to U —zt 

is called the Mott-Hubbard gap. This gap does not arise because of any periodic (self 

consistent or external) potential as in a band theory. It is a genuine many body effect 

which escapes explanation even in terms of many "sophisticated" density functional 

band theories. 

The Hubbard Hamiltonian describes a Mott-insualtor when U/t is greater than 

a critical value in two to three dimensions. Even though the charge excitations have a 

finite gap, the spin fluctuations have no gap. The spin fluctuations which are low 

lying states are described by an effective Hamiltonian usually referred to as the 

Heisenberg exchange Hamiltonian. It has been established that spin -1/2 Heisenberg 

antiferromagnet has along order at low temperatures in three and higher dimensions. 

In one dimension, quantum fliuctuations destroy long range order converting it into a 

Resonating Valence Bond (RVB) state. RVB state is a quantum liquid of singlet pairs. 

The fact that singlets have been created in zero momentum state gives phase 
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coherence among various singlet configurations appearing in the RVB wave function. 

As Anderson [29] noticed, this phase coherence is exactly the one that appears in 

superconducting BCS state. What prevents RVB state from becoming superconductor 

is the absence of any real double occupancy or zero occupancy. Another way of 

saying this is that it is a BCS state with zero electronic compressibility. 

Aderson [30-31] observed that oxides which are s = 1/2 Heisenberg 

antiferromagnets rarely have long range magnetic order . Their low temperature 

magnetic properties are often anomalous and hence he concluded that perhaps 

antiferromagnetic order is fragile and could easily be destroyed. He constructed, in 

1973, the example of 2D triangular lattice where low dimension and geometric 

frustration resulted in a RVB state. 

Much later Anderson et al [32] argued that when less than 1% of holes are 

introduced in an antiferromagnetic Mott insulator , the long range order is destroyed 

and the insulator is converted into a RVB liquid. The basic argument is similar to 

Nagaoka's theorem [33].The hole wants to delocalize and gain maximum binding 

energy — tz. In an antiferromagnetic state, the delocalization energy gain is not the 

maximum. This is possible only when the bulk magnetic state readjusts itself. This 

rearrangement costs an energy J. For U/t very large this rearrangement is into a 

ferromagnetic state (Nagaoka theorem). When U/zt —1 to 10, which is the 

experimentally relevant range, the rearrangement is into a RVB liquid. The transition 

occurs when the energy loss of the bulk magnetic energy per site At becomes 

comparable to hole delocalisation energy per site — tz. 

Thus Mott insulator can be easily converted into a quantum liquid pf singlet 

pairs with very good phase coherence among the various singlet configurations. Such 

a state is a potential high temperature superconductor. 
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1.4.1 Superconductivity of the Doped Mott Insualtor 

Very soon after the discovery of high temperature superconductivity, 

Anderson [25] gave a Hubbard model description and provided a qualitative 

Resonating Valence Bond (RVB) scenario of superconductivity. His basic idea was 

that the singlet pairs in the RVB insulator are like Cooper pairs. In the Mott insulator, 

they are neutral owing to the absence of real charge density fluctuation in an insulator. 

When Ba is added and electrons are removed from Mott insulator, a fraction of pre 

existing singlet pairs get charged and superconductivity results. Anderson also 

pointed out that in such a correlated Fermi liquid gapless spin excitations may be still 

present. He argued that they are the neutral spin -1/2 fermions having their own Fermi 

surface. This pseudo Fermi surface could remain intact after doping, resulting in a 

linear low temperature specific heat of the superconductor. 

An observation by Kivelson et al [34 ] brought out a non trival departure from 

BCS theory. They argued, by taking analogy from Peierl's and spin Peierl's insulator, 

that in a doped valence bond system, the charge carriers are "holons" having a charge 

of +e . They behave like bosons and superconductivity results from Bose 

condensation of holons. A holon is essentially an empty site with the rest of the 

electrons singlet bonded and resonating among various valence bond configurations in 

a coherent way. When such an empty state is filled with one electron , we get a 

spinon, which is a neutral fermion. A spinon is essentially an unpaired spin in a sea of 

resonating singlet pairs. Thus the holons and spinons are quasi particles of a RVB 

superconductor. 

At low temperatures, the holons have perfect coherence leading to 

superconductivity. The effective mass of these holons h 2  / 2a2  t , where a is the 

lattice parameter. in an ideal Bose system, this will set the scale for the 
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superconducting transition temperature , which will be — 5000K. however, the physics 

in our problem is more complicated. At finite temperatures, spinon pairs are thermally 

liberated from the RVB sea of singlet pairs. They associate themselves with the 

holons thereby reducing their boson like phase coherence. The phase coherence is 

completely lost when kBT —J, at which temperature most of the singlet pairs have been 

broken. This temperature sets the scale for the superconducting transition temperature. 

The holon condensation has dramatic consequences. The important one 

among them is the magnetic field flux quantization in units of hc/e and not hc/2e, as 

in the conventional BCS superconductors. Experiments show that indeed the flux 

quantization is hc/2e. That this does not contradict RVB theory of superconductivity 

has been explained by Wheately et al [35 ] in the following way. In La2CuO4 as well 

as the Y123 compound ,the Cu-0 planes as well are well separated and hence 

electronic conduction is highly anisotropic. The holon condensation in the 2D plane 

does bring in superconducting Kosterlitz —Thouless ype of correlation within the 

planes. But there is no true off- diagonal long range order. Due to the strong singlet 

correlations within the plane single electron tunneling is less probable than tunneling 

of a pair of electrons . this dominant pair tunneling establishes a 2D condensate of 2e 

rather than e. This is consistent with the experimental results on flux quantization and 

Josephson effect. 

1.5 Various Phases of Cuprates 

The phase diagram of the cuprates shows a wide variety of different behaviour 

at different temperatures and levels of doping Fig 1.5.1. All the compounds 

investigated so far show characteristic changes in almost all their thermodynamic and 

transport properties as either the temperature, T, or the number of holes per unit cell 
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of Cu02  is varied. The number of holes per Cu0 2  unit is a convenient parameter that 

can be used to compare the different cuprates. 

The physical properties of the cuprates change abruptly at the superconducting 

transition (and also at the antiferromagnetic transition ) . In the other regions of the 

phase diagram, however, the properties change gradually and there is a "cross-over" 

region rather than a well defined phase transition. 

The antiferromagnetic region is the best understood region in the phase 

diagram. At zero doping the cuprates are all insulators, and below a few hundred 

kelvin they are also antiferromagnets (i.e. the electron spins on neighbouring copper 

ions point in opposite directions) . However, when the doping is increased above a 

critical value (about 5%, although this varies from compound to compound), the 

antiferromagnetic state disappears and we enter the so-called pseudogap or 

underdoped region. It is called underdoped because the level of doping is less than the 

level that maximizes the superconducting transition temperature. Some of the most 

interesting behaviour observed in the cuprates is observed in this region. 
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The Fermi-liquid region of the phase diagram is also well understood. One of 

the central concepts in condensed-matter physics, introduced by Lev Landau [36] , is 

the "quasiparticle". In a so-called Landau-Fermi liquid the properties of single 

electrons are changed or "renormalized" by interactions with other electrons to form 

quasiparticles. The properties of the material can then be understood in terms of the 

weak residual interactions between the quasiparticles and their excitations. When the 

quasiparticle approach is valid, there is a well defined boundary between particles and 

holes in both energy and momentum space at zero temperature. This boundary occurs 

at the Fermi energy and defines the "Fermi surface" in momentum space. However, 
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the Landau quasiparticle model can only explain part of the phase diagram of the 

cuprates. 

The best known characteristic of the superconducting region is the fact that the 

resistivity is zero. However, condensed-matter physicists measure many other 

properties of superconductors, such as the energy needed to split the Cooper pairs. 

This is the superconducting energy gap, 2A. The pairing process means that there are 

no single-particle excitations with energies of less than A in the superconducting state. 

Normal metals and Fermi liquids do not exhibit such gaps. Energy gaps show up 

clearly when the single-particle density of states is plotted - that is when the number 

of electronic states with a given energy is plotted as a function of energy. Energy gaps 

are also responsible for semiconductivity, but the mechanism that leads to the 

formation of the gap is completely different. 

The part of the phase diagram between the underdoped and Fermi-liquid 

regions, and above the area with the highest superconducting transition temperatures, 

is called the non-Fermi-liquid region. The thermodynamic properties in this region are 

unexceptional and, within experimental uncertainties, are in fact similar to the 

behaviour of a Fermi liquid. However, this region is characterized by exceptionally 

simple but unusual power laws in all of its transport properties as a function of 

temperature. 

1.6 Charge Stripes in Cuprate Superconductor 

Superconducting compounds are obtained from the parent cuprates by 

removing a small but finite density of electrons from the planes by chemical doping 

with, for instance, strontium for lanthanum. These missing electrons are commonly 

referred to as holes. If we assume, for simplicity, that each hole is associated with a 
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copper atom, then an atom with a hole has no unpaired electron and no net spin. An 

unpaired electron from a neighbouring atom can readily hop onto a hole site, which 

allows the hole to move through the plane, lowering its kinetic energy. The 

accompanying rearrangement of the electrons results in clusters of parallel spins, and 

this costs magnetic energy relative to the antiferromagnetic state. Thus there is 

competition between the kinetic energy of the holes and the exchange energy of the 

spins. There is also growing experimental and theoretical evidence that the Cu02 

planes are not doped homogeneously, but instead, hole-rich one dimensional (1 D ) 

features "stripes" are formed [36 ]. This is shown in Fig.1.6.1 

The concept of a stripe phase. has evolved over the last decade, and which 

offers a framework for interpreting a broad range of experimental results on copper-

oxide superconductors and related systems .These are observed to occur in a class of 

strongly correlated materials desirable as doped antiferromagnets, of which the 

copper-oxide superconductors are the most prominent representatives. Stripe phase 

occur as a compromise between the antiferromagnetic interactions among magnetic 

ions and the Coulomb interactions between charges(both of which favor localised 

electrons) and the zero-point kinetic energy of the doped holes (which tend to 

delocalise charge). Experimentally, stripe phases are most clearly detected in 

insulating materials (where the stripe order is relatively static), but there is 

increasingly strong evidence of fluctuating stripe correlations in metallic and 

superconducting compounds. The existence of dynamic stripes, in turn, forces one to 

consider new mechanisms for charge transport and for superconductivity. The concept 

of electronic stripe phases developed for transition-metal oxides is applicable to a 

broad range of materials [ 38]. 
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Fig. 1.6.1 Schematic picture of a stripe-ordered phase. The arrows 
represent the magnetic or spin order, and the blue scale 
represents the local charge density. Regions of high 
charge density (stripes) lie between largely undoped 
regions, where the spin order is much the same in the 
undoped antiferromagnet. In the figure, the stripes lie 
along the direction of the nearest-neighbor bonds, 
which we refer to as "vertical" stripes; when the 
stripes lie at 45° to this axis, they are to be diagonal. 
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1.7 Pseudogap in Cuprate Superconductor 

It is well known that the properties of high-temperature superconductors vary 

in an unusual way when a moderate density of holes are introduced into the Cu02 

planes by chemical doping. This is one of the reasons why, despite large experimental 

and theoretical efforts, the nature of the superconductivity in these materials remains 

to be explained [39,40]. Correlations show the parent undoped compound to be a Mott 

insulator and, upon doping, the underdoped compounds display unusual metallic 

properties with increasing T c  . Doping beyond the optimal level yields normal metals 

with Fermi liquid behavior and with decreasing T c . 

The discovery of a marked suppression in the density of states of the 

underdoped cuprate superconductors above the critical temperature has led to a 

revival of interest in the idea of a pseudogap. This concept was originally introduced 

by Lee, Rice, and Anderson [41,42] to explain the suppression of the electron density 

of states associated with order-parameter fluctuations near a charge-density wave 

instability. According to one school of thought, a similar mechanism may drive the 

formation of the pseudogap in the underdoped cuprates [43-45]. Many fluctuating 

order parameters, such as antiferromagnetism [46], charge-density waves[ 47], and 

preformed Cooper pairs have been proposed [48 ]. 

Pseudogaps are likely to be a widespread feature of correlated electron 

systems lying close to an instability that causes a gap in part of the Fermi surface, and 

they have been observed in a wide variety of nested and low-dimensional strongly 

correlated electron materials, including one dimensional charge-density wave systems 

[49], vanadium doped chromium [50] ,colossal magneto-resistance compounds [ 51 ], 

and strontium-calcium and strontium-barium ruthenates [52 ]. 
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By a pseudogap we mean a partial gap. An example of such a partial gap 

would be a situation where, within the band theory approximation, some regions of 

the Fermi surface become gapped while other parts retain their conducting properties 

and with increased doping the gapped portion diminishes and the materials become 

more metallic. We view the pseudogap as a fundamental property of underdoped 

copper oxides The research on pseudogap was started with the search for the 

superconducting gap in the newly discovered high temperature superconductors The 

energy gap is one of the defining properties of a superconductor, but despite 

considerable effort, early experiments failed to find one in high—T c  cuprates. Well 

understood physical properties such as the frequency dependent conductivity, the 

Raman efficiency or the tunneling conductance did not show the familiar signatures of 

the energy gap, namely a zero density of excitations below an energy 2A [54] 

appearing abruptly at the superconducting transition temperature T c . Instead, in the 

cuprates, the depression of excitations was incomplete and often started well above T c 

 in the normal state. We now know that this behaviour was not the result of poor 

sample quality or faulty experimental technique, but a consequence of two basic 

properties of high temperature superconductors the d-wave nature of the 

superconducting gap function varying as the cosine function around the Fermi 

surface with nodes k x  = ± ky  , and the persistence of this gap into the normal state. 

We have attempted to make use of these concepts namely , the charge stripe 

and pseudogap in the explanation of suppression of transition temperature in the 

superconducting systems. 
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1.8 Applications of High T, Superconductors 

There are several areas in which high T c  superconductors have made a 

considerable technological impact in the last two decades. The impact of critical 

materials parameters of high Te  superconductors, especially the critical current density 

and the allowable strain is seen in magnetic applications. Superconducting magnets 

are the dominant present commercial application of superconductivity. Some of the 

other important applications of these high T c  superconductors are given below. 

(i) Magnetic-levitation is an application where superconductors perform 

extremely well. Transport vehicles such as trains can be made to "float" on 

strong superconducting magnets, virtually eliminating friction between the 

train and its tracks. Not only would conventional electromagnets waste 

much of the electrical energy as heat, they would have to be physically 

much larger than superconducting magnets. A landmark for the 

commercial use of MAGLEV technology occurred in 1990 when it gained 

the status of a nationally-funded project in Japan. 

(ii) Superconducting magnets are already crucial components of several 

technologies. Magnetic resonance imaging(MRI) is playing an ever 

increasing role in diagnostic medicine. The intense magnetic fields that are 

needed for these instruments are a perfect applications of superconductors. 

Similarly, particle accelerators used in high-energy physics studies are 

very dependant on high-field superconducting magnets. 

(iii) The Korean Superconductivity Group within KRISS has carried 

biomagnetic technology a step further with the development of a double-

relaxation oscillation SQUID (Superconducting Quantum Interference 

Device) for use in Magnetoencephalography. SQUID's are capable of 
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sensing a change in a magnetic field over a billion times weaker than the 

force that moves the needle on a compass (compass: 5e-5T, SQUID: e-

14T.). With this technology, the body can be probed to certain depths 

without the need for the strong magnetic fields associated with MRI's. 

Superconductors have also found widespread applications in the military. 

HTSC SQUIDS are being used by the U.S. NAVY to detect mines and 

submarines. And, significantly smaller motors are being built for NAVY 

ships using superconducting wire and "tape". 

(iv) In the electronics industry, ultra-high-performance filters are now being 

built. Since superconducting wire has near zero resistance, even at high 

frequencies, many more filter stages can be employed to achieve a desired 

frequency response. This translates into an ability to pass desired 

frequencies and block undesirable frequencies in high-congestion rf (radio 

frequency) applications such as cellular telephone systems. 

(v) Superconductors are used to generate very high fields in small volumes, 

making more widely available analytical techniques which would 

otherwise be restricted to a few large laboratories having multimegawatt 

motor generators and high field copper magnets. 

1.9 Scope of Present Work 

A wealth of experimental and theoretical work has been carried out on the 

normal-state transport properties of high temperature superconducting oxides. The 

way superconducting and normal state properties respond to substitutional disorder 

forms their mainstay. The studies have led to a wealth of new insights and 

information about high 71 behaviour in relation to numerous interlinked aspects, such 
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as the role of carrier concentration, charge localization, interlayer coupling effects, 

interplay and coexistence of high temperature superconductivity with magnetic order, 

formation of pseudogaps and fluctuating stripe phases, etc. The enormous amount of 

findings thus determined have proved truly invaluable for the basic understanding of 

the high Tc  phenomena. 

In the charge-stripe picture , dynamic metallic stripes are thought to dominate 

the transport properties. So, within this model, one expects a strong influence on the 

transport properties when, for some reasons, the 1D charge stripes are fragmented 

and/or pinned. In the presence of stripe fragmentation, charge carriers are forced to 

hop to neighboring metallic stripes or their fragments passing through the 

intercalating Mott-insulator areas. This leads to an increased resistivity. The 

interstripe hopping recovers effectively the 2D transport region and then the low 

temperature ln(l/T) increase of the high —field resistivity can be interpreted as weak 

localization effects, typical for 2D case. 

One possible type of pinning centers which might be responsible for stripe 

pinning and fragmentation is the crystallographic disorder in the Cu02 plane, in the 

form of dislocations. These dislocations will also alter the local electronic and 

magnetic structure in the plane and at low temperatures, when the stripes are less 

mobile; they can be expected to pin the magnetic domain walls formed by the charge 

stripes. Moreover, in the case of strong pinning, stripe fragmentation is predicted to 

occur. Experimentally, the pinning of charge stripes has been seen by neutron-

diffraction experiments on the Nd-doped and pure La2,Sr„Cu04. The striking result 

derived from these data is that, although the incommensurate features (i.e., the stripes) 

are almost identical, the scattering in the pure, near optimally doped, (La2,Sr x)Cu04 

system is inelastic dynamic stripes whereas in the (Lai.6_ xNdo.4Srx)Cu04 system elastic 
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scattering is observed, corresponding to static stripes. In general, pinning of these 

stripes is correlated with the onset of an increasing resistivity, although stripe pinning 

has been found in underdoped samples that are metallic (but close to the metal-

insulator transition), suggesting stripe fragmentation to be as important as pinning for 

the creation of an insulating state. 

As mentioned earlier the normal-state and superconducting properties of high-

Tc  cuprates are extremely sensitive to stoichiometry and the number (p) of added hole 

carriers per copper oxide plane. In recent years as stated previously one of the most 

widely studied phenomena in the physics of high-temperature superconductors (HTS) 

is the so-called pseudogap state which is observed over a doping range extending 

from the underdoped to the slightly overdoped region. In the pseudogap-state various 

normal state and superconducting state anomalies are observed which can be 

interpreted in terms of a reduction in the effective single particle density of states . 

Existing theories of the pseudogap, which is believed to be an essential feature of 

HTS physics, can be classified broadly into two categories. The first is based upon a 

model of Cooper pair formation well above the superconducting transitions transition 

temperature, T„ with long-range phase coherence appearing only at T T, .The 

second assumes that the appearance of the pseudogap is due to fluctuations of some 

other type, which compete or coexist with superconductivity. These include 

antiferromagnetic fluctuations, charge density waves, structural phase transition or 

electronic phase separation on a microscopic sale (e.g., the stripe scenario).Within this 

second category the concept of a quantum critical point (QCP) has been mooted to 

explain the HTS phase diagram though its confirmation remains inconclusive. 

With these recently developed concepts in mind, we have made an attempt to 

study the effect of some of the dopant and oxygen stoichiometry in Y123 system by 
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carrying out measurements on electrical resistivity as a function of temperature in the 

range 10-300K. In particular, we have prepared the compounds of compositions 

1. YBa2[Cui_yZny]307_8 with 0 y 0.10 	 : Zn doping 

2. YI,Prxl3a2[Cui _yZIly] 3 07_8 with x = 0.1, 0.2 	: Zn and Pr doping 

and 0 	0.10 

3. Y0.9_XPr„Cao. i Ba2[Cul_yZny]307_s with 0 x 0.12 : Zn ,Pr and Ca doping 

and y = 0.02 and 0.06 

We have selected these compositions such that they lie in the optimally doped, 

underdoped and overdoped regions in order to see whether pseudogap and charge 

stripes play any role in the suppression of Te. 

It may be interesting to note that with a single experimental techniques one 

can get a lot of information on the normal-state and superconducting properties of 

high Tc  cuprates. 
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Chapter 2 

Experimental Techniques 
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2.1 Method of Preparation of Cuprate Compounds 

All the polycrystalline samples during the course of this work were prepared 

by solid-state reactions method .The oxides of Y203, CaCO 3 , BaCO3, CuO , ZnO, 

Pr601 of purity 99.99% were taken in the stoichiometric ratio were thoroughly 

mixed, grounded and calcined at 920 °C in the Carbolite high temperature furnace in 

air for a period of 17-20 h. After four intermediate grindings and calcinations in air 

these precursors were regrounded and pressed into pellets, and sintered in oxygen for 

24h at 940°C and then furnace cooled to below 100 °  C with an intervening annealing 

for 24h at 600 °C [1]. During the course of this work the materials investigated are : 

1. YBa2[Cu i _yZny] 3O7_8 with y = 0.0,0.01,0.06,0.08,0.09,0.10. 

2. Y1_xPrxBa2[Cui_ yZny]307_8 with x = 0.1 , y = 0.0,0.01,0.03,0.06,0.08,0.10 and 

x = 0.2 ,y = 0.0 ,0.002, 0.005, 0.01,0.03,0.06 

3. Y0.9_xPrxCao.1Ba2[Cui_yZn) ]307_8 with y = 0.02, x = 0, 0.025, 0.075 , 0.1,0.12 

and y = 0.06, x = 0.0, 0.075 ,0.1, 0.12 

These superconducting oxides are then used for 

(i) X-ray diffraction study for determination of crystal structure, 

(ii) Iodometric titration for estimating oxygen content of samples, 

(iii) Four probe electrical resistivity for determination of transition temperature, 

characteristic pseudogap temperature, impurity scattering and carrier-carrier 

scattering and 

(iv) Thermopower measurements for finding of hole contents. 
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2. 2 X-ray Diffraction (XRD) Technique 

2.2.1 Principle of Powder Diffraction 

In the X-ray powder diffraction method, the crystal to be examined is reduced 

to a very fine powder and is placed in a beam of monochromatic X-rays. Each particle 

of the powder is a tiny crystal oriented at random with respect to the incident beam. 

Just by chance, (h00) planes for example can reflect the incident beam. Other particles 

will correctly oriented for (hk0) reflection. The mass of powder is equivalent in fact to 

a single crystal rotated, not about one axis but about all possible axis. Consider one 

particular hkl reflection. One or more particles of powder will by chance, so oriented 

that their (hkl) planes make the correct Bragg angle for reflection. If one plane is now 

rotated about the incident beam in such away that 0 is kept constant, then the 

reflected beam will travel over the surface of a cone and the axis of the cone coincides 

with the transmitted beam. 

In the present study the bulk samples were crushed into fine powder in an 

agate mortar and pestle and the room temperature X-ray diffraction patterns of 

powdered samples were recorded on the Rigaku D-Max IIC diffractometer with 

Culc, radiation source and nickel filter. The patterns were recorded as a continuous 

scans in the 20 range of 20 °  to 80°  with a step of 0.02 and a speed of 1 °/min. 

2.2.2 Experimental Set—up for X-ray Diffraction 

A diffractometer essentially consists of an X-ray tube, a goniometer and a 

counter. The X-ray tube, along with the filters produces the required monochromatic 

radiation. The goniometer is designed to satisfy the focusing condition geometrically 

and such geometrical conditions are shown in Fig.2.2.1.The focusing circle is a circle 

on the plane which involves the sample at the centre of the circle and at right angles 

with the axis of the rotation of the goniometer, and the circle involves axis I of the 
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focus of the target ,the axis II of the goniometer and axis III of the receiving slit. The 

radius of the focusing circle is a function of the angle 9 formed by the surface of the 

sample with the extension line of the direct X-ray beam, and the angle formed by the 

straight line connecting axes II and III is 29. This angle is always accurately two 

times of the angle 9 formed by the surface with the extension line of the direct x-ray 

beam [2]. 

Since in this goniometer, X-ray beam from the line focus will irradiate on the 

sample, the greater part of the X-ray beams is irradiated on the sample inclined 

against the focusing circle plane. When this angle of inclination is large, resolution of 

the diffracted X-ray beams and accuracy of the measured diffracted angle decreases. 

To minimize the angle of inclination, therefore, the solar slit is used. The soller slit 

boxes have the slit holders for insertion of the divergence slit, receiving slit and 

scatter slit. The divergence slit determines the horizontal divergence angle of the X-ray 

beams irradiating the sample. The receiving slit is for limiting the width of diffracted x-ray 

beams entering the counter. Its angular aperture has close relation with the intensities of the 

diffracted X-ray beams and resolution . The scatter slit limits the scattered x-ray beams 

incident upon the counter. It forms a pair with the divergence slit. 

In the case when curved crystal X-ray monochromator is used ,the positions 

of the receiving slit and the scattering slit are interchanged. The monochromator is 

based on the dual diffraction principle of diffraction by a sample and diffraction by 

single crystal. The goniometer geometrically satisfies the condition of focusing 

methods and its focal circle becomes the primary focal circle. The monochromator 

also geometrically satisfies the condition of focusing method. 
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Fig.2.2.1 Geometrical conditions of focusing 
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The secondary focal circle, which passes through the three points of the 

goniometer receiving slit, crystal and monochromator receiving slit, is in the same 

plane as the primary focal circle and its radius is equal to the curvature of the crystal 

Fig.2.2.2 

The X-ray monochromator along with the scattering slit and receiving slit is 

attached to the counter arm of the goniometer. The rotation of the counter through 20 

degrees is automatically accompanied by rotation of the specimen through 0 degrees. 

The way in which a diffractometer is used to record diffraction patterns depend on the 

kind of circuit used for measuring the rate of production of pulses in the counter. The pulse 

rate may be measured in the following different ways: 

1. The succession of the current pulse is converted into steady current, which is 

measured on the counting rate meter, calibarated in such units as counts per 

second. This gives a continuous indication of the diffracted X-ray intensity. 

2. The pulse of current are counted electronically in a circuit called the scalar and the 

average counting rate is simply by dividing the number of pulses counted, by the 

time spent in counting. This is the step scan mode. 
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Fig 2.2.2 Set up of the X-ray diffractometer 
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2.3 Iodometric Techniques 

The titration of iodine against sodium thiosulphate, using starch as the 

indicator, is one of the most accurate volumetric processes. The descriptive term for 

the procedure depends on which reagent is used as the titrant. If iodine, I2, is used as 

the titrant, the process is termed an iodimetric process. If thiosulphate, S203 -2  , is 

used as the titrant, it is termed an iodometric process, which is the procedure used in 

this analysis. 

2.3.1 Determination of the 8 value in YBa2Cu307.8 by Iodometric Titration 

Two titration experiments were carried out to determine the value of 8 in the 

formula of our parent and doped Y123 samples. 

Experiment A 

YBa2Cu307_5 was dissolved in HCL(aq) and then reacts with KI(aq) present 

as follows: 

C1.13+(aq) + 31-(aq) 	—3 	CUI(s) + I2(aq) 

C1.12+(aq) 2f(aq) 	---> 	Cul(s) +1/2 I2(aq) 

The liberated 12 was titrated with standard sodium thiosulphate solution, using starch 

solution (a added near the end point) as indicator, 

I2(aq) + 2[S203] 2-(aq ) ---> 	H(ag) +[S406] 2 (aq) 

And the volume of [S203] 2-(aq  ) required was recorded. 

The moles of [S203] 2" required to titrate the liberated iodine are equivalent to 

Cu2++ 2 Cu3+. 
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Experiment B 

YBa2Cu307_8 was dissolved in HCL(aq), in which Cu 3+  is rapidly reduced to 

cu" 

2 Cu3+00 + H2O —> Cu2+00+ 1/2 O2(g) + 21 -1+00 

The total Cu content can then be measured by treatment with iodine. 

C112+00 + 21(ac ) 
	-3 	CuI(s) +1/2 I2(aq) 

The titration of the liberated iodine with standard thiosulphate 

12(aq) + 2[S203] 2-(aq  ) —> 	21(aq) +[S406] 2  (aq) 

Each mole of Cu in YBa2Cu307_8 is equivalent to one mole of [S203] 2 " 

Experiment B gives the total Cu content of YBa2Cu307_8 and the difference 

between results of Experiment A and Experiment B gives Cu 3+  content. With these 

two pieces of information, it is possible to calculate the value 8 of in the formula 

YBa201307-8. 

2.3.2 Experimental Procedure 

The procedure for estimation of Cu2+  and Cu3+  is described below 

Experiment A 

Weigh 0.025(X1) grams of sample and take in flask A. Add 1.162 grams of KI 

to the sample (powder) in flask A. Mix the whole mixture thoroughly ensuring that no 

powder sticks to the flask walls. Add 7m1 of 0.7M HC1 to flask A, shake well till the 

sample dissolves in the acid completely and immediately titrate it with 0.01M 

Na2S2O3 (Sodium thiosulphate)solution. When the colour of the solution fades , add 

4-5 drops of starch solution (indicator) to the flask A, the solution turns deep blue. 
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Titrate till milky colour appears , this is the end point. Read the burette readings as 

V I . 

Experiment B 

Weigh 0.035(X2) grams of sample and take it in flask B. Add 7m1 of 1M HC1 to 

flask B and boil till sample dissolves. Add 1.162 grams of KI to the sample in flask 

B, and immediately titrate it with 0.01 M Na2S2O3 solution. When colour of the 

solution fades ,add 4-5 drops of starch solution (indicator) to flask B, the solution 

turns deep blue. Again titrate it till milky colour appears, this is the end point. Read 

the burette reading as V2. 

2.3.3 Estimation of Oxygen Content 

Burette reading for X1=0.025 grams is V 1  ml 

Burette reading for X2=0.030 grams is V2 ml 

From four parameters X1 ,X2 ,V1 ,V2 we calculate two constants A and B as 

A= Vi/ Xi and B= V2/ X2 

As X % of M is being doped at Cu site , the amount of Cu in +2 valence 

state reduces to L=3 (1-y) [ (A-B) / B 

The amount of Cu in +3 valence state reduces to N =3(1-y)- L 

The oxygen content in Y0.9-x  Pr x Ca 0.1 Ba 2 [Cu 1-yMy]307-8 compound is given as 

0(7-8) = {(0.9-x ) times Oxidation state of Y + x times oxidation state of Pr + 0.1 

times oxidation state of Ca + Two times oxidation state of Ba + N(Cu in +2 )+L (Cu 

in +3) + (3y/100) times oxidation state of M } / 2 
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2.4 Four Probe Resistivity Measurement 

Temperature dependent electrical resistivity measurement on parent and doped 

Y123 compounds were made using the in-house conventional d.c. four probe setup. 

Use of a four lead connection for two lead resistive is made so as to avoid voltage 

drop in the voltage sensing pair that causes measurement error. in two lead 

measurements the leads that measure sensor voltage are also current carrying leads, 

the voltage measured at the instrument is the sum of the sensor voltage and voltage 

drop within the two current leads. 

On the sample holder a Teflon tape was spread (so that there is no electrical 

contact between sample and sample holder) on which the sample was placed . The 

conducting silver paste was used to attach four copper wires on the sample , out of 

which two acts as current leads and other two acts as voltage lead. The resistivity data 

was obtained for various temperature. 

The temperature of the sample was monitored using a platinum resistance 

thermometer ( PRT100) in conjunction with scientific solutions CAT601 temperature 

controller [4]. The data was recorded in the temperature range 300K-10K using 

closed cycle refrigerator . Current was passed through the sample through a Keithley 

224 and the voltage drop in the sample voltage was measured using Keithley 181 

nanovoltmeter. For each reading thermal voltage was made zero. The current was 

passed first in one direction and the voltage was recorded then the current is passed in 

the reverse direction and the voltage drop was again recorded. The average of the two 

voltage measurement is taken as the net measured voltage across the sample. After 

dividing the voltage drop by the current, the numerical value of the resistance of the 

sample at particular temperature is obtained. The four probe system was interfaced to 

a computer using Keithley KT-401 GPIB interface card and GPIB cables . The 
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Temperature 
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(Control) 
Diode 2 

Current Source 

Computer GPIB 

schematic diagram of this set up is shown in Fig .2.4.The data acquisition and on 

screen plotting was done with the help of a programme written in Q-basic. The 

resistivity was then calculated from the measured resistance and the sample 

dimension. The resistivity p in Ohm-cm is calculated using formula 

R=V/I= p1/A 	 (2.4.1) 

p=RA/1 	 (2.4.2) 

where A is the area in cm. and 1 is the length in cm. 

Fig.2.4.1 Experimental arrangement for measurement of Resistivity 
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2.5 Thermoelectric power 

If the two different conductors are joined together at the two ends to form a 

pair junctions and these junctions are kept at the different temperatures, a thermo emf 

AV is set up between the two junctions, which is proportional to the temperature 

difference AT i.e. AV a AT provided AT is small. This is known as Seeback effect. 

The ratio of the emf to the temperature difference is called the thermoelectric power 

or thermopower S of the combination which depends on the temperature T i.e. 

AT « T 
Tsmall 

For the measurement of thermopower a standard differential method was used. 

These measurements were carried out using the setup developed at the Physics 

Department, Goa University under CSIR project [5] .The experimental set-up and the 

sample holder are shown in Fig 2.5.1 and Fig.2.5.2 respectively. Here, the sample is 

kept between the two highly polished copper plates, electrically insulated from the 

rest of the sample holder. Two heater coils , one on the bottom and the other on the 

top copper plate , serve to raise the overall temperature of the sample and to maintain 

a temperature gradient across the length of the sample respectively. The overall 

temperature of the sample was measured by platinum resistance thermometer (PT-

100) while the gradient was monitored by a copper — constantan thermocouple 

operating in the differential mode. The system is cooled in a liquid nitrogen dewar. 

The e.m.f. developed across the thermocouple and the voltage across the sample and the 

temperature is measured using Keithley 2010 digital multimeter equipped with a multiple data 

scanner card. 

S
= AV 

AT 
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Fig.2.5.1 A layout of the thermopower setup 
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Fig.2.5.2 A layout of the thermopower sample holder assembly 
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To measure the thermopower S at a particular temperature T, say at 300K, the 

temperature difference across the sample is adjusted to nearly OK or 11,1V (for the 

copper constantan thermocouple — 401,1V = 1K at 300K ) by passing current through 

the two heater coils. The top copper plate of the sample holder is then heated resulting 

in a thermo emf Vs  across the sample. The voltages V, and that developed across the 

thermocouple Vth are measured for different gradients between the two plates . A 

graph of V, versus Vth is plotted and its slope (AV, / AV th) is measured . Knowing the 

slope and the thermopower, Sth of the thermocouple at T, thermopower S is obtained. 

In the present study, the sample beads were placed between the copper plates 

and the measurements were carried out at room temperature in the warming cycles 

similar to that of resistivity measurements. 
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Chapter 3 

Role of Zn Substitution in YBa2Cu307-8 

System 
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3.1 Relevance of Substitution 

The significance of substitutional studies can be understood from the fact that 

the very discovery of these high temperature superconductors owes to various 

substitutions and dopings carried out in low T e  or even non-superconducting systems. 

Thus there seems every hope that investigations of substitutional effect might yet pave 

the way for further enhancement of T e  , the discovery of new high Tc  phases and 

possibly also go a long way in unfolding the mechanism responsible for high Tc 

superconductivity [1]. 

Bednorz and Muller's pioneering discovery [2] of La based cuprates 

containing Ba, and possessing the Tc  of about 30K, was the result of a systematic and 

logical process involving substitutions. Their thinking in this part was essentially 

based on copper pair formation due to possible stronger electron-phonon coupling in 

oxides and ensuring Jahn Teller distortion giving rise to polarons. The approach [3] 

they followed to enhance Tc  was more empirical based taking full advantage of the 

mixed valence character of copper. Their reasoning led them to partial substitution of 

La3+  by Ba2+  in La2CuO4, whereby they could change the ratio of Cu 3+/ Cu2+  in a 

controlled way. Thus, in contrast to the non-superconducting metallic pervoskite 

LaCuO3(or ABO3 type) which had only Cu 3+  and insulating pervoskite La2CuO 4 

 (having pervoskite structure related to K2NiF4 structure ) having only Cu2+, the 

substituted material, La1.85BacusCu04 became metallic, exhibiting superconductivity 

close to 30K. Te  was raised to 35 K when Ba was replaced by yet another alkaline — 

earth metal Sr [4]. The marginal increase in T c  may be ascribed to a smaller ionic size 

of Sr as compared to that of Ba. 
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3.2 Structure of YBa 2Cu307_8  

The advent of yttrium based superconductors with T c  of about 90K was the 

result of substitutional studies involving replacement of La by Y in La-Ba-Cu-O 

system [5-8] .The phase responsible for the transition was found to have a cation 

stoichiometry of 1Y:2Ba:3Cu. The unit cell dimensions determined by electron and 

X-ray diffraction identified the structure as being related to a cubic pervoskite with 

one of the cube axis tripled [9-21] .The crystal structure of the new compound so 

formed was different. The smaller ionic radius of yttrium substitution for lanthanum 

possibly led to the internal chemical pressure in the crystal lattice resulting in T c 

 enhancement. In the basic pervoskite structure ABO3 there are two cation sites [22]. 

The A site lies at the centre of a cage formed by corner sharing anion octahedra and 

accomodates the large cations in the structure. The B site lies at the centre of anion 

octahedra and accomodates the smaller cation sites. Hence, it was natural to place the 

large Y and Ba ions at the A sites and smaller Cu ions at the B site. The triplling of 

the pervoskites unit cell, namely, BaCuO3YCuO3BaCuO3 could then be accounted for 

by ordering the Y and Ba ions in the A sites such that the top and the bottom cells in a 

streak of three , contained Ba ions while middle cell contained a Y ion. The basic 

cation arrangement was not only consistent with 1Y:2Ba:3Cu stoichiometry but also 

provided a reasonal fit to X-ray diffraction data obtained for nearly single phase 

materials [9-12 ] and accounted for contrast seen in high-resolution images of the 

structure [23-26]. 

There are three anions per unit cell in the ideal pervoskite structure, 

corresponding to nine possible oxygen sites in a tripled pervoskite unit cell. Formal 

balancing of the charges on the cations requires a maximum eight oxygen ions per 

unit cell if all of the copper is assumed to be in a +3 state and 6.5 and 5 oxygen ions 
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per unit cell if charges of +2 and +1 are assumed for all the copper cations. It is 

therefore clear, that Y123 structure was oxygen deficient relative to the ideal 

pervoskite structure. X-ray diffaraction from small single crystal extracted from 

sintered polycrystalline material confirmed the basic positions of the cations and 

after refinements identified where the oxygen deficiency was accommodated in the 

structure was identified [27-28] .The X-ray data showed that the Y ion was 

surrounded by eight oxygen ions rather than by twelve as in the case of ideal 

pervoskite structure. Refinements of the cell parameters in several studies [9-

10,12,18-19,28] indicated that the unit cell was orthorhombic with b slightly larger 

than a. 

The effect of oxygen ordering in the basal plane of the structure is to occupy 

one of the oxygen sites along a cell edge and to leave the other site vacant. The cell 

edge with the occupied site is thus lengthened relative to the cell edge with the vacant 

. oxygen site, producing an orthorhombic unit cell. The ordering puts the copper ions in 

the basal plane of the structure at the centre of square arrangement of oxygen ions. 

The square planar arrangements of copper and oxygen ions are linked together by 

sharing their corners to form linear chains along the b-axis of the structure. The chains 

and the planes in the structure are linked through the oxygen that lies at the apices of 

the square pyramids. 

The Y ion, which lies at the centre of the cell, is coordinated by eight oxygen's 

that form a slightly distorted square prism. The Ba ion is 10-fold coordinated and is 

shifted towards the Y-ion relative to its position in the ideal pervoskite structure as 

shown in Fig.3.2.1. The crystal structure of YBa2Cu307_8 (Y123) compound is shown 

in Fig.3.2.2. The ordered oxygen vacancies in Y123 structure result in a reduction in 

the coordination numbers of copper from the ideal six-fold octahedral coordination of 
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stoichiometric pervoskite. The two oxygen vacancies result in four-fold coordinate 

[Cu 1)] and five-fold coordinated [Cu (2)] copper atoms. This compound may be 

thought of as being made up of layers and chains. The copper [Cu (1)] atoms form 

linear chains of corner shared square planes oriented along the b-axis and the [Cu(2)] 

atoms form two dimensional layers of corner shared square pyramids. The 0 (4) atom 

from the chain also serves as the apical oxygen atom for the square pyramidal [Cu 

(2)]. 

56 



Copper 

0 Oxygen 

b 

>a  

Fig. 3.2.1 Nearest neighbour bonds which shows the puckering of copper-

oxygen planes. 
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Fig.3.2.2 Crystal structure of YBa2Cu3 07-8 
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3.3 General Consideration of Substitutions 

The substitution of different cations in the cuprate superconductors is an 

important method for probing the parameters essential for superconductivity. All 

cuprates possesses highly conducting two dimentional Cu-0 networks The Y123 

system has in addition one-dimentional Cu-0 chains along the b-axis. The low 

dimensionality in general leads to anisotropy of various properties, namely the range 

of coherence 4, the normal state resistivity p o  and the related parameters such as upper 

and lower critical fields Hc1 and Ho and the critical current density J c  when measured 

along, and perpendicular to the a-b plane. Any substitution which directly or 

indirectly interferes with these Cu-0 networks tend to seriously affect 

superconducting properties of the material . Compared to the Cu-sites, substitutions at 

the other sites, in general, have lesser effect on T c. Their role is primarily being to 

provide the characteristic crystal structures possessing the Cu-0 networks. The site 

occupancy in substitutional studies is primarily controlled by three factors: (i) the 

ionic radii (ii) the valence state and (iii) the coordination number of the on-site cation. 

Complete or partial substitutions of any of the constituents of the parental high 

Tc systems are in general attempted with the three broad objectives:[1] 

- To replace toxic, less abundant or expensive components with less 

- Hazardous more abundant or cheaper ones without making any compromise 

on superconducting property 

To study any anomalous changes in T e  which might give some insight into 

the mechanism of superconductivity. 

To explore the possibility of forming new superconducting phases of still 

higher Tc  
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Some of the prominent features associated with substitutions in the case of the 

cuprate system is the low-dimensional Cu-0 network which is most relevant. The way 

the superconductivity gets influenced by dopings is essentially the manifestatation of 

how the Cu-0 networks would respond to substitutions at various sites. The networks 

can in general get distorted by: (i) Cation substitution directly at the Cu-sites. (ii) 

Anion substitution at the 0-site and (iii) The aliovalent cation substitution at the non-

Cu sites. 

Generally, the reasons that reduces T c  are: (i) Orthorhombic to tetragonal 

transformation, (ii) Change in oxygen stoichiometry, (iii) Pair breaking due to 

magnetic moment of the dopant, (iv)Decrease in Debye temperature, (v) Diordering 

effect, (vi) Reduction in the effective carrier concentration and (vii) Localisation of 

carriers and obstruction of hopping process. 

The effect is found to become more significant when the average spacing 

between the dopants in the network matches with the range of coherence in the a-b 

plane. When the substituted dopants at the Cu-site or at the non-Cu site is aliovalent, 

it tends to disturb the oxygen stoichiometry in the Cu-0 network between Ba-O 

planes of the Y123 compound and leads to orthorhombic-tetraginal (0-T) change and 

Tc depression[ 1,29]. 

In all these situations where the gradual incorporation of dopant disturbs or 

adulterates the Cu-0 networks and T e  is lowered , the nature of curve resistance-temperature 

(R-T) is found to turn from metallic to semiconductor. 

3.4 Effect of Zn impurity on Y123 system 

The substitution with rare-earth element on the Y site and with transition 

elements on the Cu site of the high temperature superconductor YBa2Cu307-8 
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(Y123)is an important method of understanding the mechanism of the occurrence of 

superconductivity at high temperatures. In YBa2Cu307_8 system there are two copper 

sites Cu(1),the chainer site and Cu(2) ,the planar site. Most researchers found that 

nominally trivalent elements like Ga,[30-32, 37-39], Fe[30-34,37,39-41], Co[30- 

33,37,39-44], Al [32-33,37,39] substitutes on the Cu(1) site and cause a moderate 

reduction in Tc  , while divalent dopants like Zn [30,33-35,37,42-44]occupy the planar 

site and suppresses T c  drastically . The largest rate of reduction of Tc was — 13 K % 

atom for Zn substitution on plane site [30,37] and 5K % atom for Co substitution on 

the chain site [33,37 ].These results show that Cu(2)-0 planes play a more important 

role than the Cu(1)-0 chain in the Y123 superconductor [30,35,40-41,44 - 45]. 

The valency of Cu fluctuates between 1+ and 2 +(3 d 1°  and 3d9) , but divalent 

Zn having a definite valence state 2+ and 3d levels is not favoured for such 

fluctuations. As a result Zn on Cu-site serves as a obstacle for charge carriers to move 

during conduction. Zn is the most widely substituted impurity for Cu in the cuprate 

superconductors. Only few percent of Zn substitution is sufficient to destroy 

superconductivity .Some consistent results shows that the orthorhombic structure is 

retained ,but the oxygen content is slightly affected .The site occupancy of Zn atom 

has been investigated by using neutron diffraction [30,34-35,46-47] , Raman spectra, 

[48] extended X-ray absorption fine structure analysis [35] ,X-ray absorption near — 

edge studies and [40 ] nuclear magnetic resonance [38-39]. 

The superconductivity in the cuprate superconductors is controlled by the 

electronic structure of the two dimentional Cu02 planes [49-50], and in turns depends 

upon the antibonding band formed by the interaction between the planar Cu(2) dx 2-y2 

 and 0(1) px, 0(2) py  orbitals. The substitution of a transition —metal impurity at the 

Cu(2) site perturbs the electronic structure of this band and the nature of this band 
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and nature of this perturbation depends mainly upon the difference in energy between 

the d level of the impurity and those of the Cu(2) site, is very severe and extended as 

the d levels of Zn lie far too low in energy , and are fully filled with (3d 1°).This 

creates the interaction between a Zn impurity and the neighbouring oxygen atoms. 

Due to this the oxygen orbitals that were previously participating in the formation of 

antibonding band with a given Cu(2) atom, now no longer participate in the 

interaction and fall below the Fermi energy to lower energies and charge 

accommodation occurs at these site. 

The Zn doped Y123 system does not affect the structural properties i.e., the 

orthorhombic structure of Y123 system doped with Zn remains invariant for various 

concentration of Zn. Prior to the superconducting transition ,the change in the 

temperature derivative of resistance from positive to negative is indicative of metallic 

to semiconducting like behaviour occurring with Zn substitution . For larger 

concentration x > 0.10 of Zn the material exhibits semiconducting like behaviour 

without becoming superconducting. For few concentrations with x > 0.06 the 

resistance shows the tendency to go to zero but actually it is not happened The overall 

decrease of Te  with increasing Zn concentration can be understood in terms of its 

unique electronic structure. In contrast to divalent Cu (3d 9 ) the d-shell of divalent Zn 

(3d 10 ) is completely filled and as a direct consequence of that there is a considerably 

diminished overlap between the d-orbital of Zn and p-orbitals of 0. 

There are several advantages of using Zn namely : It mainly substitutes the in-

plane ,the hole concentration is believed to remain almost unaltered when the divalent 

Cu(2) is substituted by divalent Zn, enabling one to look at the effects of disorder at 

almost the same hole content [50]. An impurity disorder at the planar Cu site is found 

to promote localization of charge carriers ,while at the Cu-chain site it affects the 
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dimensionality and the carrier transport along the c-direction [51]. Zn reduces T e 

 most effectively and therefore provides a mean to look at the low temperature 

behaviour of various normal state properties as superconductivity is suppressed. 

3.5 Results and Discussion 

3.5.1 X-ray Diffraction and lodometric Titration 

The XRD patterns of YBa2 [Cui_ yZny]3 07-8 YZ123). 0 S x 0.10 are 

presented in Fig .3.5.1. These patterns are analysed by Rietveld method using the Full 

Prof programme and is presented in Figs.3.5.4-3.5.7 for some compounds.. The 

refinement on YBa2 [Cui_ yZny]3 07_8. has been carried out using main YBa2Cu307-8 

phase as the starting crystal structure model with space group Pmmm. We assume 

that each refined reflection profile can be described by Gaussian function. The 

wavelength of CuKai  is set as 1.5405A°  .The refinement is performed according to 

the following group order (1) Scale factor, background, zero point shift, (2) Cell 

parameters, (3) Preferred orientations, (4) atom position parameters, (5) site 

occupancies and ,(6) overall thermal parameters. The results of this analysis are 

summarized in Table 3.5.1 We observe that lattice parameters a, and b remains 

invariant with Zn doping in Y123 system . However, c parameter is slightly chaged. 

These values are found close to the values reported in the literature [51(b)] . The 

position of 0(4) atoms is also found to vary. The little change in c parameter makes 

the 0(4) atom to change its position along c axis . It is well known that Zn 

substitutes at the Cu(2) site [42] and it is evident from the result that Cu(2) positions 

are also slightly affected by Zn doping . The oxygen content were found using 

iodometric titration and is presented in Table 3.5.1. along with errors. We see that 
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with addition of Zn the oxygen content within the errors remains invariant making the 

system to retain the orthorhombic structure. 

For the parent system YBa2Cu307_8 the value of T c  is 90.00±0.08. Most of 

researchers [33,51(a)] have found this value for oxygen content varying from 6.80 to 

6.90 and Tc  of about 90K 

The influence of oxygen content on superconducting properties, in particular, 

T, discussed by Benzi et al [51(b)]. These authors have proposed a simple procedure 

for determination of oxygen content on the basis of inorganic crystal structure 

data(ICSD) based on 240 YBa2Cu3 07-8 structures and the (7-8) values have plotted 

as a function of the lattice constant, c, and obtained a relation 

( 7 - 8 ) = 75.250 - 5.856 c 	 (3.5.1) 

The values of oxygen content so obtained using equation (3.5.1) have been tabulated 

in Table 3.5.1 along with the experimentally determined oxygen content. It is 

observed that the oxygen content values obtained by above equation in each case is 

higher than the value obtained by iodometric titration. Furthermore, a comparison 

between the predicted T, and experimental T, was also done by these authors. These 

experimental results indicate that the proposed method of these authors overestimates 

the oxygen content .However, the experimental T ., values are in better agreement with 

the calculated oxygen content with respect to those obtained from iodometric titration 

indicating that the reliable oxygen content values are obtained from equation (3.5.1). 

As can be seen from Table 3.5.1,similar results are obtained by us in Zinc doped 

Y123 compound. 
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Table 3.5.1 Rietveld Refinement of XRD data for YBa2[Cu 1 .„Zn.]307_,5 .The space group is Pmmm with 

Y(1/2,%, 1/2) , Ba (1/2,1/2, z) , Cu(1) (0,0,0), Cu(2) (0, 0, z), 0(1) (0, 	, 0), 0(2) CA , 0 ,z) ,0(3) 

(0, 	z), 0(4) (0, 0, z ) Also shown oxygen content, and transition temperature. The number 

in the parenthness are uncertainty in the last digit. 

0.0 0.01 0.03 0.06 0.08 0.09 0.1 

z(Ba) 0.182(2) 0.182(2) 0.182(2) 0.182(2) 0.182(2) 0.181(2) 0.182(2) 

z(Cu2) 0.361(2) 0.359(3) 0.361(1) 0.360(1) 0.358(3) 0.352(5) 0.362(2) 

z(2)  0.367(4) 0.367(3) 0.367(3) 0.373(4) 0.373(2) 0.397(3) 0.381(1) 

z(3)  0.383(3) 0.388(3) 0.388(3) 0.382(3) 0.382(4) 0.387(1) 0.382(4) 

z(4)  0.175(1) 0.172(3) 0.168(4) 0.162(4) 0.160(5) 0.152(5) 0.150(7) 

a(A°) 3.820(3) 3.823(2) 3.822(3) 3.824(2) 3.823(3) 3.824(2) 3.827(2) 

b(A°) 3.881(3) 3.883(3) 3.887(3) 3.888(2) 3.888(2) 3.887(1) 3.887(3) 

c(A°) 11.666(3) 11.672(1) 11.674(1) 11.666(4) 11.667(3) 11.666(3) 11.676(1) 

lt,,,, 15.4 17.2 14.3 16.6 15.3 15.13.92 15.8 

Rcxp 12.7 16.4 13.7 15.6 12.7 13.9 12.9 

RBragg 12.29 13.48 11.39 10.95 18.87 12.58 15.84 

X2 1.48 1.23 1.18 1.74 1.44 1.19 1.20 

Oxygen 

content as 

obtained from 

iodometric 

titration 

(7-8) 

6.66 ± 0.08 6.67±0.05 6.67 ± 0.02 6.67 ± 0.02 6.67 ± 0.03 6.67 ± 0.04 6.67 ± 0.05 

Calculated 

oxygen 

content from 

equation 

3.5A 

(7-8) 

6.933 ± 0.003 6.899 ± 0.001 6.887 ± 0.001 6.933 ± 0.004 6.928 ± 0.003 6.933 ± 0.003 6.875 ± 0.001 

Tc(K) 90.00 ± 1.00 65.55 ± 1.00 45.00 ± 1.00 25.00 ± 1.00 19.44 ± 1.00 - - 
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Fig.3 .5.3. X-ray diffraction patterns of YBa 2[Cul _yZny]3076  
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Fig .3.5.4 Rietveld refined diffraction patterns of YBa 2  [Cu l _yZny] 307-8 
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Fig .3.5.5 Rietveld refined diffraction patterns of YBa 2  [Cu 1 ,Zny]3 07-8 

 with y = 0.01 
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Fig .3.5.6 Rietveld refined diffraction patterns of YBa 2  [Cu1iZny]307-8  
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Fig .3.5.6(a) Rietveld refined diffraction patterns of YBa 2  [Cu1 ,Zn0307-8 

 with y = 0.06 
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Fig .3.5.7 Rietveld refined diffraction patterns of YBa 2  [Cul _yZny]307-6 

with y = 0.08 

. observed  
- Calculated  

- obs- cal (difference) 
I Bragg position 

20 
	

30 	 4.O 	 50 	 60 	 70 
	

8C 

20 

Fig .3.5.7(a) Rietveld refined diffraction patterns of YBa 2  [Cui.yZny]307-6 
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3.5.2 Electrical Resistivity 

From the electrical resistivity measurements we have obtained the p-T data for 

YBa2[CuL yZny]307_8 and the plots are presented in Fig.3.5.8. Part of the p-T curves 

in YBa2[CuLyZny]307_,5 compound on high temperature side was fitted to a linear 

equation . This is shown in Fig.3.5.9 (a)-(f) by coloured line for temperature range 

175-300K for y = 0.00,200-300 K for y = 0.01, 140-200 K for y = 0.03, 175-270K for 

y = 0.06, 200-300K for y = 0.08, 200-300K for y = 0.09 and 165-300K for y = 0.1 and 

the linear curve was extrapolated to T= OK. From this curve, following the method 

given in [52] ,the residual resistivity po at T=OK and the slope, dp/dT for each 

composition were obtained .It can be seen that the linear part of the p-T curve has a 

positive slope dp/dT .As is known po is connected with the impurity scattering and 

the slope dp/dT determined from the linear region of the p-T curve is connected 

with carrier-carrier scattering. The non-linearity in the p-T curve starts at y = 0.06. 

Such type of behaviour is observed previously by several researchers [53]. The upturn 

in the p-T curve increases with increase in Zn content(y). 

Another feature of this curve is that po increases monotonically with increase 

in Zn content as shown in Fig. 3.5.11 .However, the slope dp/dT increases gradually 

with increase in Zn content until y = 0.03 where after it starts decreasing .This 

behaviour is presented in Fig 3.5.12. From Fig 3.5.10 we see that the critical 

temperature Tc  decreases monotonically with increase in Zn concentration. For y > 

0.08 the p-T curves do not show any sign of superconducting drop down to 20 K. 

The value of superconducting transition temperature (T c) obtained from 

resistivity data are given at the last row of Table 3.5.1 along with the most probable 

error. Suppression of T e  with Zn concentration (y) becomes large or small depending 

upon the corresponding change in po . Larger the value of po smaller is the T c  of the 
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sample. On the other hand from the correlation of T c  with dp/dT ,we find that just 

below maximum of dp/dT, the rate of decrease of T c  reduces and for values of Zn 

content corresponding to region after maximum of dp/dT , the T c  tends to vanish 

rapidly. 

3.5.3 Correlation of T, with p o  and dp/dT 

From the earlier section we see that increasing po tends to degrade T c, while 

increasing dp /dT enhances Tc. This kind of effect of p0 on Tc may be explained in 

the following ways. (1) According to Laughlin [54] the cuprate superconductors are 

mainly d-wave superconducting systems. So potential scattering will lead to pair 

breaking. Since the potential scattering is proportional to po , increasing po implies 

enhanced pair breaking. Thus Tc will reduce with increasing p0. (2) Reduction of Tc 

with increasing p0 lies in the pinning of the dynamically fluctuating striped phase. It 

has been suggested by Liu et al, Zhou et al, Hasselmann et al [55-58] that the 

pinning of the dynamically fluctuating striped phase leads to the suppression of 

superconductivity in cuprate superconductors. Our result that increase in po 

suppresses Tc  corroborate theoretical consideration put forth by Liu et al , Zhou et 

al, Hasselmann et al. 

It may be noted that the correlation of T c  with both po, and dp /dT 

simultaneously cannot be explained on the basis of the potential scattering. The 

physical origin of correlation of dp/dT with zinc content lies in the carrier- carrier 

scattering. In fact we do not expect a T- dependent resistivity from carrier —impurity 

scattering. There may, however, be a T-dependent contribution to the resistivity from 

electron- phonon scattering. But in cuprate superconductor such a contribution is 
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significantly weaker than the contribution due to carrier-carrier scattering. Therefore 

we may overlook the electron-phonon scattering rate as compared to the carrier-

carrier scattering rate. So, the increase in dp /dT implies increase in carrier —carrier 

scattering rate unless there is change in carrier density / density of state at the Fermi-

level. Cu valence (p+) obtained from the charge neutrality conditions do not show any 

significant difference compared to optimum value of p + = 2.11 for our Y123 system 

.So we may thus assume that substitution of Zn does not change charge carrier 

density This is supported by earlier studies of Williams et al [ 59 ] on high T c 

 superconductors, where in the case of Zn substitution in the Y123 system no change 

was observed in carrier density and density of state at the Fermi level. So, the view 

point that Zn doping increases dp/dT implies enhanced carrier-carrier scattering rate 

does not hold good. This contradicts our above mentioned observation on dp/dT 

suggesting depinning stripe phase. The possible solution for such discrepancy is that, 

suppression of Tc due to Zn arises due to pinning of dynamically striped phase So, po 

signifies the extent of pinning of the striped phase . These findings in Zn doped Y123 

do not agree with the findings of Gupta et al [53] . This might be due to the presence 

of two doping ions such as Zn and Fe in Er123 system studied by these workers. 

3.6 Conclusion 

In this Chapter we haves studied the effect of Zn substitution for Cu in the 

YBa2Cu307_8 superconductors. Based on the XRD measurements and its refinement 

by Rietveld method, we find that for all the compositions, these superconductors 

retain the orthorhombic structure. 

We have also reported our results of electrical resistivity vs temperature 

behaviour for Zn doped Y123 system. From p - T curves we have obtained the 
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values of residual resistivity , resistivity slope corresponding to carrier- carrier 

scattering and critical temperature T, .An attempt has been made to understand the 

observed correlation of po and dp/dT with Zn content .It is found that the critical 

temperature er, is suppressed when po increases .Whereas increase in dp/dT 

enhances Tc . On the basis of generally acclaimed belief that the cuprate 

superconductors are d-wave superconductors it has been argued that potential 

scattering is not adequate for explaining the correlation of T, with po and dp/dT 

simultaneously. Lowering of T, can, therefore, be understood from the fact that the 

pinning of dynamically fluctuating stripe phase is by impurity scattering , rather than 

the weak depinning effect shown by carrier carrier scattering. 
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Chapter 4 

Codoping Effect of Pr and Zn in 

YBa2  Cu307_8 System 
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4.1 Introduction 

The substitution of Y by trivalent rare-earth elements in orthorhombic 

YBa2Cu307_8 yields a superconducting phase with 'C c  identical to Y123 [1] except for 

Ce, Tb, Pm, and Pr. The insensitivity of the superconducting properties to the 

substitution is presumably due to their layered structure and the nearly complete lack 

of interaction between rare-earth and Cu02 sheets [2] 

Although crystallographically identical to all the other rare-earth-based 

superconductors, PrBa2Cu307_8 inhibits the superconducting and metallic behavior 

[3-5]. The YI,PrxBa2Cu307_8 system is particularly interesting since it is isostructural 

to Y123, yet the superconductivity is strongly suppressed as a function of Pr 

concentration. The suppression of T c  by Pr doping in Yi_xPr.,Ba2Cu307_8 has been 

attributed to several possible mechanisms. The first mechanism involves the filling of 

holes (hole filling) in Cu02 sheets due to the substitution of Pr ions with its valence 

greater than +3 and, hence, implies the suppression of superconductivity and metallic 

behavior, arising from a reduced number of carriers (holes) in Cu02 sheets. Indeed, 

magnetic susceptibility,[4-6] Hall measurements [5], thermoelectric power [7] , muon 

spin resonance [8] , neutron diffraction [9] , specific-heat measurement [10] , and x-

ray-absorption spectroscopy [11] are consistent with a Pr valence substantially larger 

than 3+. Superconductivity observed in Pro.5Ca0.5Ba2Cu307_8 film [12 ] strongly 

supports this mechanism Based on the spin-polaron model, Wood [13] obtained an 

agreement with experimental data for a Pr concentration dependence of T c  in the Y1_ 

,Pr,13a2Cu307_8 system. According to electron energy-loss spectroscopy measurement 

[14] , the total number of holes on 0 sites was shown to be independent of Pr 

concentration (x). It suggests that Pr ions are trivalent and localize, rather than fill, 

the mobile holes on Cu02 planes. The localization leads to the suppression of 
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superconductivity and induces a metal-insulator transition. In fact, most experimental 

results supporting hole filling would also support hole localization. 

The second mechanism for Tc  suppression involves the spin-flip effect of the 

pairing electrons (pair breaking). It is based on Abrikosov-Gor'kov (AG) theory [15], 

which has been used widely and successfully for interpretation of conventional alloy 

superconductors with paramagnetic doping. This model suggests that Pr ion acts as a 

strong magnetic pair breaker [6,16-18]. The close correspondence of T c  vs x data with 

results based on AG theory has been interpreted as an evidence for pair breaking [16-

18] .Spin-polarized electronic band-structure calculations [19] for RBa2Cu307_8 (R=Y, 

Gd, and Pr) also confirms the pair-breaking mechanism. AG theory successfully 

explained the basic features of experiments, but it is difficult to explain the metal-

insulator transition at larger Pr concentration in Y1-xPrxBa2Cu307_8 [3,4,6,16,20] on 

the basis of this theory 

The relatively satisfactory models [ 21] for the explanation of the T c 

 suppression are that of Fehrenbacher and Rice (FR) [22] and Liechtensteinand Mazin 

[23]. The FR model assumes hole depletion in the Cu02 planes, not because of higher 

Pr valence, but because of transfer of the holes from the Cu-0 (d) band into the O2p-

Pr4f hybridization state. FR suggested that the p-f hybridisation bandwidth is small 

due to the orthogonality of the involved orbital on shared 0 sites of neighboring Pr 

cubes. The combination of the small bandwidth with a strong coupling to spin degree 

of freedom and with a potential disorder renders the p- f band localized. They 

assumed that the Cu0 3  chains are intrinsically metallic, and ascribed the absence of 

metallic conductivity to oxygen disorder. This has been supported by experiments 

[24] . Although the FR model has been supported by many experiments, and resolves 

the controversy on the different valence values of the Pr ion obtained from different 

measurements [25 , it still fails to explain some experimental observations. One of 

the failures of the FR model is that it cannot explain the R-ion-size dependence of the 

Tc  suppression [22]. 
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4. 2 Combined effect of Pr and Zn in Y123 system 

It is known that Zn substitutes at Cu(2) sites in the Cu02 plane [26-31] . It is a 

non-magnetic impurity and degrades T c  by potential scattering [32-34] which results 

in pinning the charge stripe [35,36] .On the other hand Pr substitutes at the Y site and 

is responsible for forming a narrow band called FR band [36] near the Fermi energy. 

This band grabs holes from the p-d band in the plane resulting in T c  degradation [21]. 

There are three regions in terms of Pr concentration x. For 0 < x < 0.1 the 

system is in the vicinity of overdoped to optimally doped state and T c  as a function of 

x decreases very slowly. For 0.1< x < 0.5 the main process is hole depletion and T c 

 decreases faster . For x > 0.5 [21] there is additional process of magnetic pair 

breaking and Tc  goes to zero rapidly. This is shown in Fig 4.2.1 where the Tc 's plotted 

are taken from Ref.[ 37 ]. 

In this work we present resistivity versus temperature results for varying Zn 

concentration y for two values of Pr concentrations x = 0.1 and x = 0.2 and study the 

codoping effects in the first two regions mentioned above. 

Zn substitution in YBa2 [Cui_ yZny]307-5 superconductors has a strong 

influence on the critical temperature T c  and offers an opportunity to characterise the 

high Tc  superconducting state. Many experimental efforts have been made to explain 

the Tc  depression in relation with a normal impurity in the d-wave pairing state 

[38,39]. Since a small concentration of Zn impurities introduced into the Cu02 plane 

produces a significant change in the low-energy spin fluctuations as evidenced by the 

NMR [38,40] and neutron scattering [41] experiments, Zn in the Cu02 plane is itself a 

nonmagnetic impurity with a closed d shell and is expected to be a strong potential 

scatterer for charge carriers. 
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Fig 4.2.1 Plot of (a) Resistivity vs T (b) Tc vs Pr concentration x .Taken from Ref[37] for 

Yi-Yr.13a2Cu307. 8 compound 

Recently, Chien et al [42] have investigated the Zn-substitution effect on the 

normal-state charge transport in YBa2Cu3O7 and estimated a large scattering cross 

section of the Zn impurity. As the scattering cross section of Zn impurity is related 

with the parameters characterising the electronic state of the high-T c  cuprates, Zn is 

expected to be an effective probe for detailed study of the evolution of the electronic 

state with doping. 

Uchida et al [ 43 ] have carried out resistivity measurements on the single 

crystals of Zn-substituted YBa 2Cu307_y  (YZ123) and La2,Sr.Cu04 (La214) with 

different levels of hole doping. These authors have demonstrated how the Zn-induced 

residual resistivity varies with hole density and established that the depairing relation 

between Te  and the two -dimensional resistance which would serve as a constraint for 

the various theoretical models. It is highlighted that Zn probes a remarkable 
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difference in the electronic state between underdoped and highly doped 

superconducting regime. 

The temperature dependence of the resistivity was studied by these authors 

for z = 0.37 and 0.07 of YZ123 with Zn content ranging up to z= 0.04. The compound 

with z = 0.37 shows Zn-substitution effects typical of underdoped cuprates. The 

effects of Zn- substitution are two fold (i) T c  is rapidly reduced and the 

superconductivity disappears at z e  -.L=.  0.03. (ii) A large T -independent component Po 

(residual resistivity) adds to the T-dependent resistivity. Notably the y = 0.37 

compound becomes insulating when the superconductivity is destroyed, and a 

superconductor-insulator (SI) transition occurs at po — 400 uSIcm. This value 

corresponds to the two dimensional (2D) resistance (p 2D) —6.8 KU/ per Cu02 plane 

and is close to the universal value 11/4e 2  = 6.5 KO/ which is predicted to separate 

superconducting and insulating behavior at T = 0 in 2D[44,45]. 

On the other hand the highly doped superconducting compounds studied by 

these authors show a contrasting behavior. For x = 0.20 in La2_,,Sr,,Cui_zZnz04 (La-

214) [46], the material remains metallic even after the superconductivity disappears 

at z = 0.04 where the residual resistivity is by a factor of 4 smaller than the critical 

value observed for x = 0.10 and 0.15. The 90K Y123 (y =0.07) would behave in the 

same manner, when more Zn could be introduced as the linear extrapolation of the 

po- z curve to z = 0.08 reach only 1/3 of the critical value. 

These author show how the in-plane resistivity varies with changing doped 

hole density for fixed z. The magnitude of the residual resistivity is fairly large in the 

underdoped regime (x - 0.10 and 0.15 for La214 and oxygen content 6.68 and 6.73 for 

Y123) and is rapidly reduced for higher hole density. Using the results from p-T plots, 

these researchers obtained the values of 'I', which are normalized to the value T o  for 
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the Zn-free compound and then plotted it against against po 2D for the two systems 

with various z and x( y). These plots show another aspect of the universal Tc 

depression in the underdoped cuprates . Irrespective of the doped hole density, the 

data for the underdoped cuprates merge into a single pair-breaking curve which points 

toward the universal 2D resistance h/4e 2  as Tc  0. 

The highly doped cuprates La214 with x = 0.20 and Y 123 with oxygen 

contents 6.93, 6.88, and 6.83 show quite distinct T c  - po 2D curves which are strongly 

dependent on the doped hole density. As the hole density increases, the T c  degradation 

speeds up as a function of p0 2D  and the Tc  - pep  curve appears to end up at p102D 

considerably lower than h/4e 2 . 

A possible explanation for this nonuniversal behavior would be that the 

highly doped material being three- dimensional (3D) superconductor. Certainly, it is a 

general trend that the magnitude of the anisotropic resistivity (i. e. the ratio of the 

resistivity between the Cu02 planes p c  to that of the in-plane resistivity p ab) decreases 

with increase of dopant concentration [47,48]. However, the recent c-axis optical and 

transport study has demonstrated that a truly 3D state is realized in the overdoped 

nonsuperconducting region [49]. 

An alternative explanation, suggested by Fukuzumi et al [46 ] ,though highly 

speculative, is that the nonuniversal behavior in the highly doped regime may result 

from some inherent inhomogeneity such as phase separation or strong fluctuations of 

the amplitude of the order parameter, that is, an appreciable density of normal carriers 

may coexist in the highly doped superconducting compound. The density of the 

normal carriers increases as the nonsuperconducting overdoped region is approached. 

If one supposes that overdoped domains in which the electrons are not easily 

localized due to Zn impurities forms a parallel circuit with underdoped domains 
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which readily lose superconductivity and become insulating for Zn substitution at z = 

.The superconductivity then would disappear at resistivity appreciably smaller than 

the critical value (— 400 u.Qcm) observed in the underdoped regime and the material 

would keep metallicity due to much more conductive normal fluid. In this model the 

apparent critical resistivity or the slope of the I', - 1302D  curve would depend on how 

much the normal metallic phase is mixed in. The result of Fukuzumi et al for highly 

doped compounds shows a trend just expected from this model. 

For the Zn-substitution effect in the normal state, they determined the 

residual resistivity p o  (or the corresponding p 02D  ) determined from the nearly parallel 

shift of the p(T) curves and /or from the zero-temperature intercept of the T-linear 

part of p and it is plotted as a function of Zn content for Y123 and La 214 in each 

system. The plots for two representative compounds in each system are shown in 

Fig. 4.2.2 .Following the analysis made by Chien, Wang, and Ong [42],the resistivity 

arising from s-wave impurity scattering in 2D is 

Po
2D=  4h ni sin2S0 , 

e2  n 
(4.2.1) 

where Ili is the impurity concentration and So is the s-wave phase shift.The straight 

line (dash lines) in each plot is the value of unitarity limit So = it/2, the carrier density 

n = x, the doped hole density per planar Cu. For Y123 these authors assumed that x-

0.23 for y = 0.07 and x = 0.14 for y = 0.37 [50] and that Zn atoms are substituted 

only on the plane Cu sites such that Ili = 3/2z [38,40]. 
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Fig.4.2.2 Variation of the residual resistivity po (and op 2D right 

 hand scale) with Zn content in YBa2Cu307_y  with y = 
0.37 and 0.07, and in La2_„Sr,Cua4 with x = 0.15 and 
0.20. The solid (dashed) line indicates the unitarity 
limit with the carrier density n = x (n = 1-x). 

It turns out that the experimental values of p o  for the underdoped materials 

are close to (or even larger than) the unitarity limit with n = x. The carrier density in 

the underdoped regime should thus be identified with the density of doped hole 

number. Here one should check the assumption that Zn is a potential scatterer. Zn is 

itself a nonmagnetic impurity, but it induces a localized magnetic moment in the 

Cu02 plane. The magnitude of the induced moment is as large as ,0.8 1143 (I.tB is the 

Bohr magneton) for the underdoped cuprates, and is reduced in the highly doped 

in 90 K Y123 [51]. Borkowski and Hirschfeld [52] have shown that a 

scattering rate Fs from the induced magnetic moments in the 90 K Y123 is much 

smaller than the potential scattering rate FN.This should be the case also with the 60 K 

Y123. Since the carrier density or the density of states N(0) should be smaller in 60 K 

Y123, and FN ^ N(0)-1  whereas FS -'-' N(0), FN still overweighs FS with the decreased 

N(0) compensating the increased magnetic moment. 
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The residual resistivity for the highly doped materials is remarkably smaller 

than the unitarity limit (n= x) but is near the unitarity limit with n = 1- x. Then, the 

decreased po is ascribable either to a decrease in So or to an increase in n toward 1- x. 

The fact that the value of Po for overdoped (x = 0.30) La214 is near the value in the 

unitarity limit with n = 1 - x which is expected in a Fermi liquid state gives evidence 

for the increase in n while 80  remains to be it/2. Using the above mentioned data 

Fukuzumi et al plotted the variation of Po 2D  for 1% Zn with doped hole density (x) 

per planar Cu atom. Even if one admits ambiguity in estimating x in Y123 [ 50 ] it is 

evident that a rapid increase in carrier density or a rapid crossover from n = x to n = 

1- x is taking place when x exceeds — 0.17. This result is indicative of a radical 

change in the electronic state of the Cu02 plane with increase of doping. The 

crossover region just corresponds to what we call a highly doped region. 

4.3 Results and Discussion 

4.3.1 X-ray Diffraction and Iodometric titration 

X-ray diffraction patterns of samples of composition Yi_,,Pr„Ba2 [Cul_ 

yZny]307-8 with different values of x and y with x = 0.1 and 0.2 and 0 0.10 were 

recorded on Rigaku X-ray diffractometer D MaxII-C with CuKa radiation at room 

temperature. These patterns are shown in Figs.4.3.1- 4.3.2 . The structural parameters 

were refined by Fullprof program. The refined profiles are presented in Figs.4.3.3- 

4.3.10 . The present investigation was undertaken in order to see whether the crystal 

structure parameters play any role in the suppression of superconductivity. In 

particular, the attention was paid to the changes in the lattice constants as well as the 

atom positions. 
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The structural analysis shows that all the samples are of orthorhombic 

symmetry This can be confirmed by the visual examination of the diffraction patterns 

and comparing them with reported orthorhombic Y123 structure [53 ]. The Rietveld 

analysis was carried out for the space group Pmmm. The refined cell parameters and 

the atom positions are presented in Tables 4.3.1-4.3.2 . We find from this table that 

the lattice parameters a, and b do not change much however, c parameter is slightly 

affected thereby slightly affecting the 0(4) parameter which is responsible for 

keeping the structure to be orthorhombic. With Zn substitution the parameter 0(2) 

increases whereas parameter 0(3) decreases thereby suggesting the changes in the 

Cu-02 plane .It may be noted here that this is a new series of high Tc cuprate 

superconductors with Pr at Y site and Zn at Cu site. Since no structural data is 

available , no comparison of lattice parameters and other structural parameters 

extracted from X-ray diffraction patterns in our study can be made with reported in 

literature. 

Looking at the results on oxygen contents obtained from iodometric titration 

method, described in Chapter 2, it is seen that the oxygen content remains almost 

constant.The values of oxygen content are given in Table 4.3.1 and Table 4.3.2 along 

with error for x =0.1 and 0.2 concentration . In these tables we also show the 

calculated values of oxygen content using equation 3.5.1. It is observed that the 

calculated values of oxygen content are higher than those determined from iodometric 

titration. 
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Table 4.3.1 Rietveld Refinement of XRD data for Y o  9Pro.iBa2[Cui_yZny]307_8. The space 

group is Pmmm with Y('/2,'/2, '/2) , Pr(1/2,1/2, 1/2), Ba (1/2,1/2, z) ,Cu(1)(0,0,0), 

Cu(2) (0, 0, z), 0(1) (0, 'A , 0), 0(2) ( 0 ,z) , 0(3)(0, 1/2, z) , 0(4) (0, 0, z). 

Also shown oxygen content and T, . The values in the parentheses represents 

uncertainity in the last digit. 

y = 0.0 y = 0.01 y = 0.03 y = 0.06 y = 0.08 y = 0.10 

z(Ba) 0.182(3) 0.182(3) 0.182(3) 0.182(3) 0.178(3) 0.178(3) 

z(Cu2)/z(Zn) 0.361(2) 0.360(2) 0.361(2) 0.361(2) 0.359(2) 0.362(2) 

z(2)  0.366(4) 0.367(4) 0.396(2) 0.383(2) 0.379(2) 0.378(2) 

z(3)  0.388(1) 0.388(1) 0.355(4) 0.370(3) 0.336(5) 0.336(5) 

z(4)  0.160(2) 0.163(2) 0.159(4) 0.159(4) 0.156(4) 0.158(4) 

a(Au) 3.820(2) 3.820(2) 3.823(2) 3.824(2) 3.826(2) 3.827(2) 

b(Au) 3.884(3) 3.884(3) 3.883(3) 3.887(1) 3.888(1) 3.889(1) 

c(Au) 11.663(1) 11.663(1) 11.665(1) 11.658(2) 11.668(1) 11.669(1) 

Rwp  16.0 15.0 12.6 15.4 15.6 15. 

Rexp 14.0 12.0 13.6 13.5 14.4 13.8 

RBragg  12.67 12.91 11.4 9.96 16.27 13.99 

x2 1.22 1.29 1.27 1.30 1.18 1.18 

Oxygen 
content as 
obtained 
from 
iodometric 
titration 
(7-5) 

6.67±0.03 6.67±0.05 6.67±0.06 6.67±0.03 6.67±0.07 6.67±0.06 

Calculated 
oxygen 
content from 
equation3.5.1 
(7-5) 

6.951±0.001 6.951±0.001 6.940±0.001 6.980±0.002 6.922±0.001 6.916±0.001 

Te(K) 77.05±1.00 61.78±1.00 26.10±1.00 19.49±1.00 13.16±1.00 - 
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Table 4.3.2 Rietveld Refinement of XRD data for Yo. 8Pro2Ba2[Cui_yZny]307.8 The space 
group is Pmmm with Y( 1/2, 1/2„ 1/2) , Pr(1/2,1/2„ 1/2), Ba z), 
Cu(1)(0,0,0), Cu(2) (0, 0, z), 0(1) (0, 1/2 , 0), 0(2) ( 'A, 0 ,z) , 0(3) (0, 1/2, 
z) , 0(4) (0, 0, z). Also shown oxygen content and T. The values in the 
parentheses represents uncertainty in the last digit 

y = 0.0 y = 0.002 y = 0.005 y = 0.01 y = 0.03 y = 0.06 

z(Ba) 0.182(3) 0.182(3) 0.181(3) 0.182(3) 0.182(3) 0.182(3) 

z(Cu2)/z(Zn) 0.361(2) 0.360(2) 0.359(2) 0.360(2) 0.361(2) 0.361(2) 

z(2)  0.366(5) 0.396(5) 0.396(4) 0.396(4) 0.396(4) 0.383(6) 

z(3)  0.388(1) 0.354(6) 0.354(6) 0.354(6) 0.354(6) 0.357(6) 

z(4)  0.160(2) 0.157(3) 0.159(3) 0.159(3) 0.160(1) 0.159(3) 

a(Au) 3.820(3) 3.829(1) 3.830(1) 3.825(3) 3.830(2) 3.823(5) 

b(A°) 3.884(6) 3.888(1) 3.888(1) 3.886(2) 3.888(3) 3.887(1) 

c(A°) 11.663(4) 11.667(1) 11.665(2) 11.666(2) 11.669(1) 11.668(1) 

Rwp  16.0 14.0 15.0 14.2 15.5 16.4 

Rexp 14.0 8.76 13.5 12.5 13.4 14.3 

RBragg  12.67 15.99 16.4 14.51 22.27 25.22 

. 	X2 1.19 1.20 1.12 1.25 1.20 1.14 

Oxygen 
content as 
obtained 
from 
iodometric 
titration 

(7-S) 

6.67±0.05 6.67±0.01 6.67±0.03 6.67±0.05 6.67±0.02 6.67±0.05 

Calculated 
oxygen 
content from 
equation3.5.1 
(7-S) 

6.951±0.004 6.928±0.001 6.940±0.002 6.933±0.002 6.916±0.001 6.922±0.001 

Te  (1{) 37.08±1.00 31.99±1.00 29.4±1.00 15.96±1.00 - - 
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Fig. 4.3.1. x-ray diffraction patterns of Y1_ xlk,,Ba2 [Cu 1 ..yZny]307_8 samples with 

different values of Zn concentration and x = 0.10. 
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Fig.4.3.2. x-ray diffraction patterns of Y1_ xl3r„Ba2 [Cul -yZny]307-8 samples 

with different values of Zn concentration and x = 0.20 
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Fig .4.3.4 Rietveld refined diffraction patterns of Y09Pr0.1Ba2[Cui_ yZny]3Oi_s 
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4.3.2 Electrical Resistivity 

From Fig 3.5.8 (in the earlier chapter) one can see that for x = 0 T e  seems to 

disappear at y = 0.1 but the linearity in the curve above 100K is retained. Whereas for 

x = 0.1 in Fig 4.3.11 p(T) curve shows non-linear behaviour at y = 0.10 and for x = 

0.20 in Fig.4.3.12 the non-linearity in p(T) curve starts for y = 0.03.The behaviour of 

T, for different concentration of Zn and Pr is presented in Fig.4.3.13. The linear part 

of p-T curve is fitted by equation p = po  + pl T , for the range 175-300K for y = 0 and 

x =0.10, 200-300K for y = 0.01 and x = 0.10, 190-300K for y = 0.03 and x = 0.10, 

175-300K for y = 0.06 and x = 0.10, 175-300K for y = 0.08 and x = 010, 220-300K 

for y = 0.10 and x = 0.10,175-300K for y = 0 and x = 0.20, 200-300K for y = 0.002 

and x = 0.20, 200-300K for y = 0.005 and x = 0.20,180-300K for y = 0.01 and x = 

0.20, 175-300K for y = 0.03 and x = 0.20,200-300K for y = 0.06 and x = 0.20. This is 

presented in Figs. 4.3.14(a)-(1). The intercept po (residual resistivity) corresponds to 

the impurity scattering that leads to the pinning of charge stripe [53] and the slope pi( 

that is dp/dT) of this linear part gives the carrier —carrier scattering .Fig. 4.3.15 shows 

the behaviour of Po as function of y for only Zn ,and Zn plus Pr impurities. Fig.4.3.16 

shows that dp/dT for both only Zn and Zn plus Pr impurities. We analyse the data for 

x = 0.1 and x = 0.2 separately. 

Fig. 4.3.15(a) shows that for x = 0.1 Pr has a very small effect on Po upto y = 

0.09 and hence on the pinning of charge stripes For only Zn, dp/dT ,Fig.4.3.16(a), 

shows a rise upto y = 0.03 and then a fall implying that there is no overall depinning 

effect is seen in Fig.4.3.13( showing T, vs x curve). The values of T, obtained from 

p(T) —T curve is presented in Table 4.3.1 along with most probable error. T c  falls 

more or less uniformally as x increases .However, when Pr is present Fig.4.3.16(a) 

shows that dp/dT rises more sharply from y =0.03 to y = 0.06. Then Fig 4.3.13 shows 
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Fig.4.3.14 (b) p(T)—T curve for Yi_ xPr„Ba2 [Cui_yZny]307-s 

samples showing linear fit for x = 0.10 and y = 0 .01. 
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samples showing linear fit for x = 0.10 and y = 0 .03 . 
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Fig.4.3.14 (d) p(T) —T curve for Y1_,,Pr„Ba2 [Cui_ yZny]307-8 samples 

showing linear fit for x = 0.10 and y = 0 .06 . 
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that for this case Te  falls less rapidly with x in this region implying a depinning effect caused 

by Pr. The reason for this is that due to Pr substitution the holes starts moving from their 

planar site to 4f band implying the starting of depinning of charge stripes. 

For x = 0.2 the hole depletion process is in full swing and the system has 

made a transition to a new state. As shown in Fig.4.3.13 , T c  goes to zero at the Zn 

concentration y = 0.03 and superconductivity is destroyed .Fig 4.3.15(b) shows that Po 

becomes very large and Fig.4.3.16(b) shows that dp/dT becomes negative. This 

implies the absence of depinning and a completely pinned charge stripe. It seems that 

the system has made a transition to the underdoped stage and that just one percent of 

Zn has made P o  large enough to reach the unitarity value h/4e 2  and induces 

superconductor to insulator transition. 

For the two superconducting systems YBa2Cu307_6 and La2_ xSrx.Cu04 Uchida 

et al [ 43] used the method of determining the resistivity arising from S-wave impurity 

scattering in two dimensions. We have applied the procedure of Uchida et al [43 ] 

and the method of analysis proposed by Chien et al [42 ]for our system ,Yi_xPrxBa2 

[Cui_yZny]307_6 with x = 0.2 in order to estimate the the resistivity aising from s-wave 

impurity scattering in 2D systems using equation (4.2.1). Chemical doping and 

reflectivity studies [42] show that the carrier density in equation (4.2.1) in the Cu 

plane is 2.5x 1021  cm-3  or 0.25 hole per Cu02 plane . Making a similar assumption 

like those of Fukuzumi et al that Zn atoms are substituted only on the plane Cu sites, 

n. = —
3

y . Taking the value of So = 7E /2 , we find that p o2D comes close to the unitarity 
2 

line till y = 0.01, when superconducting state exists and thereafter the system becomes 

insulator .It may be noted that the equation (4.2.1) refers to 2D conductance. In two 

dimensions, the resistance per square per Cu02 plane has the dimensions of ohms so 

that the dimensionality of equation is taken care of. 
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4.4 Conclusion 

In this chapter we have presented our measurements on electrical resistivity as 

a function of temperature on samples of composition Yi_„Pr„Ba2 [Cui_ yZny]3O7 _,5 

with 0 < y < 0.1 and x=0.1 and x=0.2. The results have been analysed in terms of the 

superconducting critical temperature T c, residual resistivity po and the resistivity slope 

dp/dT corresponding to the linear p-T region . It is found that for x = 0.1 Pr has a 

minimal influence on the inplane processes for Zn impurity alone and that 'I', and Po 

are slightly affected . The slope dp/dT becomes larger for the region 0.03 < y < 0.06 

leading to larger depining effect and hence slower fall of T c  as a function of y. 

However, we noted for x = 0.2 there is a drastic change, po becoming abnormally 

large and dp/dT becomes negative implying thereby the absence of depining and a 

totally pinned charge stripes. It is inferred that for x = 0.2 the hole depletion is in full 

swing . We thus conclude that due to the hole depletion process Pr is able to bring the 

system in the underdoped region so that a small percentage of Zn is able to induce a 

superconductor —insulator transition. This can be seen by plotting the unitarity line for 

the case x = 0.2 we find that this line lies below y = 0.01 thereby suggesting the 

appearance of superconductor-insulator transition. Such a situation has been observed 

earlier by Fukuzumi et al [46] for Zn impurty alone by controlling the oxygen content 

in Y123 system . We feel that it is easier to obtain the same results using Pr, since we 

can control the charge carrier density easily using the hole depletion mechanism. 

Furthermore, it is also observed that the critical transition temperature is 

reduced while the oxygen content remains constant. This has led to the suggestion that 

in the cuprate system studied in the present investigation it is not the oxygen content , 

which is believed to play a role in the suppression of T c  , it is the Pr concentration 

(i.e. hole concentration) that appears to be responsible for the 'r e  suppression. 
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Chapter 5 

Normal and Anomalous Pseudogap of 

Superconducting 

Y0 .9,Pr„C a o.1Ba2[Cul_yZny] 307_s 
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5.1 Introduction 

The importance of the hole concentration in the copper —oxide 

superconductors is widely recognised [1]. A number of studies concerning the 

relationship between the hole concentration (p) and the superconducting temperature 

(TO have been reported [2]. In the La2_„Sr„Cua4 (La214) system, with increase in Sr 

content (x ), hole concentration (p), increases, T c  increases first to have a maximum 

and then becomes zero for x 0.26. The copper valence is intimately linked with the 

carrier concentration n, and by studying T e  as a function of n, detailed phase diagrams 

have been constructed for the Sr or Ba doped La214 system [3, 4]. Attempts have 

been made to generalise such behaviour to various other families of high T c  cuprates, 

namely 123 system as well as Bi and Tl based systems [5]. It has been argued that 

unlike La214 the situation with other cuprates is not so transparent ,as the data 

available are either too scant or not sufficiently unambiguous because of the 

simultaneous presence of two fluctuating —valence cations [6] such as Cu 2÷  and Bi3÷ 

 (or Tl 34) . In 123 system , the carrier density can be enhanced either by increasing the 

oxygen stoichiometry or by on-site cationic substitutions with dopants of lower 

valence state. By increasing the oxygen stoichiometry, the copper valence in general 

cannot be increased beyond its optimum value , due to structural instability. In such a 

situation the only alternate strategy left is to realize the objective by substitution of 

lower —valence —state cations. On this basis , the role of Cu-0 chains in 123 system 

has been debated continuously since the discovery of this material. 

Substitutions for different native cations are extensively used to study the 

mechanism of superconductivity as well as the nature and properties of the normal 

state in high temperature superconductors [ 7 ,8 ] . Doping of theYBa2Cu307_8 system 

by nonisovalent inIpurities affects strongly the charge-carrier system, leading to 
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significant changes both of electronic and superconducting properties. Despite 

numerous data on this subject, the mechanism of some substitutions influence is still 

not completely understood. Besides, it is generally observed [9-13] that any 

nonisovalent substitution leads to a deviation from the oxygen stoichiometry in 

different directions depending on the relationship between the valences of the dopant 

and the replaced element. In particular, substitutions for Cu(1) by transition metals 

namely Fe,Co, Al or for Ba by rare-earth elements result in increasing oxygen 

content [14-18] . 

5.2 Role of Ca doping in Y123 System 

Among all dopants calcium plays a special role because the substitution for 

Y3+ by Ca2+  is unique in that it induces decreasing oxygen content [19-21] and it is 

one of the most extensively studied substitutions [22-27] .The results reported in the 

literature are however varied , which reveal that such substitution creates vacancies 

[24,27]. Interestingly at same time the X-ray diffraction data of the other workers 

indicate literally no change in the lattice parameters of the parent material upto 20% 

of Ca substitution [24,25]. This behaviour remains to be understood. This apart , the 

Tc  decreases with Ca substitution is attributed to the material becoming overdoped 

[24,27]. 

The substitution of Ca for Y adds holes to the unit cell .Since Ca has a 

valence of +2 and hybridizes little, if at all, with the Cu0 2  valence band —states. The 

most important effect of Ca substitution is to dope the Cu0 2  planes with holes 

because the charge at Y site must balance the charge in the two adjacent CuO2 planes. 

The interpretation that substitution at Y site do not result in charge transfer to the 

chains or a change in their structure. 

135 



According to Awana-et-al [28] Ca 2+  incorporation within the solubility 

limits in place of Y3+ has three main effects (1 ) decrease in Tc and increase in 

normal state resistivity, (2) lattice parameters a,b,c remain invariant and (3) effective 

copper valence essentially remains unchanged while oxygen stoichiometry of the 

system is decreased. 

The invariance of Cu valence with Ca doping is contrary to the general belief 

that Ca substitution leads to overdoping [24-26] of the 123 system, and thereby lowers 

Tc . This is reflected in the resistivity measurements [24-26] which shows the increase 

in normal —state resistivity of the system with Ca doping. They found that there is no 

change in a, b, and c lattice parameters and hence no change in the orthorhombicity 

of the system. This implies that the oxygen is presumably not removed from the Cu-

0 chains. No change in c parameters in this system with Ca doping suggests that Ca 

enters at the Y-site with the same ionic size as Y. The ionic size of Y 3+  in eightfold 

coordination is 1.02 A°, which matches more closely with that of Ca 2+  in six fold 

coordination (1.00 A°) rather than in eightfold coordination (1.12A °). This suggests 

that Ca at a Y-site would prefer six fold coordination instead of eightfold 

coordination. This would imply creation of oxygen vacancies in the adjoining Cu02 

planes . Since the superconductivity is presumably supposed to reside in these planes, 

the oxygen disorder thus created is expected to have deleterious effect on T c, which is 

observed with Ca substitution. Bottger et-al [29] have carried out a detailed neutron 

diffraction work on Yi_,,CaxBa2Cu307-6 . They have found a correlation between the 

buckling in the Cu02 planes and Tc. Charge distribution within the structure via 

measurement of the Cu-0 distances and calculation of bond valence sums have also 

been determined. From their results they have concluded that the partial substitution 

for Y3+  with Ca2+  introduces additional hole carriers in the structure and makes the 
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system accessible far in to the overdoped region. They have attributed the decrease in 

To  to an increase in hole concentration in the Cu02 planes. 

5.3 Codoping Effect of Ca and Pr in Y123 System 

Guan and co-workers reported that the superconducting transition temperature, 

To  [30] the magnetic ordering temperature of Pr ions ,TN [31] the normal-state 

resistivity ,[32,33] and the Hall number per unit cell n H  in Y1-xPrxBa2Cu307_8are all R 

ion-size dependent [30,33,34]. It was also reported that the Hall number nH of Y0.9 

Cao.1Ba2Cu307-5 [35] and To  of RBa2Cu3_,,Gax077_8 [36] are also ion-size dependent. It 

is experimentally shown that upon substituting Pr into the system Tc decreases 

monotonically and vanishes at a critical concentration x 0.55, near the metal 

insulator transition [37-39] Numerous investigations [30,34] on the system have 

been carried out. With increasing Pr concentration suppression of superconductivity 

results from a reduced number of carriers in the Cu02 sheets. 

The valence state of Ca2+  is lower than that of Y 3+. Such a substitution will 

generate excess holes and T o  is suppressed by the overdoping effect. On the other 

hand, it has been known that Ca doping is likely to co-introduce oxygen vacancies, 

reducing the number of the generated holes. This indicates that doping with Ca ions 

has a counterbalance effect on the suppression of T o  .Ca doping is able to increase the 

To  of the oxygen deficient Y123 [40]. The replacement of 20% Ca ions in tetragonal 

YBa2Cu3O6  induces the superconductivity; whereas the same amount of Ca, in fully 

oxygenated RBa2Cu3077_8, lowers Tc from 90 to 78 K. Yakabe et al.[41] showed that 

there exists a maximum of T o  about 90 K with the variation of the carrier density in 

single phase Yi_xCaxBa2Cu307-5. thin films up to 50% Ca concentration. Similar 

behavior was observed in Y1_ xCaxBa2Cu2.64Coa3607-s. [42] and Y1_ 
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xCaxBa2Cu2.5Feo.507-6,[43] These observations indicate that the substitution of Ca 2+ 

 for Y3+  in these compounds compensates the loss of the holes and restores the 

superconductivity . 

The Tc  of Y1_x_2Pr„CazBa2Cu307-6. [44] could be enhanced by Ca doping and 

there exists a maximum of T e  for varying Ca concentration z. The Tc vs z curves can 

be resolved into two parts: 1) the counteracting effects of generation and filling of 

holes on the Cu02 sheets by Ca2+and Pr3+ ions, respectively, and 2) the depairing of 

superconducting electrons via exchange interaction of mobile holes on the CuO2 

sheets with local Pr magnetic moments. 

It was reported that in fully oxygenated Y123, Ca doping is accompanied by the 

loss of oxygen content [45] ,but it was also found that the oxygen content does not 

change with Ca concentration in the Y i _x_,Pr„CazBa2Cu3 07-6 system. [44] It suggests 

that the loss of oxygen content, resulting from Ca doping, can be compensated by Pr 

doping. On the other hand, in oxygen-deficient Y123 [46] the length of the c axis 

increases progressively with decreasing oxygen content. But it is observed that [47 ] 

in Yi_x_zPr„CazBa2Cu307-6 samples, the c axis does not increase apparently. Therefore, 

it is reasonable to assume that the oxygen content does not vary much . 

5.4 Codoping effect of Ca and Zn in Y123 System 

The normal-state (NS) and superconducting (SC) properties of high-Tc 

cuprates are extremely sensitive to stoichiometry and the number (p) of added hole 

carriers per copper oxide plane. In recent years one of the most widely studied 

phenomena in the physics of high-temperature superconductors (HTS) is the so-called 

pseudogap (PG) state [48,49] which is observed over a doping range extending from 

the underdoped (UD) to the slightly overdoped (OD) region. In the pseudogap (PG)- 
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state various NS and SC anomalies are observed which can be interpreted in terms of 

a reduction in the effective single particle density of states [50]. Existing theories of 

the PG, which is believed to be an essential feature of HTS physics, can be classified 

broadly into two categories. The first is based upon a model of Cooper pair formation 

of T* well above the SC transition temperature, T„ with long-range phase coherence 

appearing only at T Tc  [51-53]. The second model assumes that the appearance of 

the PG is due to fluctuations of some other type, which compete or coexist with SC. 

These include antiferromagnetic fluctuations, charge density waves, structural phase 

transition or electronic phase separation on a microscopic scale (e.g., the stripe 

scenario) [54-57]. Within this second category the concept of a quantum critical point 

(QCP) has been mooted to explain the HTS phase diagram [58-60] though its 

confirmation remains inconclusive [61]. 

Pure Y123 with full oxygenation is slightly OD and further overdoping can 

only be achieved by substituting Y 3+  by Ca2+, while Zn substitution at the in-plane 

Cu(2) sites increases the planar impurity scattering. The advantages of using Zn are (i) 

it mainly substitutes the in-plane Cu(2) sites, thus the effects of planar impurity can be 

studied and (ii) the doping level remains nearly the same when Cu(2) is substituted by 

Zn enabling one to look at the effects of disorder at almost the same hole 

concentration [62,64 ] . Most of the studies on the effect of Zn on charge transport of 

Y123 are limited to the range of UD to optimum doping levels and at a moderate level 

of Zn substitution. Therefore, study of the system in the OD region with high levels of 

planar defects fills an important gap. Here the doping level remains nearly 

independent of Zn content enabling one to separate the effects of doping and disorder 

on various NS and SC properties [63-64] The evolution of the resistivity, p(T ,p), 

provides a way of establishing the T —p phase diagram and can give valuable 
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information about the different crossover regions in the vicinity of a possible quantum 

critical point [58-60]. 

From the analysis of p(T, p) one can extract UD and OD crossover 

temperatures, T *  and Tm  respectively, above which p(T ,p)exhibits linear T — 

dependence and one can also determine the p-dependent exponent m in fits to 

p= p0  + AT' on the overdoped side. Furthermore, the room temperature 

thermopower, S[290 K], has a systematic variation with p for various HTS over the 

entire doping range extending from very UD to heavily 0 D regions [65], also S[290 

K] is insensitive to in-plane disorder like Zn and the crystalline state of the 

sample[65] .For these reasons S[290 K] is a good measure of p even in the presence 

of strong in-plane electronic scattering by Zn 2+  ions. 

A proper understanding of the normal state has been considered crucial for an 

insight into the origin of superconductivity in these systems. And that is where the 

possible role of an impurity affecting the normal state of the cuprate systems 

becomes indispensable. In the case of the Y123 system the site-dependent disorder is 

known to produce different effects. For instance, an impurity disorder at the planar 

Cu02 site is found to promote localization of charge carriers, while at the Cu-0 chain 

site it affects the dimensionality and the carrier transport along the c direction. With 

this background we think that a study of the Y123 system with simultaneous doping 

of two kinds of impurities at Y site and one different impurity at Cu site may provide 

useful information relevant to the origin of superconductivity. In fact, it may happen 

that the combined effect of two such kinds of impurities on various properties like 

residual resistivity, resistivity slope, and superconducting critical temperature comes 

out to be significantly different from that of the direct summation of the effects of the 

individual impurities. 

140 



In the present Chapter , we have investigated the effect of codoping of Pr, Ca 

and Zn as impurities in the Y123 system. The reason for the choice of impurities is 

that, as it is known for this system [ 47] Pr and Ca substitute at Y site while Zn 

substitutes at Cu(2) site in the Cu02 plane.It would therefore be interesting to 

examine whether simultaneous presence of these impurities at different sites of the 

Y123 structure alters the normal and superconducting state properties, in comparison 

to their expected individual effects as studied by earlier workers [ 47 ]. 

5.5 Results and Discussion 

5.5.1 X-ray Diffraction and Iodometric Titration 

X-ray powder diffraction data were collected on polycrystalline samples of 

compositions Y0.9,PrxCa0 iBa2[Cui_ yZny]307-8 with different values of x and y (0 5_x 

5_0.15 and y = 0.02 ,0.06) with Rigaku diffractometer equipped with CuK a  radiation. 

The XRD patterns are presented in Figs. 5.5.1-5.5.2 .The diffraction patterns were 

refined with Fullprof Rietveld program in the space group Pmmm .The refined 

lattice parameters , atomic positions and R-factors are listed in Tables 5.5.1-5.5.2 and 

the fitted diffraction patterns are presented in Figs.5.5.3-5.5.7. The oxygen contents 

determined from iodometric titration are given in Table 5.5.1 and Table 5.5.2 along 

with the calculated oxygen contents from equation (3.5.1). The lattice parameters a, b 

,c of the samples do not show large variation. It is observed by Narlikar et al [28 ] 

that the decrease in oxygen content creates vacancies resulting in a decrease in 

orthorhombicity when Ca is added to Y123 system. In the present work we have 

added Pr and Zn together with Ca and we observe that the oxygen contents obtained 

by iodometry remains almost constant within errors.In this case also, the 

experimentally determined oxygen content is less than that calculated from c value 
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equation (3.5.1). This suggests that Ca and Pr enters the Y site with same ionic radius 

as Y. This results in the creation of vacancies in the Cu02 planes, because of charge 

imbalance. . As superconductivity is presumably supposed to reside in these planes, 

the oxyen disorder thus created is expected to have deterious effect on T e . 

It has been is also noted by Awana et al [4] that for Ca with 0.1 concentration 

in Y123 the system shows tetragonal symmetry. However, our system retains 

orthorhombicity mostly due to the effect of Zn which localizes the holes. 
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Table 5.5.1 Rietveld Refinement of XRD data for Y0.9-xPrxCao.lBa2{Cuo.98Zno.o21307-8• 

The space group is Pmmm with Y( 1/2, 1/2„ '/2) , Pr('2,1/2„ 1/2) , Ca (1/2,1/2„ 

1/2), Ba (1/2,1/2, z) , Cu(1)(0,0,0), Cu(2) (0, 0, z), 0(1) (0, 1/2 , 0), 0(2) 

(', 0 ,z) , O(3)(0, 1/2, z) ,0(4) (0,0, z) .Also shown oxygen content and 

Tc . The values in the parentheses represents uncertainties in the last digit. 

x = 0.0 x = 0.025 x = 0.075 x = 0.1 x = 0.12 

z(Ba) 0.182(2) 0.182(2) 0.182(2) 0.182(2) 0.182(2) 

z(Cu2)/z(Zn) 0.360(3) 0.361(3) 0.362(3) 0.363(3) 0.362(3) 

z(2)  0.353(4) 0.365(1) 0.368(1) 0.370(1) 0.371(1) 

z(3)  0.389(1) 0.387(1) 0.379(2) 0.375(3) 0.370(2) 

z(4)  0.162(1) 0.158(3) 0.159(3) 0.160(1) 0.157(3) 

a(A°) 3.829(1) 3.830(1) 3.826(2) 3.828(1) 3.829(2) 

b(Au) 3.883(1) 3.883(1) 3.882(1) 3.882(1) 3.883(1) 

c(A°) 11.667(1) 11.669(1) 11.665(1) 11.667(1) 11.664(1) 

Rwp  15.9 13.1 15.1 15.0 13.5 

Rexp 14.3 12.8 13.1 13.6 12.6 

RBmgg  25.36 22.3 15.88 12.8 16.27 

X2 1.24 1.18 1.17 1.20 1.14 

Oxygen 
content as 
obtained from 
iodometric 
titration 

(7-8) 

6.67±0.03 6.67±0.05 6.67±0.02 6.67±0.03 6.67±0.02 

Calculated 
oxygen content 
from 
equation3.5.1 
(7-8) 

6.928±0.01 6.916±0.01 6.940±0.01 6.928±0.01 6.945±0.01 

Tc(K) 57.90±1.00 67.43±1.00 58.67±1.00 49.45±1.00 22.66±1.00 
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Table 5.5.2 Rietveld Refinement of XRD data for Y0.9xPrxCa0.iBa2[Cuo.94Zno.o€]307_ 

8. The space group is Pmmm with Y( 1/2,1/2„ '/2) , Pre/2,1/2„ 1A) , Ca (1/2,1/2„ 

1/2), Ba z) , Cu(1)(0,0,0), Cu(2) (0, 0, z), 0(1) (0,1/2 , 0), 0(2)( 1/2, 

0 ,z) , O(3)(0, 'A, z) , 0(4) (0, 0,z). Also shown oxygen content and T e . 

The values in the parentheses represents uncertainties in the last digit. 

x = 0.0 x = 0.075 x = 0.1 x = 0.12 

z(Ba) 0.182(1) 0.183(1) 0.181(1) 0.183(1) 

z(Cu2)/z(Zn) 0.360(2) 0.361(2) 0.362(2) 0.362(2) 

z(2)  0.353(3) 0.365(1) 0.369(1) 0.370(1) 

z(3)  0.389(1) 0.370(3) 0.365(5) 0.360(4) 

z(4)  0.162(2) 0.163(2) 0.162(2) 0.161(2) 

a(Au) 3.829(1) 3.828(1) 3.826(1) 3.828(1) 

b(Au) 3.883(1) 3.882(1) 3.882(1) 3.883(1) 

c(Au) 11.667(1) 11.667(1) 11.665(2) 11.668(2) 

Rwp  15.9 18.2 14.3 15.9 

Rexp 14.3 13.5 11.2 13.2 

RBragg  25.36 22.3 15.6 14.2 

X2 1.20 1.25 1.18 1.14 

Oxygen content 
as obtained from 
iodometric 
titration 

(7-8) 

6.67±0.03 6.67±0.02 6.67±0.03 6.67±0.02 

Calculated 
oxygen content 
from 
equati on3 .5.1 
(7-8) 

6.928±0.01 6.928±0.01 6.940±0.02 6.922±0.02 

Te  (K) 46.05±1.00 55.43±1.00 44.66±1.00 20.79±1.00 
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Fig.5.5.1. X-ray diffraction patterns for Y o o,Pr„Ca 0 i lla2[Cul_yZny]307-8 

samples with different values of Pr concentration and Zinc content 

y = 0.02 
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Fig.5.5.2. X-ray diffraction patterns for Y o 9..Pr„Ca 0 IBa2[Cul_ yZny1307-5 

samples with different values of Pr concentration and Zn 

concentration y = 0.06 
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5.5.2 Electrical Resistivity 

The electrical resistivity measurements were carried out using four probe 

method in the temperature range 14-300 K. The plots of resistivity versus temperature 

are given in Figs.5.5.8 - 5.5.9 . The critical temperatures T e  are given in Tables 5.5.1 - 

5.5.2 for Zn content y = 0.02 and 0.06. Because of the strong hole density (p) 

dependence of various non-superconducting and superconducting properties it is 

important to determine p as accurately as possible. We have estimated p from the 

room-temperature thermopower, S[290K] using the correlation of Orbetelli et al [61], 

expressed numerically [ 61(a) ] S(290K) = 992 exp(-38.1p)pV/K. These values of p 

are given in Table 5.5.3 and Table 5.5.4 together with the values of thermopower with 

errors . 

Normal pseudogap has been earlier studied by Naquib Let-al [61- 66] for Ca 

and Zn doped YBa2Cu307_8(Y123) Compounds. The pseudogap characteristic 

temperature is T* . In normal pseudogap state it was established by these workers 

that T* decreases linearly as the doping level p increases and goes to zero at p = 0.19. 

This is a universal behaviour, observed in underdoped and optimally doped samples. 

It was later observed [67] that for Ca based overdoped samples an anamolous 

behaviour of T* appeared abruptly in which T* showed very little or no p 

dependence. 

We have done similar study in which we use Pr substitution along with Ca 

and Zn. Pr substitutes at the Y site and is responsible for forming a narrow band 

called FR band near the Fermi energy [68].This band grabs holes from the p-d band 

in the plane resulting in Te  reduction [69]. As stated earlier in Chapter 4 there are 

three regions in terms of Pr concentration x. For 0 < x < 0.1 the system is in the 
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vicinity of overdoped to underdoped state and T e  as a function of x decreases very 

slowly. For 0.1 < x < 0.5 the main process is hole depletion and Tc  decreases 

faste . For x > 0.5 there is additional process of magnetic pair breaking and Tc 

goes to zero rapidly. So to study the underdoped region we have put Ca content 

zero and for x = 0.1 and 0.2. Zn content is varied . For the overdoped region we 

put Ca=0.1 and Pr contents are varied from 0 to 0.12 for two values of Zn 

content 0.02 and 0.06.The doping level p is determined accurately using the 

thermopower data at 290K, as mentioned above. 

5.5.3 Relation between T*and m with p 

As is standard practice [70,71] , the characteristic pseudogap temperature 

T*(p) is obtained from the temperature at which downturn in the p(T) curve appears. 

The other method to obtained T* is from the plots of dp(T) /dT, this plot gives a 

more general measure for T*(p), which is characterized by an increase in the slope of 

p(T) in the vicinity of T*. We have used both these methods to find T* values. The 

values of T* obtained from these methods are very close to each other. The method of 

extraction of T* values from p -T and dp(T) /dT vs T plots are presented in 

Fig.5.5.10 for one of the values of the sample with x = 0.075 and y = 0.06.The values 

given in Tables 5.5.3 -5. 5.4 are from p -T plot. the values of T* given in these tables 

are determined when the downturn in p -T curve ends and upturn just begins. We 

have also determined the value of pseudogap temperature T* in the compounds 

YBa2(Cui_xZnx)307_8 , where y varies from 0 to 10 % . Our values agrees with those of 

Naquib et al [67] and Walker et al [67(a)]. We have therefore not included the values 

of T* in the present work. The planar hole concentration p is obtained from the 

thermopower room temperature data as mentioned above. The results are plotted in 
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Fig..5.5.11 for the underdoped case and in Fig.5.5.12 for the overdoped case. In the 

underdoped case x = 0.1 and x = 0.2 the system is in the hole depletion region and p is 

varied by increasing Zn concentration as shown in Table 5.5.3 .Here it may be noted 

that Zn acts as pinning the holes in the plane and opposes the action of Pr in removing 

the holes. Consequently p increases as Zn concentration increases. Fig 5.5.11(a),(b) 

shows normal pseudogap behaviour i.e. T* decreases linearly with increasing p For 

the overdoped case we have set y = 0.02 and y = 0.06 and x is varied as shown in 

Table 5.5.4 and Fig.5.5.12(a),(b) . For y = 0.02 ,T* shows normal behaviour. 

However, at y = 0.06 , T* remains almost constant and is independent of p. Just for 

comparison we have shown results from Naquib et al [70] in Fig 5.5.12(b) which 

agree well with our results. These researchers have observed that for overdoped 

cuprates, the pseudogap temperature show almost no p dependence over a wide 

range of hole contents extending from the optimally doped to the overdoped regions 

and that the magnitude of this anomalous T*(p) depends only on the amount of Zn in 

the Cu02 planes. 

The abrupt appearance of this anomalous pseudogap-like feature in resistivity 

as a function of disorder content is indicative of some sort of threshold mechanism in 

action, consistent with some recent theoretical studies carried out by Bucher et al [72]. 

For example, in the study by Monthoux [73] it was shown that as quasiparticle 

lifetime becomes shorter (with increasing scattering by spin fluctuations), it starts to 

feel long-range magnetic order even when only short-range correlations are present. It 

is known that [72,73] the quasiparticle mean-free path relative to the correlation 

length of the short-range antiferromagnetic order determines the size of the 

pseudogap. As the quasiparticle lifetime decreases with Zn, it is possible that at a 

certain level of Zn in the Cu02 plane the scattering rate becomes high enough to 
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dominate over the more gradual p-dependent scattering. Using the Hubbard model, it 

was shown that a high scattering rate leads to the removal of low-energy spectral 

weight [74]. In this scenario the local Coulomb repulsion U becomes an important 

parameter. Heavy Zn substitution increases the scattering rate, localizes 

quasiparticles, and effectively enhance U/ t (where t is the nearest neighbor hopping 

energy) globally. Once U > 8t the pseudogap becomes insensitive to U and therefore, 

shows no significant p dependence [74]. This indicate that the origin of this 

pseudogap -like feature is in plane disorder. 

Following Naquib et al [62 ] and Takagi et al [75] we have also determined 

the p dependence of the exponent m, in the fits to the equation p(T) = po  + arn in 

our compound. One of such fits of of Y0.9,Pr.Cao 113a2[Cui_ yZny]307-5 for x = 0.075 and y 

= 0.06 is shown in Fig 5.5.13. The values of m obtained from these fits are given in 

Table 5.5.4. In order to see better non-linear dependence of p on T , we have also 

plotted In (p-po) versus In T in Fig 5.5.13(a). This figure shows better nonlinear 

dependence of p on T than the Fig 5.5.13. Since both T* and m are measures of the 

deviation of p(T) from linearity, we have plotted T* and m versus p in Fig 5.5.14. In 

the same figure we have plotted T, versus p . This entire plot (Fig.5.5.14) represents 

an HTS T-P Phase diagram.It is very interesting to find that T* and m versus p curves 

Cross each other at p = 0.185 ± 0.01 above T, resembling the existence of system in 

non-Fermi liquid state It shows the universal behaviour that is with increase in p, T* 

decreases whereas m increases with value lower than 2 which is the canonical low-T 

Fermi liquid value with dominant electron-electron scattering. 
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Table 5.53: The values of Tc, T* ,S and p for the underdoped system Yi_,,Pr.Ba2(Cui- y  Zn0307-8 

for different values of Zn and x=0.1 , x = 0.2. 

Concentration 

of 

Zn (y) 

T, K 

±1.00 K 

T*(K) 

±2.00 K 

S(290K) 

(AV/K) 

p 

holes/plane 

(a) x = 0.1 

0.00 77.05 253.52 9.87±0.02 0.121±0.001 

0.01 61.78 251.85 7.85±0.02 0.127±0.001 

0.03 26.10 247.40 4.60±0.01 0.141±0.002 

0.06 19.49 244.29 3.21±0.02 0.152±0.003 

0.08 13.16 240.73 1.54±0.03 0.163±0.002 

0.10 - 238.18 1.53±0.02 0.170±0.001 

(b x = 0.2 

0.00 37.08 256.3 16.82±0.06 0.107±0.003 

0.002 31.99 254.86 12.40±0.05 0.115±0.001 

0.005 29.40 249.85 6.74±0.02 0.131±0.002 

0.01 15.96 245.73 3.81±0.03 0.146±0.003 

0.03 - 239.77 1.71±0.04 0.167±0.002 

0.06 - 236.06 1.26±0.03 0.175±0.002 
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Table 5.5.4: Shows the values of Tc, T* ,S and p for the overdoped system 

Y01-xPrxCao.iBa2(Cui-y  Zny)3 07-8 for different values of Zn and for Ti)•etile 

1 0.02 and'Nfili:::(13) = 0.06 

Concentration 

of Pr (x) 

Te  K 

±1.00 K 

T*(K) 

±2.00 K 

S(290K) 

(pV/K) 

p 

(holes/plane) 

m 

(a) y =0.02 

0 57.9 254.56 1.08±0.02 0.179±0.002 1.01±0.09 

0.025 67.43 250.13 0.97±0.03 0.182±0.003 1.11±0.08 

0.075 58.67 243.33 0.83±0.02 0.186±0.002 1.22±0.09 

0.1 49.45 233.79 0.78±0.04 0.188±0.001 1.26±0.02 

0.12 22.66 221.58 0.77±0.05 0.190±0.002 1.27±0.01 

(b) y=0.06 

0 46.05 256.78 1.04±0.05 0.180±0.003 1.03±0.02 

0.075 55.43 243.73 1.00±0.03 0.181±0.001 1.07±0.01 

0.1 44.66 249.64 0.86±0.01 0.185±0.002 1.17±0.09 

0.12 20.79 253.54 0.80±0.02 0.187±0.001 1.23±0.10 

yse.,C04' \-b 
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5.6 Conclusion 

We have carried out measurements on electrical Resistivity of sintered 

samples of composition Y09_,PrxCao 113a2 [Cu i _yZny]307.,5  . This technique is a very 

useful tool as with this single technique we could get the information regarding the 

characteristic pseudogap temperature T*. The hole concentrations are found from 

room temperature thermopower measurement. We have used Pr to obtain the 

underdoped region while Pr with Ca was used to obtain the overdoped region. We 

find that for underdoped compound T* increases with decrease in p thereby showing 

normal pseudogap. However, for overdoped compound which is attained by doping 

Ca at higher values of Zn content (y = 0.06), T* remains almost constant showing 

anomoulous pseudogap. Thus our results corroborate the earlier findings of Naquib et 

al and hence the theoretical explanation given by various researchers can still hold 

good. 

Using the values of T, T* and m we construct the phase diagram following 

the procedure of Naquib et al .A crossover between T* and m is obtained at which p 

= 0.185 ± 0.01 resembling that the system is still in the non-Fermi liquid state. This is 

in contrast to the findings of by Naquib et al [70]. Phase diagram constructed by these 

researchers indicates that at p = 0.19 ± 0.01, the pseudogap vanishes and it is a special 

point called quantum critical point where p(T) remains linear in non superconducting 

state as T 0 K. 

Our X-ray diffraction studies of Y0.9-xPrxCao.1Ba2 [Cu1- yZny]307.,5 show that 

the crystal system is orthorhombic with little or no variation of lattice parameters. The 

present study contradicts the XRD results obtained by Awana et al. This is because in 

our study, three dopants are present Pr, Ca,Zn whereas that of Awana et al [4]has only 

one dopants.viz. Ca . Since Zn localizes the holes in Cu02 plane as can be seen from 
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the z parameter for Cu and Zn of Table 5.5.1 and Table 5.5.2, the system retains its 

orthorhombic crystal structure. 
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Summary and Conclusions 
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6.1 Summary 

High-Te  cuprate superconductors are remarkable materials as various strongly 

correlated electronic ground states are uncovered with increasing the doped hole 

concentration,( p), in the Cu02 planes and a nearly parabolic T e(p) dome is realized in 

the doping range 0.05 < p < 0.27 for most of the cuprate families. Over most of the 

regions of the T-p phase diagram the normal state charge transport and magnetic 

properties are anomalous in the sense that canonical Fermi-liquid like behavior is only 

observed in the deeply overdoped region. Besides superconductivity itself, pseudogap 

and stripe correlations are probably the two of the most widely investigated 

phenomena. The pseudogap correlation is detected in the T-p phase diagram over a 

certain doping range, extending from the underdoped to the slightly overdoped 

regions. In the pseudogap region a number of anomalies are observed both in normal 

and superconducting states. It is widely believed that understanding the physics of 

pseudogap is one of the outstanding obstacles in the path of unlocking the mystery of 

cuprate superconductivity. Considerable debate has ensued as to the nature of the 

pseudogap and no consequences has been reached yet. On the other hand the charge 

stripe correlations are only observed in the underdoped cuprates .Some of the existing 

theoretical models link the origins of both superconductivity and pseudogap to the 

stripe correlations . It is extremely important to clarify the interplay among these 

different correlations in order to develop a coherent picture describing the physics of 

high Te  cuprates. 

Among the high-Tc oxide superconductors, the YBa2Cu307_,5 system has 

been well studied with regard to structural as well as the physical properties. In the 

pure RBa2Cu3 07-8 (R = rare earth) system, T c  remains unchanged for all R ions 

irrespective of their magnetic moments except for R = Pr. However, substitution at the 
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Cu site by 3d metal ions has a considerable effect on T„ since the Cu0 2  planes are 

responsible for superconductivity and any substitution at this site suppresses T c, 

independent of whether the substituent ion is magnetic or nonmagnetic. 

Substitutional studies in the RBa2Cu3_,,M xO7 (M = Fe ,Ni, Zn) system have shown an 

increase in the solid solubility limits (x) as well as the Tc suppression rates. A similar 

R ion dependence has been observed in other systems. This has been attributed to the 

decrease in the spatial extension of the 4f orbitals of the R ion with decrease in the 

ionic radius. It appears, therefore, that simultaneous substitution of a rare earth ion at 

the Y site and 3d metal ion at the Cu site modifies the nature of interaction of the 4f 

orbitals of the R ion with the Cu02 planes. In the present study, we have carried out 

systematic substitutional studies on Y 0.9,Pr„Cax[CuilZnyp 07_5 with the following 

objectives: 

(i) to study the pinning effect which arises due to Zn doping at Cu planar site, 

(ii) to investigate the effect of hole concentration on Tc due to Pr substitution at 

Y site and 

(iii) to study the pseudogap effect as a consequence of Ca substitution in Pr and 

Zn doped YBa2Cu307-.5. 

This thesis is divided into six Chapters. Chapter 1 reviews the most important 

properties of the superconductors, which are essential to understand the structural and 

electrical properties of the cuprate superconductors studied in this work. Furthermore, 

it gives a brief account of the state of art knowledge of the high temperature 

superconductors along with some of the applications related to superconductors. At 

the end of this Chapter, the scope of present study has been attributed. 

In Chapter 2, the experimental techniques used for the investigations carried 

out in this work are described. The experimental setup and procedure for carrying out 

172 



measurements on electrical resistivity, oxygen contents and thermopower are 

discussed together with the method of preparation of compounds and recording of X-

ray diffraction patterns. 

In Chapter 3, a detailed crystal structure of YBa2Cu307_8 has been described 

along with general consideration of substitutions at cation sites. Later on effect of Zn 

doping at Cu(2 ) site in Y123 system and its structural properties have been 

discussed on the basis of literature available hitherto .Rietveld analysis of the X-ray 

diffraction pattern of Zn doped Y123 system with 0 ..Zn 10.10 has been carried out. 

From these analysis it is found that Zn substitution at Cu(2) site do not affect the 

orthorhombic structure of parent Y123 system. The results of iodometric titration 

show that the oxygen content remain invariant thereby confirming the 

orthorhombicity of the system. From the electrical resistivity measurements 

superconducting transition temperature, residual resistivity, and resistivity slope have 

been obtained. It is seen that the transition temperature decreases with increase in Zn 

content. The resistivity slope increases to a maxima and then decreases. The 

suppression of I', with increase in Zn content is attributed to the pinning of 

dynamically fluctuating stripe phase by impurity scattering based on the assumption 

that Zn does not change charge carrier density. 

The suppression of 'I', due to depletion of concentration of mobile holes can 

be achieved by substituting Pr in Y123 system. In Chapter 4 we present our study on 

Y123 doped with Pr at Y site and Zn at Cu site , former increases the holes and later 

localizes these holes in the Cu02 plane. We have found through the Rietveld 

analysis of X ray diffacton data that such substitution does not change the 

orthorhombic symmetry of the system as found in Zn doped Y123 above .The 

lattice parameters a, and b do not change much . However, c parameter is slightly 
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affected thereby slightly affecting the 0(4) parameter which is responsible for 

retaining the orthrhombocity of the system. The iodometric measurements suggest 

that the oxygen content remains invariant as the Pr concentration is increased. As the 

oxygen content remains unaltered it was interesting to know why there is a reduction 

in Te . We, therefore performed the electrical resistivity measurements on these 

compounds in the temperature range 10-300K. From these measurements, the 

transition temperature, residual resistivity and the resistivity slope corresponding to 

linear part of resistivity —temperature curve have been determined. It is that for x=0.1 

Pr has a minimal influence on the in-plane processe for Zn impurity alone. and that Tc 

and po are slightly affected . The resistivity slope becomes larger for the region for 

which Zn concentration (y) lies between 0.03 and 0.06 thereby suggesting larger 

depining effect and hence slower fall of Te  However, when the Pr content is increased 

to 0.2 a drastic change observed in the residual resistivity becoming abnormally 

large and resistivity slope becomes negative. This implies that the absence of 

depining and a totally pinned charge stripes. It is inferred that when Pr content (x) is 

increased from 0.1 to 0.2 the hole depletion is in full swing . It is concluded that due 

to the hole depletion process Pr is able to bring the system in the underdoped region 

so that a small percentage of Zn is able to induce a superconductor —insulator 

transition This can be seen by plotting the unitarity line which lies below y = 0.01 

which suggest that above this line the system goes to insulating state. It is interesting 

to mention here that, Fukuzumi et al have obtained such situation for Zn impurity by 

controlling the oxygen content in Y-123 system .We have shown that it is easier to 

obtain the same results by doping Pr at Y-site since one can control the charge 

carrier density easily using the hole depletion mechanism. 
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Another remarkable phenomenon in the field of high T e  cuprate 

superconductors is the observation of the pseudogap in substituted Y123 and related 

system. The pseudogap is detected over a certain range of planar hole concentration p 

i.e. the number of holes in the plane , extending from the underdoped to slightly 

overdoped state. Chapter 5 deals with the study of this kind of pseudogap. In this 

study we have prepared Y123 system doped with Ca together with Pr and Zn. 

Rietveld analysis on X-ray diffraction patterns of these materials shows that when 

0.1 Ca is doped in addition to Zn and Pr in Y123 , system shows orthorhombicity. 

This may be due to the presence of Zn which localizes the holes thereby slightly 

affecting the z parameter for Cu and Zn. Electrical resistivity measurements on such 

three dopant Y123 were performed for determination of the transition temperature 

Tc  , characteristic pseudogap temperature T* and the value of exponent m in the fit 

to resistivity equation, p(T) = po +ar , where a is constant. Besides, the hole 

concentration is determined from room temperature thermopower measurements. For 

underdoped system in absence of Ca , we find that T* decreases with increasing hole 

concentration and system shows normal pseudogap effect. This behaviour is also 

observed in overdoped case when Ca is added and Zn content is kept at 0.02 . 

However, when Zn concentration is increased to 0.06 T* shows no p dependence 

taking the system to anomalous pseudogap state .The abrupt appearance of this 

anomalous pseudogap like feature in resistivity as a function of disorder content is 

indicative of some sort of threshold mechanism in action consistent with some recent 

theoretical studies dealing with quasiparticles coupled to spin or charge fluctuations. 

In this situation the local Coulomb repulsion U becomes important parameter. Higher 

Zn substitution increases the scattering rate ,localises the holes and effectively 

enhances U/t (where t is the nearest neighbour hopping energy). Once U > 8t, the 
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pseudogap becomes insensitive to U and therefore, shows no p dependence. Using T* 

, m and Tc  we have constructed a HTS phase diagram . We find a crossover 

between T* and m well above Tc at p = 0.185 ± 0.01 indicating that the system is 

still in the non-Fermi liquid This is in contrast to the observation made by some of the 

authors on Zn and Ca doped Y123 system. The finding of these authors that the 

doping level p = 0.19 ± 0.01 is special and could possibly be a quantum critical point 

in the sense that a transition between two different states takes place at zero 

temperature at this doping level. The difference in the results of our work and the 

work of these reaserchers may be because of simultaneous presence of Pr and Ca at Y 

site and Zn at Cu(2) site in Y123 system. 

Chapter 6 summarises work carried out in the present study and gives scope 

for future work on such type of systems. 

6.2 Suggestions for Future Work 

Today, the investigation of the normal state involves a wide variety of 

electrical, magnetic, and optical studies .Ironically enough, it is the appearance of 

superconductivity itself at high temperatures which inhibits a proper study of the 

normal state down to sufficiently low temperatures. Therefore, it is of interest to study 

the normal-state properties of the materials. Moreover, systematic studies of the 

normal-state properties as a function of doping may reveal some interesting insights 

concerning the evolution of the exotic metallic state from the antiferromagnetic 

insulating state. 

Many experimental techniques have been used to probe the normal state 

properties of the materials .One such technique is angle resolved photoelectron 

spectroscopy (ARPES) .It is a probe sensitive to the energy and momentum of the 
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filled electron energy states below the Fermi surface and has been used recently to a 

great effect in understanding the pseudogap phenomenon . It provides insight into the 

evolution of pseudogap across T e  and its affect on the spin and charge degrees of 

freedom. Such study on our system can thus help us in probing the further details of 

normal state properties 

There is a general consensus that the hole states play pivotal role for 

superconductivity in the p-type cuprate superconductors. Therefore, an understanding 

of the unoccupied electronic states near the Fermi level of cuprate superconductors is 

a crucial step toward unveiling the mechanism of superconductivity. X-ray absorption 

near edge studies (XANES) of 0 K edge using synchrotron radiation has been widely 

applied to probe the unoccupied states in materials and molecules. In particular, 

polarization-dependent X-ray absorption measurements are able to provide detailed 

information about the orbital character of hole states in the p-type cuprates. It would 

be therefore interesting to study 0 K edge XANES in our Y123 system doped with 

Ca, Pr and Zn in order to get information about unoccupied electronic states near the 

Fermi level of these materials. This kind of study will also throw some light on the 

origin of the ionic size effect. 
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Abstract Electrical resistivity measurements on the su-
perconducting oxides of the compositions Yo.9,PrxCao.1 
Ba2[Cui_yZny ]307_s (0 < x < 0.20 and 0.0 < y < 0.10) 
sintered in oxygen atmosphere were carried out to obtain 
the normal and anomalous pseudogaps in underdoped and 
overdoped samples. It is observed that pseudogap temper-
ature T* decreases with increasing doping level p in the 
underdoped case. For the overdoped sample with y = 0.06, 
T* shows no p dependence. 

Keywords Superconducting oxides • Pseudogap • 
Resistivity 

PACS 74.62Bf • 74.62Dh • 74.72Bk 

1 Introduction 

Normal pseudogap has been studied by Naquib et al. [1, 
2] in Ca and Zn doped YBa2Cu307-6 (Y123) compounds. 
The T* is the characteristic temperature above which the re-
sistivity curve takes the upturn. It has been established that 
[1, 2], T* decreases linearly as the doping level p increases. 
This is a universal behavior observed in underdoped and op-
timally doped samples. It was later observed [3] that for Ca-
based overdoped samples, an anomalous behavior of T* ap-
peared abruptly, showing very little or no p dependence. 

In this paper we report our electrical resistivity measure-
ments in under- and overdoped samples of Y123. For this 

M.S. Naik (EI) • K.R. Priolkar • P.R. Sarode • R.B. Prabhu 
Department of Physics, Goa University, Taleigao Plateau, 
Goa 403206, India 
e-mail: miskilko@rediffmail.com  

purpose we use Pr substitution along with Ca. Pr substitutes 
at the Y site and is responsible for forming a narrow band 
called Fehrenbacher and Rice (FR) band near the Fermi en-
ergy [4]. This band grabs holes from the p—d band in the 
plane resulting in Te  reduction [5]. There are three regions 
in terms of Pr concentration x. For 0 < x < 0.1 the system 
is in the vicinity of overdoped-to-underdoped state and T e  as 
a function of x decreases very slowly. For 0.1 < x < 0.5 the 
main process is the hole depletion and Te  decreases faster. 
For x > 0.5 there is an additional process of magnetic pair 
breaking and 7', goes to zero rapidly. For the underdoped re-
gion, we have used Pr content, x = 0.1 and 0.2, with various 
Zn contents and Ca content zero. For the overdoped region, 
we put Ca = 0.1 and x is varied for two values of Zn con-
tent, namely, 0.02 and 0.06. As shown in the results, these 
two combinations, i.e. of Pr and Ca, lead to the overdoped 
region. The doping level p is determined accurately using 
the room temperature (290 K) thermopower data. 

2 Experimental Details 

The polycrystalline samples with composition of Y0.9 —xPrx 
Cao.1Ba2[Cui—yZny]307-6 with different values of x and 
y (0 < x < 0.20 and 0.0 < y < 0.10) were prepared by 
solid-state reaction method. The ingredients, Y203, CaCO3, 
BaCO3, CuO, ZnO, Pr6011 of purity 99.99% in the stoichio-
metric ratio, were thoroughly mixed, grounded and calcined 
at 920 °C in air for a period of 20-24 h. After four interme-
diate grindings and calcinations in air the precursors so ob-
tained were reground and pressed into pellets, and sintered 
in oxygen for 24 h at 940 °C, and then furnace-cooled to be-
low 100 °C with an intervening annealing for 24 h at 600 °C 
[6]. The samples were then characterized by X-ray diffrac-
tion (XRD) using a Rigaku X-ray diffractometer with CuK a  
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Fig. 1 Resistivity vs. temperature plots for Yi_xPr,03a2[Cut -y 
Zny ]3O7_8 samples with x = 0.10 and different values of Zn concen-
tration (y) 
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Fig. 2 Resistivity vs. temperature plots for Yi-xPrxBa2[Cui-y 
Zny]307_s samples with x = 0.20 and different values of Zn concen-
tration (y) 

radiation, and the phase purity of the samples was checked 
using Rietveld Analysis Program DBWS-9411. The struc-
ture for all the samples of the series is found to be or-
thorhombic. The electrical resistivity was measured using 
standard four-probe method employing silver point contact 
in the temperature range of 14-300 K using a close cycle re-
frigerator for temperature variation, as shown in Figs. 1, 2, 
3 and 4. The oxygen content of the samples was determined 
by iodornetric titration [7] which is found to be 6.7 ± 0.1. 
The thermopower measurements were carried out at room 
temperature (290 K) in our laboratory. 

Concentration of Zn (y) (K) T* 

(a) x = 0.1 

0.00 77 253.52 0.12071 

0.01 62 251.85 0.12685 

0.03 26 247.40 0.1411 

0.06 19 244.29 0.15178 

0.08 13 240.73 0.16278 

0.10 238.18 0.16991 

(b) x = 0.2 

0.00 37.08 256.3 0.1068 

0.002 31.99 254.86 0.11462 

0.005 29.4 249.85 0.13107 

0.01 15.96 245.73 0.14627 

• 0.03 239.77 0.16666 

0.06 236.06 0.17508 

3 Results and Discussion 

Figures 1 and 2 represent the resistivity (p) vs. T plots for 
underdoped samples and Figs. 3 and 4 represent resistivity 
vs. temperature plots for overdoped samples. In Fig. 4(b) 
we show the p vs. T curve taken from Ref. [3] (Naquib et 
al.) for comparison. We find that the trend in curves 4(a) 
and 4(b) is almost similar suggesting thereby the constancy 
of hole concentration. Following Naquib et al. [1] we have 
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Fig. 3 Resistivity vs. temperature plots of Y0,9-x Prx Cao.tBa2 (Ca 1 -y 
Z1'10307_3 , with y = 0.02 and different values of Pr concentration (x) 

Table 1 Experimental data on T',, T* and p for the underdoped sys-
tem Yi_xPrxBa2(Cut- y  Zny)307-s for different values of Zn and 
x = 0.1, 0.2 
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Fig. 4 (a) Resistivity-temperature curves for Y0.9-xPrzCa0.1 
Ba2(CUI-y Zny )307-8 with y = 0.06 and different values of 
Pr content (x). (b) Resistivity-temperature curves for sintered 
Yo.soCaoloBa2(Cuo.945Zno.55)3 07-8 samples, after each oxygen an-
nealing from Ref. [3] shown for comparison 

determined T* from p-T at which upturn appears. The 
hole concentration, p, is obtained from the room tempera-
ture thermopower data. Plots of T* vs. p for the underdoped 
and overdoped samples are given in Figs. 5 and 6. For the 
underdoped case at x = 0.1 and x = 0.2 the system is in the 
hole depletion region, and p is varied by increasing Zn con-
centration as shown in Table 1. Here it may be noted that Zn 
acts as pinning the holes in the plane and opposes the action 
of Pr in removing the holes. Consequently, p increases as 
Zn concentration increases, as can be seen from Fig. 5 (a) 
and (b). Zn is known to suppress 7', faster [8]. The resistiv-
ity measurements on the underdoped samples show normal 
pseudogap behavior, i.e. T* decreases linearly with increas- 

. 	- 
0.10 	0.12 	0.14 	0.16 	0.18 

p 

Fig. 5 Plots of T* against p for Y Prx Ba2(Cut-y Zn y )307_8 sam-
ples for x = 0.1 (a), and x = 0.2 (b), for y varying from 0.00 to 0.10 

150- 

100 	- 
0.05 

Fig. 6 Plots of T* against p for Y0.9 -sPrsCa0.1Ba2 (01 1 -y 
Zny)307_8 samples for y = 0.02 (a), and y = 0.06 (b), for x vary-
ing from 0.00 to 0.15. Here in (b) the data from Naquib et al. (Ref. [3]) 
is reproduced for comparison 

ing p (see Fig. 5 (a), (b)). For the overdoped case we have 
set y = 0.02 and y = 0.06, and x is varied and the mea-
surements are summarized in Table 2, and the T*-p curves 
are shown in Fig. 6 (a) and (b). For y = 0.02 concentra-
tion, T* shows normal behavior. However, at y = 0.06 con-
centration, T* remains almost constant and is independent 

6.1 0.15 0.2 0.25 

p 

0.3 
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Table 2 Experimental data on 71, T* and p for Y0.9-xPrxCao.i 
Ba2(Cui-y  Zny  )307_8 with y = 0.02, 0.06 and different values of x 

Concentration of Pr (x) (K) T" p 

(a) y = 0.02 
0 57.9 254.56 0.17928 

0.025 67.43 245.13 0.18259 

0.075 58.67 238.33 0.18608 

0.1 49.45 233.79 0.18766 
0.12 22.66 228.58 0.18968 

(13) Y = 
0 46.05 242.92 0.1799 
0.075 55.43 243.73 0.18136 
0.1 44.66 242.63 0.18456 
0.12 20.79 21.54 0.18682 

of p. This is the anomalous pseudogap. Just for compari-
son we have shown results from Naquib et al. (Ref. [3]) in 
Fig. 6(b), which agree well with our results. These authors 
showed that the anomalous behavior appears for y > 0.05. 
Our results thus corroborate the earlier results obtained by 
Naquib et al. [3] and hence the theoretical explanation given 
by these researchers [3] can still hold good. 
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In this paper we present the resistivity data for Pr and Zn codoped compouncrY1_.Pr.Ba2[Cu1_ t, Zn1,]307-s 
with 0 < y < 0.1 and x = 0.0, 0.1 and 0.2. The data is analysed in terms of the superconducting critical 
temperature TT , residual resistivity po and the resistivity slope dp/dT corresponding to the linear p-T region. It 
is found that for x = 0.1 Pr has a minimal influence on the in-plane processes for Zn impurity alone affecting 
slightly Tc  and po. The slope dp/dT becomes larger for 0.03 < y < 0.06 leading to larger depining effect and hence 
slower fall of TT  as a function of y. For x = 0.2 there is a drastic change, po becomes abnormally large, dp/dT 
becomes negative implying absence of depinning and a totally pinned charge stripes. Superconductivity vanishes 
at y = 0.03. It is concluded that for x = 0.2 Pr converts the system from overdoped to underdoped region leading 
to the universal superconductor-insulator transition. 

PACS numbers: 74.62.Bf, 74.62.Dh, 74.72.Bk 

1. Introduction 

Different impurities in cuprate superconductors de-
grade the critical temperature in different ways. In doing 
this they shed some light on the electronic state of the 
superconductor. The joint effect of two different impuri-
ties is not the same as the sum of the effects of individual 
impurities. In this work we report the effect of Pr and 
Zn in YBa2Cu307_6. Y-123 system. It is known that Zn 
substitutes at Cu(II) [1-6] site in the Cu02 plane. It 
is a non-magnetic impurity and degrades 7', by potential 
scattering [7-9] which results in pinning the charge stripe 
[10, 11]. Superconductivity vanishes at about ten percent 
of Zn. On the other hand, Pr substitutes the Y site and 
is responsible for forming a narrow band called Fehren-
bacher and Rice (FR) band [12] near the Fermi energy. 
This band grabs holes from the p-d band in the plane 
resulting in Tc  degradation [13]. There are three regions 
in terms of Pr concentration (x). For 0 < x < 0.1 the 
system makes transition from overdoped to underdoped 
state and 7', as a function of x decreases very slowly. For 
0.1 < x < 0.5 the main process is hole depletion and 
7', decreases faster. For x > 0.5 there is an additional 
process of magnetic pair breaking and Tc  goes to zero 
rapidly. In this work we present resistivity versus tem-
perature results for varying Zn concentration (y) for two 
values of Pr concentrations x = 0.1 and x = 0.2 and 
study the codoping effects in the two regions mentioned 
above. The data is analysed in terms of Tc , po, dp/dT. 

2. Experimental 

The polycrystalline samples with composition of 
Yi-.PrxBa2[Cui_,Z4307_,5 with different values of x  

and y (0 < x < 0.20 and 0 < y < 0.10) were pre-
pared by solid-state reaction method. The ingredients, 
Y203, BaCO3, CuO, ZnO, with/without Pr6011 of pu-
rity 99.99% taken in the stoichiometric ratio were thor-
oughly mixed, ground and calcined at 920°C in air for 
a period of 17-20 h. After four intermediate grindings 
and calcination in air the precursors so obtained were 
reground and pressed to pellets, and sintered in oxy-
gen for 24 h at 940°C and then furnace cooled to below 
100°C with an intervening annealing for 24 h at 600°C 
[14]. The samples were characterised by X-ray diffraction 
(XRD) using Cu radiation and the phase purity of the 
samples was checked using the Rietveld refinement. The 
structure for the entire series is found to be orthorhombic 
and X-ray diffraction patterns are presented in Fig. la-c. 
The oxygen content was determined by iodometric titra-
tion which is found to be 6.7 ± 0.1 [15]. The resistivity 
was measured in the temperature range 14-300 K, using 
standard four probe technique coupled with a close cycle 
refrigerator. 

3. Results and discussion 

Resistivity curve p(T) for x = 0, 0.1, and 0.2 samples 
are presented respectively in Fig. 2a-c. One can see that 
for x = 0, 7', disappears at y = 0.1 but the linearity in the 
curve is retained. Whereas for x = 0.1, p(T) curve shows 
non-linear behaviour at y = 0.1 and for x = 0.2 the non-
linearity in p(T) curve starts at y = 0.03. This behaviour 
of Tc  for different concentration of Zn and Pr is presented 
in Fig. 3. The linear part of p-T curve is fitted to the 
equation p = pa + pi T. The intercept pa, called residual 
resistivity corresponds to the impurity scattering that 
leads to the pinning of charge stripe [14] and the slope pi 
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Fig. 	1. X-ray 	diffraction 	patterns 	of 	Fig. 	2. Resistivity 	vs. 	temperature 	for 
Y1_PrxBa2[Cui_ y Zny[307_6 (a) for x = 0, 	 [Cui -y Zny]307-5 samples with differ- 

(b) for x = 0.1 and (c) for x = 0.2. 	 ent values of Zn concentration: (a) for x = 0, (b) for 
x = 0.1 and (c) for x = 0.2. 

(i.e., dp/dT) of this linear part gives the carrier-carrier 
scattering. Figure 4 shows the behaviour of po as function 
of y for only Zn and Zn plus Pr impurities. Figure 5 
shows that dp/dT for Zn and Zn plus Pr impurities. We 
analyse the data for x = 0.1 and x = 0.2 separately. 

Figure 4a shows that for x = 0.1 Pr has a very small 
effect on Po  and hence on pinning of charge stripes. For 
x = 0.0 Zn, dp/dT in Fig. 5a, shows a rise up to y = 
0.03 and then a fall, implying that there is no overall 
depinning effect which is seen in Fig. 3 which presents 
the Tc  vs. y curve. TT  falls more or less uniformly as 
y increases. However when Pr is present, Fig. 5a shows 
that dp/dT rises more sharply from y = 0.02 to y = 0.06. 
Then Fig. 4 shows that for this case TT  falls less rapidly 
with y in this region implying a depinning effect caused 
by Pr. The reason for this is that due to Pr substitution 
the holes start moving from their planar site to 4f band 
implying the starting of depinning of charge stripes. 

For x = 0.2 the hole depletion process is in full swing 
and the system has made a transition to a new state. As 
shown in Fig. 3, Tc  goes to zero at the Zn concentration 

Fig. 	3. Superconducting 	transition 	temper- 
ature 7', as a function of Zn content y for 

Pr, Ba2 [Cul Zn y l 3 07-6 samples with x = 0, 
0.10, 0.20. 

y = 0.03 and superconductivity is destroyed. Figure 4b 
shows that po becomes large and Fig. 5b shows that 
dp/dT becomes negative. This implies absence of de-
pinning and a completely pinned charge stripe. It seems 
that the system has made a transition to underdoped 
stage and that just three percent of Zn has made po large 
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Fig. 4. Variation of residual resistivity po as a function 
of Zn content y in Yi.._13rBa2[Cui_ 5 Zni,]307_6 sam-
ples: (a) for x = 0, 0.10 and (b) for x = 0.20. The 
dotted line in (b) indicates the unitarity limit with the 
carrier density n = 0.25. 
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Zinc Content (y) 

Fig. 5. Slope dp/dT vs. zinc content y for different 
values of Y1_..PrBa2[Cul_. 5  Znv ] 3 Or - 6 samples: (a) for 
x = 0, 0.10 and (b) for x = 0.20. 

enough to reach the unitarity value of h/4e 2  and induces 
superconductor to insulator transition. 

In Fig. 4b we plot the unitarity line besides the po vs. y 
curve using the relation 1 [16]: 

4h n, 

e n 

2 
Po =-- 	- Sin 00. 	 (1) 

Here (50 = 7r/2, nz = (3/2)y. The value of n, the hole 
concentration per plane is taken to be 0.25 [16]. It is 
seen that Po comes close to the unitarity line till y = 0.01 
when superconducting state exists. 

4. Conclusion 

We conclude that due to the hole depletion process 
Pr is able to bring the system in the underdoped re-
gion so that a small percentage of Zn is able to induce 
a superconductor-insulator transition. Such a situation  

has been observed earlier by Pukuzumi et al. [17] for Zn 
impurity alone by controlling the oxygen content in Y-123 
system. We feel that it is easier to obtain the same re-
sults using Pr, since we can control the charge carrier 
density easily using the hole depletion mechanism. 
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