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Abstract

The recent discovery of copper-oxide based high temperature superconductors has
sparked unprecedented excitement and explosion of research in the field. Proper pro-
cessing of these materials that will impart desirable properties and shapes is essential
to realize significant technological applications. Remarkable advances have been made
in understanding and improving the behaviour of high T. superconductors, and devel-
opment of prototype devices.

Specific heat is one of the most important parameters in solid state research.
The specific heat data provide less dramatic evidence of superconductivity than the
resistivity and magnetic measurements, but they show a remarkable anomaly at the
transition temperature. In fact specific heat demonstrates unambiguously that the
superconducting transition characterizes a sizeable fraction of bulk material and not
merely small filamentary regions. The specific heat data of a solid can be used to
calculate important parameters like the Sommerfeld constant, Debye temperature etc.

The thesis starts with a description of the various experimental setups used for the
different measurements. A detailed account is given of the quasi-adiabatic calorimeter
which has been employed for the specific heat measurements. The method of obtaining
the temperature rise of the sample under study has been explained in this section and
the improved post-heating driftline fitting procedure has been discussed as well.

The thesis is essentially based on the study of resistivity, susceptibility and specific
heat of some well characterized high temperature superconductors. A set of erbium
based 123 superconductors has been investigated in the pure form and also when Cu
is partly (0.5 %) replaced by metallic dopants Ni?*, Zn?t Fe3+ Co®t and Ga®t.
These substitutions are important because the first two dopants occupy the Cu(Il)
site (in-plane substitution) while the remaining three occupy the Cu(I) site (out-of-
plane substitutions). With these substitutions the role of site-dependent substitutional
disorder in conjunction with the fluctuation effects is investigated. The results show
that, as compared to the in-plane, the out-of-plane substitutions exhibit a domination
of fluctuation effects. This has been explained from the fact that out-of-plane disorder
substantially decouples the interlayer links between CuO, planes across the adjoining
unit cells in the c direction. This transforms the system more towards two-dimensions,
thereby enhancing the contribution of fluctuations.

The other study is based on the investigation of the role of lead substitution in sta-
bilization of the high T, 2223 phase in the Bi-based cuprates. Different Pb substituted
Bi-2223 samples where lead content is increased systematically have been prepared.
These samples have been characterized by x-ray diffraction and high resolution scan-
ning tunneling microscopy. From the resistivity measurements of these samples it is
found that the zero resistance temperature shows a peak at a lead content of around
15 at % The susceptibility data of the samples indicate that the high T. 2223 phase is
present in the samples with Pb content (x) of 0.3 to 0.7. But the samples with lead
content 0.3 to 0.5 show the presence of the low T, 90 K Bi-2122 phase as well. The
specific heat data indicate a clear anomaly around 90 K for the samples with x = 0.3



to 0.5 confirming the presence of both the phases in these samples with substantial
volume fraction. Based on these results, the role of lead substitution in Bi samples,
has been discussed. :

Finally, a study of the mixed phase samples of Bi-2223 which have been charac-
terized by x-ray diffraction and high resolution scanning tunneling microscopy, has
been carried out. The substitutions are aimed to understand the role of disorder in
the stabilized high T. (Bi-2223) phase from the low T, (Bi-2122) phase in conjunction
with the fluctuation effects. It is found that the presence of the low T, phase modifies
the resistivity near T, of the high T. phase in a peculiar manner. Excess conductiv-
ity and specific heat due to fluctuations are obtained by subtracting the normal state
values suitably.  The main results of this study are: (1) disorder due to excess Cu
reduces resistivity with an enhancement of T. and also reduces the degree of two di-
mensionality of the system, (2) disorder in the Sr planes increases resistivity and T,
and also changes the dimensionality of the system a little towards three-dimensionality
(3) reduced lead content shows the peculiar form of the resistivity near T..
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Chapter 1

Introduction

1.1 Phenomenon of Superconductivity

Superconductivity is the phenomenon of sudden disappearance of electrical resistance
of some materials when they are cooled below a characteristic temperature (T.) called
the transition temperature. This remarkable phenomenon was discovered by K. Onnes
in 1911[1] while working to verify his earlier prediction that the resistance of high
purity samples should approach zero at the boiling point of liquid helium. Onnes
was investigating the behaviour of mercury, the only metal in those days that could
be brought to a high degree of purity by multiple distillation. He found that though
the resistance did become unmeasurably small, just below 4.2 K, the effect in no way
corresponded to the expected reduction in resistance with temperature. It was actually
a sudden fall in resistance within a few hundreths of a degree, due to mercury passing
into a new state which Onnes called the superconductive state. Afterwards, many
elements of the periodic table were found to be suiﬁéf&éﬁducting, though some of them
become superconducting only under high pressure. Subsequently, many alloys and
compounds were also found to be superconducting including the amorphous materials.
It is beyond the scope of the present chapter to discuss all the topics relevant to the
phenomenon of superconductivity. But some of them which are pertinent to the present

work are reviewed briefly.



1.2 Conventional Superconductivity

The term conventional superconductivity is used in reference to the classic supercon-
ductors i.e., those studied before 1986, with critical temperatures not exceeding 23

K.
1.2.1 Superconductors in Magnetic Fields

If a superconductor is cooled below its transition temperature and then a magnetic
field is applied which is lower than its critical magnetic field, the field is not allowed
to penetrate inside it. This is known as the screening effect. In this phenomenon
the application of field causes the flow of current due to the induction process in
a manner similar to the eddy currents for a normal metal. This current flows as
persistent current due to the fact that resistance is zero in the superconducting state
and therefore unlike eddy currents it does not decay with time. These persistent
currents prevent the penetration of the magnetic field inside the sample. On the other
hand, if a superconductor is cooled below its transition temperature in the presence
of a magnetic field, then no shielding current is expected to be present. However, it is
observed that even in this case all the flux present inside the superconductor is expelled
and the material exhibits perfect diamagnetism. This effect was first observed in 1933
by Meissner and Ochsenfeld[2] and is known as the Meissner effect. The phenomenon
of Meissner effect along with zero resistance is necessary and sufficient condition to
classify a material as a superconductor.

It has been observed that if the strength of the applied magnetic field is increased
beyond a certain value, then the superconducting properties of the material are des-
troyed and it becomes normal. This value of the field is known as the critical magnetic
field (H.)[3]. The superconductivity of the material can also be destroyed by passing
through it a current, the magnitude of which is greater than a certain critical value,
which is called the critical current (I;)[4]. The current density or the current per unit

area corresponding to the critical current is known as the critical current density (Jc).



1.2.2 Type I and Type II Superconductors

The manner in which a superconductor responds to an externally applied magnetic
field determines whether it is a type I or a type II superconductor. An ideal type I
superconductor is a perfect diamagnet below its transition temperature. When such
a superconductor is subject to a progressively increasing magnetic field, it remains a
diamagnet upto its critical magnetic field. Above this, abrupt field penetration oc-
curs and its negative diamagnetic moment increases to a small positive value and the
material becomes normal. A typical magnetization curve for a type I superconductor

is shown in Fig. 1.1. Generally, pure metals which show superconductivity are type

—4t™M

Hc
Applied magnetic field

Figure 1.1: Magnetization curve for a type-I superconductor

I superconductors. Sometimes the geometrical shape of a homogeneous type I su-
perconductor can be such that the external applied field though less than the critical
field, exceeds the critical field value for some portions of the superconductor. The
superconductor in this state, called the intermediate state, splits into superconducting
and normalconducting regions.

In materials such as alloys and composite superconductors, on application of field

greater than the critical field, superconductivity persists despite penetration of mag-

3



netic flux lines. These are the type II superconductors. In the superconducting state,
the Meissner phase, with complete expulsion of magnetic field similar to that of type |
superconductors, is observed only at and below a lower critical field H;,. Above H,,
the vortex state or Abrikosov state[5] in the form of a number of laminae of alternate
superconducting and normal states parallel to applied field are observed[6]. In this
state, the material shows superconductivity with partial expulsion of magnetic field
and magnetization decreases monotonically with increasing external applied field. The
fully normal state is restored only at a relatively higher value of external magnetic
field, known as the upper critical field Hep. The typical magnetization curve for a type

IT superconductor is shown in Fig. 1.2.

—47t™M

Superconducting Vortex
state P | state
: > Nommal

ﬁ 1 T~ state
Hc1 He He2

Applied magnetic field

Figure 1.2: Magnetization curve for a type-II superconductor

1.2.3 Theories of Superconductivity
London’s theory

This phenomenological theory was proposed by F. and H. London(7, 8] shortly after

the discovery of Meissner-Ochsenfeld effect. The London theory is based on two



equations which describe the zero resistance and the Meissner effect.

dJ ne’E
- = 1
dt m (1.1)
m
B = —n—e2-curlJ (1.2)

In the above equations m, n and e are the mass, the number per unit volume and
charge of the carriers of the supercurrent. In the London theory it was assumed that
the current was carried by single electrons. Using the second of the London equations

along with the Maxwell equation
curl B = po J (1.3)
it was suggested that the magnetic behaviour of a superconductor might be described

by
1

V?B = EB (1.4)
where o = m/po.ne? and y, is the permeability of air. The differential equation has
a simple solution

B(x) = B, exp (—;) (1.5)

where B, is the applied flux density and A is the penetration depth of the magnetic

field into the superconductor.

Penetration depth

The field exclusion from the interior of the sample cannot take place exactly upto
the surface of the sample. Because this would imply that the magnetic field at the
surface changes from a finite value to zero. This would require infinite current density
at the surface which is not possible. Thus, the magnetic field does penetrate inside
the superconductor. The screening currents flow in a thin surface layer across which
the magnetic field fall to very low levels. From Eq. 1.5 penetration depth can be
defined as the distance inside a superconductor over which the magnetic field strength

becomes 1/e of its value at the surface.




Ginzburg-Landau theory

A considerable insight into superconductivity on the basis of a two fluid model was
obtained by the theory given by Ginzburg and Landau in 1950(9]. In two fluid model
it was postulated that normal as well as superelectrons are present at any temperature
T< T.. By considering the Gibb’s free energy of normal and superconducting states,
Ginzburg and Landau found the solutions for order parameter and density of super-
conducting electrons. The solutions describe several features of superconductors, eg.
a characteristic minimum length over which any perturbation in the superconducting
order is smoothened out. This is called the coherence length (§) of the material. The
magnetic field also penetrates the material with a characteristic penetration depth (A)
which is essentially the thickness of the material through which the shielding super
currents flow. The most significant insight provided by the G-L theory was the dif-
ference between type-I and type-II superconductors. It was shown that if £ > A and
the surface energy between the normal and the superconducting states is positive,
the material is type-I, while if £ < A and the surface energy becomes negative at a
field H.; < H. the material is a type-II superconductor. The G-L theory also gives a

dimensionless parameter «, known as Ginzburg-Landau parameter, expressed as

L2 V2H \?
B he
For type-I superconductor k < 1/+/2 and for a type-II superconductor x > 1/v/2. It
may be mentioned that for a type-II superconductor the parameter H. is essentially hy-

pothetical and determined by measuring the area of a reversible magnetization curve.

BCS theory

In search of a microscopic theory, Frolich in 1950 pointed out that an electron moving
through a crystal lattice has a self energy by virtue of being ‘clothed’ with virtual
phonons. This means that an:electron moving through the lattice distorts the lattice,
and the lattice in turn acts on the electron by the virtue of the electrostatic forces
between them. The oscillatory distortion of the lattice is quantized in terms of the

phonons. Thus, interaction between the lattice and the electron is basically a process
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of constant emission and reabsorption of phonons by the latter. These are called the
virtual phonons. An electron moving through a lattice can be thought of as being sur-
rounded, even at 0 K by a cloud of virtual phonons. This contributes to the electron a
self energy which is proportional to the square of the average phonon energy. In turn,
this is inversely proportional to the lattice mass. Thus, the condensation energy which
is equal to this self energy will have a mass dependence indicated by the isotope effect.
Bardeen, Cooper and Schrieffer in 1957 developed the idea into a full theory[10]. They
succeeded in showing that the basic interaction responsible for superconductivity ap-
peared to be that of a pair of electrons by means of an interchange of virtual phonons.
According to the BCS theory, at absolute zero an electron moving through the lattice
with some momentum distorts the lattice and gets scattered, creating a virtual phonon.
This phonon is absorbed by a second electron moving with a different momentum at
some distance away when it is reached by the propagating fluctuation in the lattice
charge distribution. The process being a virtual one, energy need not be conserved,
and in fact, the resulting electron-electron interaction depends on the relative mag-
nitudes of the electronic energy change and the phonon energy. If this latter exceeds
the former, the interaction is attractive, and the charge fluctuation of the lattice is then
such as to surround one of the electrons by a positive screening charge greater than
the electronic one, so that the second electron is attracted by this net positive charge.
The fundamental postulate of the BCS theory is that superconductivity occurs when
such an attractive interaction between two electrons by phonon exchange dominates
the usual repulsive Coulomb interaction. The two electrons which form a bound state
due to the weak attractive interaction are said to form a cooper pair. The electrons
constituting a cooper pair have equal and opposite spin and momentum. In the BCS
model the cooper pair formation gives rise to superconductivity. As the temperature
is increased, the lattice vibrations acquire sufficient energy to break the pairs and at
T, all the pairs are broken.

According to the theory the Cooper pair formation lowers the energy and the
resulting state of lowest energy is referred to as the BCS ground state. The minimum

energy required to break a Cooper pair into quasi-particles is found to be 2A. Thus,
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there exists an energy gap, Eg = 2A in the excitation spectrum of the superconductor,
and a radiation of frequency v is absorbed only if hv > 2A. From the variation of the
energy gap with temperature, the theory also predicts a simple relation between the

critical temperature and energy gap given by
E (0) = 2A(0) = 3.5kpT.. (1.6)

At temperatures below about 0.6T., the energy gap is substantially independent of
temperature. The number of pairs broken up at a finite temperature T is proportional

to exp[—A(0)/ksT].
Coherence length

The difference between the normalconducting and the superconducting region of a
material lies in the fact that the Cooper pair density in the normalconducting region
is zero and it is finite in the superconducting region. This density is dependent on the
temperature and the nature of the material. The Cooper pair density n.(T) cannot
change suddenly from a finite value to zero at the phase boundary of the normal and
the superconducting region. The strong correlations between Cooper pairs requires
them to vary spatially. This can occur only over a distance that is larger than a

characteristic length, which is known as the coherence length £gy.

1.2.4 Fluctuations

The superconducting transition is characterized by a mean non zero value of the
order parameter below the transition temperature. Above the transition temperature
the mean value of the order parameter is zero. There are fluctuations in the order
parameter about the values both above and below the transition temperature. Thus
there is a probability of Cooper pair formation even above the transition temperature.
The static properties like diamagnetism and specific heat and the dynamic properties
like electrical conductivity both are affected by these fluctuations both above and
below T.. The effect of thermodynamic fluctuations on most of these properties is

around T. and the region very close to and above T. is known as the dynamical



critical fluctuation regime.

Because of the large coherence length and low T, the fluctuation contribution in
the conventional superconductors is reduced and the temperature range over which
this contribution can be detected is limited. In fact in conventional superconductors

the dynamical critical region is very close to T. and is inaccessible experimentally.

1.3 High Temperature Superconductors

J. G. Bednorz and K. A. Muller in 1986 were working on the hypothesis that sub-
stances with pronounced Jahn-Teller effect (which signifies the displacement of an
ion from a highly symmetrical state with respect to its surroundings) could be su-
perconducting with particularly high transition temperatures. They began with a
study of compounds based on Nickel and Aluminium containing perovskites, such
as mixed crystals of LaNiO3; and LaAlQOg, since Ni** and AI** in an octahedron of
oxygen atoms exhibit a large Jahn-Teller effect. However, superconductivity was not
observed in these groups of substances. Then they started working on copper oxides,
such as LaCuQ3, since Cu?* also shows a large Jahn-Teller effect in an octahedron
of oxygen atoms. They began with an investigation of the compound with formula
BayLas_xCusOs(3 - y) by changing its Ba content. After a few months they succeeded
in making a sample which showed a steep drop in resistance above 30 K. They were
able to identify the phase responsible for the peculiar behaviour as having the com-
position La;CuQy4 and also found out that the resistance drop shifted to lower tem-
peratures on passing larger currents[11]. The possibility of superconductivity in this
compound was confirmed by Takagi et al.[12]. The compound La;_,Ba,CuO,4 which
has K,;NiFy structure, was confirmed to be superconducting. These studies triggered
a flood of research in HTSCs to understand the origin of high value of T. and to
find out other superconducting materials. It was found that the superconductors with
transition temperatures above 40 K could be prepared from the system La-Sr-Cu-O
which is essentially the composition used by Bednorz and Muller, with Sr replacing

Ba[13]. Attempts on substitution of Y at La site led Wu et al.[14] to discover the su-



perconducting Y-Ba-Cu-O system with a transition temperature of around 90 K. The
identification of the superconducting phase was performed by Siegrist et al.[15] and it
was found to have the composition YBa;Cu3O7_5 (Y-123 or YBCO) with a oxygen
deficient triple perovskite structure. The superconductors of the systems La-Sr-Cu-O
and Y-Ba-Cu-O were also discovered simultaneously and independently in Beijing by
Z. X. Zhao and his co-workers[16]. The studies of substitutions in the 123 structure
established[17, 18] that all but a few (cerium and terbium) of the lanthanide series
could be incorporated fully in the structure at the yttrium site. Out of the structures
that could be formed only PrBa;Cu3O7_s is not superconducting[19, 20]. For the re-
maining structures transition temperatures of the order of 91-95 K have been reported
for the fully substituted structures. Following the observations of superconductivity in
the Y-123 system, this phenomenon was observed in rare earth free ceramic oxides like
Bi-Sr-Ca-Cu-O (BSCCO)[21] and TI-Ca-Ba-Cu-O (TBCCO)[22]. Structural investig-
ation by Sunshine et al.[23] in Bi-based compounds and Hazen et al.[24] in Tl-based
compounds showed the presence of multiple phases (all with layered structure), with
one, two or three Cu-O layers. It was observed that T. depended on the number of
Cu-O layers present in these systems. Recently Hg-based compounds Hg-Ca-Ba-Cu-
0[25, 26] with T. of 135 K have been discovered. The discovery of mercury-based
compounds exhibiting such high T. values has stirred considerable interest. These
compounds have compositions HgBa;Ca,_1CupOgpq245. At a.trnosﬁheric pressures
they have T, values of 94 K, 128 K and 134 K for n = 1, 2 and 3 respectively. The
highest value of the transition temperature currently is 164 K, shown by the n = 3
compound under pressure.

The High Temperature Superconductors (HTSCs) share a common phenomeno-
logy with the conventional superconductors, eg., zero resistance, diamagnetic effects
(HTSCs are type II superconductors), specific heat anomaly etc. In addition, they
do possess some distinct and characteristic properties of their own. These supercon-
ductors are anisotropic in character in contrast to the isotropic conventional supercon-
ductors. The Bi-based cuprates are highly anisotropic while in Y,Ba;Cu307_s5 and

Lay_,Sr,CuQ4 anisotropies are doping-dependent. These properties lead to certain
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phenomenon not generally observed in conventional superconductors, such as super-
conducting fluctuations. 2D-3D dimensional crossover effects and 2D pancake vortex
formation. The coherence length of the HTSC materials (0.5-30 A) is much smaller
than that of the conventional superconductors (10® — 10 A) Also, the HTSC materials
have a granularity on a length scale of 1 micron. In general, these compounds have
a orthorhombic or tetragonal crystal structure. The common feature in the structure
of these superconductors is the presence of the highly conducting CuO; planes, where
superconductivity is supposed to reside. It is generally assumed that the normal and
superconducting state properties of the layered high T. cuprates derive from the charge
and the spin dynamics in the CuO; planes, while the other structural components in
the unit cell function either as inert spacers or as charge reservoirs that regulate the
charge density in the CuQ; planes. Among the HTSC materials the 123 supercon-
ductor has been investigated the most as it is a stable and a single phase system. The
presence of anisotropy in transport properties (resistivity and transport J.), coher-
ence length, penetration depth and H; is a unusual feature of the HTSC cuprates.
In the case of YBCO the resistivity near the transition temperature in ¢ direction
has been reported to be nearly two orders of magnitude larger than that in the ab
plane[27, 28]. On the other hand, for Bi-2212 the c-axis resistivity is around 10° times
larger than the ab-plane resistivity[29, 30]. The observed value of anisotropy of J. and
H., is also as high as 1:10 in the two perpendicular directions even in polycrystalline
samples, whereas most conventional superconductors are nearly isotropic[31]. A large
J. is observed for single crystals as compared to the polycrystalline materials whereas
in a conventional type II superconductor like NbsSn, a high density of crystal defects

is the prime requirement for high J..

1.3.1 Structure of RBaCuO (R=Y or rare earths) system

The structure of R;jBayCuz07_s ( R = Y or rare earths) is shown in Fig. 1.3. The
superconductor has a layered oxygen deficient triple-perovskite structure. It can be
viewed as (BaCuO3)-(RCuO3)-(BaCuOs3), with oxygen vacancy ordering. The copper

atoms occupy two different positions with respect to their oxygen environment. One of

11



Cu-0
Chain

Cu(I)

.-__4:>_ﬁ__

0(4)

0(5)

Figure 1.3: Crystal structure of R;Ba;CuzO7_s (R=Y or rare earths) unit cell

the copper positions is at the base of a square-pyramidical arrangement where oxygen
atoms form the edges of the pyramid. The sixth position of the oxygen octahedron
is not occupied (along the yttrium plane). These pyramids are joined at the corners
forming layers. The other copper position is at the centre of a square pyramidical ar-
rangement with four oxygen atoms at the corners. These form the Cu-O-Cu-O chains
along the b axis. But there are no oxygen atoms between the copper ions along the a
axis. This causes the structure to be orthorhombic with the b parameter slightly larger
than the a parameter. The copper atoms of the Cu-O chains are designated as Cu(I)
and those in the planes are referred to as Cu(II). In addition to the highly conducting
CuO, planes and the CuO chains, the RBaCuO structure also has the insulating BaO
and R planes. The apparent mixed valence of Cu and the two dimensional CuO; net-
works have been identified as important ingredients responsible for superconductivity
in the ceramic oxides and in particular for the RBaCuO system. The copper valence is

controlled by the oxygen content in the 123 system, and as such, oxygen vacancy and
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order is related directly with the transition temperature. The variation of transition
temperature with ¢ is shown in Fig. 1.4. The behaviour is very interesting as there
are two plateaus corresponding to transition temperature values of 90 K and 60 K.
The first plateau is in the oxygen content range of 7 to 6.8 and second in the range 6.6
to 6.4. The 90 K phase is known as the ortho-I phase and the 60 K phase is referred

to as the ortho-II phase. As oxygen content decreases, the transition temperature

100
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40t
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0.8 1.0

Figure 1.4: T. vs § in R;Ba;Cuz07_;

drops from its upper limit of about 90 K (at § = .05) and the superconductivity gets
quenched at a oxygen content of around 6.4. The variation in the oxygen content can
be brought about by heating in vacuum or in presence of gases like nitrogen or ar-
gon at appropriate temperatures. The mobile oxygen is rapidly inserted or extracted
from the Cu(I) chains and the structure changes smoothly with oxygen concentration
through orthorhombic-tetragonal transition at the oxygen content of 6.27. The co-
ordination number of the Yttrium ion is 8 (due to missing oxygen in the Y-plane),
unlike in the case of a ideal perovskite where its coordination number should be 12.

Similarly, in a fully oxygenated sample the coordination number of barium is 10.
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1.3.2 Structure of Bi-2122 superconductor

The idealized crystal structure of Bi-2122 compound is shown in Fig. 1.5. The
structure is built up of different layers of atoms. The two Bi-O layers form a rock
salt (NaCl) type structure. These layers are quite weakly bonded together to form
the cleavage planes of the material. The rock-salt arrangement is extended on either

sides by the additional layers of SrO. Between the two rocksalt structures there is

Figure 1.5: Unit cell of Bi;SryCa; Cu,Os

a perovskite block containing two CuO; planes and a Ca plane in the middle. Each
copper atom has four coplanar oxygen neighbours. Another more distant oxygen atom
in the adjacent SrO plane completes the square pyramidal arrangement. The double
copper layers are very similar to those found in RBaCuO system. Unlike the 123
system there are no CuO chains in Bi-2122. The Bi atoms have octahedral coordination
with the neighbouring oxygen atoms. The structure of the system is pseudotetragonal
with a=b=5.4 A and ¢=30.67 A. The structure essentially comprises two demi unit
cells of ¢/2=15.3 A, each containing single molecule of Bi-2122. The two demi unit
cells are displaced with respect to each other by b/2. The real structure of Bi-2122 as

revealed by electron diffraction studies shows departures from the idealized structure
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discussed above. One of the important deviations is the presence of structural features
- (modulation) along the b direction having a much greater length scale than the 5.4
A repeat distance of the basic building block. These are related to a superstructure

with a lattice spacing five times larger (27 A) in the b direction.

1.3.3 Structure of Bi-2223 superconductor
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Figure 1.6: Unit cell of Bi,SryCayCuz0,9

The structure of Bi-2223 is shown in Fig. 1.6. Compared to Bi-2122 this structure
possess an additional CuO plane and a Ca layer. The additional Cu in this system
has square planer coordination with the neighbouring oxygen atoms. The structure of
the compound is pseudotetragonal with a=b="5.4 A and ¢=36 A . Other features of

the system are similar to the Bi-2122 compound.
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1.4 Heat Capacity of Solids

The heat capacity C of a system of arbitrary mass m is defined in terms of the following

limit
)

C= Jim A7 (1.7)

where AQ is the quantity of heat that must be added to the system to raise its
temperature by an amount AT. In order to obtain a quantity that is independent
of mass, the above equation is divided by the system mass to yield the specific heat

capacity, or more simply the specific heat

e S _d
" m  dT’

(1.8)
where dq is the quantity of heat required to raise the temperature of a unit mass of
the system by an amount dT. In general, the required quantity of heat will depend
upon the temperature of the system as well as the changes that may occur in other

physical properties of the system during the temperature rise. There are two principal

specific heats, one defined at constant pressure and the other at constant volume:

_ (da
cp = (ﬁ)p (1.9)

d
(ﬁ)v (1.10)

respectively. In most theoretical calculations, the natural quantity to calculate is the

and

Cv

‘heat capacity per mole’ since this refers to a fixed number of particles. This quantity
is also a ‘specific heat capacity’ and, consequently, it is also referred to as the specific

heat or molar specific heat. The molar specific heats will be denoted by upper case

_ (49
Cp = (@)p (1.11)

_ (49
C, = (dT')v (1.12)
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where dQ’ is the quantity of heat required to raise the temperature of one mole of
a substance by an amount dT’ under conditions of constant pressure and constant
volume respectively. Though C, is a more fundamental quantity than C,, but from
the expefimental point of view C,, is easier to determine. They are related by C, —
Cy = 9a’BVT where « is the temperature coefficient of thermal expansion, V is the
volume and 3 is the bulk modulus of the solid. The difference between C, and C, is
small for solids and may be neglected.

In a solid the contribution to the heat capacity arises both from the vibrations of
the lattice and from the free electrons. Thus, the total heat capacity is a sum of the
two contributions. It must be mentioned that in the case of magnetic solids there is a
large contribution to the heat capacity over the temperature range in which magnetic
moments become ordered. This is because a change in the degree of order means
a change in entropy and thus a contribution to the heat capacity. Below 0.1 K the
ordering of the nuclear moments may give rise to very large heat capacities as well.

The measurement of heat capacity is a major technique of physical investigation
for the understanding of materials, because heat capacity can be calculated ab initio
from the model of a physical system. Ruhemann[32] suggests that more significance
can be attached to heat capacity measurements than to any other investigation, at
least at low temperatures. Even at high temperatures, these measurements are useful
in understanding many physio-chemical phenomenon. The heat capacity is the tem-
perature coefficient of the average energy of the system and can be readily used as a
test for any model or theory, though C, is an averaged quantity so that its measure-
ment cannot directly shed any light on the finer details of the model[33].The specific
heat (heat capacity per unit mass) reflects the distribution of energy levels of a phys-
ical system. The ensemble of energy levels, expressed by the density of states, leads
directly to the partition function from which the heat content is derived by differ-
entiation with respect to temperature. The inverse of this procedure is not possible
even for most accurate measurements. But information can be obtained on the level

structure by experimental specific heat data.
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1.4.1 Lattice Specific Heat

Dulong and Petit[34] measured the specific heat of 13 solid elements near room tem-
perature and found out that the product of specific heat per unit mass at constant
pressure and the atomic weight of the element is approximately a constant, and is
about 6 cal.(g-at)"'deg™!. Thus, based on these observations they formulated the
‘Dulong-Petit law’ which states that the heat capacity per atom is about the same for
different elements. This law was generalized in the form of ‘I{opp-Neumann law’ ac-
cording to which the heat capacity per gram molecular weight of a chemical compound
is equal to the sum of the heat capacities per gram atomic weights of the constituent
atoms. Thus the diatomic and triatomic solids were expected to have specific heats of
about 12 cal.(g-at)™!. deg™' and 18 cal.(g-at)~! deg™! respectively.

A theoretical explanation of the Dulong and Petit’s law was first given in 1871
by Boltzmann[35] on the basis of his law of equipartition of energy. This law states
that for a system in thermal equilibrium, each degree of freedom contributes 1/2
kgT to the average energy of the system. If an atom is considered to be a three
dimensional harmonic oscillator then its average kinetic energy is 3/2 kgT. According
to Virial theorem, a particle moving in a parabolic potential well has an average total
energy twice its kinetic energy, in this case 3kgT. Hence, the specific heat of a atom
at constant volume is 3kp and per mole it is 3Nkg (N is the Avogadro number) or
3R (=~ 6 cal.(g-at)"'deg™!). For a compound containing n atoms per molecule, the
above argument can be extended to yield Cy = 3nR. Thus, for diatomic and triatomic
solids with n equal to 2 and 3 respectively, the molar specific heat has the value
12 and 180a,1.(mol)‘1deg‘1 respectively. Nevertheless, exceptions to the Dulong-Petit
rule do exist like in the case of silicon, boron and diamond which have specific heats
of about 20, 11 and 8 J.mol~*.K~!, respectively, near 300 K. Later measurements by
Weber[36] on diamond over a temperature range of 200 to 1300 K established that
specific heat of all the substances approaches the Dulong-Petit value at sufficiently high
temperatures. Experiments at low temperatures led Nernst[37] and others to suggest

that specific heat of solids must tend towards zero as the absolute zero of temperature
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is approached. It was thus realized that the classical theory which predicts a constant
specific heat down to low temperatures was not sufficient to describe the behaviour
of a solid. This must be explained by the quantum theory. Einstein[38] assumed that
a crystal containing N atoms can be treated as a combination of 3N one dimensional
harmonic oscillators. He assumed that the atoms vibrate independently of each other
and with the same frequency because of the assumed identical surroundings. Einstein’s

theory gave the specific heat at constant volume as,
C, = 3R(0s/T)%exp(0s/T)lexp(fs/T) — 12 (1.13)

where 0 = hw/kg is the characteristic temperature known as the Einstein tem-
perature, w is the frequency of the oscillating atom, kp is the Boltzmann’s constant
and A is the reduced Planck’s constant. At high temperatures Eq. 1.13 reduces to
the Dulong-Petit value. Further, at low temperatures the expression for specific heat

reduces to

C —3Rh—“’2 Jw 1.14
v = ke T exp ks T (1.14)

Therefore, as T—0, C, —0 because of the exponential term. This theory was able to
explain the decrease in specific heat with temperature, but the work of Nernst and
others[39] showed that while the low-temperature behaviour predicted by Einstein
model was qualitatively correct, the specific heat of real solids did not decrease as
rapidly with decreasing temperature as predicted by Einstein. The major drawback
in this theory was that Einstein had assumed each atom to be an independent harmonic
oscillator, oscillating with a frequency w. But, actually, the atoms oscillate relative
to their neighbours in the lattice. For wavelengths which are long relative to lattice
spacings, the motion of atoms is hardly independent and large regions of crystal move
together coherently. The long wavelength motions have low frequencies and these are
particularly important at low temperatures.

Debye[40] considered this situation and realized that it was possible to propag-
ate waves through solids covering a wavelength region extending from low frequen-
cies (sound waves) upto short waves (infrared absorption). The essential difference

between the Einstein and the Debye model is that Debye considered the vibrational

19



motion of a crystal as a whole. He assumed that the continuum model could be em-
ployed for all possible vibrational modes of the crystal. For wavelengths which are
long as compared to the interatomic spacings the crystal can be considered as a elastic
continuum from the point of view of the wave. The fact that crystal consists of atoms
is taken into account in Debye theory by limiting the total number of vibrational
modes to 3N. Thus, the frequency spectrum corresponding to perfect continuum is
cut off so as to comply with the condition of the total number of modes being 3N. The
cut off procedure leads to a maximum frequency wp common to the transverse and
longitudinal waves. The frequency distribution function in the Debye theory is given

as f(w)dw ~ w?dw. Debye obtained the specific heat per gram-atom as

max exx4

C, = 9R(T/fp)? /

Ox -(rl)zdx (1.15)
where §p = hw/kg is known as the Debye temperature and xmax = 6p/T. At high
temperatures, x = hw/kgT is small, and so the integral reduces to [ x?dx yielding the
Dulong and Petit value of 3R for the specific heat. At low temperatures, x is large
and so the upper limit Xmax can be considered to be infinity. The integral in Eq. 1.15

with oo as the upper limit has the value 474 /15. Accordingly, the following expression

is obtained for the low temperature specific heat
12 T\?3
C, = =R (—) (1.16)

The cubic expression should hold up to a temperature of about §p/10. As mentioned,
in the Debye treatment the range of frequencies is limited to some maximum or cut-off
frequency vp and corresponding to this frequency is defined the Debye temperature
0p = hvp/kp. According to the Debye theory the Debye temperature should have
a constant value. However, in order to accurately fit the Debye model to the exper-
imental specific heat data of a solid, the Op value has to be varied with temperature
which implies that one or more of the approximations made in the derivation of the
Debye theory may not be valid. In general the 0p(T) functions for different solids
exhibit a number of similar features. At temperatures below p/50, the Debye tem-

perature becomes essentially constant and is approximately equal to its limiting value
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at absolute zero. At very high temperatures, all the vibrational modes are excited and
thus, Op is expected to be constant. In many solids, this is approximately true at tem-
peratures above 0p/2. At intermediate temperatures, however, fp varies somewhat,

often passing through a minimum.

1.4.2 Electronic Specific Heat

The conduction electrons in normal metals are Fermions and they obey Fermi-Dirac
statistics. These statistics play a fundamental role in determining the temperature
dependence of the electronic contribution to the specific heat. As the temperature
is decreased, only those electrons which have energy very close to the Fermi energy
Er are able to change their state. Therefore, there is only a very slight increase
in the electron energy distribution, implying thereby that electronic specific heat is
very small. Thus, the contribution of electrons to the total specific heat of a metal
is negligible at room temperatures when the lattice contribution is quite high. The

electronic specific heat may be expressed to a first approximation as
2

m™
C. = ?n(Ep)kgT =T (1.17)

In the above equation n(Er) is the electron density of states (EDOS) at Er and v
is called the Sommerfeld constant. A linear variation of electronic specific heat is
observed in all normal metals. At room temperature electronic specific heat is only
about 1 per cent of the lattice specific heat. But, at low temperatures it becomes quite
important because then the lattice specific heat has a T? variation. Thus, the lattice

specific heat decreases much faster than the linearly varying electronic specific heat.

1.4.3 Specific Heat at Low Temperatures

In the liquid-helium region the two specific heats are usually comparable with one

another. So, the total specific heat can be written as,
C. = 7T + BT (1.18)

In the above equation § = 127*R(fp)~3/5. At low temperatures there is no significant

difference between C, and C,. Thus, the experimental results are usually analyzed
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by fitting the values of C,/T vs T? to a straight line by the method of least squares,

yielding values of slope § (and hence the Debye temperature) and intercept 7.

1.5 Specific Heat of Superconductors

A system is completely determined thermodynamically if we can specify a suitable
thermodynamic function for it, called the Gibbs function. Internal energy (U), free

energy (F) and free enthalpy (G) are important Gibbs functions which are given by:-
dU = TdS - PdV
F=U-TS
G=U-TS+PV

In the above listed equations U is the internal energy, V is the volume, P is the
pressure, S is the entropy, F is the free energy and G is the free enthalpy of the
system. Entropy (S) is one of the most important parameters associated with the
thermodynamic treatment of a solid. It is defined as S = — (%) P where H is the

applied magnetic field. Also the specific heat is related to the entropy by the relation
Cp = T(g—,?‘-)PH. Thus

oS 9*G
=T| = = — —_—
= 7(50),,, - (&), .

The difference between the free enthalpy of a material in the superconducting (G;)

and the normal (G,) states is given by
He

Gn — Gs = Vzuo

(1.20)

In the above equation Hc is the critical field which is given by Hc(T) = H.(0)[1 —
(T/T.)?), where H(0) is the critical field at T = 0 K and V is the volume of the material
which is regarded as a constant. Thus, using Eqs. 1.19 and 1.20 the relation between
the normal state and superconducting state specific heats (C, and C, respectively) is
obtained, and this is given by

VI
Ho

Ch — C =

oH.\’ 9°H,
() 4 03] wan

22



From the expression for the critical field it is clear that at T = T the critical magnetic

field is zero. Therefore, at the transition temperature Eq. 1.21 gives

, _ VT, (0H.\"
(Cs - Cn)T='[‘c = o (aT)T_T (122)

This relationship is called Rutgers formula[41]. It is clear from this relation that at
T., Cs > Cn and so on going from the normal to the superconducting state the specific
heat shows a discontinuity or a jump at the transition temperature. On the other
hand, from the definition of the entropy it is clear that the difference between the

normal state entropy (S.) and superconducting state entropy (S;) is given by

\Y% JH
Sn - Ss = ——Hc - .
o ( T ) (1.23)
Thus since at the transition temperature the critical magnetic field H. = 0, therefore,

from Eq. 1.23 it is apparent that the entropy is invariant at the point of transition
from the normal to the superconducting state. The specific heat, on the other hand,

shows a jump in the specific heat. This can be expressed by the two equations:

oGy _ 0G d 2’G 0*G
T =77 sa,n (a—Tg)n # (W)s (1.24)

A phase transition which satisfies the above two equations, is called a second order
phase transition. Thus, the superconducting phase transition is a second order phase
transition.

Since 8°H/0T? < 0 and (OH./OT)? becomes ever smaller as the temperature
is reduced we have a temperature 0<T<T¢, where C; = C,. The specific heat of
a conductor in the normal state is due to two different contributions. First is the
contribution of the conduction electrons Cye and second is the contribution due to the
lattice vibrations Cpg. Similarly in the superconducting state there is a contribution
of the electrons Cse and a contribution due to the lattice Csg. The jump in the specific
heat observed for the superconductors can be ascribed to the electron system, because

the lattice contribution is practically invariant across the superconducting transition.

Thus, from Eq. 1.21 the relation
vr
tho

Cse - Cne = (125)

OH.\’ 82H.
( BT) + 2
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is obtained. The temperature dependence of the specific heat in the superconducting
state is very well approximated by a parabola of third order C4(T) o< T3. This de-
pendence yields the parabolic law for temperature dependence of the critical magnetic
field. For T—0 the BCS theory predicts Ce = 9.174T.exp (—%‘) This exponen-

tial dependence has actually been observed and it is a direct proof of the existence of

energy gap in the superconductors.

1.6 General Features of Specific Heat of HTSCs

In the case of the cuprates the transition temperatures are quite high as compared to
the conventional superconductors. Thus, near the transition temperature the lattice
specific heat is high as compared to the electronic specific heat. Consequently, the
jump in the specific heat at the transition temperature is only a small percent of the
total specific heat. Furthermore, the value of the upper critical field H, is very high
for the HTSCs. It is therefore not possible to quench superconductivity and measure
the normal state specific heat down to liquid helium temperatures, a method which has
been routinely used in the case of conventional superconductors for the determination
of important parameters like the Sommerfeld constant and the Debye temperature.
The result is that the analysis of the experimental specific heat into Cen, Cpg and Ces

is not possible for the HT'SCs.

1.6.1 Specific Heat in The Low Temperature Region

There are two contributions to the low temperature specific heat that set the cuprates

apart from the conventional superconductors. These are :
(i) Low temperature upturn in the specific heat data.
(ii) Linear term in the low temperature data.

The low temperature upturn in the specific heat at zero applied magnetic field is the
high temperature tail of the Schottky anomaly. The magnetic field (H) and tem-

perature (T) dependencies of this upturn are those expected for the Cu** magnetic
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moments which for H = 0 order in the vicinity of 0.1 K under the influence of internal
interactions. When a field is applied which is large enough compared to the internal
interactions, the upturn becomes a Schottky anomaly. The concentration of the Cu?t
moments associated with this feature can be determined by the in-field-data. Since the
distribution of the internal field broadens the anomaly relative to a Schottky anomaly,
the high temperature tail is not well represented by the T-2 dependence characteristic
of a magnetic anomaly and requires additional terms in negative powers of T.

The linear term for the HTSCs is given by v(H)T. The field dependence of this

term is represented by
dy
H)T = 1
v(H) 7(0) + (dH)H (1.26)

In the above equation %;’—I is independent of H within experimental uncertainty. The
measurements on Laz_xSrxCuO4_y and on Y;Ba;CuzO7_5 have revealed the existence
of a linear term in the temperature range of 1-10 K. In YBCO +(0) is reported to vary
from 20 mJ/mole K? to as low as 3 mJ/mole K?[42-45]. The low temperature specific
heat of Y;Ba;Cus0s has been studied by Junod et al.[46] and they have shown that
the specific heat of this material in the range 1.4 K to 7 K can be fitted to a formula
C, = vT + B T® + & T° togive a v value of about 4.9 mJ/mole K?. The
authors, however, stress that there is no clear evidence that the linear term exists in
the material. In case of Bi- based superconductors various authors have concluded
that there is no linear term in the low temperature specific heat data[47-49]. In the
TBCCO system the v(0) values range from 0 to 63 mJ/mol. K2.

Thus, within experimental error 7(0) = 0 for nearly all the BSCCO samples (single
crystal or polycrystalline), while «(0) is finite for YBCO, LMCO (M = Ca, Ba, Sr)
and for some, but not all, TBCCO samples. For YBCO it has been shown[50] that
~4(0) can be interpreted as arising partly due to[51] presence of some form of BaCuOs-,
present as a impurity phase, and partly because of normal material interspersed with
superconducting material. For La-Sr-Cu-O system, (0) is associated entirely with
the normal material[52]. Structurally, the TBCCO and BSCCO compounds are alike.

However, one significant difference is that the former contains Ba, and hence there is
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a possibility of the presence of BaCuO; phase, which could contribute to (0). This
view is supported by the fact that for the single crystals of TBCCO (T1-2223)[48]
which have relatively small amount of the BaCuO; phase, v(0) = 0.

1.6.2 Specific Heat anomaly at T

According to BCS theory, the relation between the specific heat jump at Tc and v

(electronic heat capacity coefficient) is given by

AC
v Te

= a (1.27)

For the weak coupled superconductors o has the value 1.43 (BCS value), though it
can be as high as 2.5 for the case of strong coupled superconductors. In the case of

the HTSCs the determination of A C is rather difficult due to the following reasons:

(a) The transition temperature of these materials is high and so the jump in the
specific heat is only a few percent of the total heat capacity. This is because

the lattice heat capacity dominates the electronic heat capacity at such high

temperatures.

(b) The jump in the specific heat is quite broad in HTSCs as compared to the con-
ventional superconductors. There are two basic reasons for this and both are
related to the short value of the coherence length, ¢, although otherwise they are
quite different in origin. One reason is sample inhomogeneity and the atomic
scale defects in the HTSCs. Since in these materials the coherence length £ is of
the order of the lattice parameters, therefore these defects can produce regions
differing in superconducting properties. However, in the conventional supercon-
ductors the greater value of the coherence length has an averaging effect. The
second reason is that due to the small value of coherence length the fluctuation
effects are strong in the HTSC materials. This causes an intrinsic broadening

of the anomaly. In conventional superconductors these effects are much less in

magnitude.
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(c) Since the fraction ‘f’ of superconductor is not known with any degree of certainty,
it is difficult to deduce the specific heat jump for the fully superconducting sample

from the measured jump.

(d) As previously mentioned, the critical field Hc, of these materials is very high
and so it is impossible to drive the material into the normal state by application
of a magnetic field to determine v (which can be used to calculate AC) from the

low temperature specific heat.

The quality of the sample also has an effect on the specific heat anomaly at the
transition temperature. Junod et al.[46] carried out a study on the effect of sample
quality on the specific heat anomaly and found out a positive correlation between
the Meissner fraction and AC/T¢. For a sample of better quality the specific heat

anomalies are higher and narrower. The shape of the specific heat anomaly is also

influenced by coupling effects.

1.6.3 Fluctuation Contribution to Specific Heat near T.

The coherence length in HTSCs is small. Therefore, there are contributions to the
specific heat both above and below T, from thermodynamic fluctuations in the order
parameter. Outside of the critical region (i.e.,. as long as the contribution of fluc-
tuations to the specific heat is small compared to the mean field specific heat jump)
fluctuations can be described by the Gaussian approximation. Around the transition

temperature the critical behaviour becomes important especially for oxide supercon-

ductors because they have a very short coherence length. It is useful to note Ginzburg

At temperatures that satisfy the above equation, critical fluctuations do not dominate,

criterion

and the mean field theory provides a reasonable approximation to the thermodynamic

behaviour of the superconductor. For a typical type II superconductor, ¢g = 2e-11.
The HTSCs have a very small value of £ and a large value of Tc. Therefore, eg becomes

larger. For YBCO, e¢g = 0.01 which is in the experimentally accessible temperature
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range. According to the Gaussian fluctuation theory[53-56] the extra specific heat

caused by fluctuations is expressed as

CHT) = C* (=¢)2+d42  T>T, (1.29)
Ci(T) = C™ (¢)2*+d2 T<T, (1.30)
for ¢ = (1 - %) less than and greater than zero respectively. Here d is the

dimensionality in the sense of superconductivity. Also
Ca

c; = (1.31)

AR

where n is the number of components of the order parameter.

1.7 Techniques of Measurement of Specific Heat

The basic experimental techniques of heat capacity measurements are quite old. The
systems based on isothermal calorimetry and the method of mixtures are extensively
used even today with little change in the principles of operation. The idea of adiabatic
calorimetry was developed by Nernst[57] more than seventy years ago. These classical
methods generally provide very good accuracies; but newer work has been taken up,

where the classical techniques cannot be used. The following are the major methods
employed in calorimetry:-

(a) Method of mixtures

(b) Method of cooling

(c) Methods based on change of state or latent heat calorimetry

(d) Electrical methods
The principles of operation of these methods are quite straight forward. A certain
quantity of energy Q is supplied to the sample, usually in the form of electric power,
which is accurately determined. The resultant change in the temperature of the sample

is accurately monitored and possible heat losses are evaluated. Then

T2 .
Q= [ CpdT + [, (1.32)
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Here k represents a parameter of heat leak and T, and T, represent the initial and
the final temperatures of the sample.

It must be mentioned that the temperature range in which the heat capacity meas-
urements are to be made determines the exact technique to be used for the measure-

ment and for the precautions to be taken. The temperature ranges and the particular

techniques used are listed below:

Calorimetry below 1 K

The techniques used in this temperature range are : (a) Adiabatic calorimetry (b)
Continuous heating calorimetry (c) Transient calorimetry (d) a.c. calorimetry

Calorimetry in the range 0.3-3 K

The techniques commonly used in this temperature range are : (a) Isoperibolic
calorimetry (c) Adiabatic calorimetry (c) Continuous heating calorimetry (d) Steady
state a.c. temperature calorimetry (e) Temperature wave method (f) Diffuse temperat-
ure pulse method (g) Temperature relaxation method (h) Resistive squid calorimetry
(i) Differential calorimetry with small samples

Calorimetry in the range 5-300 K

Various techniques involved are: (a) Adiabatic and isoperibolic calorimetry (b)
Inverse temperature drop calorimetry (c) calorimetry at high pressures (d) calorimetry

in magnetic fields (¢) Thermal relaxation calorimetry (f) Laser flash calorimetry (g)

Flow calorimetry

Calorimetry above 300 K

The techniques involved are: (a) Adiabatic calorimetry (b) Drop calorimetry

The electrical methods shall be discussed briefly.

1.7.1 Electrical Methods

The electrical method was developed by Joule in his attempts to determine the mech-
anical equivalent of heat. Though the method was initially applied to liquids, the
present discussion is limited to the case of solids only. The electrical method was first
applied to solids by Gaede[58] in 1902. E.H. Griffiths and E.Griffiths[59] determined
the specific heat of many metals over the temperature range -160°C to 100°C. The

<

29



substance to be measured was used in the form of a calorimeter and was cooled below
the desired temperature. Electrical energy was utilized in heating the calorimeter and
the temperature was measured by a resistance thermometer. The calorimeter was en-
closed in a constant temperature bath whose temperature was kept constant to 1/100
th of a degree by cooling the vessel with the aid of a spiral tube through which previ-
ously cooled air was allowed to flow at a regulated rate. Correction was applied for the
heat lost by radiation and hence the heat capacity evaluated. A different form of the
apparatus, known as the vacuum calorimeter, was used by Nernst and Lindemann[60)
for measuring specific heat at very low temperatures. This differed from the foregoing

one essentially in having the calorimeter suspended in vacuum.

1.7.2 Adiabatic Technique

In many thermophysical calorimetric measurements, determination of the energy lost
by heat leak is the factor that most severely limits the accuracy. Therefore, decision
usually must be made between retaining a significant but calculable heat leak or
endeavoring to eliminate the heat leak to the point where it is insignificant. For
this purpose a thermal shield ( with a heater wound around it ) is usually used.
If the controlled-temperature shield is designed to have a heat capacity to retain
an essentially constant temperature during a measurement cycle, the technique is
described as one involving essentially a isothermal jacket. This is the isothermal or
isoperibolic technique which was first used by Nernst and his colleagues. If, on the
other hand, the temperature of the shield is so regulated as to be nearly identical with
the sample temperature, the technique is called the adiabatic technique. This method

at cryogenic temperatures has been credited to Southard and Andrews[61].

1.7.3 Special Techniques

In addition to the above mentioned methods certain specialized techniques are also
used. These include Levitation calorimetry, Differential scanning calorimetry, Calor-

imetry at very high pressures and calorimetry of the radioactive materials. We shall

discuss only Differential scanning calorimetry briefly.
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Differential Scanning Calorimetry

The DSC is a high accuracy, versatile, commercial instrument for thermal measure-
ments. This method is used for chemical measurements involving the precise meas-
urement of enthalpy, though it can also be used for heat capacity measurements.
It is used to measure the heat capacity of chemically stable, non-volatile, condensed
phases. In this technique the differential signal (between the sample and the reference)
is monitored to obtain the calorimetric data while scanning (in temperature). This
technique was introduced by Watson et al.[62]. Essentially, the calorimeter consists
of a sample chamber and an identical chamber for the reference. The system has inde-
pendent heaters and sensors for the two chambers. There is provision for heating both

the chambers at an identical, pre-programmed rate ( Fig. 1.7). The heating power

thy th
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Figure 1.7: Schematic diagram of the DSC apparatus (s-sample, r-reference, hs-sample
heater, hr-reference heater, ths- sample thermometer, thr-reference thermometer).

input to the two parts is continuously varied to maintain the heating (or cooling) rate.
The difference in the power input to the standard and sample is caused by any exo-
thermic or endothermic transformation occurring in the sample and the reference and

by difference in their heat capacities. This difference is continuously plotted. The plot
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can be analyzed to give the heat capacity values, enthalpy changes, etc. The quantity
of sample required is very small (= 10-50 mg). The system is used with aluminium
or gold containers. Special containers for volatile samples are also available. Unlike
other heat capacity measurements, the DSC is fast. The normal rates of heating in a
DSC experiment vary between 5 and 50-K/min. This places a serious limitation on
the DSC. Since the temperature is continuously changed at such rapid rates, there is a
possibility of sample temperature lagging behind indicated changes. Also, the lag may
depend upon the sample thermal conductivity and the internal relaxation time. The
packing of the sample in the container and the thermal conduction barrier between the
sample and the container have also to be considered. The variation of the absolute
temperature calibration from run to run and calibration of enthalpy scale are other

factors to be considered in obtaining high accuracy heat capacity data.

1.8 Aim Of The Work

The aim of the present study is to carry out dc electrical resistivity, ac magnetic
susceptibility and specific heat measurements on some well characterized good quality
polycrystalline superconducting samples. The specific heat data are used to evaluate
certain important parameters of a solid like Sommerfeld constant, Debye temperature
etc. Further, on some of these samples paraconductivity and excess specific heat
studies have been made. These are used to gain an insight into the fluctuation effects

which are significant in the high temperature superconductors.

1.9 Outline Of The Work

The present chapter includes a detailed discussion of the basic aspects of supercon-
ductivity with special emphasis on the specific heat studies.

Chapter 2 includes the preparation techniques of rare earth and bismuth based
high temperature superconductors (polycrystalline bulk samples). This chapter also

includes the description of experimental setups used to study the different properties

of the superconducting samples.
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Chapter 3 deals with a systematic study of resistivity, ac magnetic susceptibility and
specific heat in Er-123 system for both the pure phase and when Cu is partly (0.5%)
replaced by Ni, Zn, Fe, Co and Ga. These substitutions are used to study the role
of site dependent in-plane and out-of-plane disorder, in conjunction with fluctuation
effects.

Chapter 4 contains in detail the resistivity, ac susceptibility and specific heat meas-
urements carried out on samples Biz _ «Pb,Sr2Ca;Cu3040 4+ 4 (0< x < 0.7) samples
that were characterized by x-ray diffraction and high resolution scanning tunneling
microscopy. Based on the results obtained from these experiments, the role of lead
substitution in bismuth samples, particularly in stabilization of the high T. phase is
investigated.

Chapter 5 includes the results of resistivity, ac susceptibility and specific heat
measurements on samples (Bi)z - xPbySrz — wCay 4 wCus 4 0y 4 4 (x = 0.1-0.4).
These samples were characterized by XRD and high resolution STM. The study con-
centrates on the role of disorder in the stabilized high T. (Bi-2223) phase from the
low T, (Bi-2122) phase in conjunction with fluctuation effects.

Finally in Chapter 6 the conclusions from the overall study have been drawn.
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Chapter 2

Experimental Techniques

In this chapter we have mainly concentrated on the sample preparation techniques
and the different characterization methods. The sample preparation is an art of any
solid state research. In particular, in the high T, superconducting samples the method
of preparation plays an important role as far as phase purity is concerned[63, 64]. We
shall only discuss the topics pertinent to our studies. We have used the solid state
method to prepare the samples and so we have begun by reviewing the preparation of
different samples by this method. Thereafter, we have discussed the various methods
of characterization. The characterization of a sample for phase purity started with the
structural studies, namely, X-ray diffraction (XRD), and microstructural studies, like,
Scanning Electron Microscopy (SEM), Scanning Tunnelling Microscopy (STM) etc.
After characterization of the sample for the presence of the desired phase through these
methods, we carried out the electrical (dc resistivity) and magnetic (ac susceptibility)
measurements to ascertain the transition temperature and the volume fraction of the

superconducting phase in the sample. Finally, specific heat measurements were carried

on these well characterized samples.

2.1 Sample Preparation

Since the discovery of high-T¢ superconductivity in the La-Ba-Cu-O system, a wide
variety of cuprate superconductors have been synthesized and characterized. Several

methods of synthesis have been employed for preparing these cuprates, with the object-
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ive of obtaining pure monophasic systems with good superconducting properties[65,
66). These studies have clearly established that the superconducting properties, like,
T.. critical current density Jc, etc, depend crucially on the processing method and
the conditions of preparation[67]. The most common method of synthesis of cuprate
superconductors is the traditional Ceramic or Solid State Reaction method which has
been employed for the preparation of a large variety of oxide materials[68]. Although
the Solid State Reaction method has yielded many of cuprates with satisfactory char-
acteristics, different strategies have become necessary in order to control factors, such
as, cation composition, oxygen stoichiometry, cation oxidation states and carrier con-
centration. Other than the Solid State method, some specially noteworthy methods
being used are Chemical or Solution routes. These methods permit better mixing of
constituent cations in order to reduce the diffusion distances in the solid state[68].
use of precursors, the sol-gel method and the use of alkali fluxes may

Coprecipitation,
be cited as examples of these methods. The other reported method is the Combustion

or the Self Propagating High Temperature Synthesis (SHS) method.

2.1.1 Solid State Method

The most common method for synthesizing inorganic solids is by reaction of the com-
ponent materials at elevated temperatures. If all the components are solids, the method
is called the Solid State Reaction or Ceramic method. If one of the constituents is

volatile or sensitive to the different constituents of the atmosphere, the reaction is

carried out in sealed evacuated capsules. Platinum, silica or alumina containers are
generally used for synthesizing metal oxides. The starting materials are metal oxides,
which are mixed, homogenized and heated, at a given tem-

carbonates, or other salts,

perature, sufficiently long for the reaction to be completed. A knowledge of the phase

diagram is useful in fixing the compositions and conditions in such a synthesis. This

method generally requires relatively high temperatures which are attained by resist-

ance heating using different kinds of furnaces. In case of cuprate superconductors the

steps carried out are described below:

a) Powder preparation
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The Solid State Reaction method involves mixing and grinding of the various com-
ponent oxides, carbonates or nitrates in the appropriate stoichiometric ratios. For
quantities of powders which are less than around 10 grams, grinding is carried out
using an agate mortar and pestle. In case of larger quantity of material, another tech-
nique, viz, ball milling, is used. Since the quality of the sample is crucially dependent
on the homogeneity of this mixture, adequate precautions are taken in this regard.
b) Calcination

The calcination of the mixture is carried out either in the powder or the pellet form
at the desired temperature. The purpose of the calcination is to decompose the car-
bonates and inter-diffuse the starting materials for the phase formation and chemical

homogenization. In general, two to three calcinations are carried out. Each calcination

is followed by a thorough grinding and mixing of the sample.

c) Forming

The ground powder is pelletized with the help of a die and hydraulic press. A pressure
of about 9 kbar is applied on the powder. After a few minutes the pressure is released
and the pellet taken out. Sometimes, 1 to 3% by weight of an organic solvent binder,
such as, poly-vinyl-alcohol (PVA), can also be added to the powder to enhance the
strength of the pellet.

d) Sintering
The final treatment of the samples is carried out in the form of the pellets. The pellets
are kept in a furnace at the required temperature. The sintering process involves

heating at a temperature higher than the calcination temperature in air or oxygen,

depending on the material to be synthesized.

Preparation of Er-123 system

The ingredients used in the preparation of ErBa;CuzO7_s were mainly taken in

the form of oxides and carbonates, namely, Er;03, BaCO3 and CuO of 5N purity

(99.999%),

were thoroughly ground an

which were mixed in the stoichiometric ratio of 1:2:3. These raw materials
d the calcination of the mixture was carried out in air in

the temperature range 900-920°C for 15-20 hrs for removal of carbon or any other
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volatile impurity. Two or three intermediate grindings were carried out during the
calcination process to ensure better homogeneity. The calcined material was crushed
again and ground to get a fine powder. This powder was pelletized into a tablet and
sintered at a temperature of about 940°C for 15 hrs in a continuous flow of oxygen
followed by slow cooling to 600°C. The annealing of the samples was done in oxygen
atmosphere at 600°C for 6 hrs followed by furnace cooling. The annealing temperat-

ure was optimized at around 600°C because at this temperature there is a maximum

intake of oxygen into the 123 lattice[69)].

Preparation of Bi-2223 system

The synthesis of the pure and substituted Bi-2223 samples was carried out by the solid
state reaction method. The ingredients used (purity better than 4N) were Bi,0s3,
Pbs0,, SrCOs, CaCO3 and CuO. The starting powders were mixed thoroughly in

the stoichiometric ratio and calcined three times for 12hrs each at 820°C 830°C and
840°C respectively, in succession, and finally quenched to room temperature. Each
calcination was followed by a proper mixing of the powder. The sintering of the
samples was carried out in the pellet form at a temperature of 860°C for around
100hrs and finally the samples were cooled down to the ambient temperature. The

annealing for a long time is essential to the formation of the 2223 phase[70, 71].

2.2 Sample Characterization

2.2.1 Structural Studies

X-Ray diffraction

This technique provides information about the phase purity and lattice parameters.
We obtained the X-ray diffraction (XRD) patterns of materials with the help of a
Siemen’s D-500 diffractometer. The instrument is fully computer-controlled and has
been regularly used for routine measurements. The sensitivity of this instrument is
around 2% for phase identification. The principle of diffraction of X-ray through crys-
following the Bragg’s law, has been used. The sample is rotated very slowly

tal lattice,
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and the diffracted beam is recorded at each angle. Cu-Ka radiation of wavelength
1.5417 A was used as the X-ray source.

The XRD patterns of the samples were usually recorded for Bragg angle in the
range of 10°-70°. The phases were identified by matching the main reflection peaks
of XRD patterns with the ASTM data. All peaks of XRD patterns were indexed
and lattice parameters of the unit cell calculated through refinement technique and a

computer program developed for the calculation. The presence of foreign phases in

the material can easily be identified.

Microstructural studies

Scanning electron microscopy

The principle of this technique is based on the ionization of the material under high en-
ergy electron beam having energy in the range of 30-50 Kev. The secondary electrons
and back scattered electrons are produced by this electron beam. These secondary
electrons coming from different portions of the sample surface provide the inform-
ation about surface topography, i.e, grain morphology. The grain shape, size and
distribution can be studied by using the fractured surface of the material.

The scanning electron micrographs for different samples were recorded in the

secondary-electron-emission mode with a 0° tilt using a JOEL JSM 35 CF instru-

ment.

Scanning tunnelling microscopy

The technique of scanning tunnelling microscopy (STM) is a versatile tool to reveal
the atomically resolved nanostructures of the sample surface. The technique has an
equally powerful spectroscopic component, namely, the scanning tunnelling spectro-
scopy (STS), which allows one to explore the electronic structure of the surface layers
with the atomic level resolution.

All the samples were freshly cleaved before mounting them on STM (Nanoscope
IT, Digital Instruments Inc. U.S.A), which was operated at ambient temperature using

nanotips of Pt-Ir. Real space gray scale images were obtained in the constant current
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Figure 2.1: Block diagram of dc resistivity measurement setup

mode with the bias voltage (negative) in the range of a few millivolts to about 500

mV.

2.3 Electrical and Magnetic properties

2.3.1 DC electrical resistivity

The simplest way to characterize any superconducting sample is to study the res-
istivity of the sample as a function of temperature both in the normal as well as
the superconducting state. The major problem in the resistivity measurement of the
ceramic samples comes from the contact resistance. The most commonly used method
to avoid the contact resistance is the four-probe method[72]. This method was used in
measuring the dc resistivity of all our samples. Fig. 2.1 shows the block diagram for
the measurement of dc resistivity of a sample. For dc resistivity measurements, the
samples were pelletized in the form of rectangular bars before sintering. The dimen-
sions of the rectangular bars were measured with the help of a travelling microscope.
Silver paste was used for making the current and the voltage contacts. Generally, the

current contacts are provided with adequate silver paste, while the voltage contacts are

obtained by using a thin layer of equipotential silver paste surface. Fig. 2.2 shows the
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schematic view of the sample pasted on a PCB with its four contacts. The temperature
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Figure 2.2: Sample on a PCB

variation was obtained by dipping the sample in liquid nitrogen. The sample temper-
ature was monitored using a standard platinum resistance thermometer (PRT-100) in
conjunction with a digital multimeter (Keithley DMM model 195A) with an accuracy
of 0.1 K in the temperature range of 77-300K. A current of around 1mA was passed
through the sample from a programmable current source (Keithley model 22/) and the
voltage across the sample was measured with the help of a nanovoltmeter (Keithley
model 181). For each reading the current was allowed to pass in both the directions
and the corresponding voltage drops were recorded. The thermoelectric voltages were
nullified since the current is passed in both the directions. The average voltage V was
used to determine the sample resistance R from the known current I at a particular
temperature value. From the resistance value, the resistivity was calculated using the
sample dimensions. We have automated the entire measurement procedure, including

the data acquisition and the instrument control, using a PC-486 or a HP-9220 series
computer.

2.3.2 AC susceptibility measurements

These measurements involve ac susceptibility x as a function of temperature. Magnetic
measurements are essential in the characterization and analysis of superconducting
materials. Measurement of the dynamic or ac susceptibility x = dM/dH yields
information that is not easily obtained from static or dc magnetization measurement.

The ac susceptibility measurements provide useful information about the behaviour of
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real and imaginary components of magnetic susceptibility (x’ and x”) as a function of
temperature and the variation of x’ and x" support the nature of the superconducting
state in the sample. X’ gives information about the presence of other phases and Tc,
while x” provides information about intergranular coupling in the sample. From the
variation of x” with temperature one can estimate important parameters like, Jc, grain
boundary pinning strength, etc. The ac technique is as sensitive as static alternative
measurements. Further, with the small amplitude of the ac field and the ability to
vary the measurement frequency, information about the magnetic microstructure and
magnetodynamics of the system can be obtained. The ac susceptibility measurements
were done on a Lake Shore Model 7000 AC Susceptometer, which is an integrated
unit consisting of an ac current source, a phase sensitive detector, a temperature
controller and a comprehensive cryogenic testing system. These are all software-
controlled through a Hewlett Packard Vectra-CS Series PC. It can adjust the variables
for temperature (4K to 330K), frequency (5Hz to 1000Hz) and a magnetic field (.005 to
10 Gauss RMS) in variable combinations. The block diagram of the ac susceptibility
setup is shown in Fig. 2.3. The ac susceptibility is very useful for studying high
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Figure 2.3: Block diagram of ac susceptibility measurement setup
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Tc superconductors. These materials are characterized by superconducting grains or
inclusions that have a relatively high Tc. Often two peaks in the imaginary part of
susceptibility are observed, corresponding to the intra-grain and inter-grain current

components respectively. X’ represents the supercurrent shielding and a non-zero y”

is a manifestation of losses in the material.

2.4 Specific Heat Measurements

Specific heat is one of the fundamental thermal measurements and has been used
extensively as one of the tools to determine bulk superconductivity. Since the meas-
urement of specific heat is the theme of the present work, an exhaustive analysis has
been made to highlight the different features of the calorimeter and its supporting sys-
tem developed in our laboratory. The heat capacity can be studied by using any one
of the variety of available methods. In most of these experiments the only limitation
is that these are very slow and time consuming, a condition which has to be strictly
followed in order to achieve a high degree of accuracy. The use of computers for
controlling the instruments and automatic data acquisition has partially compensated
this limitation. The basic requirement is for a high precision calorimeter which is easy
to handle and, if possible, of a low cost.

The design of the calorimeter is based on the classical Nernst step heating method
under quasi-adiabatic or isoperibolic conditions. In this method, the temperature
difference between the sample and the thermal shield is made as small as possible
in order to avoid heat loss to the surroundings[73-75]. However, strict adiabatic
conditions are difficult to achieve for any sample. Adiabatic shield control,in practice,
is utilized only for samples with a large heat capacity, that is, for a sample weighing
2 gm or more. With decreasing sample mass, which means decreasing heat capacity,
however the experimental conditions deviate more and more from adiabacy. Therefore,

isothermal shields have been used with a suitable correction for the heat loss. Such

quasi-adiabatic calorimetry has been extensively used, attaining a resolution of better

than 1% with samples weighing from 0.5 to 1 gm[76].
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The basic problem in any calorimetric measurement is the lack of adiabacy and
thermal equilibrium leading to systematic errors. Some classes of compounds, such
as, the high temperature superconductors, polymers, ceramics, etc are characterized
by low thermal conductivity and partially by low reflection coefficients. Therefore,

serious problems arise, which are listed below:

(i) Uncontrolled heat exchange by heat radiation (x T3AT) between the sample
and the surroundings resulting from non-adiabatic conditions, specially during

the heating at temperatures above 60K.
(ii) Temperature gradients along the thermal shield

(iii) Unusually long internal relaxation time 7;, comparable to the external relaxation
time (between the sample and the heat shield) 7., leading in conjunction with an

eventual small drift of the heat shield to non-exponential post-heating curves.

(iv) In some cases (for e.g., superconducting transition) there are strong variations

in specific heat with temperature during external thermal relaxation period.

2.4.1 Cryostat Design

Figure 2.4 depicts the calorimeter. It consists of a double walled polished upper
tube made out of thin walled cryogenic grade stainless steel (SS), which being a bad
thermal conductor, reduces the thermal losses. The inner tube is used to take out
the electrical connections and the outer tube is used for evacuating the cryostat. At
the top of the tube both the parts are separated and split into the electrical and the
vacuum ports, reépectively. The electrical port has a sixteen pin D-connector to which
are connected the electrical connections coming out of the sample chamber. These are
then fed through to the different measuring instruments. The tube at the lower end is
connected to two coaxial cylindrical chambers made out of copper. To avoid radiation
losses the outer surface of both the chambers are nickel plated and polished. The

supporting top plate of the outer chamber is soldered directly to the SS tube.
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Figure 2.4: A schematic view of the calorimeter

Thermal shield

The outer surface of inner cylindrical chamber (sample chamber) acts as the thermal
shield. As mentioned in the previous section, the thermal shield plays an important
and crucial role in maintaining the true adiabatic conditions. Therefore, it is mandat-
ory to have a better and efficient construction of the thermal shield. By definition, an
ideal thermal shield is an equithermal surface around the sample whose temperature is
almost identical to the sample temperature. Since the sample is placed in a evacuated
chamber, there is no heat loss due to convection and conduction. Besides, because
of the thermal shield, the radiation losses should also be negligible. But, as these
ideal conditions cannot be realized in practice, efforts have been made to obtain the
ons in which the radiation losses could be minimized . This has been done by

conditi
using a isothermal shield, a technique referred to as the quasi-adiabatic or isoperibolic

technique.
During the last few years, we have improved upon the construction of the thermal

shield, in particular in regard to the material of suspension, the adhesive and the

material used as the heating element. For example, we observed that ebonite rods
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performed better than the stainless steel rods when used for suspending the sample
chamber.

As mentioned in the preceeding paragraphs, the sample chamber is suspended
through the top flange of the cryostat. The sample chamber is made from a copper
block. A demountable threaded screw arrangement has been made. The top plate
of the sample chamber is suspended from the fixed upper plate of the outer chamber
using ebonite rods, while the lower portion of the chamber is connected through a
screw and thread arrangement to the top plate. This demountable arrangement allows
easy removal of the bottom portion and mounting of the sample. The temperature

of the thermal shield is regulated using a heater which is wound around the sample

chamber. To facilitate a better thermal connection between the chamber and the

heater. GE varnish is used. The heating element is made out of Nicrome wire which is

flattened by pressing in a wire extrusion unit. A thin layer of the epoxy is spread on

the chamber and then mylar sheet is wound around it. The whole system is allowed to

dry completely and then the flattened heater wire is wound around the chamber tightly

and another layer of epoxy spread over it. Finally, a thin layer of teflon tape is wound

around the heater wire and the assembly is allowed to dry for a couple of days. As the
space between the inner surface of the outer chamber and the outer surface of the inner
chamber is very small, adequate precautions have been taken to optimize the heating
element, for obtaining maximum performance f_rom this arrangement. Flattening of
the heater wire helps in getting a larger surface area of the heater in contact with the
chamber and hence improves the performance of the thermal shield. The combination
of mylar and teflon layers minimizes the thermal losses very efficiently and thus,
maintains the isoperibolic conditions effectively.
It is pertinent to mention at this stage that the heating element is distrjbﬁted i
such a way that the top plate of the sample chamber is also heated equally. This
reduces the possibility of a temperature drift in the thermal shield. Since the top
plate and the bottom portion are connected through threads, therefore, for facilitating

better thermal connection, GE varnish is used in the threadings.

The temperature monitoring and controlling of the thermal shield is carried out
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by two temperature sensors (Silicon diodes-DT 470). One of the diodes is placed at
the top, while other is placed at the bottom of the chamber. Both of these sensors
detect the temperature of the shield simultaneously to compensate for any drift in the

temperature due to thermal lag between the top and bottom portions of the chamber.

Sample holder

Fig. 2.5 shows the schematic view of the sample holder. The sample holder consists
of a demountable triangular shaped platform which can be inserted inside three tubes
attached to the top plate of the inner chamber. A three screw arrangement is used
to fit in the platform tightly. The tripod platform is made out of copper with nickel
electroplating and has two triangular plates soft soldered to it. These triangular plates
have central holes in them through which electrical leads can be conveniently taken

out of the sample holder and through the SS tube to the external D connector. The
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Figure 2.5: The sample holder

sample holder also comprises of a sapphire plate (diameter=14mm, thickness=0.1mm)
on which a NiCr film heater is evaporated. The approximate resistance of the heating

element is 1440 . A sapphire block ( diameter=8mm, thickness=6mm) is kept over
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the sapphire plate. The sample is placed over the sapphire block. The heating element
is wound in such a way that the total energy is distributed uniformly over the sap-
phire block. The sapphire block has an ultrasonically drilled central hole, in which a
platinum resistance thermometer (PRT) is inserted for measuring the sample temper-
ature. Apiezon N grease is applied between the sapphire plate and the block and also
between the block and the sample to have a good thermal contact between all the com-
ponents. The diameter of the hole in the block is made close to the outer dimensions
of the PRT, so that with the application of little apiezon grease it can slip inside the
block. This method enables measurement of the block temperature accurately. In our
case the samples to be measured were all high temperature superconductors, which
are also bad thermal conductors. Therefore, we used one more PRT at the top of the
sample with the proper application of apiezon N grease on the sample. We took the
average of the temperatures recorded by the two thermometers, to take care of any
variation in the temperature across the sample surface. The sapphire plate with the
heating element is suspended inside the tripod stand (depicted in Fig.2.5) by three
nylon threads. The electrical connections coming from inside the sample holder are

anchored suitably so that heat losses due to the thermal gradient along the wires can

be minimized.

Thermomelry

Two types of thermometers were used. The first one, to measure the sample temper-
ature and the second one, to measure the shield temperature. The sample temperature
is measured using the PRT and the shield temperature by using the silicon diode ther-
mometer (DT-470). The PRT was calibrated in our temperature standards laboratory
and the coefficients obtained as per the IPTS 90[77]. Thus, a polynomial relation was
obtained between the resistance of the PRT and the temperature. The four probe
method was used to measure the resistance of the PRT and thereby, the absolute
value of the temperature known. Generally, a current of around 0.5mA is passed

through two terminals of the PRT using a current source (Keithley model 224) and

t voltage developed is measured across its other two terminals using a nan-
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ovoltmeter ( Keithley model 181). After changing the direction of the current to nullify
the thermal emf, and measuring the resultant voltage the resistance of the PRT is
obtained. By using the polynomial function, described above, the temperature of the
sample is ascertained. The coefficients of the polynomial function were checked from
time to time so that the measurement of temperature is as accurate as possible. The
DT-470 diodes were obtained from Lakeshore cryotronics, initially calibrated by them
and later by us from time to time in the laboratory, using fixed points. Since these
thermometers are small in size and respond quickly to the temperature controlling

system even at low temperatures, the same were preferred to other thermometers.

Thermal Isolation

In an isoperibolic calorimetry, the calorimeter has to be isolated as much as possible

from the surroundings so that the loss or gain of heat energy from or to the sample
is minimum. Ideally, the sample temperature should rise only due to the heat energy

supplied to it. To minimize the heat losses due to conduction and convection, the

experiment is carried out under high vacuum of the order of 10~¢ Torr or better. In

addition, the sample is surrounded by a thermal shield the temperature of which is
kept quite close to the sample temperature. Because of the presence of this thermal
shield, the loss of heat energy due to radiation can be minimized to a large extent.

Also, the use of ebonite rods helps in isolating the sample holder from the surroundings

to a large degree.

Thermal Contact
A proper thermal contact is needed in the calorimeter between the different compon-
o reduce heat leak as far as possible. Therefore, apiezon N grease is

ents in order t
applied between different thermal components where the occurrence of heat loss is

possible. For example it is used between the sapphire plate and the sapphire block

and between the block and the sample. Also, as stated earlier, grease is applied at

the screwed connection between the top plate and the bottom portion of the sample

chamber. Similarly, we used a film heater for sample heating which helped in ensuring
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a better thermal contact between the sapphire block and the heater and resulted in a

uniform distribution of heat to the sample.

Vacuum System

The sample chamber has to be evacuated to a pressure of around 10~¢ Torr to ensure
accurate measurements. For this purpose we used a diffusion pump backed by a rotary
pump in conjunction with a liquid nitrogen cryotrap. The pressure in the chamber

was measured using pirani and penning gauges. These gauges were calibrated from

time to time.

Application of Heal

Heat energy is required to be applied to the sample to raise its temperature. In order to
maintain the shield temperature as close as possible to the sample temperature, i.e, to
maintain quasi-adiabatic conditions, heat energy is to be supplied to the thermal shield
as well. The heat energy AQ was supplied to the sample through a current source

(Keithley model 224). The shield current was provided by a temperature controller

(Lakeshore model 91C).

Supporting System

The cryostat is kept inside a commercially available (Oxford Instruments) double

walled liquid nitrogen met
2.6. The bath is also evacuated to minimize liquid refrigerant losses. This bath has a

al dewar. The schematic view of the dewar is shown in Fig.

provision to put liquid refrigerant in both the chambers. As per observation, the loss

of liquid refrigerant is very low.

2.4.2 Method of Measurement

The block diagram of the specific heat measurement setup is shown in Fig. 2.7. The

standard method of obtaining specific heat data consists of measuring the temperature

(T) of the sample as & function of time (t). The T-t plot is referred to as the driftline.

The cryostat was dipped inside the liquid nitrogen bath and the sample allowed
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Figure 9.6: A schematic view of Nitrogen dewar

to attain the bath temperature before commencing the measurement cycle. Since the
s under vacuum, helium was used as an exchange gas to facilitate

sample holder wa
the attainment of liquid nitrogen temperature. Later, when the sample stabilized at

77 K, helium was fushed out before commencing the measurement.
The first step after the temperature stabilization of the sample was to ensure that

e of the thermal shield was wit
from software control the temperature controller passed appro-

the temperatur hin 0.5 K of the sample temperature. If

this was not so, then
thermal shield. This continued till the shield temperature

priate current through the
was within £ 0.5 K of the samp
it was made to follow th

per the software. Once th
reheating driftline measurement started. The usual method

le temperature. After the shield attained the desired

e sample temperature with the help of the tem-

temperature,
e temperature of the sample as well as

perature controller as

the shield stabilized, the p
g T-t curve is to me
Thereafter, s

asure 1 successive Team (sample temperature) at a

for obtainin
tepwise pulsed heat is provided to the sample

constant time interval tp.

50



________ TEMPERATURE
SENSOR
(OT-470)
THERMG | |
N o 0 !
' 1
F ] P ]
' THERMO !
i g
! HEATER 1 s
L] 1 II
H |
} i
[ R § S IR 4
TEMP CONST CHA NANO| [CONT. MICRO MICRO
conTro] |CURRENT HANNEL |6 7| |currenT| [voLT- | |voLT-
LLER SOURCE SCANNER eTer| |source | |METER | [METER

HP COMPUTER

- MODEL 9336
- INSTRUMENT
CONTROLLER

Figure 2.7: Block diagram of specific heat measurement setup

for a predetermined definite time interval t, = te - ts, where ts is the time of start of
heating which is taken as 0s and te is the time when the heating ends. This raised the
sample temperature by an amount AT. After waiting for a delay time of tq in order
to allow for internal temperature equilibrium of the sample/sample-holder assembly,
again n successive Tsam Were measured at the time interval t,. Fig. 2.8 shows such a
iftline plot where n = 95 and t, = 19s. The variation of the shield temper-

typical dr
s also depicted in the Fig. 2.8. The determination of specific heat of

ature (Tshield) i
the sample requires the calculation of two parameters, namely, the heat AQ supplied
to the sample and the consequent rise in the temperature AT.

Determination of AQ

It is assumed that the total amount of heat energy dissipated by the heater is used

ample without any losses.
ple we used a standard resistance ( Rs = 100 + 0.0005%) and

to heat the s To have a precise knowledge of the energy

supplied to the sam
two precision microvoltmeters. The first, a nanovoltmeter (Keithley model 181) was
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Figure 2.8: A T-t plot with the quasi-isothermal shield

connected in parallel across the sample heater and the second, a Autocal standard

multimeter (Datron model 1 081) was put across the standard resistance and operated

in the dc voltage mode. T
while the latter determined the current through the film heater

he voltage drop across the sample heater V, was meas-

ured by the former,

by measuring the voltage drop V, across the standard resistance. The computer pro-
gram is developed in such a way that it automatically nullifies the thermoelectric emf

developed across the sample heater by passing the current in both the directions.

Therefore, by definition, the current i, throug
t was passed for 2 definite time interval tn, the heat energy AQ fed to the

h the heater is given by Vs/R, and since

the curren
sample heater is given by inVntn. The option was kept to have a constant heating
time or set the time on the basis of the heat capacity found in the previous cycle. The

real time provision of the computer provided the start/stop signals and measured the

duration of heating.
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Determination of AT

The isoperibolic technique for heat capacity measurement, requires a suitable correc-
tion for heat losses. The usual method of correction for the heat loss is to linearly

extrapolate the pre and post-heating temperature drift curves to the middle of the

heating period to obtain the temperature rise.

The thermal equation describing the calorimeter is :

dT,
¢ g = P-kT =) (2.1)

In the above equation, P is the heating power, C is the heat capacity and T; is the

sample temperature. The parameter T, denotes the sample temperature in the ab-

sence of heating and can be determined by a linear extrapolation of the pre-heating

temperature drift curve. Keesom and Kok([78] used the above expression to derive

the analytical expressions for the heating and cooling curves in the operation of the
calorimeter. As a first step of approximation, they neglected any time lags in the
temperature measurement, which implies, among other things, that the thermal con-
ductivity of the specimen is extremely large. Further, they assumed that the rate
of heat exchange between the calorimeter and its surroundings, in accordance with
Newton’s law of cooling, is related to the temperature difference between them. The

results for heating and cooling curves are as follows:

respective
P _pt
AT(t) = —Cﬁ (1 —e™) (2.2)
P —Btn —-B(t—ty)
AT(t) = Gp (1—e™*) e (2.3)

AT() = Ts - To, B = ;l: and 7. is the external thermal

In the above equations,
relaxation time constant of th
hical method of
hmetic method by computing the area under the post heating

e calorimeter. Based on this derivation, Keesom and

Kok[78] gave a grap analysis. Subsequently, Kouvel[79] elaborated

a more realistic arit
termine the heat capacity. Above about 150K, the thermal

temperature drift curve to de

s becomes significant an

xternal relaxation time const

d in contrast to experiments at low temperatures,

radiation los
ant 7. = C/k is encountered. This is

quite often a short e
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comparable to the heating time ti. Here C is the heat capacity of the sample assembly
and k is the integral thermal conductivity of the heat leak between the sample assembly
and the surroundings. When 7. is comparable to heat pulse duration tj, the linear
approximation of the temperature drift curve (especially the post heating one) results
in significant errors. This gives rise to a large scatter in the heat capacity data,
because:

(i) the coefficients of the linear least-squares fit drastically differ depending on the
position of the temperature drift curve used for the fit procedure, and

(ii) due to the random variation of the thermal radiation, which modifies k and 7,
respectively, as a function of time.

By fitting the AT(t) vst data for t > tn with the exponential expression and extending

it down to t = (1/2) tn the following expression is obtained:

th — _P_ _ =Bty ﬁ-‘-.}
AT(—2-) = B (1—e™™) e (2.4)
Thus, AT(-t—h-) _ P (3 — e P71 (2.5)
2 Cp .
by _ 2Py B
AT(5) = B sinh(=~) (2.6)
Therefore )
’ t Ptn (Btn)

Cheung([80] used the above equation in the temperature range 1-20K, and in their

particular case Btn K 1. Thus they obtained

t Pty
AT(3) = 23)

) are obtained from the fit of the equation and P and t; are

Since 8 and AT(tn/2
known experimentally,
and Gmelin[81] extend

which consequently cannot

C is easily calculated. In confirmation of the above work Ota
ed their method to the case when 7. = t, and hence St,~1,

be neglected. Based on the above arguments, they showed:-

AT(tn/2) = %ﬂ 1+ (%tz)—) (2.9)
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They calculated C from the above equation iteratively and, by retaining the (8ty)%/24

term, also took into account the variations of the external thermal relaxation time with

temperature.
In our measurement of the driftline (Fig. 2.8), we took adequate care to keep the

temperature drift rate as small as possible so that the pre-heating driftline could be
approximated by a linear fit. The drift rate is 12uKs™! in the particular example shown
in Fig. 2.8. However, we found from a number of experiments above 70 K on HTSC
in recent years[82-84] that the post heating driftline is nonlinear in a logarithmic
scale (unlike Eq. 2.3). Similar observations have been made by others in different

laboratories. Consequently, Eq. 2.9 is not sufficient to represent the T-t behaviour

of the sample holder assembly. However, no exact numerical solution to the problem

is possible. Systematic errors obviously occur in the determination of C. They must

be attributed to th

exchange by radiation and

e unstable or slightly drifting shield temperature, nonlinear heat
/or heat capacity changing as a function of temperature, as

well as, intermixing of 7i and 7. for certain class of materials.

For further improvement we introduced a corrective term Ceor[85] in Eq. 2.3 to

fit the data in a polynomial function, ie., -

In(AT(t)) = A + B(t—tn) + Ceore(t — tn)? (2.10)

where A = - {In(Z5) + In(1—e?*)}, B = 1/7c and Ceor, constitutes a exponential
second order correction. Instead of using an iterative method for calculating the
heat capacity, we calculate the parameters A, B and C.,, through a second order

polynomial fit in the prog
A = 1.390576, B = 0.043357 min~

ram itself. The typical values for the present case are:

1 Ceorr = -0.00304 min~2 and 7. = 1384s. Using

Eq. 2.10, AT turns out to be 0.2675K for the present case.

2.4.3 Determination of C

The values of AQ and AT having been calculated, the heat capacity C = AQ/AT is

evaluated at the average tem (T + Ti)/2. The manner in which the

perature T, =
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initial temperature T; and the final temperature T are chosen, is shown in Fig. 2.8.

The specific heat of the sample is obtained by subtracting the heat capacity of the
addenda (the sapphire sample holder including a small preweighed amount of grease)
from the raw data. Once the heat capacity value is obtained using, the molecular and

actual weight of the sample, we can easily determine the specific heat from it. Having

obtained the specific heat value for a particular temperature, we return to driftline

measurements and each such cycle gives us the specific heat value at a particular

temperature.

92.4.4 Sources of Error
The main sources Of error are:-

(i) Errors in temperature measurement

(ii) Errors in electrical measurements

(iii) Errors due to departure from isoperibolic conditions.

We have taken adequate precautions to minimize the errors arising due to the above

mentioned factors. The thermometer calibration was performed at out Temperature

Standard Group, with an estimated accuracy within 107%. Similarly, the calibration

of electrical components at room temperature has an accuracy of better than 107

We have also, through software control ensured that the thermal shield follows the

sample temperature accurately. Thus, isoperibolic condition is maintained. Another

important feature is that the sample should reach complete thermal equilibrium before

commencing 2 new heating cycle, for which special care has been taken in the software.

2.4.5 Accuracy

The overall accuracy of our calorimeter and of the evaluation procedure according to

Eq. 2.10 was tested by measuring the heat capacity of a 1.5 gm OFHC ( oxygen free

high conductivity ) copper standard sample, obtained from our Vacuum Standards

Laboratory. The results are displayed in Fig. 2.9. The continuous line indicates the
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Figure 2.9: Specific heat as a function of temperature of OFHC copper

C, values as listed in literature[86]. The standard deviation amounts to 0.72% and

) . o g g L - Q A . .
the maximum mean C, value deviation does not exceed 0.8%. The scattering of the

individual measured points is within 1% of the accepted value. The achieved accuracy

essentially results from the improved post-heating drift line fitting procedure. There

is no limitation to the use of the calorimeter down to liquid helium temperatures or

to measure samples with high thermal conductivity.
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Chapter 3

Site Dependent Substitutional
Disorder in Er-123 system

3.1 Introduction

The oxygen deficient superconducting perovskites of general formula RBa;Cuz07_;

(where R=Y and the rare earths
perconductor is credited to Wu et al.[14] who were investigating

) exhibit a transition temperature of around 90 K. The

first report on such a su

a compound with formula (Yi- «Bax)2Cu04—s with x = 0.4. The compound turned

out to be superconducting with a transition onset temperature of 90 K, though the

actual transition temperature was around 80 K. This result prompted them to conclude

that superconductivity occurs in the Y-Ba-Cu-O system with a transition temperature

between 80 and 90 K.
Following the discovery of superconductivity in the Y-Ba-Cu-O system, numerous
researchers began to explore the feasibility of substltutlng different elements into the

Y;Ba;CuzO7_s stru
placement of Y by the different rare earth ions. These surveys found that all but a few

cture. Early studies[17, 18] on substitutions concentrated on re-

of the lanthanide geries ions could be incorporated in the Y,BayCusQ7_s structure. In

fact, all the lanthanides exce
structure. Of the structures that
ucting. For the remaining

reported for the fully substit
he substitution at the Yttrium site, copper site substitution by the

pt Ce and Tb can fully replace Y in the Y;Ba;CuzO7_;
have been synthesized, only Pr;Ba;CuzO7_s is not

structures, transition t
supercond ’ emperatures of the order

of 91-95 K are
In addition to t

uted structures(87].
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metallic dopants such as nickel, zinc, iron, cobalt, gallium and aluminium has also
been investigated extensively. These studies have established that each of the metallic
dopants suppresses T albeit to a different extent . It is now generally agreed[88-91]
that T. is most strongly suppressed by zinc. Iron, cobalt and gallium, which act
similarly, have a lesser degree of effect while nickel reportedly has the least effect on
Te.

The fluctuations in the superconducting order parameter, just above T, is an

important effect responsible for a host of interesting phenomena, such as paracon-

ductivity (excess conductivity), field induced broadening of resistivity curves, pre
, pre-

cursor diamagnetic susceptibility and excess specific heat etc., as reviewed by various

authors[92, 93]. The thermodynamic fluctuations of the superconducting order para-
meter play a more important role in high temperature superconductors as compared to

the conventional low-temperature superconductors. This is primarily due to both the

high value of the super

value of the Ginzburg-Landau coher

conducting-normal transition temperature (Tc), and the small

ence length égL, in the case of the high temperature

superconductors.

As stated above, substitutional effects have been studied in considerable detail for

the rare earth based 123 systems.
ical substitutions in these systems, an area where

A need was felt to study the fluctuation effects

arising in conjunction with chem

there is a need to probe further. It is well established[92, 94] that owing to their

quasi two-dimensional nature, coupled with their intrinsically very small coherence

length (=10 A), the flu

high-T. cuprates in compariso
systems with large coherence lengths of about 1000 A. The

ctuation effects tend to become significantly pronounced in

n to the conventional low-T. superconductors which

form three dimensional
low dimensionality of the cuprate superconductors essentially stems from their unusual
layered structure which comprises of one or more planar CuQ; layers intervened by
(or pure cationic) layers. With the exception of epitaxial thin films

other cationic-oxide
es prepared under stringent co
y exhibit significant resistive transition widths AT. The origin of

of these cuprat nditions, the majority of samples[95] even

in pure form generall

the large AT is considered to be a manifestation of superconducting fluctuations in the

59



form of excess conductivity at temperatures just above T.. Secondly, a comparatively

broad specific heat anomaly at T. depicted by the high T. cuprates, is also believed

to be a direct consequence of fluctuations in the order parameter around T.[96, 97).
This chapter presents a systematic study of the dc resistivity, ac magnetic suscept-

ibility and specific heat measurements in the Er-123 system for both the pure phase

and when Cu is partly (0.5%)
lements like Fe[89, 98, 99], Co[89, 99] and Ga[89, 99, 100]

replaced by Ni, Zn, Fe, Co and Ga. It is reported that

the nominally trivalent e

substitute at the Cu(1l) site and cause a moderate reduction in T, while nominally

divalent dopants like Zn[98, 99, 101] and Ni[89, 99, 102] primarily occupy the Cu(2)

site. Divalent substitution would be referred to as in-plane disorder and trivalent

substitution as out-of-plane disorder. Purely from superconductivity considerations

the main difference between the two substitutions is that the former interrupts the

CuO, planes where superconductivity is supposed to reside, while the latter affects

the chains and thereby influences the interlayer coupling between the successive stacks

of CuO, planes of the neighboring unit cells along the c-direction. The former has the

effect of lowering the Tc while the latter tends to broaden the resistive transition. The
yer coupling in broadening the resistive transition of Bi-2122 system

role of the interla

d by Samanta et al.[103]. A comparative study of the effects of the

has been elaborate
ane substitutions in Er-123 system on the resistivity, ac mag-

in-plane and out-of-pl
pecific heat anomaly should provide a useful insight into the

netic susceptibility and s
s associated with the site dependent disorder in the system.

possible role of Auctuation

3.2 Experimental Details

The bulk polycrystallin samples of composition ErBas(Cu1-«Mx)s07-5 [(M:Ni, Zn,

Fe, Co and Ga) and X = 0.005) were prepared by solid state reaction using ingredients
of purity 99.999%. The different samples (Pure, Cu/Ni, Cu/Zn, Cu/Fe, Cu/Co and
Cu/Ga) are designated as (1) Er-123 (pure), (2) Er-123 (Ni), (3) Br-123 (Zn), (4) Er-

123 (Fe), (5) Fr-123 (Co) and (6) Er-123 (Ga). The synthesis procedure has already

been d bed in chapter 2. st be mentioned that because of simultaneous
en describe

It mu
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oxygen annealing of all the samples and the low doping level, their oxygen contents

are assumed to be nearly identical.

The characterization of the samples for phase purity was carried out by X-ray

diffraction (XRD), using a Siemen’s D-500 diffractometer with Cu-I, radiation. The

scanning electron micrographs (SEM) for different specimens to study the grain size

distribution were recorded in a secondary-electron-emission mode with a 0°C tilt using

a JOEL JSM 35 CF instrument. Electrical resistivity measurements were carried out
from the room temperature to 77 K. In the ac susceptibility measurement the samples

were cooled in a low field of .02513 Oe (rms) superimposed with a dc field of 6.033 Oe,

and a frequency of 111.1 Hz through their transition temperatures (Tc) and x’ and
x" were measured while warming up slowly. Suitable demagnetization factor for each
sample taken from the instrument manual, was used to calculate the absolute value

of susceptibility. The specific heat of the samples was measured in the temperature

range 77-120 K. The details of the measurement techniques are described in chapter

2.

3.3 Results

3.3.1 XRD

Figure 3.1 shows the XRD patterns of the samples Er-123 (pure), Er-123 (Ni) and

Er-123 (Zn). It is clear fro
(110)/(103), (104)a (113), (123)/(213) etc. (reflections for

are found in these samples. The expected orthorhombic

m the figure that all the important and major peaks of

the 123 structure namely

the orthorhombic structure)
(110), (103) and (123), (213) peaks can clearly be observed

splitting associated with
ates that all the three samples are essentially or-

in all the three samples. This indic )
he pure, Ni and Zn substituted rare earth based

thorhombic as has been reported for t

Fig. 3.2 shows the XRD patterns of the samples Er-123 (Fe), Er-123

123 samples[104].
(Co) and Er-123 (Ga)-

structure namely, (103); (104)
t. In case of these samples also we find the orthorhombic split-

Here also all the prominent peaks corresponding to the 123

, (113), (123) /213) etc. (reflections of the orthorhombic

structure) are presen
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Figure 3.1: XRD patterns of
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Figure 3.2: XRD patterns of (4) Er-123 (Fe), (5) Er-123 (Co) and (6) Er-123 (Ga).
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Table 3.1: Lattice parameters of the six samples

Sample a b c (b—a)/(b+a)
A 1A | A | (X107
Er-123 (pure) | 3.82 | 3.89 | 11.63 9.08
Er-123 (Ni) 3.8213.89 [11.62 9.08
Er-123 (Zn) 3.8213.89 | 11.63 9.08
Er-123 (Fe) 3.83|13.86|11.64 3.90
Er-123 (Co) 3.83 | 3.87 | 11.63 5.19
Er-123 (Ga) |[3.84 |3.86 | 11.64 2.60

ting in case of the peaks (123) and (213). Thus these three sample also seem to be
orthorhombic but the degree of orthorhombicity is less as compared to the former
three samples. This is evident as in the latter three samples the peak with maximum

relative intensity has no orthorhombic splitting. Furthermore, all the six samples are

single phase materials because no impurity peaks have been observed in their XRD

patterns. This suggests the upper limit of 1-3% for the level of any impurity phase

that may be present in these samples. Further there is no reason to believe that the

effect of the impurity phase, if any, is more in the case of Fe, Co and Ga substituted

samples.
The lattice parameters for these six samples (shown in Table 3.1) are obtained

by our optimization programme taking into account all of the peaks. The observed d

values are compared with the calculated d values and the difference (dobs — dcar) occurs

in the third decimal place. As is apparent from the lattice parameter values, all the

samples are orthorhombic. In case of Er-123(Fe), Er-123(Co) and Er-123(Ga) samples
though, the degree of orthorhombicity is lower in comparison to the Er-123(pure),
Er-123(Ni) and Er-123(Zn)
amples.
¢ of the spontaneous strain (b—a)/(b+a) (values listed in

samples which is apparent from the values of a and b

parameters for these This variation in the degree of orthorhombicity is

shown in the form of a plo

Table 3.1) for all the samples in Fig. 3.3.
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( x10 79

Pure Ni Zn Fe Co Ga

Sample

Figure 3.3: Spontaneous strain plot for all the six samples.

3.3.2 SEM
SEM studies reveal that there is 2 homogeneous and uniform distribution of grains
with sizes ranging between 2 and 6 microns for all the samples. The SEM micrographs

for the pure and Co substituted sample are shown in Figs. 3.4 and 3.5 respectively.

3.3.3 Resistivity

s the variation of resistivity (p) with temperature (T) in the range 77

Figure 3.6 show
he six samples. The inset shows a view of the resistivity plot in

K - 290 K for all t
e close to the transition temperature. Tc(R = 0) is 92.5 K, 89.1

a temperature rang
9 K and 89.5 K for the samples Er-123 (pure), Er-123 (Ni),

K, 86.2 K, 88.5 K, 89.
Er-123 (Zn) Er-123 (Fe), Er-123 (Co) and Er-123 (Ga), respectively. The normal

state behaviour of resistivity of all the samples is essentially analogous because of

he dopant. Interestingly though, the absolute value of

the low substitution level of t
bstituted samples shows a distinctly higher value as

normal state resistivity for the su
clear from the inset of Fig. 3.6 that T. (onset)

compared to the pure sample. It 18

-123(pure) sample decreases with different substitutions and

in comparison to the Er
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re 3.5: SEM micrograph of Er-123 (Co).

Figu
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as well. The maximum de-

ange with substitutions
d for Er-123 (Zn) sample

TR =
(R = 0) shows 2 significant ch

Pressi ~ . -
ion (= 6 K) In the transition temperature is observe

e temperature derivative of normalized resistivity (dpn/dT
N a

re for all the samples- ) as a

ity for Er-

Ni and Zn substituted samples is es
sen-

F-
igure 3.7 shows th
The normalization was carried out with
wit

f H
unction of temperatu
123(pure). This figure reveals that

perature resistiv

for the plll'e,
han that for the Fe, Co and Ga substituted
ute

re
ference to room tem

the width of transition (AT)R
atively smaller t
idths
ulated by taking the FWHM (Full width at

tia i comparl T
lally similar and t
for all the samples are listed in Tabl
able

sam "
ples. The values of the transition w

th has been

samples from t
r iden
amples canl be attributed to the effect

ect of

calc

3.2
. The transition wid
heir derivative plots. As mentioned earli
arlier,

half maximum)
tical conditions, so th
’ at the diffe
rence

a
Il the samples have bee? P

in the values of (AT)R for th

repared unde

e two sets of s
perconducting phase.

t .
he doping on the i
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Figure 3.7: (dpn/dT) vs T curves for (1) Er-123 (pure), (2) Er-123 (Ni), (3) Er-
(5) Er-123 (Co) and (6) Er-123 (Ga) [pn is the normalized

123 (Zn), (4) Er-123(Fe),

resistivity].

Table 3.2: Transition widths (FWHM) of all the samples

’_—ﬁf

Sample (AT)r,pwam (K)
Er-123(Pure) 1.63789
Fr-123(Ni) 1.65094
Er-123(Zn) 2.29067
Er-123(Fe) 3.10010
Er-123(Co) 2.93041

| Beiza(Ge) | 358140

68



3.3.4 AC Susceptibility

Fi
igure 3.8 shows the results of ac susceptibility ( x = x'—ix"
x'—ix") measurements in

the temperature ran
ge 77-130 K for all the six sampl
ples. From the x' data
, we find

&
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Figure 3.8: AC susceptibili =x —ix")vs T )

.8: ptibility (x = X — ix vs Temperature (T) curves fo

11323 (pure), (2) Er-123 (Ni), (3) Fr-123 (Zn), (4) Er-123 (Fe), (5) Br-123 (CO)r iiZI ?é
-123 (Ga). Lower inset: X' (normalized) vs T curves; upper inset: x" (normalized;

vs T curves.

rature is 90.5 K, 89.5 K, 86 K, 90 K, 88.5 K and
), Er-123 (Ni), Er-123 (Zn), Er-123 (Fe), Er-123
(Co) and Er-123 (Ga), respectively. AS previously reported[105], the susceptibility

to interpret in terms of the percentage of full

that the flux exclusion onset tempeé

89.6 K for the samples Er-123 (pure

and magnetization dat2 are difficult

g is because in the cooled experiments Meissner fraction is

field-

diamagpetism. Thi
d, sample size and perfection and may bear

ch as external fiel
ortion of the sup®

possible that the T

dependent on factors su
rconducting phase present in the sample

little relation to the prop
clative change in the diamagnetic signal

Moreover, it may also be
¢ in the Superconductivity at the grain boundaries or a

could reflect an improvemen
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better connecti
ect .
o ction of superconducting paths in the sample. Furthe
oldfrab[107 . ) rmore, Hei
[107] et al. have pointed out that ceramic samples must b rlioe]and
e pulverized, th
) e

inter i
granular coupling must be depressed, and/or the x’ value should b
ou e taken well

below the intrinsic
int I v
rinsi ., and even then the superconducting volume f
raction is onl
ya

rough estim
ate. H
owever, as the measurements were carried out under fi
er field-cool
ed

and identi it i
ical conditions on different samples, therefore the diamagneti
ic amplitude
at

a particular tem
perature can be compared in the fir
st approximatio
n. The lower i
set

of Fi i
ig. 3.8 shows the size of the x’ signals at 77 K for the diff
erent samples after

has been carried out with respe
ct to t !
p he x' value at 77 K for the pure

normalization
at the diamagnetic amplitude at 77 K for the samples Er-123
r-123 (Ni)

sample. It is clear th

and Er-123(Zn) is nearly t

However, for t

he same and is comparable to the diamagnetic amplitude f
itude for

the pur
pure sample. he samples Er-123 (Fe), Er-123(Co) and Er-123(Ga)
a),

it is significantly reduced.

" which is linked with the diamagnetic transiti
ansition and is infl
uenced by

The peak x
e coupling between the grains, is shown in the upper inset of F
of Fig. 3.8

the Josephson-lik
123 (pure) ]. It may be mentioned here that
a

ence to X" of Er-
nsitive to intragranular and inter

e substituted samples is essentially mutually anal
ogous,

[normalized with refer
both y’ and x” are very s€
The behaviour of X" for all th

and so there is no reason to belie

granular superconductivity.

ve that weak link effects are mor: i
e dominatin
g for any

one set of substitutions
me dimension and have
undergone th
€ same

All the samples were cut to the s
method of calcinations,

rmation of the pelle

oxygen flow, furnace t
emperatur
es, pres-

sintering conditions (
t etc.). Thus, it is a
ssumed that the

sure exerted during the fo
arly corrected. Therefore, one can

] the samples are simil
as observed in x' [ (AT),/] v
x'| V8

demagnetization factor for al
idth of the super
f all the sample
ples. From this
tibility plot [(
he pure sample-

conducting transition

compare the w
.. Fig. 3.9 shows the dx'/dT as a function t
n tem-

temperature plot ©
perature for all the sam plot it is clear that like (AT) R, the width of

the transition of the guscep
he same a5 for t
substituted sam

AT)y] for Ni and Zn substituted samples i
is

However, it is comparatively large for

Inore or less t

the Fe, Co and Ga

ples.
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3.9: (dy’/dT) vs T curves for (1) Er-123 (pure), (2

) Er- :
Er-123 (Co) and Er-123 (Ga)). (2) Er-123 (Ni), (3) Er-123

(Zn), (4) Er-123 (Fe), (5)

3.3.5 Specific Heat

stinct and clear Cp anomalies at 90, 88
, 88, and 84 K respecti
pectively,

(Pure), Er-123 (Ni) and Er-123 (Zn). The inset of Fig. 3.1
. 3.10

ainst temperature for t
123 (Fe), Er-123 (Co) and Er-123 (Ga) and

Figure 3.10 shows di
for the samples Er-123
shows the plot of Cp/T 28
the specific heat data of th

the inset depicts the plot of Cp
e samp

heat jump has been don

he same samples. Fig. 3.11 show
. s

e samples Er-

/T as a function of t

Jes but it is relatively broad and smeared. Th
. The

emperature. The specific heat

anomaly is also seen for thes
e using the principle of ‘equal

actua)] calculation of the speCiﬁC
f .
ure T¢". This principle is

on’ at the mean
t that the entropy

n. Superco
0. The specific heat jump calculation is show
n

field transition temperat

area constructi
is conserved at the point of transition for th
€ case

based
on the fac
nducting to normal phase transiti
1on is

of a second order phase transitio
phase transitio
iron and Galliu

re for the samp

infact, a second order
m substituted samples. In this figure we h
ave

in Fig. 3.12 for the zin¢
Plotted C,,/T vs temperatu

and on both sides of the trans

Jes and Jinearly extrapolated the data ne
ar

ition temperabture towards that temperature (T™) wher
c €
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Table 3.3: T™
mf AC, and (AC,/T)r = 1t for all the samples

Sam mi

ple ’(I‘IC<) (J/ACI‘P I (ACP/T)T = Tmf
Er-123(Pure) | 91.05 rg;; | (m)/male k)
Er-123(Ni) 89.37 4.11 .
Er-123(Zn) 87.47 3.76 i
Er-123(Fe) 85.05 2.81 o
Er-123(Co) 88.21 2.74 2
Er-123(Ga) 87.63 1.23 il;

th .

e two triangles (generated by the construction) become equal in area. Th

t o e d. em

ransition temperatures thus calculated are listed in Table 3.3. The j ean feld
. . . . Jum t

be within 4.5 J/mol K for the p turns out to

with Fe, Co and Ga substitution,

Ni and Zn substituted samples, while for the sampl

o amples

it is less than 3 J/mol K. The estimated AC,/T™f
P c

ween 20-48 mJ ’
/mol K? . These parameters are in

for the substituted samples is bet
d data[43, 104, 108-110). The pure sample sh
ows

good agreement with the publishe
y larger discontinity (ACp/Te = 76 mJ/moleK?) in the specific h
cific heat.

estimated that ACy/Te
d et al.[111] report a si

presents all these I
and the Deb
) e Debye temperature (GD)’ are difficult

a comparitivel

Philips et al.[50]

123 sample. Juno

~ 77 mJ /moleK? for a fully superconducti
. . ng

milar estimate for the 100% superconducti
ing

esults. The characteristic parameters, of
, Ol &

transition. Table 3.3

solid like the gommerfeld constant (¥

de superconductors because it is very diff
cult to separat
e out

to estimate in these oxi
the specific heat in the case of th
ese

nic contributions to

the electronic and phono
o apply a magnetic field greater tha
Il

superconductors. [nfact one method could be t
e the specific heat of th

atures. In that case

0p)T?) of a normal
(yT), we should be able to evaluate the Sommerfeld

ye temperatur

for conventio

e superconductor in its normal stat
e

the critical value and measit
from the known approximations of

down to liquid helium temper
(= f(

solid at very low temperatures and

the phononic contribution

the linear electronic contribution
This is the method employed for th
e

constant and the Deb
determination of 7 and fp nal sUP erconductors. The difficulty, however
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¢ supercond
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ant ()

indirect
irect method has to be a
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m the nor
rmal state jour ibi
L al state behavioul of the susceptibility It is known tl
state a s | o that
> a superc o . o - in the norm:
( I onductor 1s pa[amagnet;]c in nature. A paramagn ti el
o o etic m 5
Jurie-Weiss A o el |
Weiss law which 1s given helow: ohevs the
C
T — 6
(3.1)

tin fl‘Om . : I
g dlalllagnetlc core COIltl‘ibu iOI f
t 10

dependent (resul

magnetism), ( is a consta

vs 1/(T—0) and employing a straight line fit in tl
Iin the

where :
ere y, is temperature in
nt a is t i
nd @ is the Curie-Weiss ten
eI -

differ i
erent ions and Pauli para

perature. Thus, by plotting x‘(T)
of Yo 18 obtained for all the sam 1
, ples. I'rom this v
alue the Pauli
uli

nor "
rmal state the value
bution d
ue to core di
lamagneti
ism

susce I 111 i 1 :
p lblll y 1S G.Sl'lllla»ted by Subtr 1 g ‘ 1
] X 1 h e Contl‘ibution 101' diifel‘eﬂt |
ta n t e Col S{—lnlp es

tituent ions T6

of the different cons
o the different constituent ions are added
a ed.

ontributions due t

e 3.4. The diamagnet

le 3.5. Having obtained the Pauli susceptibili
1bility,

a I et i wq ey
S , 10N

re given in Tabl

These values a
resented in Tab

different samples are¢ P
o Sommerfeld constant. This relati
on 1is

t . :
he Wilsons ratio is employed to obtain th

giVEH as
%, = l(ﬁ‘_}%)z

Ceptibility, kg is the Boltzmann’s constant and s is the Bohr
Sommerfeld co .
d value of v in th
rough values fall within this range.

w : :
here x,, is the Pauli sus
nstant obtained for the di
ifferent sam
ples

Jue of the
The l-eporte
] and our

magneton. The va
ese systems is in the
range 20-50

is given in Table 3.0

mJ /mole K2[104, 108; 112-116
culation of

erconductors:

Debye temperature is rather difficult in the
case of

Therefore, it 18 estimated from the act
actual

Similarly, the cal

the high temperature sup
To



Table 3.4: Diamagnetic susceptibilities associated with different ions

Ion Diamagnetic susceptibilities
(X 1071° m*/mol)

Er*t —2.2629

Ba?** —4.0229

Cu?* —1.3826

Ni%* —1.5086

Zn?* —1.2571

Fe3* —1.2571

Co®t —1.2571

Ga3+ —1.0057

0%~ —1.5086

| —
susceptibility; gommerfeld constant and Debye temperature

Table 3.5: Diamagnetic
of all the samples

r,,—""’emmh v 0D

Semple | D0t mymel) (/R

— 40 4

Er-123(Pure) __gggg 26 43?

Elt-lgg(gl)) _9.5015 42 444

Er-12 (Fn 55015 43 450

Er—123(ce) _9.5015 28 450

gf'}igé(;;i W s =
r-
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experimental specific heat data by using the theoretical Debye function (Eq. 3.3)
on the assumption that the three dimensional Debye model is valid in these systems.
Since the electronic contribution to the specific heat in the normal state (7T) is known.
cific heat can be evaluated in the normal state by subtracting

therefore the lattice spe

the electronic part from the experimental specific heat values. The calculated lattice

specific heat values at different temperatures are used in the Debye equation (Eq. 3.3)
where N’ denotes the number of atoms in a unit cell and the Debye temperature is

Ll‘(‘ E‘ﬂ (.\(l as a \'al‘i[—lhl(’.
op ¢ 4
. e)\ xl

rl—x 3 ]
Cp, = 9N R(EB-) /0 (eT——l)_QdX (3:3)

The obtained Debye temperatures are found to be temperature dependent, and the
average value of the Debye temperature around the transition temperature has been

and listed in Table 3.5. These values agree well with

calculated for all the samples

the reported values[104]-

2.4 Discussion
The above mentioned results indicate two distinct types of behaviours :

(1) when divalent Ni and Zn are substituted,

(a) The transition width from the resistivity measurements as well as the suscept-
rements both indicate that the substitution of Ni and Zn does not

ibility measu
width significantly as compared to the pure sample.

change the transition

(b) the relative size of the y' signals at 77 K for the pure and the substituted samples

are comparable.
(c) clear specific heat anomaly at the respective transition temperatures is seen for
all the three samples; and
(2) when trivalent Fe, (o and Ga are substituted,
(a) both the (AT)RFWHM and the width from the susceptibility plot for the substi-

ples are large as compared to the pure sample.

tuted sam
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(b) the relative si i
> size of the \''s 77 K for t :
\’ signals at 77 K for the substituted samples is lowe
o h er as

compared to the pure sample.

(¢) the substituted s : '
e d samples show a broad specific-heat
ad : -heat anomaly at the t iti
‘ . the transition

1(‘]]1[)(‘1'2’1 ITC I g aris V

samples.

It may be cmphasve(l here that, as aheady mentioned, XRD and SEM studies f
: i udies for

th() ZlbO e S .( 5 Ol sa 1P
mn (’.]t,h(‘,’l' 1}](1 ill Plal]( or (||1[J'_O1 blane Sll])StltLIt]O]lS. T]lLlSq th I /! T U.lt }
¢ above res S Imay be

he substitutions. Int

HSCI‘“ = o3 = 4 . [ S e 3
ved primarily to t his context, it is interesting to mention that
fen ¥

the resistivity transition to be noticeably broadened
h 2nec

bulk Y-124 samples have shown
for Fe, Co and Ga substitutions as compared to Ni and Zn substitution[117]

rstand the situ above, we first analyze the resisti
'l\f_

ation described

In order to unde
g in the mean field theory (MFT) to determine the exc
ess

ity data of all the samples
he excess conductivity (Ac) due to thermal fluctu-

conductivity due to fluctuations. T
e deviation of the measured conductivity (o) from the normal

ations is defined as th

The norma

| conductivity is extracted from the background normal

conductivity (on)-
y calculated using either the linear T dependent

state resistivity (/n) which is genel‘aﬂ

form[118]
(T) = po + BT (3.4)

P

0a(T) = Fu T T T (3.5)

s study the experimentally obtained resistivity

or using the formula

suggested by Anderson*Zou[llg]. In thi

data have been fitted in the no
Tlcﬂf is the mea

The resist

n in Figs- 3.13
and B obtained from this fitting are listed

rmal state with the linear resistivity formula of Eq. 3.4

1 field transition temperature as determined from

for T>2Tmf where
vity curves of all the samples along with the

nts.

the resistivity measureme
and 3.14 for temperatures close to the

linear backgroun
The values of po

transition temperatureS-
( Ac) 18 given by

in Table 3.6. The excess Conducti\/ity
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Table 3.6: Parameters obtained from linear fitting of normal state resistivity

p \ B ‘\\
Q cm\\ (@ cm[RY Y

N\ Sampie \
\ \ (m

Er-123(Pure) 0.182 2.726
Er-123(Ni) 0.367 3.150
Er-123(Zn) 0.606 3.008
Er-123(Fe) 0.533 3.607
Er-123(Co) 0.344 2.974
Er-123(Ga) 0.466 3.102

1
BT =00 T palT) (3.6)

Above the critical temperature the fluctuation contribution to conductivity can be due
to the Aslam&zov_La,rkin[l:z()] and Maki-Thomson[121] terms. The Maki-Thomson

o be negligible in cuprate superconductors because of their

contribution 1s considered t
Aslamazov-Larkin model is used for analysis according

being in the dirty limit[94].

to which :
e

AT = T6ht

()7 (3.7)

and .2

AT = 3RE(0) (o7 (3.8)

dimensional (2D) and 3-dimensional (3D) fluctuations respectively.

for the case of 2-
is the reduced temperature, e is the electronic charge,

7T
In these equations € = —fmi

ickness of the superconducting layer, i is the reduced Planck’s constant,

t is the th
ture and £(0) is the three-dimensional coherence

Tmf jsthe mean-field critical tempera

_ 0 K. The mean field tran

sition temperature can be determined in a

length at T
e two most commonly used methods are

number of ways. Th

. -2 _ _

(i) Tmf correspOIldS to temperature at which Ac™® = 0in Ao 2 yvs temperature
C

plot.
g to dp /dT peak i.e. where d?p /dT? = 0.

(i) Temperature correspondin
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[Usine
JSINE any one c e
v one of the me s there 1s 1 ei
methods there is no change in the order parameter d
rameter dimensi '
nsionality

of the svs i
> systems 1n - mean-field-regi
’ n the mean field-region. In the present study, however, tl
) r, the method i
1s

used in which T™ i
hich T™ is taken as the temperature corresponding to dp /dT
et : peak. The
s method has been suggested by Upreti et al.[122 123] for
22.12 " an unambig
st . guous
P The Aslamazov arkin model is valid only in the ]
e mean field

determination of
re io £y M . v -

gion which is defined by —3.5 < Ine <-1.5. The In(Ac) vs In(c) plots f

3 - ots . ;
samples are s . a3 - o or all th
ples are shown in the Figs. 3.19 - 3.17. The linear fits carried out in tl )
s the mean field
samples are indicated in the same figures by solid 1
J imes. The

Te) -
egion for the different
5 are also indicated in the res ive §
> pective figures and from th
¥ these th
>se the

'\\():)6 A ():1 Le '{\.( Led \l;‘
ons « anl \)9 O ouk. \i t.h_ :\ i? 13 (.\_ \ O Of Q\ = )
% a ‘ e NODE 1S el % O ¢

dimens: ;
Yimensionality of the fluctuaty

—1 the ) 2-di 3 i
n the fluctuations are 9_dimensional in nature, while a slope \
i equal to or cl
ose 1o

—1/2 indicates 3-dimensional fluctuations. For the case of the pure ]
‘e sample (Fig. 3.15)

we ' o i - regl ]
do not find a single linear region which seems to indicate that tl
1ere 1s no si
ngle

power law dependence of the fluctuation

rossover of the order parameter di ;
imensionality fr

rom a higher

I

indicate a clear 3D-2D ¢
n, Fe, Co and Ga doped samples no such crossover i
er is

to a lower temperature. In the 7
ations in these samples be
kel substituted sample does not show any definit

nite result

have as 2D in most part of the mean-field
all-l1e

seen and the fluctu

region. The data for the n
parameter is concerned and so its plot has not |
been

as far dimensionality of the order

BCO Fontana et al.

om 2D-3D from higher to lower temperatures and a simil
a similar

[124] have observed a crossover of the ord
rder

included. In pure Y

parameter dimensionality fr

observation for the YBCO epitax
he bulk FEr-123 (Pure)
o match the findings of Ausloos et al.[126] who ki

wor (lng

jal thin films has b . .
s been reported by Oh et al.[125].

Our observations on t sample though in contradiction with tl
with the

above mentioned studies; d
a similar 3D-2D crossover from the high to the I
e low

on bulk YBCO samples reported
eti et al.[122] hav
in films of Y BayCuzOr—s superconductor. They ob

: serve

temperature side. UPT o studied the fluctuation effects in pure and
an

0.33% zinc doped epitaxial th

m shows @ 9D be

¢ doped sample of t
over on going from high to low temperature regi
on.

haviour in most part of the mean-field-reg;
-region,

that zinc doped fil
he present study. In the undoped film

a result similar to the zin
hOWever, they report & oD-3D cross
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e l as i

transition tem
perature. Therefore, the analysis of the specific heat d
eat data of all th
e

due to fluctuations The li
. inear fit of the back
ground specific heat b
oth above and

heat
bel iti
ow the transition temperature is carried out using the equati
uation,
CB
—,-I\g = Qo + bT
(3.9)

background fitting is construct
ed both above and b
elow T, and this i
c is is

g. 3.18 and 3.19 for pure, Ni-dope
(AC,) is obtained from the equation

The smooth
d, Zn-doped,Fe-doped and Co-doped

shown in Fi

samples. The excess specific heat

AC, = Cp — Cp
(3.10)

where C is the ex i i aba 1 k
p h perlmental spemﬁc heat data and C is the dat
p 1 of the bac
ground

s specific heat Vs temperatu

learly shows the effect of flu

fit. T
he exces re plots for all the samples are shown i
wn in Fig.

3.20. This figure €

tuati .
ctuations on the specific heat of all the

samples.
hat the observed Cp anomaly for Ni and Zn substit
stituted

Furthermore, it 1s seen t
samples is as distinct as for the
Fe, Co and Ga substit

Auctuations in these sam
This is indicative
of more pr
onounced fl .
luctuation

pure sample. On the other hand, the C 1
b P a-noma. y

ated samples is significantly broadened, illustrat
) strating

observed for
that the effect of
Ni and Zn substitute

effects occurring when Fé

oned here that the di

ples is comparatively much larger than i
an in

d samples.
Co and Ga are incorporated at th
e Cu(l) site. I
. It must

flerence in the height of the specific heat anomaly f
maly for

be menti
y to the difference in the volume fraction of th
ol the

can be related partl

the samples,
s as well. Phillips et al.[50] have in fact suggested
ste

hase in the sample

superconducting P
) for a sample PT

that the value of AC(Te

superconductivity: These fi
ne disorder whic

ovides a measure of the volume fraction of
| . no
ndings, we suggest, are the direct manifestation of in-pl
. in-plane
and out-of-pla h the above substitutions create in the 123 struct
ructure.

Zn and Ni, as they

occupy CuO; planes, mainly contribute to a decrease in T. wh
c W ile
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slope=—0.7724
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Fe substituted sample
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In €

Figure 3.16: In(A0) V8 In¢ for (C) Er-123 (Fe) and (D) Er-123 (Co).
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'_2.5 —1_5 _05
N €

In(Aa') vs Ine for Er-123 (Ga).

Figure 217

the interlayer coupling between CuO2 planes
2 nes across the

they have [i ttle nfluence on

On the oth (o and Ga substitute at the chain Cu(1)

er hand P Fe 9

neighboring unit cells.
adjoining unit cells and thereby

sites crealing disorder pELW een the CuO Yayers of the

g between e direction, where the ran
ge of coherence 18

weaken the coupl m in the ¢

already low. In effec

leading

t this possibly results in transforming the system m
ore towards
i increased fuctuation effects, as obse i
rved in the resistivi
1stivity,

two dimensions;
¢ heat data of the present study.

ac susceptibility and specifi

3.5 Conclusions

esistivitys sus

rhium based 1
by divalent 49

t-of-plane disorder). Excess conductivity and
y an

ceptibility and specific heat measurements h
s have

In the present study T
some €

23 superconductors both in the pure for d
m an

been carried out O
dopants Ni and Zn (in-plane disorder)

when Cu is par tly
and teivalent dopants e, CO and Ga (ou
]so been do

specific heat calculations ha
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rature for (1) Er-123 (Pure), (2)
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vs Tempe
(4) Er-123 (Fe) () Br-123
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s that out-of-plane disorder leads to an enhancement

I'he main result of this study
ane disorder. This has been explained

.cts as compared to the in-pl

of fluctuation effe
r causes an enhanced decoupling of CuO, planes

from the fact that out-of-plane disorde
y transforms the syster
cts. The in-plane-disorder, on the other

1 more towards two-dimensions

aloﬂg the c-direction and thereb

This leads to an increase in the fluctuation effe
hand, has a lesser influence o1 the interlayer coupling and hence the fluctuation effects
are not as strong as in the case of out-of-plane disorder.




Chapter 4

Effect of lead substitution in the

bismuth based cuprate system

containing both low T. and high T

phases

4.1 Introduction

The discovery of supel‘COIldUCtiVity in La-Ba-Cu-0[127] and in il h e
b stems
her superconducting oxides. The bismuth

ldwide search for ot

e of the major discoveries

¢ 20 K in the Bi-Sr-Cu-O system. Later, bulk

led to a intensive WOT
of this time. Michel et

based superconducting oxide 1s on

al.[128] reported superconductivity a
at 85 K and evidence of superconductivity at 110 K were found
n

superconductivity
ary system[gl]- The Bi compounds form

a to this tern

dding C

Sl'gcan_101111021]+4+5 wi
129]. The three superconductors are

by several groups by a
a homologous system Biz th transition temperatures of 20 K,
85 K and 110 K for n=1,
referred to by their cation rat

s an interesting behav

2 and 3 1'espectively[

ios as 2201, 9212 and 2223 respectively. The Bi-2223

It shows a clear resistive transition at around

jour.

compound ha
istance Te (R = 0) is observed only at a much

110 K, though due to a residual res

of around 75 - 85 K.

e compound, 10 whic

This is due to the fact that Bi-2223 is usually

lower temperature
h the volume fraction of high T¢ (110 K

w T 2212 (80 K) phase.
ductivity in Bi-Sr-Ca-Cu-0 sys-

formed as a multiphas
phase) is reduced due to the presence of the lo
Since the discovery of high temperature supercon
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. 1 n]el.h 1. fOl 1‘]1(‘. S "lltheSiS ha\’e been \'P]OI'Cd L (I] e 1€
' ]) 1?1.‘("‘ 1:30 . C" - ,_- - .‘ . = A . » L - .)ili? X
-...]._.._, ; S [ ] O]l.‘)]d(.’l ”]g i.-he (llﬂ]culty in tlle fOl‘nla,tiOII OI d pllle 23 3 IOITl
o i(‘]]. o . ‘ ’ . ...-..r.;- phase f
t'l( St() ]011](‘1 Irc coin [)OS]i.lOn, SUHSl]ine Ct- a.l. [23] ﬁl‘St re[)orte(l th(li 1 5 X | =~
. 115 S f.‘t(—,‘]ll can iIlCl‘G& > i.-] (',[ 1 ! 29 ynas la |
Cln 3 [ 1 S SVS 1 ; : VOIU”] ; {"1 iOI 0 ’ y
g AN ) 1 (& the 2 .)3 i (
1S¢ e e 1Ir i ] ¢ al i

1 (& e ope 15 1S WC [ C 1 Cll Oi;]C' b [ .

.‘J'\It,i'l()ll "i it 1s k : I
gn it 1s i\IlO\Vll i;hﬂiﬂ t-i](’ ITIlS]ﬂEltCi] of ti]e valence state (.B]3 /l—] 2 )
Cha“ N o . : D pl’O(IUC(',‘S d
ge []l(_' electron (iCI]Slt}" anc[ Lhereby the SU])GI'COI]dLlCtiI]g P ti |
i . o - roperties, the role of
1e [OI mation a.Il(l Sta})lllty Of the i]lgh TC phase needs a detailed
P h etal Stlldy.

T'he chemical measurements show that Pb substitution is connected wi
gen partial PTCSSUW{IS“’I]- While the high resolution STM/STS studies l“lth oo
i;hat Pb substitution at the Bi-site produces depletion of the excess ox ia-ve I(.wea'led
improving the metallicity of the Bi-O layer[103]. It has been reported[ji{(jn’l;l;el-'(?b)’
that the high Te¢ superconducting phase becomes stable and the Slll)el'COHdu;:. | ._138]
comes pronounced and reproducible [maximum T.(R=0)] for the saiii}g)itelsa'l;ji‘

ition be
s around 0.3-0.4 (15-20 at%). The specific heat measurements

which lead content I
show either a distinct a i
. nomaly or a broad hump in the vicinit
nity of T, for the Bi
i-based

this anomaly 18 comparatively weak, it is essentially
ana-

superconductors. Although

n observed in rare carth based 1-2-3 superconductors[104

logous to what has bee
h is characterized by a gradual change in the slope of

139-141]. The broad hump whic
curve, has been attribute

]. The Ginzburg-
ely low (=10 A)[145, 146] . This leads to enhanced

d to intrinsic fluctuations which are present

the specific heat

in the system[109, 142-144

perconductors is extrem

Landau coherence length in the high tem-

perature su
the conventional superconductors. There

n them as compared to

he specific heat anomal
ctions and the inherent fluctuations in the sys-

fluctuation effects i
y may be due to inhomogeneous

fore, the unusual shape of ¢

sed by sample imperfe

broadening cau

tem. The sample inho

he multiphase Bi-syst

mogeneities arise due to the intermixing of 2223 and 2122
emn. Interestingly,
ic susceptibility has b
vu et al.[148] have shown that

a distinct anomaly in specific heat

phases in t
een observed in those

as well as a sharp {ransition in magnet

samples where Pb content i

t phases are properl

s around 0.4[139; 147).

y formed in the Bi-based system, & clear specific

when the differen
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systematic investigati
A nvestigat ‘matior
ion of formation and stabilization o the 2223 pl &
f 2223 phase in the |
ad

([0[)0(] (]'} D — ‘ 2
I b l I) -S B ‘ 'z ) 3
) " i 1 Ca C'U, OIU y .'}’St.en] ]]CS b' i Ca.l'l‘ied Ollt in l
) ne PI'CSGHt Sl'U(I
g y

(@] lgll .\]{ ). . i v , [ rasure ‘[
. - . v 5 C 1 ll ea me
zasurernent

4.2 Experimental Details

I h(‘ ] N\
)U.”‘ olycryst 1 1l i
l) ]\ Crys« La“l]‘le sal bl 'S Or noine l I I I i ( i) I ‘
~ 5 ;
- Dyl (_«a. Cu 0]0+\’

(x = 0.0. 0.2, 0.3 7
2.0.3,0.4, 0.5, 0.6 and 0.7) were prepared using the starting ingredi
i redlents

of e Y; :
purity 99.999% and following the procedure described in chapter 2. The d
. 2. The different
lesignated as BSCCO-P [Pure(x = 0)], BSCCO-X [where X
3 e here X = 2
=0.2 to 0.7, respectively)].

phase purity was carried out by X-ray

samples prepared are ¢

to 7 (corresponding 10 X
cterization of the samples for
emen’s D-500 diffractometer with Cu Ka radiation. Electrical

. Lulectrica

were carried out from the room tem

The chara

diffraction using a Si
perature to 77 K. In

resistivity measurements
ts the samples were cooled in a low field of 2.513

the ac susceptibility measuremen
frequency of 166.7 Hz su
and ' and Y’

Oe [rms], and a perimposed with a dc field of 1 Oe througl
: rough

their transition temper

. i . .
atures [Te] were measured while warming u

p
ation factors for each s

he absolute values of sus

ample taken from the instrument

slowly. Suitable demagnetiz
ceptibilities. The specific

e used to calculate t
120 K. The details of

manual, wer
he temperature range T7-

as measured int

heat of the samples W
d in chapter 2.

the measurement techniques are describe

4.3 Results

4.3.1 XRD
& BSCCO-P. Fig. 4.2 depicts the XRD

attern for the samp
CO-2, BSCCO-3 and
5CCO-6 and BSC

Fig. 4.1 shows the XRD p
BSCCO-4 and Fig. 4.3 shows the

samples BSC
S BSCCO"E)'} B
ented by e, whi

istic peaks of th

patterns for the
c0-7. Peaks corresponding
le those corresPonding to 2122 phase are

same for the sample
T, phase at (002) [20 = 4.9°]

to 2223 phase are repres
e high

denoted by ‘L’ The character
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3
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1: XRD pattern for the sample BSCCO-P

Figure 4.
29°] and (0014) [20 = 33.9°] etc. are observed in

cCO-P and BSCC

0 ~
(0010) [20 = 24°], (0012) [20 =~
0-2 sample. The representative

a

! the samples apart from the BS

0020) [20

he characteristic p
may be pointed 0

fi

ound only in BSCCO-P sample It
ed which means that

percentage that may not have

low T, phase peak at ( 56°] is found to be present apart from (200)
eak of low T¢ phase at (002) is

20 ~
[26 ~ 33.3%] in all the samples: T
ut that the peaks corresponding

Jead is fully substituted in

to
the unreacted lead are not obser\_f
ption of a small

t 3

he parent lattice with the possible exce

Furthermore, e are no ]ines corr
A few higher angle peaks [other

CayCuOs 27

esponding to the double

b
€en detected by XRD.

Oxi
des such as CaCu203
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lable 4.1: Lattice parameter variation of 2223 phase with different lead concentrations

Lattice parameters (A) -

[ Sample

| a b C
BSCCO-2 | 5.34 | 5.34 36.20
BSCCO-3 | 5.32 | 5.32 36.66
BSCCO-4 5.44 | 5.44 aT.l2
BSCCO-5 | 5.46 5.46 37.17
BSCCO-6 | 5.46 5.46 37.23

_ BSCCO-T | 5.46 5.46 37.23 |

of the 2212 phase with different lead concen-

Table 4.2: Lattice parameter variation

trations
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 of the 2122 phase with the doping level x. The same figure shows a comparison of
our results with that of Rhee et al.[132]. It is clear that ¢ parameter of 2223 -l)hase
increases with increase in x upto 0.4 and then almost saturates, which is in agl‘(ﬁmnmﬁ
al.[132] and Jeremie et al.[138]. As far as As far as the ¢

is concerned, Rhee et al.[132], Boekholt et al.[149] and our

with the results of Rhee et
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OI). srvatil v £ z H - H
servations seem to indicate that it increases with the Pb substitution. However tl
: rever the
hase with doping . also reported[136].
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Figure 4.4: ¢ param

4.3.2 STM
T, phases In BSCCO-4 sample, can

tence of both low and high
on STM image, obtained perpendicular to the c-
The clear mo stacks of 2223 and 2122

0.8 A, respectively are s

ases and their separation b

The simultaneous exis
direction

be seen in the high resoluti
shown in Fig: 4.5.
ers 37.1 A and 3
cells of these ph

lecular

of the unit cell,
een in the figure. The

phases with c—paramet
y a faulted

micrograph shows the unit

region of Bi-O interface.
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gle unit cell of Bi-2223, a faulted

nit cells of Bi-2122; a top view scan 12 nm X

growth in BSCCO-4 showing @ si

Figure 4.5: Inter
region at the Bi-O 1
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4.3.3 Resistivity
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-
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sample with a transition temperat

ereafter, the zero resistance temperature decreases and the transiti
115101011

of about 5 K. Th

wid R ) -
th slowly increase rease in the lead concentration from the

¢ with a increase or dec

3. From Fig. 4.6 it is evident that the pure sample shows an

optimum value of x =0.

It is a multip o the transition starts at around

hase sample wher
e the Tc (R=0) is ach
e sample has been rep

position for their sample.

ieved only at around 80
orted by Maeda et
Fig. 4.7

interesting behaviour:
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he lead fre
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4.3.4 AC gusceptibility
f the ac susceptibility (x = X’ - iy"/) measurements in

Fig. 4.8 shows the results 0
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perconductor present in the sample. Moreover, it is also possible that the relative
ange in the diamagnetic signal could reflect an improvement in the superconductivity

e grain boundaries or a better connection of superconducting paths in the sample

wever, as the measurements were carried out under field cooled and identical con-

dons on different samples, the diamagnetic amplitude at a particular temperature
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an increase 1 e an increa
wse in the co tivity | ' ease
: nductivity in the Bi-O layer, which leads to i
I'all.‘-iili()ll t ' = | . |
, emperature ituti veve . ea
perature on substitution of lead upto x 0.4. H e
e 3 4. Hov X
content is increased heyond 0.4 th i e e11 :heu »
| 3 4, then, as mentioned earlier, it substitutes partia
oth bisn ' e , . 0
smuth and ¢ ites. T e
| calcium sites. ['he first process leads to an increase i -
b . ase in the numl ;
| e e | imber of
ole 1 the other hand, the second process, leads to a dec |
h ecrease in tl e
. he number
lecrease BRT . nber
ecrease 1s more rapid than the increase in the carri
‘TIEers caus
ed by

of ll(]l(‘ ( Ellll‘i(;,l‘»s- ] lli.; (
Cl‘ease 1 g 1 1 b
mn the ['13'1151“011 Lempel‘ature &l]d an inc
rease in

the fir .
> first process. As aresult a de
| in the resistivi
stivity measur
surements. Th
. e reductio
n

has been observec
lead to a 1 on i
reduction in tl
e superco i
nducting

the transition width

in the :
the number of hole carriers call also

1as been observed e susceptibility measurements. Thi
s. This may

volume fraction as | in th
on going beyond the lead content of 0.4

3lso smear off t :
so snear off the specific heat anomaly

c-heat measurements tl

where f is the vol
1d constant, which is shown to |
he

e BCS coupling constant can be obtained
e

From the specifi
ume fraction of the superconduct

from the expression AC/yTe,
We know the value of the gommerfe
t change appreciably for the two samples, BSCCO-3

’ -3 and

rement the volume fraction of the supercond
nduct-

ing phase.

48 m.J/mol {2 and does no
Jity measu

ghly 30% and 60%

ted values of A
ly, which are within the limit of the weal
ak

hown to bhe rou

The calcula C/AfT. are obtained as 1.40 and

ing phase is s
BSCCO-4, respectively.
1.21 for BSCCO-3 and BS
e of 1.43. On t
perconductors ar

h such a contentior

especially when carri
e due to the local presence of non

CCcO-4, respective
he other hand, tunn
e strongly coupled, and consequently our

eling experiments have shown

coupling BCS valu

that most of the high-Te st
in variance wit

1. It needs to be pointed out that

present findings are
ed out on the cuprate

ontact tunneling experiments,

ral disadvantag
The prese
stantiated by various other methods

the point-c
ffer from 2 gene
or of the oxide nt results corroborate the

a] which i sub

superconductors, SU
layer-

stoichiometric composition
weak-coupling nature of this mater!

measurements[lﬁ?].
ptibility measurements seem to

agnetic susce

y or flux expul
substantial volume fraction of

mainly specific heat
heat and m
sion due to the Meissner

Therefore, the specific
ific heat a.noma»l

ke specl

Indicate that properties li
3 contain 2

effect are observabl

111



the superconducting phase. Howe

t Iyeye
hat a 2223 phase does not form a dense interp

. In this study the result
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.j stabilization of the high Te

the x = 0.3, 0.4 and 0

|
|
;

were characterized by X-12Y diffra
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n
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|4.5 Conclusions
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% = 0.4 lead substitutes partially at the bismuth site (as Pb?*) and partially at the

calcium site (as Pb?T). This conjecture supports the observed experimental results of

the different studies.



Chapter 5

ixce.ss §peciﬁc heat and conductivity
_t}llldles in Bi-based cuprate systems
e effect of fluctuations in the high

T phase

5.1 Introduction

¢ specific heat anomaly at the supercon-

Although the occurrence of the characteristi
d[92, 93, 162] for a variety of

ducting transition temperature T., has been confirme
high T, compounds, little attention has been paid to the phenomenon of excess specific
heat and conductivity associated with the fluctuations in the superconducting order
perature. This is particularly true for the case of

parameter near the transition tem

of the Bi system especially when it constitutes one of the

the high T, phase (Bi-2223)
hase Bi system.
[92, 96, 97] that fluctuati

conventio

phases of the multip
on effects are more pronounced in

It is well established
high T, cuprates in comparison to the low T- nal systems. This is because of
ower carrier densities and high transition temper-

pic layer structures, 1
tant in high T. oxides

64]. These Auctuati

nected with ‘spin g2

ays observed i1 the high
Le superconductors becaus

cant in the high
e dimensionality of transport is

their anisotro
on effects are Very impor

Also due to fluctuations an

ature values[163, 1
onductors[145].

and could be be con

excess conductivity is alw
on study is signifi

ure. Thus & carefu

p’ above Te-
temperature superc
e they are

The fluctuati
h

anisotropic in nat 1 examination of t
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on the basis 1
SIS P Yo . g - 1 - -
asis of the scanmng tunneling spectroscopic (§TS) measurements ['herefore

a comparativ ' .

parative study proposed in this investigation 18 expected to provide a useful
. - la [
insight i -

ght into the possible role of fluctuations 1m conjunction with the presence of high

rr e -
- al . e . i
¢ and low T, phases i1 the 1111.01'grow1.h phenomenon.

5.2 Experimental Details

nominal composmlon Bij.oPboa SroCag CusO10+y

(BPS(CO—.Z) B11 Pbo 1‘312C&2 Cll3ﬁolo+,‘.
(BPSCCO—!l) were prej
-ibed in

ving the procedure descril

09.999% and follov

The bulk polycrystalline samples of
(BPSCCO-1), BiysPbo2SraCazCuaOrory
(BPSC'C'O-3) and Bip.Pbo.aSrieCaz Cuss010+y

yared using

the starting ingredients of purity

Ch?lpl( 2
sed out by the X

hase purity was carr

samples for pl
ith Cu-Ka radiation.

The characterization of the

1sing a Giemen’s D-500 diffractometer W

'a‘nsmons

ray diffraction (XRD), t
he resistive tr
7000

four probe tech ying ¢

ceptibility was measured by 2 Lakeshore
] and frequency

a low field of 2.513 Oe [rms

" were measured

r-['|h . r
e conventional nique was used for stud

of the samples. The ac magnetic sus

susceptometer. The samples were cooled in
166.7 Hz through their transition temperatures [Tc] and both Y’ and X
or for each sample taken from

Suitable demagnetization fact

while warming up slowly.
the instrument manual, was used to calculate the absolute value of susceptibility: The
specific heat was measured by @ fully automated qua.si-a.diabatic calorimeter- The
details of the measurement techniques are described in chapter 2.
5.3 Results
5.3.1 XRD

g. Peaks corresponding to 2223

r all the samples.

those of 9912 phase
) and (0014) are present in the
at

RD patterns fo
are denoted by ‘L’ (low)-

‘H’ (hlgh) while
) , (0010), (0012

Figure 5.1 shows the X

phase are 1eplesented by

The characteristi
samples BPSCCO
(0020) is found to beP

ic peaks © of ¢
A2 BPSCCO acteristic peak of °L?
resent apart from (200) in all the three samples as well. In these
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Table 5.1: Lattice parameters for the high T. phase

ja})
o
-~

Sample

—

(A) [ (A) ] (
BPSCCO-1 | 5.42 | 5.42 | 36.40
BPSCCO-2 | 5.40 | 5.40 | 36.90
BPSCCO-3 | 5.42 | 5.42 | 37.02

5.42 | 5.42 | 36.50 |

BPSCCO-4

Table 5.2: Lattice parameters for the low T, phase

Sample a b £

A A ]| A
BPSCCO-1 | 5.40 | 5.40 | 30.65
BPSCCO-2 | 5.40 | 5.40 | 30.45
BPSCCO-3 | 5.38 38 | 30.50
| BPSCCO-4 | 5.38 38 | 30.50

5.
5.

samples, although both the phases are present, the predominant phase is ‘H’. On the
other hand, in the case of sample BPSCCO-1 the low T. phase seems to dominate. It
may be pointed out that the peaks corresponding to the unreacted lead have not been
observed in any of the samples. The lattice parameters for these samples are obtained
by our optimization programme taking into account all of the peaks. The observed

red with the calculated d values and the difference (dobs - deal) 18

d values are compa
s are shown in the Tables 5.1 and

not more than 0.1%-: The results of these calculation

3.2.

5.3.2 STM
BPSCCO-3 can be seen in the high resolution STM
n

he c- direction of the unit cell, as shown in Fig. 5.2.

The presence of 9993-phase I

. icular to t
ined PefPendlcu meter 37.1 A are observed.

image’ obta
ular stacks of three 222

3 unit cells of c-para

The clear molec



33 -::

’.’ .W"Q.- i

10

0
5

0-3. Three single unit cell

. the sample BPSCCO-

92: STM m1c10g1aph for
- 37.1 A have been mdlcated

s with



5.3.3 Resistivity

Fj-g[ . B

ire 5.3 shows the variati ot

S : > variation of resis v with ten .

istivity with temperature in the range 77 K - 300

sles > ins p 8
ples and the inset shows the same plot closer to the transition

s 82 K, 115 I, 106 X and 110 K for BPSCCO-1, BPSCCO-2
For the samples BPSCCO-2, BPSCCO-

K for all the four sam

temperature. Te( R=0)

BPSCCO-3 and BPSCCO-4, respectively.

31
1 oBPSCCO—4
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O
—
t +
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o
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O

e (T) curves for the four samples and the

) vs Temperatur
les close to s

_Figure 5.3: Resistivity (p
inset shows the p-T curves for all the samp

vity is made more clear in Fig. 5.4 by

hehaviour of resisti
a:nd T2 are deﬁned later. The

n of T-T2-
CCO-11s appa,rent

ples shows the gen

3 and BPSCCO-4, the |

The pa.ra,meters Po
from the resistivity plot itself. Thus,

sketched in Fig. 5.5.

plotting p - Po 38 @ functio
r of the sample BPS
y of all the four sam

and T2 ar

behavi
jou
eral behaviour

et temperatures corresponding to

0-3 and BPSCCO-4

the resistivit

The temperatures T
phases.

phases correspon

e the transition ONS

case of BPSCCO—Z, BPSCC

Bi-2223 system,
phase. The values of T2

In the
while for the

high-Te

T corresponds t Bi-2122
. Table 5.3 It may be noted

the two different
d to the

samples these two
BPSCCO-1 sample

and Ty, and the crossove

jar behavioul ©

r temperatur® To
d 5.5 has been observed

fresistivity shown in Figs. 5.4 an

that the pecul
190
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a and J for the BPSCCO-1

Table 5.: ] s e I
= -).-;: \ Ellll(‘ Of i]
S 1€ ])ﬂl‘?ln“l@ii(?l“:‘ T'Z T T
) s L1 cnlchvpmplv

BPSC.CO- T
CC0O-2. BPSCCO-3 and BPSCCO-4 samples

Sample | T2 T‘T_T——Tﬁ
. . b _‘ o p
B,S(W%L_%L%_m_g__)_ ey |
B | 1os.| Tan 01042 | LI P
éi):?(‘()—g 122 | 130 | 150 | 126.4 | 0.30 85{36 e
SCCO-4 | 116 | 127 | 156 | 1197 0.60 p i) .05
.60 0.45
—— | oe0 | ods 14000

earlier als rS a ‘
also by sever 1a,ut1101'8[]-35= 165]. In Ref. 166 the peculiar p behavi

I p- viour arises
ystems with the content of these impurities exceeding

1 .
n the Mn, Zn and Fe doped s
culiar form of p vs T sho

ne y s . at. /0- 1 : . .

[166] for the Bi-222
o the p- T curve observed by Samuel et al.[167]

obser i
served by Nkum et al. e excess of C

of Cu atoms. A
fT, and T1 appears i

found p T 10 ® 12 i
nd p in the Bi partial replacement

le of Bi-2223.

weak signature O
Ciurchea et al.[168]

of Sr by Ba. Gao et al.

9293 sample involving

[158] also tound p o<T for gh-disordered samp

5.3.4 AC Susceptibility

s of susceptibility measurements 11 the tem-

(x= x-1x")
(CO-2, BPSCCO-3 and BPSCCO-4
BPSCCO-2 and BPSCCO-3 have

perature is around 96K and 106K

Figure 5.6 shows the result

_ 130 K for the samples BPS

perature range 7
' data that

respectively. It can be seen {0
a single transitio
0-4, there is a double transition

ese samples:
magnetiza’cion data are difficult

respectively for th

at 107 and 95 K, res

ceptibility and

The sus
f full diamagneti

pectively.

he percentage © sm as the data of field-cooled
action) depend ©
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Moreovers

s external field, sample size

to interpret in terms of t
n factors such @

(Meissner fr
ction of the superconduct-

n to the prop©
be

experiments
jon and may P
possible that the relative

in the sample-
al could also 1€

s or @ hetter €O

and perfect
it may also

ing phase present
change in the diamagnetic sign flect an impl‘ovement in the supercon-
nnectivity of superconducting paths

ductivity at the grain poundarie
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and Goldfrab[107] et al. have pointed out

ular coupling must be de-

Hein[106]
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hould be taken well

in the sample. Furthermore,

that ceramic samples
below the intrinsic T to estimate the

! yalue s
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ere carried out under field-cooled and

ion. However, th

different samples
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e measurements w

volume fract
Thus, the diamagnetic amplitude at a
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itions for
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plitude aroun
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is clear that the diamagnetic am

Compara,tively larger than that of
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netic transition and is also influenced by

with the diamag
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s. As discussed

ike coupling b
rconductivity. Since
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5.3.5 Specific Heat
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and BPSCCO-3. However,

emperatures 110K and
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The specific heat
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) anomalies at b
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The inset of Fi
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. on method|
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t-l-lﬂl the volume fraction of the Bi-2223 phase is so less that there is no diamagnetic
signal or a specific heat jump corresponding to the high T. phase. As is clear from
‘I"lgﬁ. 5.11 and 5.12 t.wo-di11'10115‘1011:1.1 (2D) fit is more appropriate for all the samples
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relative magnitudes of the critical region have been estimated. In Fig. 5.11 the onset
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5.5 Conclusions
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It is clear that in the case of t
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K. In the case of the BPSCCO-1
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g T, and Tq differing by 8-11

with onset temperature
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C
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Lost double than that for the BPSCCO-2

directly with T,-T2 = 91 K which is alm

BPSCCO-3 and BPSCCO-4 samples:
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aine
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1e interface of the two phases can lead to a decrease

3

the resultant lattice defects at tl

in the anisotropy of the multiphase system as compared to the pure high Tc Bi-222
phase. This has been reflected in the present result where the BPSCCO-4 sample
shows a less degree of two- dimensionality as compared to BPSCCO-3 sample in the
conductivity studies and also in the specific heat studies ( for T > Te).



Chapter 6
Conclusions
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Heavy ion **Ni MeV ion irradiation at room temperature of high 7,
Bi, ;Pbg 15Sr;Ca,Cu, O, , is reported. We show through in-situ resistivity
measurements that at low fluence, formation of stable Frenkel pairs
takes place together with possible defect annealing. The changes in T,
at low fluence is not appreciable. This is possibly a result of chemical
substitution of Cu by Ni, a technique suitable to engineer new materials

for potential applications.

1. INTRODUCTION -

ION IMPLANTATION usually creates disorder in
any material depending upon the energy, type of
bombarding particles and quality of the sample. As a
result of disorder, a host of physical properties are
found to change, in particular, for high T, super-
conducting materials, the superconducting transition
temperature (7,), critical current (J.) etc. [I, 2].
Therefore, controlled ion implantation for production
of localised defects in a material, and thereby a specific
change in its propertics would lead to the search for
new approaches in the fabrication and processing of
high T. materials into devices. A large number of
s on the effect of different types of radiation on
T materials have already “been reported in
e, which were carried out by y-ray [3-5],
[6, 7], neutron [8, 9] and ion irrz}diali?n.
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2. EXPERIMENTAL

The synthesis of Pb substituted multiphase high
quality polycrystalline Bi, ;Pby5Ca,Sr,Cu,0,0, , in
the bulk form was prepared by solid state reaction
using all the ingredients whose purity was better than
4N. The starting mixture, thoroughly ground, was
calcined three times for 12h each at 820, 830 and
840°C in succession and finally quenched to room
temperature. After regrinding, the sample was pressed
at 6 Kbar and a final heat treatment carried out on the
pellets at 865°C for 48 h and furnace cooled to room
temperature over a span of 6h.

The characterization of the samples was carried
out by X-ray diffraction (XRD), using a Siemens D-500
diffractometer with CuKa radiation. Figure 1 shows
the XRD pattern of the sample. It is clear from Fig. 1
‘thal both the Bi-2223 and Bi-2122 phases are present
in the sample. Lines corresponding to the 2223 phase
are denoted by H while those of 2122 phase are denoted
by L. The a.c. susceptibility was measured by a Lake-
Shore susceptometer. The sample was cooled in a low
field through its transition temperature while X’ and
X" were measured while warming up slowly. The
absolute temperature is measured by a silicon diode
(DT-470) thermometer with an accuracy of 0.2K
Figure 2 shows the a.c. susceptibility of the sample. It
can be scen that there is a step like temperature
dependence which suggests the presence of both the
Bi-2223 and Bi-2122 phases with the superconductivity
onset at 103 and 92K, respectively. The volume
fraction of Bi-2223 phase can be roughly estimated to
be 40%. The off-line experiments of 7. (R = 0)
were carried out using the conventional four probe
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technique. The sample was mounted on a copper plate
with a well calibrated platinum resistance thermometer
(PRT). This plate was vertically moved over the level

iquid ni in a dewar.
of liquid nitrogen 1n ' .
The irradiation was done at the Nuclear Science

Center, New Delhi. A 16 UD Tandem aFcclcrator_ of
the Van de Graff type was used for thc‘j implantation
of 75MeV *Ni with charge state +5 in the sample.
The well collimated high energy _hcavy ion beam of
diameter 3 mm was used to irradiate at near perpen-
dicular incidence. The dimension of the sample was
approximately 4 x 1.5 x 0.5mm”.

The on-line in-situ resistivity mcasurcmcn'ts were
made with the conventional four probe technique by
using a Keithley constant current source and ;;]:::n:é
voltmeter. The dircction of the current was zd CECh
during the process of taking the rcadlrnfvsoieadings.
resistivity value represents the average c;cd o 0.2nk
Initially the beam current was adjus! arising out
and found that due to .thermal hfla::r?t%] e, Thus
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dcflmigyi!:[t:::aﬁwz::: ?;LO\bV;:i current was increased
a steady state.

o002
000
-002

-004 T

¥ (c g's units)

-0 06

© -0-08

o s [7ae] 135
-010 Py 98

; TEMPERATURE (K)
i Cu; 004«
A susceptibility of Blm.l’b,erICa2 10104
ig. 2. A.c. SUSt
bFe%ore irradiation.

EFFECT OF “Ni McV ION IRRADIATION

Vol. 82, No. 7

25t

20}
g sf
ga:
10H
05 1750 L 1 1 1 1
30 200 370 %40 7O B8O 10%0
¢ 10" (Ions/cm®)
1 i L 1 1 i
o] 172 344 516 688 860 1032
$x10" (Tons/cm?)
Fig. 3. Normalized clectrical resistivity measured

in-situ at room temperature as a function of *Ni
fluence and the inset shows the details of the variation
in resistivity at low fluence.

to 0.4pnA, the time of stabilization was also in-
creased.

3. RESULTS AND DISCUSSION

The variation of normalized resistivity with fluence
is shown in Fig. 3. A sharp increase in the normalized
resistivity (1.75%) was observed with a low fluence of
324 x 10"ionscm 2. The expanded details of
increase in the normalized resistivity with fluence is
shown is the insct to Fig. 3. Although comparatively
small from the sharp increase, a monotonous increase
in normalized resistivity was observed up to 500 x
10" ionsem 2. On close observation, the data clearly
reveals at least three local minima at fluences of
250, 400 and 570 x 10"ionscm ? respectively.
However, beyond 800 x 10"ionsem 2, we find that
there is no substantial increase in the normalized
resistivity which tends to saturate. The beam current
was then increased to 0.4 pnA and we find a relatively
small increase in normalized resistance, but this
change is not as substantial as has been observed with
the fluence less than 400 x 10"ionscm~? with a
beam current of 0.2pnA. It may be mentioned here
that the sample thickness is 0.5mm and when the
particle beam impinges on the samp‘le i_t heats up the
sample and as the bcar_n current is increased, the
temperature will further increase. Tf}ls can be clearly
seen from the time depgndent resistivity as soon as the
beam is stopped for noting down the re.ad.mg. Although
as mentioned we have given equal 2 min interval for a.il
he readings with a beam current of 0.2 pnA.an_d Smin
R Tt 0.4 pnA. We assume that a Smin interval

'blains the same thermal state as that
n interval of 0.2 pnA.

interval for
of 0.4pnA obla
obtained by 2mi
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Fig. 4. Off-linc measurement of the resistance of the
sample as a Tunction of temperature before and after
irradiation. Inset shows the details of the data in the
temperature range 120 to 90 K.

Figure 4 shows the off-line experiment of resist-
ance of the sample as a function of temperature before
irradiation and after irradiation. As can be seen from
the figure, an overall luence of 1139.5 x 10" ionscm 2
increases the normalized resistivity by 2.5% but the T,
which was 103K before irradiation does not change
appreciably. The inset to Fig. 4 presents the data in the
temperature range 90 to 120K, this reveals that
although the width of the transition does not change
appreciably as a result of the irradiation, a shift of the
curve can be observed to lower T

We are not in a position to explain these results as
the exact mechanism of creation of defects in these
high 7, superconductors is not known. However, it
has generally been observed that the bombafrding ion
while traversing lhrough 'lhc crystal, loses its encrgy
either by clectronic excxtaqons_ or nuclear collisions. In
sions, it will transfer energy to the
aximum transfer to those atoms
of the same order as that of the
. tile ion (here it is *Niions). Tf}”-‘;a l.he radiation
projectiie i depends on primarily knock-on
effect on the specimen plt tlhlerc il e formation
atom spectrum. As ?'re}f[:‘r‘; reported to be important
of defect cascades W ucf J. (critical current) in high T,

ent 0 . : :
for the enhancem The atomic radius of Cu ions is

supcrconduc(;?(fizl! laos].that of Ni, and mgreover, .it [:aj
of the same " that Ni fons can be easily substltutie
poes 'obserV'e  the copper site [11] Ther'cr(‘)lm, site
f:hemICil”Jf . { Ni ions could produce S'Imll arbsti-
[mé’)I? ]tlt?it:r)lnasohas been observed by Cheml;:eril;tion
substitu d by our 0 i
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that 7, does not chang f electron
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substitution of Cu by Ni is a likely possibility. From
Fig. 4, the systematic change of resistivity of the
irradiated sample through the entire temperature
range of study clearly indicates that the defects which
are created at room temperature, are of the same
nature at all temperatures. It is probable that these are
vacancy interstitial Frenkel pairs. The saturation of
resistivity at higher fluence may be explained as due to
the formation of stable Frenkel pairs which shows an
exponential build up [13]. Secondly, in this sample
both the 2223 phase and the 2122 phase are present, it
is possible that the displaced atoms will interact with
the local surroundings and preferably will try to
achieve a state where its free energy is minimum. The
appearance of a local minima in the on-line resistivity
measurement may be the indicative of such a process.

In conclusion, we find appreciable changes in
electrical transport properties of high 7. materials
cven at low ion fluences. To our knowledge this is the
first detailed resistivity study at low ion exposurcs
which has raised a few questions. Firstly, apart from
ion induced damage, do we have a substitutional
effect. If so, then what are their site symmeltries. And
secondly, the origin of the defects which scems to
anneal.
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Abstract. Magnelic and superconducli :

it bbbl S : ting behaviours ol {ull

en-deficien 7 G s ol lully oxygenaled ¢

;:::‘:’1”0 21 VSIII: :II_E“;E“'(‘ l:r}:‘::o; y systems have been studied for x r.(Joqll()doq

samples (y = 0 1) déd,,,{lpp‘ ‘:f;“llt’l_ll_ orthorhombic dislortion ol fully OXYQ‘CHMEd

samples (y = 0.37) In :|1£, };’(;,;;I,‘IIIQ Ili 1'°COV‘?¥S parttially for oxygen-clcricieh[

) - dl 5iaie 13 e - e

is found to be 4.65 ;i (x = 0 09) and ,1' |LIF,’ elleclive ;1.1{.}1;1‘1g;|1011(, momenl per Fe

samples and 2.93 15 (x = 0 09) 05 jig (x =021)1In fully oxygenaled

oxygen-deficient samples '”“_; T."“” 1.93 jiy (x = 021) in lhe case of

be retarded lrom aboul 5 K/al " e ”f?l"f‘ss;mn iale with Fe subslitution is lound lo
5 K/al % to about 3 K/al.% when oxygen is depleted from

|l1”y ny(Jn”-
genaled s; = y
elleclive copper V';llr(_iwn"‘ Oxygen iodomelry resulls indic
er valence of the system decreases wilh incre

heen ;
N arqued ha . ;

al the magnetic moment of Fe in dilferent samples
Ih the interactions which

not appear to be lhe main
Hole filling and direct suppression ol
| faclors in T, degradation.

compelilion ¢

> ol the 3d A

lead 1o Hund's ml v 42 -3dy,2 2 energy separalion wi

source ol T r‘j' les. ?Ule magnelic moment of Fe does

the pairing - degradation in the present case.
g inleraclion are perhaps the dominan

1. Introduction

Site : :
it substitutional studies high temperature cuprale
are ol considerable interest from bhoth

superconductons
considerations 1], Or all

thearetical and experimental
the cationic sites, Cu sites are thought (o be ol prime

importance s superconductivity is primarily supposed 10
reside in the CuQ)y planes. For substitutions at Cu sites, 3d
metallic clements POSSCSS certain favourable features due
(0 their compatible ionic cizes and closer arbital structures
(o that of copper [1.2]. Further, incorporation of magnetic
1 elements provides an interesting prospect of the possible
[ magnelisin and supmcnmluulivitj,' oceuring in

In this paper.
,Cu0; (Y-123) system.

| 7Zn substitule mainly at

interplay 0
the doped materials.
e substilution in the YDBa

Of the 3d clements. Ni an .
the Cu(2) site of the CuQ; plancs of the Y-123 unil cell,

while tivalent Ie. Co and Ga substitute mainly at the Cul 1)
site of Cu O chains [1,3.4]. I substitules al the (l-:{!)
alent state and, ¢ case of an

ited sample

the |

o b ) D e
sile in ils by as o resulty m
oxygen cantent

optimally oxygen _increases the

h Now al TR, Bonibay

/1007454 06%19.50 © 1995 10P publishing LId

r
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we study the clfect ol

1le that in both cases, lhe
asing Fe conlenl. It has

arises from lhe

ol the parent system and thus causes ;
orthorhombicity and carrier L.[:::'I':::l“::l.“'(‘_“' e i
o ation ol the component
The orthorhombicity of Y-123 ic. the meas i
difterence between the a and & lattice ]m.l;unc[c:lTL'd'Mfm "
o be due to the missing oxygen atoms ;Tl 05 \ '*:-k"”\‘-’!l
the a direction orthogonal to the Cu-O Ch‘lil'l‘ ;”L‘ "[”_”Ll
Iie substitution, 05 sites start to gel fi l- ~12.5). Witk
e s ‘ art Lo get filled and the systen
tends 1o become tetragonal [6] with a ielatively ¢ ly 1
a axis [9,10] In the case of the nxygcn-{Iciici)cn:”\;lrfg(:
system, aparl [rom the vacaney at the 05 position mwc: |‘-
arises a vacancy at the 01 site, therchy rcducinp'lhc I'tl‘:'m‘)
parameter b, or cquivalently, decreasing the m—llun'lm‘: IICL
character.  Thus, like Te substitution, oxygen (Icﬁcic: ,"L
reduces the arthorhombic character of the Y-f];_{,
systen. The difference in the (wo situations is that whil;:
in the casc ol T'e substitution reduction of nrtlmrl;mnhic
wcler is due to an increase in the a parameter (b fixed)
of oxygen deficiency, it is duc o a decrease ia;
ter (a fixed). It would therelore be interesting
crent cffects combine when
‘e substitution are present

also

char:
in the case
the H parame
(o study how these [wo dift

i oxygen deficiency and

hot
in the Y-123 system.

simultancously
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The
i ollis o
ther interesting aspect which we have studied
(

mn the prese .
presentimvestigation relates to the effects of the above

r'iL'IUI\
L on ”IL' magnetic
Jene : ‘ Y T
. L moment at ”lL’ ]'l' SHes. I!"\ we

lll)lh(‘
< Iy ) . ) I
b lll'\llit some ”'I\l‘l"][ mie [h{' ”{'L'll:lni\'“l nf'

T degr:
gradation in the Fe-doped Y-123 system. For thi
A h

purpose we .
5 '|, . ¢ have mvestigated the effects of Te substitution
oth
fully oxyvgenated and  oxygen-depleted  Y-123

\;nnp]cx

2. Experimental details

Si . g

\[‘I,l[:l:l:. :\l[']f”: 123 were prepared by the conventional solid-
- ‘ 1 route with the ingredients Y0y, BaCOy CuO
;;”t' Fe, Oy of better than 4N punity. Samples prepared 1n
;u“(:"{(;;”(ll-ll 1;|-h:n:| 1e. oxygenated after several calcinations
. for 24 hours and then furnace cooled to room
temperature with an intervenig annealing for 12 hours at
600 C are denoted as set | '

To . G
make oxygen-deficient samples, the above samples

from set 1 were further heated at 400 ¢ for 12 hours n

flowing ;
ing argon and subscquently furnace cooled 1o room
remoer: ) "

mperature;  these samples are denoted as set 1L All
characterized for their phase purity,

the samples were
rmined at room

and therr Ltice  parameters were dete
a JIOL x-ray difractometer using Cu Ke

lemperature using
propertics, the samples were

tadiation. For superconducting
characterized with a SQUID magnetomete
50 G n both field-cooled and sero-tield-cooled conditions.
For the magnetism part, ier studied m
their normal state, 1e.
of 5000 G. The effective copper
tric ttration technigue [11, 12].
ated. assuming Y to be

samples were furtl
above 7. in an applied de field
valence was determined

by the conventional iodome

Ihe oxygen content was the
¥ N 5

in 3", Bain 2" and Fen 3t valence states.

n caleul

3. Results and discussion

orth mentioning recent
it is shown that

ples are

Before describing our results, itis w
findings of e substlutin 17 72
Fe migrates 1o planes from chains, when the sani ‘
reduced and subsequently reoxidized [13]. Tor this, the
reduction is carried out at around g00 C and reoxidation
al 400°C. In our case, however. ¢ neither reduced
high temperature nor rcoxid_i/.cd

of e from

where

we hav

the samples at such @
them, and thus the possibility of migration

Cu-0 chains to Cu-0 planes 15 cxpcclcd to be rcmnlc].
Consequently, in the ¢asc of both fully oxygenated anc

oxygen-deficient samples, is believed to substitute

mainly in the Cu-O chains.

I'e

3.1. Orthorhombicity

single-phase nature of all the
rameters were obtained by
ances between
all the

In the

XRD patterns revealed the
and I1. Lattice p& :
pserved dist

hic distortion of
| in figure 1.
ases with an
nent

samples in sets |
a least-squares al
Crystal planes.

alysis of the ©
The orthorhom

samples from sets I and 11 is depicte
hombic distortion decre

case of set I, the orthor = | agree!
Increase in FFe concentration, which 12 1 gooth ‘btservcd
] ’ QDS

with varjous other reports (3,5.9] It may B¢
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Figure 1. Orthorhombic di i
; ¢ dislortion ve =
for both sel | and set Il samples. versus e concentration

that the orthorhombic distortion persists u y
Af‘ :l]l'L‘:ld_‘,l’ mentioned, the (ICCI'&!J!.\C.I'I.] ;11'1I]1)()r[']() d HF-’:_@ I:c"
Il‘us set ol samples is due to the filling of ”lt‘m:b:cn_y -
site [4,9]. In the case of the oxygen-deficie 1L~-“”ply ”5.
sel l.i (sce table 1), which have, i-‘JL‘.\'iL[c\; 05 ' -Slm_]plc.s of
QI sites vacant, the pure compound (v = i)‘(;)“m:- [.” W
l.\'.k['.l()\\'ll to be less orthorhombic in cump'lr.i';n(“ 'SN .
pristine compound of set I, in agreement wi;l Sh the
(8,9, 14, 15]. The values of the orthorhombic¢ ‘If‘.ﬂlcr.rcpnrts
F]w |w0.suts of samples are also listed in m';l::'-‘l"ﬂwk‘llﬁ ﬁ‘)r
.H substituted into an oxygen-deficient sample i en
its ()‘x)'gt::n content and as a result, .-snmc' 0;' HlmchﬂHCS
01 sites in the Cu-0 chains are filled. Conse ot B
farllmrlmmbici[y of the oxygen-deficient priq[i“;]ll‘cmly, the
increases with Fe doping.  However, the -im.r‘t(.‘m[_"nund
orthorhombicity with Fe doping in set 1 sam );—“‘-\?‘ln e
smaller than its decrease due to oxygen dc‘l':c‘,,[ ‘.:5 " m'uch
the Fe-doped sample of set Il remains less :;lr]ttly " I“C.l‘
than the pure sample of set 1. This Shm-.;; st .lorhum.h]c
interplay between the effect of oxygen dc.ﬁc‘icn”“c-ms'mg
doping. Although, separately, both significant Cyddnd »
arthe ifiambic distortion, when both the effects yl,;:: /-,l,!:.f i
s sent

together, the orthorhombicity is, relatively, affected less

3.2. Magnetism

We have carried out de magnelization measurements on all
samples to check the paramagnetic moment of the i:c : a

in the system; these are shown in figures 2-5. For all ‘;lns
samples, @ de field of 5000 G was applied to them i;1 4 e
normal state. Io figure 2, the normal state dc SUSCCp(ibi]i'r
is shown for samples from set I The dc susceptibilit I);
the pristine sample from set T is not shown in lhé ﬁgurg- ¥

fact, it is an order of magnitude lower than that fheers l:;
for Fe-doped samples of the same set, and was I'oLmd T,
temperature independent. The behaviour of th(c
ibility shown in figure 2 can be well fitted to the

haviour given by

e sy
ST T8

be nearly
de suscept
Curie-Weiss be

(n



Table 1. Orthc
Fe moment, e

srhombicity [(b

a)/b] = 100, transition temperalure (T.)

magnelic

ftective Cu va r
lence and oxygen conlent for the different samples

parameters (i, xo., C),

Sample
[ib - ayb) - 100 T (dia) 6 o C  Effecti
(K) K : 4 clive Eff s
& t(:'lgu/n I paramagnetic Cue\i':ll:i Sxygen
—y o 19 e)r - moment (1 g) ce conlent
= e BT ——
X=0 ?] 0 onr; Z;? r;g e 2.72 ;65/Fe gg; o
Set Il ;1 Sl 222 ggg
x=00 0721 N
_ 48 1.8 1.73
X = O Ug 0 - E e 0-06 0.? ;"
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Figure 3. Inverse of dc susceplibility, 1/x, versus
| samples in their normal states.

temperature for set

Before fitting the ¢

we first corrected it for the mol
— 0.0) and then calcul

sample (x

per Fe in the formula unit.

parameters were obtai

samples through a stand

parameters arc iiS[C(l

lata of figure 2 to the above equation,
ar susceptibility of the pure
ated the contribution
Subsequently, the fitting
v = 0.09 and x = 0.21
program. and these
neil

ned for bath
wd curyve fitnng

in table 1. The cll'ccllvc foi

1

x (mOIE' Fe‘cu/emu}

350

v,

300 -

ke

BGZ Cll:.!_:l Fe‘ O?-)‘
(Set-M)

200

Temperature (K)

Figure 5. Inverse of dc susceptibilit
temperalure for set Il samples in lheyi} Lf)pr(r'n;?rsstgfes

calculated for Fe in these samples was found to be 4
per Fe for the Fe 3 at.% sample and 4.05 per [f i65 I
7 at.% Fe-doped sample. The temperature-inde en‘:j " {.he
of the de susceptibility, i.e. xo was found to beli)n . ent part
of 10°* for both the samples (cf table 1). The vﬂle rm;g;
was found to be lower for the Fe 3 at.% sample “‘S ulz)o (:
higher for the 7 at.% (9.5 K) sample. 1/y (Corr;c_md nfr:r
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per I'e) versus temperature behaviour for these two samples
from set 1 is shown n figure 3.

In figure 4 we show the vanation of y with temperature
for the set Il samples.  While the dc susceptibility of
the v = 0.0 sample of set I was found to be nearly
temperature independent, the same sample after annealing
in Ar at 400°C (set 11) shows a temperature dependence
given by (1). For Fe-doped samples, a similar temperature
dependence is also observed.  After making all the
corrections made for the set I samples, we obtained the

fitting parameters for these samples: xq 1s found to be of

the order of 10, and # 15 found to increase with v. While
the temperature-independent part xq 1s of the same order as
the set 1 samples, its magnitude 1s found to increase from
v =001 v =021 Effective Cu moment calculated for
the v = 0.0 sample s found to be O0.71 15 per copper ion,
while in the same sample of set T the Cu moment is found
10 be nonmagnetic. The fitung parameters e C. 0, xo and
the effective moment per Fe or per Cu ion, are listed in
table 1 for all the samples of set 11

From the values of the Fe moments (table 1) we draw

the following conclusions:
(i) The magnetic moment of Fe decreases with v in

both the set of samples.

(i1) ‘The magnetic moment of Fe s significantly less
in the oxygen deficient samples (sel 1) than in the fully
oxygenated samples (set D) of the same FFe concentration.
(iii) The values ol ¢ are small for all the samples

- o » . . ! . sy ‘ \
comparcd to the temperature taken in the observation

(T > 7). Also. the values of ¢ for different samples are
comparable with each other.

3 H e "0y
In order to understand the above findings, we iy
ironment the magnetic

first note that in the crystalline env o
L 1S

moment of e’ (l-'u") is 5.4 pup (5.9 yp) [16].
supposed that the crystal field quenches the orbital ;|r.1gulm'
momentum [16]. 'I'iu: magnetic moment estimated Il‘l. the
present case (table 1) is smaller than these values. .Srncc.
the values of ¢ gre similar in the cases of the samples ol
the two sets, e cannot attribute the 1
f the Cu moments.

arge reduction of I'e

moment in seq 11 1o the effects o

In order 1o find a reasonable source
Fe Moments in the nxygc:ulclicicnt sample !
When the interaction leading 10 Hund's rules, say IH: '?
larger than the energy separation between the 3d,z- anc

. L p et
17]. say Eg4. the spin of the e F(le)

This leads to an Fe momenl

s. we note that

3d-‘f’ S states
impurity will be § = 2 (5/2). m
; > crence
closer to 5.4 (5.9) [ 16]. Now, supposc the energy (IllfuT[ c
omes much larger than 1. e
d the Fe moment will
{ on the basis of the

(and 3d,y) slates.

E, increases and bec
Hund's rules will no longer apply, an
be governed by the spin. determinee
occupancy of the 3d2y2 and 3(11‘.‘: g i
For et there will be two holes in each of the 5d.2—,

o rule applies longer,
and 3d,,._,» states. Since Hund's rule ;l])]‘.l[l]t.hqlil() 2 .gmd
T : o ins i 3d g2 @

the two holes pair with opposite spins in the 3d.2-y

b (Fett
3ds,2_,2 states so that finally S :.() (1/2) for Fe (Fe'™).
a reduction of the mo
above, we may say the
¢ Fe-doped Y-123 samj
1e interaction [;; and energy Ey.

ment on Fe.

it the reduction
hles 1s due to
The

This corresponds to

In view of the
of FFe moments in th
competition between tl
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of the reduction of

more £, competes with 7, the less the Fe moment will be.
On the basis of figure 1, the different samples of Fe-doped
Y-123 (from sets Land 1) correspond to different degrees of
orthorhombic distortion.  But orthorhombic distortion will
change the energy separation £;: on the basis of figure 1,
we expect Ey to change in the following order: E; (7%
Fe,setI) < E; (3% Fe, setl) < £, (3% Fe, set 1) < Ey
(7% Fe. set ). Then, since in view of the above, the Fe
moment will decrease with increasing £, we find that the
Fe moment p will vary in the order: p (7% Fe set )
> p (3% Fe set ) = p (3% Fe, set 1) = p (7% Fe. sel
ID). Except for the 7% Fe (set 1) sample, this qualitative
varation agrees with the experimental results of table 1.
This shows that orthorhombic distortion plays a significant
role in determining the Fe moment,  However, because
there is disagreement with the Fe moment of the 7% set
I sample, there should be some other factor influencing the
FFe moment. This may be ascribed to the greater proportion
of oxygen in the 7% Fe (set ) sample, leading to the Fe
3d-0 2p hybridization, which reduces the interaction 1y so
that effectively [, will be greater than that for the 3% (set
I) sample. If this is so, the moment of the 7% Fe (sct 1)
sample is expected to be less than that of the 3% Fe (set 1)
sample.

3.3. Superconductivity

In order to see the implications of the behaviour of
the magnetic moment of Fe, we consider the transition
temperature ol various samples of sets 1 and 1. The
T, values are estimated from the dc susceptibility data.
Figure 6 depicts the de susceptibility in (emu/g) for some
of the set T and 1I samples, obtained in a de field of 50 G
in both zero-field-cooled and field-cooled conditions. For
the sake of brevity, plots for each and every sample are
not shown: the T, defined as the onset of diamagnetism
is plotted in figure 7 for all the samples. While the T,
depressions are not exactly linear either in set I or I, it is
interesting to note from figure 7 that the average rate of
7, depression defined as dT./dx is less in the case of set
11 than in set L. In the case of set I it is nearly 1.5 times

0.1 T T , | :
Y, Bap Cug,Fe, O,

x=0.21
00 - Set spgspe 0 000 |
x=0.0 ¢ ® x:0.2| xz0Q Q9
Sel-ll .. Set-1 L] Set.l

X (emu/gram)
°
T
.&
.{
L ]

L ]
.02 _/ . |
..
canossas®®® ot
-0.3 1 I | i i
¢ 20 4 &0 80 100

Temperature (K )

Figure 6. dc susceptibility versus temperature for both set |
and set Il samples. Applied dc field is 50 G.
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i ini stin
larger than for set Il (see table 1). It is ag'm'n‘m:efr;r mi
to note that while 7, depression rates are differen

WO sels S ]') S lh(, reduce 7 versus X )l()[ '()l bolh
d C d « ersus | [
' sl IC .
llllle re T = ‘ ¥ l, S lc ddttl (o]
dlffe cnee f() [hc X ).2' sam IC . th i bolh
C(S l‘c on “Ic samce cur vC. lhl-; “,c“”-; [“'ll lhc |CI‘1“‘C

dar i ; samples.
depression of 7, is similar in both ':,clS’ Ori;:qvl Tp depression
Let us compare the effect of Fe in caus di:/\ll . likc
with that due to other dopants SUCI'II zlso(fii:hacﬂ 1203 structure.
i site .
Fe, also substitute at the Cu(1) e Cu(l)

ic e substitute
Nonmagnetic Ga and magne’t & wlllje number of holes
site with nearly the same cffect on th

aeati ¢ effect of Fe
and orthorhombicity, but cmnparduvely th

ar Al
.o 15). As far as
iq ic on quperc()n C“V“y ll‘ ] sparent.
S more dl'asll(. b i()n is not so [ranﬁpl

substitution is concerned, the situat I ogs delelerious
Tarascon ef al [9] have Shomt at lml I‘O] reported that
effect on 7, than Fe, while Xu o " In any case. the
both Al and Fe have comparable cffe(»(;f)-eg apparently not
criterion for the pair brcaki.n B Fe) z.md nonmagnetic
relate to the possible magnetic (as for Furthermore, the

0 cations.
States (as for Al) of these two call

sets lies on the samc¢

Elfect of Fe substitutions on YBaCuO

present results reveal that the magnetic moment of Fe
decreases with x, and interestingly for both the sets of
samples, T, decreases faster in the concentration range of
v = 009 to x = 0.21 than in the range of x = 0.0
to x = 0.09. Conscquently, the magnetic pair breaking
seems unlikely to be the main cause of the 7, depression.
Morcover, since the disorder effect of Fe will be stronger
in the oxygen-deficient samples where the suppression of
T, with x is comparatively less, the localization or mean-
free-path cffects also do not appear to be the main reasons
for the suppression of T,. The other possibilities of 7,
depression could be cither hole filling or dircct suppression
of the effective pairing interaction. Recent studies of T,
degradation in the Fe- (and Ni-)doped YBa;,CuyOg system
[18). and also in some other cuprate superconductors [19],
provide a credence to the contention of direct suppression
of the effective pairing interaction by these dopants. Our
previously reported work using XANES [20] and XPS [21]
on Fe- and Ni-doped Bi-2212 system seems to corroborate
this view as the results indicate a decrease in the density
of states (DOS) at E, with Fe and Ni substitutions which
cause depression in 7,.

4. Conclusions

In summary, the magnetism and superconductivity of the
Fe-doped Y-123 system is studied with variable oxygen
content. While the orthorhombic distortion of the parent
compound decreases in the case of fully oxygenated Fe-
doped Y-123. it gains partial recovery in the oxygen-
deficient Fe-doped samples.  All Fe-doped samples, both
oxygenated and oxygen-reduced, follow the Curie-Weiss
paramagnetism from which the free Fe moment has been
calculated, which to the first approximation appears to
decreasc in the oxygen-deficient samples.  Also, the
moment of Fe decreases with its concentration in both sets
of samples. A possible causc of this appears to be the
competition between the 3d,:_,2-3d;,: energy separation
and the interaction leading to Hund's rules. The values of
the estimated magnetic moment of Fe in different samples
rule out the possibility of pair breaking as a source of 7,
degradation. Hole filling and/or direct suppression of the
pairing interaction turn out to be possible sources of the T,
decrease manifested in the Fe-doped system. The process
of the moment formation of Fe seems to correlate indirectly
with the mechanism of T, degradation.
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