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Abstract

The studies on layered superconducting materials are important in understanding
the basic phenomena of superconductivity and their subsequent applications. The recent
trend in order to improve the physical and magnetic properties of superconductors is the
preparation of composite and hetero structures of superconductors. The thesis includes the
effect of composition and doping in layered BisO4S3 superconductor, studies on composite
superconducting system and Hetero structure of Bi-2212 and MgB: layered high T
superconductors.

We have prepared BisO4S3 superconductor with 5% and 10% of excess Bi»Os, and
10% of excess Bi, Sulfur. Excess Bi»Os acted as flux for the phase formation, whereas
excess Bi and sulfur causes suppression of the superconducting phase. BisO4Sz synthesized
with 5% of excess Bi,O3 ensured highest grain size, critical current density and pinning
force among the synthesized samples. Jc varies according to collective pinning model. The
dominating pinning mechanism changes from surface to point pinning with increase in
Bi20s. The studies on the effect of Ca doping at Bi site in BisO4S3z were carried out. Bia-
xCax04S3 sample with x=0.25 exhibits increase in T, Jc, and Fp values. With Ca doping in
the range 1>x > 0.25, deterioration of superconducting phase with increase in Ca doping is
observed.

The composite system of Bi-2212 glass ceramic and MgB2 superconductor were
prepared with Bi-2212 as matrix and MgB: as reinforcing material (2:1), and with Bi-2212
as reinforcing material and MgB: as matrix (1:2). Composite samples show increase in
critical current density. Nano particles of reinforcing superconducting material in the
matrix superconductor act as flux pinning centers causing enhancement in Jc in the
composite samples. Pinning mechanism in composite samples is same as in the matrix
phase of the composites.

Hetero structures of Bi-2212 and MgB: superconductors were prepared in the form
of bulk multilayers. Bi-2212 and MgB: were arranged in the form of bi-layer and tri-layers.
Critical current density is enhanced in the hetero samples due to increase in the
superconducting volume fraction. Tri-layer sample showed highest Jc and inverted Jc
anisotropy due to enhancement in the ab-plane properties. Fast decay in Jc at high fields in
these samples is observed due to different Pinning mechanism and micro structural

variations.

Vi
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Introduction

1.1 Superconductivity

One of the most historical achievements of condensed matter physics is the
liquefaction of Helium gas in 1908 by H. K. Onnes [1]. This lead to step into a new history
in the solid state physics. In general, the resistance of a metal decreases with decrease in
temperature. With this idea H. K. Onnes tried to check the lowest point of the resistance of
metal at low temperature. He succeeded by observing zero resistance in Hg at 4.2K. This
resistanceless state of metal is named as “supraconductivity” by H. K. Onnes in 1911 [2].
Later, it became popular with the name “superconductivity”. The materials which can show
resistanceless current flow below a particular temperature are called superconductors. The
most interesting and important property of superconductors is its behaviour in magnetic
field. In 1933, W. Meissner observed the expulsion of magnetic field by superconducting
materials [3]. When magnetic field is applied on superconductors, field will induce surface
currents in superconductors. The field generated due to these surface currents will be equal
in quantity and opposite in direction of the applied field so that this induced field
completely repels the applied field. Thus, superconducting material shows perfect
diamagnetism in the applied magnetic field. This diamagnetic effect with applied field on
superconductors is called Meissner effect. The critical parameters of superconductors are
defined as the transition temperature (T¢) — the temperature where resistance becomes zero,
critical filed (Hc) - the field below which superconductor shows diamagnetic effect and the
critical current density (Jc) - maximum induced screening currents flowing without any
resistance in the superconductor. Superconductors depend on internal parameters like
penetration depth-defined as the maximum length till the applied field can penetrate
through surface of the superconductor, coherence length-defined as the maximum length
till the coherent cooper pair wave can exist and external parameters like temperature,

pressure, and magnetic field [4].



1.2 Types of Superconductors

According to their magnetic properties, superconductors are divided into type-I
superconductors and type-11 superconductors. Type-l1 superconductors include all
superconducting elements except niobium. Niobium, superconducting alloys and chemical
compounds make up the second group, type-1l superconductors. The so-called high-T.
superconductors also belong to this group. The chief difference between the two groups

lies in their different response to an external magnetic field.
1.2.1 Type | Superconductor

Let us consider that the magnetization curve of a superconductor specimen, here it
is a long cylinder in a longitudinal external magnetic field Ho. As the field Ho increases,
the induction inside the specimen does not change at first; it remains B=0. As soon as Ho
reaches the value of Hcm, the superconductivity is destroyed, the field penetrates into the
superconductor, and B=Ho. Therefore, the magnetization curve B=B(Ho) appears as shown
in figure 1(a). The magnetic induction B and the magnetic field Ho are related to each other
by the well-known expression B=Ho + 4zM, where M is the magnetic moment per unit

volume. The magnetization curve is often plotted as -4zM versus Ho, as illustrated in figure

1(b).
B A / -47M A
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Figure 1.1 (a) Magnetization curve of a Superconductor (b) magnetic moment per unit
volume, M, versus Ho

The long cylinder superconductor is placed in a uniform magnetic field parallel to
its surface, the superconductivity is destroyed when the field reaches to the critical value
Hem. It is much harder to destroy the superconductivity of the same cylinder if it is placed
in a transverse magnetic field. The same is true for other shapes like an ellipsoid, a sphere,

or other bodies of more complicated geometries [5].



1.2.2 Type Il Superconductor
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Figure 1.2 (a) Magnetization curves of a type-1l superconductor: (a) magnetic
induction B as a function of an external field Ho; (b) magnetic moment per unit volume,
M, as a function of Ho.

The magnetic field penetrates into type-11 materials is in a quite extraordinary way.
Suppose type-I1 superconductor of a long cylinder shape placed in a longitudinal magnetic
field. The field is increased from zero, at first the cylinder pushes all the field out, that is
the magnetic induction in the interior of the cylinder is zero. It means that initially observe
the Meissner effect. As long as the external field is Ho<Hc1, the average field in the interior
of the specimen is B=O. However, beginning from a certain value of the field it start to
register a finite induction in the cylinder, this field is called the lower critical field and
denoted by Hc1 [5]. Thus, at Hei<Ho<Hc2 a steadily increasing field B penetrates the
superconductor. This field always remains below the external field Ha and the specimen’s
superconductivity is not destroyed. For further increase of the external magnetic field Ho,
the induction of magnetic field build up until the average field in the cylinder becomes
equal to the external field Ho and the cylinder goes to the normal state, it is happen at the
so-called upper critical field Hco. That is at a certain field Ho=Hc. the average field in the
interior B, becomes equal to Ha and the bulk superconductivity disappears Penetration of
vortices into the interior of a superconductor becomes thermodynamically favourable at
Ho>Hc1. A partial penetration of the magnetic field in the interior of the specimen is at
fields from Hc: (the lower critical field) to Hc. (the upper critical field) is known as the

mixed state.

In other words, Abrikosov and Zavaritzkii discussed the possibility, that the length

difference could also become negative, if the coherence length (&) is smaller than the



magnetic penetration depth (im). Based on the Ginsburg-Landau theory, Abrikosov
calculated the critical magnetic field for the case, where the difference & — An is negative,
and demonstrate, that only in this case can have the good agreement with Zavaritzkii’s
experimental data, obtained with particularly carefully prepared thin films. Hence, they
were apparently dealing with an unknown, new kind of superconductor called as the
“second group”. Eventually, which are referred to as type-11 superconductors (with & — Am
IS negative), whereas the superconductors with positive wall energy are called type-I
superconductors (with & — Am is positive). In a magnetic field, they can assume a new state,
in which the superconductor is intersected by a regular lattice consisting of individual
“magnetic flux quanta”. The famous Abrikosov flux-line lattice had been discovered. The

state of the superconductor containing the flux-line lattice is referred to as the mixed state

[6].
1.3 Material Introduction

In this thesis, we have worked mainly on three different layered superconductors and

their composite and Hetero structures.
1. CuO based Bi-2212 layered superconductor
2. AlB> type MgB: layered superconductor and
3. BiS; based Bi404S3 layered superconductor.
1.3.1 Cuprate Superconductors

The first High Temperature Superconductor (HTS) with CuO based layered
superconductor was discovered by Bednorz and Mauller in 1986 [7]. The high
superconducting transition temperature, Tc=92K of CuO based HTS materials made easy
of the employment of a more economical cryogen. Between 1987 and 2016, T. was raised
from 92K as discovered in YBa>CuzOx (YBCO) [8] over 133K as demonstrated in
Hg2Ba>Ca>CusOy [9]. In copper based HTS the common structural elements is copper-
oxide planes, which acts as the superconducting layers, and insulating layers that can
separate the copper-oxide planes. The microstructure of polycrystalline highly anisotropic
ceramic HTS materials strongly influences the properties. HTS materials increase the
possibility of preparing electrical devices with higher efficiency and higher power density
with low losses. HTS also used to build novel devices, such as Superconducting Magnetic
Energy Storage (SMES), magnetic bearings, fault current limiters and switches along with



environmental advantages like oil free transformers and devices with low magnetic field
leakage [10]. Bi-2212 based bulk conductor is potentially low cost and thermally high
stable but its application is limited due to the mechanical inflexibility [11-13]. HTS
materials synthesis through glass precursors was introduced in 1988, and extensively
studied by several groups [14-18]. Glass ceramic synthesis of HTS have great importance
in view of practical applications, as glasses can be mould in desired shapes like wires/tapes,
fibers, and films. Glass ceramic BSCCO superconductors preparation was studied with
excessive copper compositions at different annealing temperatures and for different
durations concluded that Bi-4334 composition is the optimum best composition to get
single phase with T¢=85K and proper orientation [18]. The low J. values for bulk CuO-
based HTS materials is due to the Josephson weak link effects. In bulk sintered High Tc
superconductors the grains are loosely connected with each other due to porosity. This point
contacts act as weak links restricting the current carrying capacity. The exponential decay
of Jc in CuO HTS materials with applied field is due to micro structural defects such as
oxygen vacancies, twin-boundaries, and dislocations. At low fields Jc is governed by
Josephson weak links whereas at high fields Jc is governed by grains [19].

1.3.2 Bi-2212 Superconductor

Among the layer structured high Transition temperature (T¢) superconductors
Bi>Sr2Can-1CunOg+s cOmposition gives three different phases based on the number of CuO
layers. The Tcvaries as 20K, 85K, and 110K with increase in n=1, 2 and 3 respectively [20,
21]. Bi-2212 phase formation through glass ceramic route especially with Bi-4334
composition leads to high dense and pore free high T¢ superconductivity, thus enhancing
the chances of practical applications of superconducting Bi-2212 [13]. The preparation of
BSCCO ceramics through conventional solid-state method produces poorly sintered
materials with low density [22, 23]. Whereas, the preparation of BSCCO via the glass
ceramic route offers more advantages over solid state reaction route, such as possible
improvement in gross homogeneity, reduced phase segregation, extended solid solubility,
shorter process times, and the flexibility to be moulded into various shapes [23, 13]. The
fabrication of glassy precursors can be done by oxide and carbonate calcined mixtures.
Through melting and followed by quenching step, an amorphous solid can be homogenized
on atomic scale [24, 25]. Bi-2201 is the first crystalline phase formed during the bulk
crystallization of Bi-4334 glass. The transformation of Bi-2201 to Bi-2212

superconducting phase is a slow process accompanied by the uptake of Oxygen from the



atmosphere. The Bi-2212 phase transformation from Bi-2201 to Bi-2212 involves the
diffusion of Ca, Cu and O ions such that the elongation of c-axis takes place by adding
CaCuO; units into Bi-2201 structure. Hence, we can say that the Bi-2212 phase formation
starts above 650°C by a diffusion reaction between Bi-2201 phase and Ca, Cu, and O at the
surface [18]. The composition in the Bi2O3-SrO-CaO-CuO system has a strong tendency to
form a glass and the addition of Bi.Oz is particularly effective in facilitating glass
formation. The ratio and co-existence of SrO and CaO is necessary for glass formation [26].
Figure 1.3 shows the general crystallographic structures of the three superconductive
phases in the BSCCO system.

L w

©
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Sr
Cu

®® 6 co

Figure 1.3 Layer structure of BSCCO superconductors system.

The compounds have layered structures parallel to the crystallographic a-b plane,
consisting of rock-saltlike BiO bilayers that alternate with perovskite-like
[Sr2Can-1CunOz+2n] units. The n=2 and n=3 members of the homologous series may be
described as double BiO layers that alternate with [Sr.CaCu.Os] and [Sr.Ca2Cu3O7] units
respectively. The [Sr.Can-1CunO1+2n] units contain CuO: sheets, formed by corner-sharing
[CuOy4] units, which are oriented parallel to the a-b plane. The 2201 phase is characterized
by one CuO; sheet (n=1), and the 2212 and 2223 phases by two and three CuO; sheets (n=2
and n=3) respectively. Thus, the general structure of all members of the series consists of

CuO sheets that are separated by calcium (for n > 1) and covered in the c direction by SrO



sheets. Due to the significantly different parameters of the a, b and c axis, the crystallization
rate in the direction of the a-b plane is about 1000 times faster than in the c direction [27-
36]. Thus, the crystals have a mica-like leafy shape, exhibiting a pronounced cleavability
parallel to the a-b plane due to the weak bonding between the neighboring BiO layers. This
structure also implies a pronounced anisotropy of the properties, causing the so-called “two
dimensional superconductivity” parallel to the a-b plane. For example, the critical current
density of the compounds is about 1000 times greater parallel to the a-b plane than parallel
to the c axis. This phenomenon is due to the transportation of the super current by the Cu—
O planes [37].

The d.c. electrical conductance of the Bi-4334 glasses is due to small polaron
hopping mechanism [38]. By annealing these Glass samples at 820°C for 24hrs showed
insulator to metal transition at room temperature resistivity change from 7.3x108 Ohm.cm
to 0.4 Ohm.cm [13]. The maximum J observed in bulk Bi-2212 superconductor is 103
Alcm?at 77K, and OT, in case of Bi-2212 thick films it increases to 10*A/cm?, and in case
of Bi-2212 thin films J. enhanced to 10°A/cm?. The coherence length in Bi-2212 along ab
axis is 42A° and along c axis is 1A% The penetration depth in Bi-2212 is 2000A° and Hirr
is 1T at 77K. These critical values resulted in finding the high anisotropy ratio of 150 to
900 in Bi-2212 superconductor [39]. The Pinning mechanism in BSCCO system is
extensively studied by several groups [40-43]. In case of HTS superconductors the
dominant microscopic pinning mechanism is determined in magnetic method. The method
is involved in measuring the magnetization curves in the range of second anomalous peak,
identified by the field Bss which signifies the vortex solid-solid transition. Bss is constant
for BSCCO system, but in case of oxygen doped and irradiated BSCCO samples Bss
initially increases with temperature, suggesting a o/-pinning mechanism at low
temperatures due to spatial fluctuations of the charge carrier mean free path [40]. In case
of BSCCO samples synthesized with excess copper and calcium, resulted in high critical
current density due to enhance in pinning effects resulting from the increased precipitation
[41]. Pinning mechanism in Bi-2223 and pinning in Bi-2212 was dominated by
mechanisms with vortex core pinning by normal, equi-axed defects. A conventional
analysis of Fp, which tends to emphasis the lower temperature regime suggest pinning by
point like defects, with dimensions L<¢, such as oxygen vacancies, site and anti-sited
effects, and interstitials. Analysis of the irreversibility line, which emphasizes the regime

of higher temperatures, suggest pinning by larger defects with L>¢, like precipitates [42].



Fast reduction of Jc in HTS at high field and close to the transition temperature is due to
weak flux pinning strength and large thermal activated flux motion. Flux pinning strength
and dimensionality of the material are very important to determine the flux pinning
properties in HTS at high fields. In melt processed bulk Bi-2212 superconductor flux
pinning is observed due to fine particles of Bi-free phases. Flux pinning strength of Bi-
2212 is smaller compared to Y-123 due to worse flux pinning efficiency of larger non
superconducting precipitates in smaller concentration. Normalized pinning force density of
Bi-2212 superconductor followed scaling law of the form F,= AB;"(T) f(h) with reduced
field. Here A is constant Bi is irreversible field h is reduced field. Temperature dependent
parameter ‘m’ has obtained two values 1.15 and1.47 at lower and higher temperature
regions suggesting that the dominant pinning centers are different in lower and higher

temperature regions [43].

1.3.3 AIB2 type layered Superconductors
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Figure 1.4 Crystal structure of AlB:

From the simple aristotype AIB>, nearly 46 structure types of binary and ternary
intermetallic compounds were derived. AlB> corresponds to a simple hexagonal unit cell
of aluminium atoms and two boron atoms occupying at trigonal prismatic sites in space
group P6/m2/m2/m (No.191) as shown in figure 1.4. The boron atoms form a two
dimensional infinite network, in which each boron atom has three other boron neighbours
at a distance of 174pm. These graphite like layers (honey-comb) are well separated from
each other by the lattice parameter c=326pm. For the binary compounds RT2 and RX2 and
the ternary compounds RTX, R2TX3, and R3T2X4 (R=alkaline earth, rare earth, or actinoid
metal; T=transition metal; X=main group element) it is possible to get AIB related
structure, where R type element replace Al while T and X atoms form hexagon (boron
position) [44]. Different borides with AlBzstructure were inter-compared in the ref. 45 [45].



By replacing Al with Mg, electron doping takes place due to change in valance states of
Mg*2and Al*3. The stretched c lattice parameter affects the Boron plane. This turns the
electro type (mainly m-band conduction) non-superconducting AlB; to hole type (mainly
o-band conduction) MgB: superconductor.

1.3.4 MgB2 Superconductor

MgB: is new generation high T superconductor with transition temperature of 39 K
[46]. MgB: has significantly high T. compared to the conventional LTS and high Jc
compared to HTS. Magnesium di boride (MgB>) is a binary inter metallic compound with
a simple hexagonal crystal structure (AlB> type structure). MgB: structure composed of
stacking of Mg and B layers as shown in figure 1.5. The boron atoms form graphite like
honeycomb network and the Mg atoms are located at the cores of these hexagons. In the
unit cell the atomic positions are (0, 0, 0) for Mg (Weizkoff symbol 1a) and (13, 23, 12)
and ( 23, 13, 12) for B (Weizkoff symbol 2d) atoms [47, 48]. The coordination polyhedra
are (B12Mgs) for Mg and (MgsBs) for B. The lattice parameters are a=3.084A and
c=3.524A. The inter-atomic distances are: B-B intra-layer 1.780A, Mg-Mg intra-layer
3.084A, Mg-Mg inter layer 3.524A and Mg-B 2.5A. The in-plane B-B distance is almost
half that of the inter-plane B-B distance [48, 49].

Figure 1.5 Layer structure of MgB2.

The MgB: is a brittle material just like the HTS materials. [50-52]. The low
anisotropy (1.5-5) of MgB> compared to the highly anisotropic HTS means there is no need
of texturing for making wires with high Jc [52-54]. The coherence length of MgB: is &~5-
12 nm and the penetration depth is 2=100-140 nm with a GL factor of K~26 [53] at absolute
zero temperature. Due to the large coherence length, higher than the inter-atomic spacing,

the weak link problem is not severe in MgB2. MgB: has two superconducting gaps in the



superconducting state, A1~5-7meV and A2 ~1.5-2.0meV [54, 55]. The normal state of MgB>
is metallic and the normal state resistivity is much lower than that of other superconductors.
For clean MgB. sample a very low normal state resistivity p(T¢) of 0.4uQcm and a high
Residual Resistivity Ratio (RRR) of ~20 are observed [56].

The MgB: is a type Il superconductor and is well within the clean limit of
superconductivity. The depairing current density is Jc=10'A/cm2 [57], one order of
magnitude lower than that of the HTS materials. The observed transport critical current
densities are of the order of 10°A/cm2 at 4.2K in self-field, 3.8x10*A/cm2 in 6T and
10*A/cm? in 8T [58]. The transport Jc is of the order of 10*A/cm? at 30K in 1T field [59].
The inter-granular Jc of MgB: is also high compared to HTS materials. Pure MgB: has very
low critical field of Hc1(0), which is less than 50mT [60, 61], upper critical field Hco is
between 15-20 T and irreversibility field in the range of 6-12T [56, 60, 62, 63] at 4.2K.
Doped conductors have high Hcz and the maximum Hez observed for SiC added MgB: wires
is 33T [64]. Though MgB: has high self-field Jc at low temperatures, the rapid decay in Jc
with field and temperature represents its poor vortex pinning, and low irreversibility field.
Since MgB: has a rigid lattice with two simple elements in the structure. The lack of
sufficient flux pinning at higher fields is due to the low density of defects produced during
synthesis. MgB:2 has weak link free grain boundaries and the grain boundaries act as strong
flux pinners. Only grain boundaries are effective pinning centers in pure MgB., thus MgB>
samples with fine grains are needed for better properties. The irreversibility field of MgB>
is only half of its upper critical field (Hir=0.5%Hc2). The low irreversibility field and poor
flux pinning cause rapid decrease in Jc at high fields. In order to compete with the NbzSn
for liquid helium temperature applications, the Jc(H) of MgB2 must be improved. This can
be achieved by improving the flux pinning at high fields, increasing the Hirr and decreasing

the electromagnetic anisotropy etc. [65-67].

The introduction of secondary phases or normal impurities to the superconducting
matrix improves the flux pinning property of HTS materials [68]. Grain boundary pinning,
like in NbsSn is the dominating pinning mechanism in MgB. [69-72] and the pinning
improves with reduced grain size [73]. It is found that in MgB: the aperiodic semi
crystalline defects trapped in the crystalline phase act as intense vortex pinning centers and
significantly enhance the high field performance of MgB2 [74]. Inclusions and doping can
improve the flux pinning of MgB: strongly. Doped MgB. wires have already reached Hc:
values as high as 33 T, higher than that of NbsSn and a record high value of 55T in coated
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fibers. Primitive Powder-In-Tube conductors of MgB2 could attain critical current densities
nearly 10°A/cm? in self-field at 4.2K. The high Jc values for wires or tapes with smaller

grain size, full density, and perhaps with suitable additives can be in MgB. thin films [75].

Critical current density falls rapidly at high temperatures and magnetic fields due to
weak flux pinning in this material. Pinning mechanism in pure and doped MgB: in various
forms was extensively by several groups over last 15 years [76-81]. Jc in MgB2 is mainly
due to strongly connected unhindered grain boundaries. Intra grain current density in
powder MgB_sample is higher than in bulk MgB: at low fields but at high field almost both
equals. In both cases Jc decreases rapidly with applied field at high fields. The flux pinning
force in powder MgB2 and bulk MgB: first reported ref. 76 and 77. In Pure MgB>
normalized pinning force density showed good scaling behaviour and showed hmax at 0.2
suggesting dominating pinning mechanism as surface pinning due to grain boundaries. In
bulk MgB: bulk pinning due to grain boundaries is observed but in case of grinded powder
MgB2 sample bulk pinning is weak and surface barriers play important role in determining
the first field of flux penetration as well as the irreversibility line. Flux penetration through
the surface by creation of a critical nucleus consisting of one or several vortex loops. In
powder sample, the crystallites do not have imperfections or disorder capable to pin the
flux lines. The Ginzburg Landau coherence length for MgB; is &=40A° meaning that only
defects of such size can pin the flux lines. Defects of such size are difficult to be found
inside the volume of a crystallites. On the other hand as prepared bulk samples show an
enhanced Jc, indicating substantial bulk pinning due to crystalline boundaries, which can
pin the vortices and cause for strong coupling between grains. In order to increase Jc and
Hirr in MgB2 the only route is to incorporate artificial pinning centers by doping. The studies
on pinning mechanism in doped MgB: revealed interesting and significant improvement in
understanding the critical current density variation with fields. Ag and Cu doping does not
change the pinning mechanism but Zn doping in MgB: resulted in increase in Jcand pining
force at high fields due to point pinning centers [76]. C doping in various forms in MgB>
resulted in increase in Jc and Hirr due to different pinning mechanisms [78, 79]. In case of
CNT doped MgB: surface pinning mechanism due to grain boundaries observed but
reduced field maxima is observed at lower field (hmax=0.17) than un doped MgB:
(hmax=0.2). Shift in hmax is due to enhancement in Hirr by CNT doping in MgB.. In case of
diamond form C doped MgB: pinning is due to point pinning centers. In this case hmax is

observed at high fields (0.33) suggesting point pinning due to Nano particles of diamond
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in MgB:2 [78]. In case of SiC doped MgB2 a combination of substitution-induced defects
and highly dispersed additives are responsible for increased flux pinning [79]. In case of
metal oxide doped MgB: increase in grain connectivity, decrease in grain size and impurity
Nano-particles contribute for the strong flux pinning resulting increase in Jc and Hirr over
undoped MgB: [80, 81].

1.3.5 BiSz based layered superconductors

In search for new superconductors, Y. Mizuguchi in 2012 succeeded in discovering
one more layered superconductor in which superconductivity is confined in BiS2 planes
[82]. In BiS; based superconductors crystal structure consists of stacking of BiS:
superconducting bilayers separated by spacer layers. There are three major blocking or
spacer layer groups which exist in BiSz based superconductors. They are a) ReOBIS,
(RE=La, Ce, Pr, Nd, Yb) b) SrFBiS2 and c) BisO4(SO4)Bi>Ss. Common crystal structure
for all BiS, based superconductors is tetragonal with space group 14/mmm [83-92]. The
BiS2 superconducting bilayers are categorized into a rock-salt structure. The crystal

structure of major members of BiS; based superconductors family are shown in figure 1.6.

a b

A 0331533’?9

ewﬂwww9

— superconducting

Bi
SN N e QGV‘O‘VO¥

ARP A2P AgH )
,v:v"«vf‘ ﬁVHVAJ’(J'K - = €ko_‘

. . R iy O-5-0-50-50

75758 % agﬁigia ‘

Figure 1.6 Schematic images for crystal structure of various BiS2 based superconductors.
(a)REOBIS; (b) SrFBiS: (c) BisO4 (SOa4) Bi2Sa.

The basic composition of all these compounds show insulating behaviour but by
introducing electrons in these compounds can turn to be superconductors. In REOBIS:



group electron doping can be carried out by partial substitution of ‘O’ site in spacer layer
by ‘F’, due to difference between the valance states of O> and F~ [85]. In this group
maximum superconducting transition at 7.8K was observed in LaOosFosBiS:
polycrystalline samples synthesized in solid state reaction method followed by annealing
under 2GPa at 600°C for lhour in a cubic-anvil-type High Pressure (HP) synthesis
apparatus [83]. In case of La replaced by Ce, the as grown polycrystalline samples of CeO1.
xFxBiS2 showed T at 3K with x>0.3. T enhanced to 6K after HP annealing. The important
advantage of this superconductor is co-existence of ferromagnetic order, due to Ce moment,
and superconducting nature [86-87]. The as grown PrOgsFosBiS, superconductor showed
Tc at 3.6K, which is increased to 5.5K by HP annealing [88, 92]. The promising material in
REOBIS, group is NdO1.xFxBiS2, which showed T at 5.5K synthesized at ambient
conditions [90]. YbOosFosBiS2 showed T at 5.3K but bulk superconducting property is
not observed in this material [92]. The variation in T¢ with RE element in REO1.xFxBiS:
superconductors is due to the structural variation according to the radius of replacing
element. SrFBIS: is an insulator with band gap, electron doping is achieved by replacing
Sr by La. SrixLaxBiS2, with x=0.5 showed T below 3K due to low carrier states [93, 94].

1.3.6 Bi4O4S3 Superconductor

The first discovered BiS; based superconductor is BisO4S3 with transition at 4.5K
[82]. Electron doping in the insulting parent composition of BisO4 (SO4) Bi2S4, can be done
with 50% SO4 deficiency. With x=0.5 in Bi4O4 (SO4)1x Bi2S4, the superconducting phase
can be obtained. BisO4Sz is a type-2 superconductor with He1=7 to 150e and He=31KOe.
The coherence length ¢=100A° and the Hall coefficient is negative and field dependent. In-
spite of its low T the hoping advantage of this superconductor is its layer structure.
Extensive studies on its structure and bulk nature of superconductivity reveals that BisO4Ss
structure was composed of two spacer layers of Bi2O», SO4 and with one superconducting
BiS2 layer. BisO4Ss is a polycrystalline material with tetragonal unit cell and lattice
parameters a=3.9705A°, ¢c=41.3649A°. Bis04Ss is a strongly coupled conventional s-wave

type superconductor with fully developed energy gap of A=1.54mev [95].
1.4 Composite Superconductors

A composite is a mixture of two or more distinct constituents or phases. The
constituent’s phases should have different properties and hence the composite properties

are noticeably different from the properties of the constituents. The constituent that is
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continuous often not always and present in the greater quantity in the composite is termed
as matrix. The second constituent is referred to as the rein-forcing face as it enhances the
mechanical properties of the matrix. Mechanical properties of the composites are function
of the shape and dimensions of reinforcing phase. Super conducting composites are
designed to exploit an improvement in the physical properties. Composite superconductors
of high T superconductors with MgB2 were studied recently by several groups. Composite
system of MgO Nano-rod with BSCCO high T superconductor resulted in increase in Jc at
close to liquid nitrogen temperatures [96]. Chemical doping and Nano particles
addition/subtraction are the most useful ways to improve the structural, mechanical and
superconducting properties of high T¢ superconductors, making them suitable for high
temperature and magnetic field applications. Addition and doping have different
mechanisms in effecting the medium, for example in case of Ce doping at Ca site in Bi-
2212, the hole density varies rapid in Cu-O plane because of differences in valances of Ca*?
and Ce*® or Ce** [97, 98]. In case of Ce addition to Bi-2212, T, and J. decreased. In this
case, Ce enters into crystal structure of Bi-2212 by replacing Cu atoms leading to decrease
in a and c lattice parameters. This structural deformation resulted in Tc. Consequently grain
size and connectivity is also decreased. The weak links, impurities between
superconducting grains cause for the decrease in Jc [99]. From these studies we can
understand clearly the different impact of doping and addition of an element to a
superconductor. Addition of non-superconducting materials to high T. superconductor
resulted in significant improvement in Jc is observed by addition of Nano Al>O3 particles
to YBCO superconductor [100]. In case of superconducting particles addition to another
superconducting material is studied by several groups in order to improve Jc [101-104].
Composite system of BSCCO with MgB2 resulted in significant improvement in
superconducting and micro structural properties [102-103]. Whereas in case of composite
system of YBCO and MgB: critical current density is decreased [104]. The difference in
YBCO+MgB: and BISCCO+MgB. composite systems is due to different synthesis process
of HTSC material. The more detailed study of composite systems is given in chapter 5.

As mentioned in previous sections the main disadvantages of MgB: is its fast flux
creep at fields and temperatures. The disadvantage of Bi-2212 is its high anisotropic nature.
The main advantage of Bi-2212 is its high thermal phase stability at high fields and
temperatures. So in order to improve the phase stability of MgB2 we have synthesized and

studied the composite system of Bi-2212 as reinforcing phase and MgB: as matrix. In order
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to improve anisotropy properties of Bi-2212, composite system of Bi-2212 as matrix and

MgB: as reinforcing material has been studied in this thesis work.
1.5 Hetero Structures of Superconductors

The formation of layer over layer (vertical layer growth) or layer side by layer
(Horizontal layer growth) with two or more different materials called Hetero structure.
Hetero structures with layered superconducting materials are important in highly
sophisticated applications. The Hetero structure of superconductors paves way not only for
better understanding the superconductivity but also for potential use in high fields and
electronic devices. The analysis of interfacial effects leads the research community to
discover new High T. superconductors. Best example for the advantages of Hetero
structures in superconductivity field is Josephson junctions. A Josephson junction is made
by sandwich of a thin non-superconducting layer in between two superconducting layers.
Cooper pairs tunnel through insulating barrier from one superconducting layer to another
superconducting layer [105]. The proximity effect plays an important role in analysing the
Hetero structures of superconductors. The origin of the proximity phenomena at the
interface of superconducting layer and normal layer is in the large spatial extension of the
wave function of cooper pairs, which penetrates from superconducting layer to the normal
layer at the distances comparable with the coherence length. As a result the layered
superconducting to normal (S-N) structure, on the whole exhibits superconductivity with
Tc smaller than the superconductor. The proximity effect is not exclusive for S-N systems,
it can be applicable for a system with two different superconductors. Here the essential
condition is T¢ of one superconductor (S1) should be greater than the other superconductor
(S2) (Te1>Te2). In the temperature range Tc2<T<Tc1, the proximity effect induce a finite
local order parameter in low T superconductor (S2), leading to a nonzero attractive pairing
interaction, which is called proximity-induced interface superconductivity [106]. VVortex
lattice dynamics in a Hereto structures of two type-2 superconductors, Nb and V with
Tc1=9K, Te2=5.4K respectively, were studied by S. J. Carreira et al [107]. In this report they
have made V pillars on Si substrate, on top of V pillars Nb layer was coated.
Superconducting V pillars repel vortices and acts as anti-pinning centers below crossover
field (H*) above which they become normal and act as normal attractive flux pinning
centers. These normal pinning centers causes for the depression of superconducting
parameter in Nb film due to proximity effect. The pinning by depression of

superconducting parameter induced by proximity effect of normal V pillars is less effective
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than the pinning by vortex repulsion by superconducting pillars. Hetero structures in the
form of multi layers of ferromagnetic and superconducting materials are studied
extensively by several groups [108-110]. By adjusting the thickness of Ni/Nb multilayers
were studied to observe the coexistence of superconductivity and ferromagnetism as
observed in case of YBCO Nano particles [111]. Superconductivity in multilayer samples
observed until tni<14A?, in this region Ni shows paramagnetic nature, ferromagnetic
transformation from paramagnetic nature is observed in samples with tni>14A°, but
superconducting nature of Nb suppressed due to proximity effect between superconducting
Nb layer and ferromagnetic Ni layer. Coherence length is decreased but ferromagnetic
order parameter dominates over coherence length leading suppression of superconductivity
[108]. Thick films of Bi-2212 through melt quenching method resulted in synthesis of high
quality superconducting phase [112-113]. Thick films of MgB. by HPCVD method
resulted in increase in self-field J. comparatively with single crystalline like MgB: films.
Grain boundaries between columnar grains in thick films of MgB2 acts strong flux pinning
centers [114].

We have prepared bulk Multilayers of Bi-2212 (T.1=80K) and MgB: (T2=39K)
superconductors in order to study the interfacial effects and to increase the critical current

density.
1.6 Applications of Superconductors

Practical applications of superconductivity are steadily improving every year. The
unusual physical properties of superconductors makes them more suitable for applications
in specific areas. The conventional materials can be replaced by superconducting materials
in many applications. The advanced technical and economic aspects of superconductive
materials over conventional materials makes them more interesting. The main limiting
factor of superconductors in practical applications is its high cost. However, in many fields
to get the required performance the better way is to use superconducting technology. The
size and weight of instruments and devices can be reduced by using superconducting
components, compared to conventional techniques. Today superconductors have a wide
range of commercial and industrial applications in energy generation, storage, and its
transportation, in the fabrication of sensor materials, in microwave communication systems
and most importantly in high field magnets. Some of the main application sectors of

superconducting materials are tabulated in table 1.1 [115].
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Table.1.1 Applications of HTS superconductors in various fields.

Area/Field Applications

Energy/Power: Superconducting bearings for

Generation & Storage flywheel storage Cables, Generators, SMES,

Energy/Power: Transformers, Current leads, False Current Limiters,
Distribution Magnets Motors.

NMR, MRI instruments, Magnetic confinement of plasma
in Fusion reactors, Particle accelerators, High field
magnets.

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

Biomedical Detection of extremely small Neuro magnetic fields,
Magneto encephalano graphy (MEG),
Magneto cardio graphy (MCG).

Industrial Magnets for shielding and separation, sensors

R & D Superconducting RF cavities in particle
accelerators,

Synchrotrons and High field magnets

Other applications Magnetic levitation, Magneto hydrodynamics,
Space applications

1.7 Motivation

In this work we have carried out studies on three different layered superconductors
with the objective of understanding (1) the effect of composition and doping on the
superconducting properties of Bismuth oxy sulphide, (2) to study the composite and hetero
structures of Bi-2212 and MgB: superconductors with the motto of enhancement in critical
current density and (3) to understand the vortex pinning mechanisms in these

superconducting materials.
In specific,

» To synthesis BisO4S3 with 5 and 10% excess Bi>Osz and study the effect on critical

current density and pinning mechanism.

» To study the effect of Ca doping at Bi site in BisOaSs.
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» To prepare and characterize the composite samples of Bi-2212 and MgB>

superconductors.
» To prepare and characterize the Hetero structures of Bi-2212 and MgB:>
superconductors.

1.8 Organization of thesis

The thesis consists of six chapters with the contents described below.
Chapter 1:

Chapter-1 contains the basics of superconductors along with their importance in
various applications, followed by a brief introduction to layered superconductors like
Bismuth Oxy Sulphide, Bi-2212 and MgB.. Later, we have discussed the advantages of

composite and Hetero structures of high T superconductors and MgB..
Chapter 2:

In this chapter, we have discussed about the synthesis of superconducting materials

and the techniques used to characterize the prepared superconductors.
Chapter 3:

In this chapter we have discussed about the critical current density and pinning
mechanism in superconducting Bismuth Oxy Sulphide samples synthesized with 5% and
10% of excess Bi»O3 over and above the required quantity as per stoichiometric

composition of BisO4Ss phase.
Chapter 4:

In this chapter we have discussed about the effect of Ca doping at Bi site on the

structure and superconducting properties of BisO4Sa.
Chapter 5:

In this chapter we have presented the studies on composite system of Bi-2212 and

MgB: superconductors.
Chapter 6:

In this chapter we have discussed about the properties of Hetero structure of Bi-

2212 and MgB. superconductors in the form of bulk multilayer.

Summary and conclusions are given at the end of thesis.
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CHAPTER 2

Experimental Techniques

This chapter covers the synthesis methods of various superconducting samples and
their characterization techniques such as XRD, FESEM, TEM, VSM and Four Probe

methods.
2.1 Synthesis Methods

2.1.1 Solid state Reaction Route

The solid state reaction is widely used method for the preparation of materials with
correct molar ratio. This method is often defined as reactions between two solids. The
method consists of weighing, grinding, pressing and sintering of the sample.

2.1.1.1 Sintering Mechanism

Sintering may be considered as the process by which an assembly of particles,
compacted under pressure or simply confined in a container, chemically bond themselves
into a coherent body by diffusion under the influence of an elevated temperature. The
temperature is usually below the melting point of the major constituent. Much of the
difficulty in defining and analysing sintering is based on the many changes within the
material that may take place simultaneously or consecutively. The driving force of sintering
process is reduction of surface energy of the particles caused by decreasing their vapour-
solid interfaces. During the diffusion process, the pores occurring in the “green compact”
(or raw material), diminish or even close up, resulting in densification of the part and
improvement of its mechanical properties as shown in figure 2.1. Decrease of the porosity,
caused by the sintering process, is determined by the level of initial porosity of the ‘green’
compact, sintering temperature and time. Sintering is enhanced if a liquid phase takes part

in the process (liquid phase sintering).

Sintering (firing) of pure oxide ceramics require relatively long time and high
temperature because the diffusion proceeds in solid state. Applying pressure decreases
sintering time and the resulted porosity decreases. Tunnel kilns and periodic kilns are
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commonly used for ceramics sintering (firing). In periodic kilns heating and cooling
sintering stages are conducted according to a prescribed procedure. In tunnel kilns the

sintered parts are conveyed through different temperature zones.

Sintering
Powder Pores
particles

Figure 2.1 Schematic of the sintering mechanism
Typical tunnel kiln has three zones:

1. Preheat zone for removing lubricant and other organic materials.
2. Sintering zone where the diffusion occurs.
3. Cooling zone where the sintered parts cool down.

Sintering process may be conducted in air or in inert atmosphere [1].

The polycrystalline BisO4Ss samples were prepared using conventional solid state
reaction method. In this method pure Bi-O3z powder, Bismuth metal granules and Sulphur
flakes (all from sigma Aldrich with purity>99.99%) were mixed in stoichiometric ratio
and ground for 1 hour using an agate mortar. The mixture was used to make pellets using
a hydraulic press at ambient conditions. The pellet samples were sealed in a quartz tube
under the vacuum of 5x10*Torr and sintered at 510°C for 18hrs followed by furnace
cooling. The same procedure was repeated twice to get better homogeneity.

2.1.2 Glass ceramic route

Synthesis of Superconductors through glass ceramic route consists two processing
steps. Step 1 consists glass preparation and step 2 consists devitrification of the glassy
precursors by proper heat treatment.

In the first step the glasses can be prepared through melt quenching method. In this
method raw materials will be mixed according to the stoichiometric ratio, grinded

thoroughly, and keep inside a preheated furnace then raise the temperature close to melting
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temperature of constituent compound (not very close). Keep the molten liquid at this
temperature for 10-15 minutes for thorough mixing then quench this liquid to room
temperature in a very short period of time as much as possible (with possible cooling
rate~10%K/S). This random cooling from high temperature to room temperature makes the
liquid to solidify in random orientation due to short period. This amorphous solid with high
viscosity is called Glass. In the second step, superconducting phase can be obtained with
these glass precursors by allowing them to go through proper heat treatment. The heat
treatment temperature and duration are important parameters to be taken care while
preparation. This heat treatment process followed by slow cooling (generally furnace

cooling) gives well crystallized phase with proper orientation [2].

We have prepared Bi-2212 glasses through melt quenching method with initial
composition of BisSrsCazCusOx, (simply Bi-4334) which is optimum composition to get
single Bi-2212 high T phase with proper orientation along C axis normal to the sample
surface [3]. The high purity (99.99%) powders of Bi»Os, SrCO3, CaCOsz, CuO were
weighed as per Bi-4334 composition, grinded thoroughly for 2hours using agate mortar and
then calcined at 800°C for 24hours. The reacted black powder was melted at 1000°C in a
platinum crucible and held at that temperature for 10 minutes to ensure thorough mixing
and then quenched quickly between two copper blocks. The obtained shiny glasses of 0.5-

1mm thickness were annealed in air at 820°C for various duration.
2.2 X-ray Diffractometer

X-ray diffraction (XRD) is a well-known technique used for the identification of
material phases and crystal structure of the samples (lattice constant, crystallite size etc.).
It is a noncontact and non-destructive technique which makes it ideal for in situ studies.
Chemical composition and physical properties like strain also can be characterized with the

help of XRD patterns of the samples.

X-ray Diffractometer works based on Brag’s diffraction principle. When x-rays
strike the any material, a part of it gets transmitted, some get scattered and a part of it gives
rise to fluorescence. If the material is crystalline, they get scattered from different sets of
planes containing atoms arranged in certain order (figure 2.2). The scattered beam
undergoes both constructive as well as destructive interference depending upon the path
difference of the interfering waves. If 4 is the angle of incidence of the X-rays with respect

to the plane of the crystal, then constructive interference occurs when
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2dsinf = ni (2.1)

where d is inter-planar distance and 4 is wavelength of X-rays employed (/ for Cu target is
1.5406A°). Thus for each set of planes, there is a particular value of diffraction angle 0 for

which the scattered beams interfere constructively to give a strong reflected beam.

DIFFRACTOMETER
CIRCLE

COUNTER

Figure 2.3 Schematic of an X-ray diffractometer.

The schematic of an X-ray diffractometer is shown in figure 2.3. The X-ray
diffractometer consists of three basic units, an X-ray tube, sample holder and an X-ray
detector. The electrons generated by heating the filament are accelerated towards the target

by applying voltage and are made to incident on the target material. Thus, electrons having
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sufficient energy knock out electrons from the target material resulting in characteristic
X-ray emission spectra. The characteristic spectra consists of several components, the
most being used for X-ray diffraction were K, and K. The monochromatic X-rays were
obtained after passing the characteristic X-rays through the crystal monochromator. The
monochromatic X-rays thus are collimated and made to incident on the sample. The X-
rays which are satisfying the Bragg’s law for constructive interference will be collected
by a detector. The detected x rays generate electron-hole pairs in the detector. The
electronic attached to the detector converts the charge into voltage pulses which is directly
proportional to the intensity of the diffracted beam. Each peak in the XRD pattern
corresponds to one set of parallel planes and their corresponding miller indices are
indicated above the peak. The peak position, peak width and peak height are the three
important parameters for the determination of structural properties [4-6]. The possible

parameters can be obtained from the XRD are given in detail as shown in figure 2.4.

XRD pattern is characteristic of a material. XRD pattern gives us information about
the crystal structure, lattice parameter, lattice plane spacing, stress etc. the size and stress
related broadening have different angle dependence. Diffraction peaks consists of both
Bragg components like size and strain broadening and non-Bragg components like
background and instrumental broadening. It can be separated out using Rietveld refinement

technique.

The Rietveld refinement is performed using FullProf suite program with multi-
phase tetragonal structure having space group 14/mmm for Bi404S3 [7]. The profile used
for the fitting is Thompson-Cox-Hastings pseudo-Voigt convoluted with axial divergence
asymmetry function. The FullProf program has been mainly developed for Rietveld
analysis (structure profile refinement) of neutron (constant wavelength, time of flight,
nuclear and magnetic scattering) or X-ray powder diffraction data collected at constant or
variable step in scattering angle 26. The program can be also used as a Profile Matching
(or pattern decomposition using Le Bail method) tool, without the knowledge of the
structure. Single crystal refinement can also be performed alone or in combination with
powder data. Energy dispersive X-ray data can also be treated but only for profile matching.

The PCR file is the input parameters file for the FullProf diffraction profile.
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Figure 2.4 Information contains from the XRD pattern regarding a material.

2.3 Field Emission Scanning Electron Microscopy

Field emission scanning electron microscope (FESEM) is one type of microscope
capable of producing high-resolution images of a sample surface. The principle of electron
microscope is same as that of light microscope but instead of using visible light it uses high
energetic electrons as a source. The resolution of optical microscope is limited by its
wavelength whereas in electron microscope wavelength of the electrons can be varied with
the applied voltage.

A =—'? nm (2.2)

Smaller wavelength electrons generated from the field emission gun provides an
opportunity to see the atomic structures of the samples. The resolution of any microscope,
is determined by the spot size on the surface of the sample, quality of lenses used for
focussing and on the performance of the electron gun i.e. brightness. In field emission

electron microscope the spot size is in the range of 5 to 25 nm [8].

The sharpness and visibility of an image depends on electron probe size (dp),
electron probe current (ip), electron probe convergence angle (ap) and electron beam
accelerating voltage (Vo).Brightness (f) also depends on the above four parameters and is
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defined as the beam current per unit area per unit solid angle [Joseph Goldstein].The small

is the spot size the more is the brightness.

Currant in

J'fi| = . maz: (23)

ereassolid angle ( E

Electrons emitted from a field emission source are accelerated with an accelerating
voltage of Vo, The electrons in the high vacuum column are known as primary electrons are
focussed and deflected by electronic lenses to produce a narrow scan beam that bombards
the object. As a result, secondary electrons are emitted from each spot on the object. The
angle and velocity of these secondary electrons relates to the surface structure of the object.
A detector catches the secondary electrons and produces an electronic signal. This signal
is amplified and transformed to a video scan-image that can be seen on a monitor or to a

digital image that can be saved and processed further.

FESEM employs a beam of electrons to produce magnified and high resolution
images of the samples. Electrons have wavelength 10° times smaller than that of visible
light resulting in higher resolution and magnification compared to confocal microscope.
The electrons falling on the sample interact with the atoms of the sample results in emission
of secondary electrons (SE), back scattered electrons (BSE), X-rays, light, specimen current
and transmitted electrons. Resolution of a scanning electron microscope depends on factors
like probe diameter at the sample surface, probe and depth of penetration of the primary
electron beam into the specimen. Also the SEM columns were prone to beam crossover
along the beam path degrading the image resolution. Each cross-over requires a lens to

control it, making it very long. Hence a design devoid cross-over was of a great need.

In order to meet the above requirements the FESEM was equipped with a lens
column (Gemini) consisting of an Electron source (Tungsten), Electromagnetic lenses and
In-lens detector (figure 2.5). The tungsten filament is covered by a layer of ZrO2 as it
reduces the work function of tungsten and helps in enhanced emission. The anode present
below the filament helps in accelerating the emitted electrons. The beam is accelerated to
a high potential in the full length of the column. The emitted electrons pass through
electromagnetic lenses. A beam booster incorporated in the column to maintain beam
energy in the 10 kV range throughout the full length of the column, even if much lower
probe energies are selected. The column is coated with Mu metal to ensure the environment

in the column is magnetically clean. The conical geometry of the lens facilitates tilting of
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the sample even at small working distance. At the end of the column, the energy of the

electron beam is reduced to desired values.
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Figure 2.5 Cross section of GEMINI column employed in the FESEM.

The detectors are specifically designed to specialize in and detect one or more types
of signals. The FE-SEM is equipped with two Everhart-Thorley type detectors. The lower
detector is positioned horizontally near the specimen and collects all types of SE signals
and some BSE signals providing a good view of topography. The upper detector is
positioned above the specimen within the objective lens, offering through the lens
collection. It also has the ability to detect signals at all working distances. The specimen
itself is surrounded by a field causing the electrons to spiral upwards. Additionally, the
objective lens is an inverted snorkel lens, creating an immersion lens field which also
attracts the signal electrons. Either detector can be selected for imaging or both can be used
in synchronously. The ion (or ion-getter) pumps are used to evacuate the gun area of the

column.



The grain size, morphology and distribution of grains can be estimated through the
FESEM microstructure. Any secondary phase segregation can also be detected through
micro-structural analysis. It has the advantages over SEM are Small spot size, High
emission current density, Long life time of the tip and High resolution. The micro-structural
analysis was carried on the disc shaped samples coated with palladium and gold. These
samples were mounted on to the stub via carbon tape to study their surface features,
morphology and texture using the FESEM. The grain size of the samples was determined

using Image J-software.

X-ray signals may be collected using either a crystal-based detector known as the
Wavelength Dispersive Spectrometer (WDS) or a semi-conductor based detector known as
an Energy Dispersive Spectrometer (EDS) or Energy Dispersive X-ray Analysis (EDAX).
The EDS detector has a shaft that penetrates the SEM chamber wall to place the sensor
very close to the sample. EDAX provides both quantitatively and qualitatively elemental
analysis of a given sample. In this process, high energy electron beam is allowed to incident
on the specimen which emits X-rays having energies specific to the elements present in the
sample. These X-rays are made to impinge on detector crystal (Li (Si)) which generates the
electric pluses depending on the energy of the X-rays incident on the crystal. Liquid
nitrogen is used to reduce electronic noise in the detected X-ray signal. It senses the entire
spectrum of X-ray signals of varying energy from the sample at once. But EDS is not
sensitive enough to detect trace amounts of elements in the sample. Another disadvantage
of EDS systems is that they cannot separate closely spaced emission lines which overlap
on the X-ray EDS spectrum. Using WDS the data is collected sequentially for the full
wavelength range and it is very sensitive and can take large count rates [9-10].

2.4 Transmission Electron Microscope

Transmission Electron Microscope (TEM) is an instrument used to do structural
analysis of thin specimens. In TEM a thin specimen be illuminated by a broad beam of e
having uniform intensity of light over the area of illumination on the sample. The electrons
are one type of ionizing radiation, it produces a wide range of secondary signals from the
specimen. It will often refer to incident and scattered electrons as beam of electrons,
because hereafter dealing with a bunch of electrons not an individual electron. These
electrons which are confined to well-defined paths in the microscope. So that the electrons

are called incident beam and those scattered by sample are called scattered beam.
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Figure 2.6 a) Scattering of uniform intensity electrons with the specimen changes both the
spatial and angular distributions, b) The change in angular distribution, Electron

Scattering from c) a thin specimen and d) a bulk specimen.

The e” beam passing through a specimen without any angular deviation is called the
direct beam. As the electrons travel through the specimen they are either scattered by a
variety of processes or they may remain unaffected. The non-uniform distribution of
electrons emerges from the exit surface of the specimen, as shown in figure 2.6. This non-
uniform distribution of e contains all the structural and chemical information of the
specimen. So everything learn about the specimen through TEM can be attributed to a form
of electron scattering. This non-uniform distribution of electrons will be displayed in TEM
in two ways. First one is the spatial distribution of scattering as shown in figure 2.6(a) can
be observed as contrast in images of the specimen, and the second one is angular
distribution of electron scattering as shown in figure 2.6(b) can be viewed in the form of
scattering pattern called diffraction pattern. A simple operational step in the TEM is to use
a restricting aperture or electron detector of a size such that it only selects electrons that

have suffered more or less than a certain angular deviation.

The electron-scattering phenomenon can be classified in different ways. The
scattering due to no loss of energy called elastic scattering also called coherently scattered

electrons, if there is a loss of energy is called inelastic scattering also called incoherently
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scattered electrons. The nature of the scattering can result in different angular distributions.
Scattering can be either forward or backward scattering refer to the angle of scattering with
respect to the incident beam and a specimen normal to that beam. If an electron is scattered
through less than 90° is called forward scattering and greater than 90° is called backward
scattering. These various types of electron scattering by the general principles is

summarized in figure 2.6.

Diffraction is a very special form of elastic scattering defines as a deviation in the
direction of a wave at the edge of an obstacle in its path, whereas scattering is defined as
the process in which particles, atoms are defected as a result of collision. So scattering

might best apply to particles and diffraction to waves.

The objective lens and stage combination is the heart of the TEM. The stage is used
to clamp the sample holder in the correct position so the objective lens can form images
and diffraction patterns in a reproducible manner as shown in figure 2.7. The TEM can be
operated in two modes which are diffraction mode (DP) and image mode. In the diffraction
mode adjust the imaging system lenses so that the back-focal plane of the objective lens
acts as the object plane for the intermediate lens. Then it is projected onto the viewing
screen or CCD as shown in figure 2.7(a). In the image mode adjust the intermediate lens
so that its object plane is the image plane of the objective lens. Then as image is projected
onto the screen/CCD as shown in figure 2.7(b). The DP contains electrons form the whole
area of the specimen that illuminate with the beam. Such pattern is not very useful because
specimen will often be buckled. Furthermore, the direct beam is often so intense that it will
damage the direct the viewing screen or saturate CCD camera. So, a basic TEM operation
which both selects a specific area of the specimen and reduce the intensity of the direct

beam.

The first option involves using C2 and/or C1 to converge the beam at the specimen.
This approach is used to form convergent beam electron diffraction (CBED) patterns.
Converging the beam destroys any parallelism, and spots in the pattern are not sharply
defined but spread into disks. To obtain a DP with a parallel beam of electrons, the standard
way is to use the selected area aperture. It is not possible to insert an aperture at the
specimen plane, so an aperture is inserted in a plane conjugate with the specimen, then it
creates a virtual aperture at the plane of the specimen is called selected area diffraction or
SAD is shown in figure 2.7(a).
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Figure 2.7 The two basic operations of the TEM imaging system a) Diffraction
mode, b) Image mode

The TEM should be calibrated when it is first installed and then periodically
throughout its life, especially to carry out accurate measurements from the images and
diffraction patterns. Thus, TEM have the ability to obtain diffraction pattern from specimen
under observations. This diffraction pattern provides structural details related to the

specimen orientation, poly type, phase, defects morphology and so on [11-13].
2.5 Vibrating sample magnetometer

Vibrating sample magnetometer (VSM) is an instrument used to measure the
magnetization of materials, the schematic of the VSM is shown in figure 2.8. It works on
the principle of Faradays laws of induction- a change in magnetic field produces an electric
field and this electric field is used to measure the magnetization of the sample. The
magnetic properties of SnO,/CZF ML were studied using lake shore (7400) VSM [14].
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Figure 2.8 Vibrating sample magnetometer — block diagram.

The sample holder consists of a long rod made of a non-magnetic material. The
sample to be studied is placed at the tip of the sample holder and is placed in a constant
magnetic field generated by a pair of electromagnets. If the sample is magnetic, this
constant magnetic field will magnetize the sample by aligning the magnetic domains, or
the individual magnetic spins, with the field. A dipole moment equal to the product of
sample susceptibility and applied field is induced in the sample. The sample holder is
attached to a vibrating head which enforces the sample to vibrate in a sinusoidal fashion in
the magnetic field. The magnetic stray field due to the dipole moment of the sample changes
as sample vibrates and the change in magnetic stray field as a function of time is sensed by
a set of pick-up coils. The alternating magnetic field causes an electric current in the pick-
up coils according to Faraday's Law of Induction. The induction voltage caused across the
coil is given by [15]

v =c2 (2.4)

at

where, ¢(t) represents the changing flux in the pickup coils. The generated current is
proportional to the magnetization of the sample. The greater the magnetization, larger is
the induced current. The induction current is amplified by a transimpedance amplifier and
lock-in amplifier. The various components of the VSM are interfaced with a computer.
Using controlling and monitoring software, the system can give the extent to which the

sample is magnetized and how its magnetization depends on the strength of the constant
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magnetic field. The frequency and amplitude of the sinusoidal motion are held constant,
which is controlled by a capacitor (reference signal generator). By feeding the signals from
the pick-up coils and the reference signal into a demodulator, the magnetic moment of the
sample is extracted [16].

In the materials, existence of strong AB exchange interactions among the cations is
responsible for anti-parallel alignment of spins at A and B sites with certain resultant
magnetic moment (ne=Ma-Mg).The magnetic parameters obtained from the hysteresis
loops are magnetisation, coercivity and remnant magnetisation. The specific saturation

magnetisation defined as magnetic moment per unit mass (emu/q) is

3 Magneticmomente (2.5)

mass

mu/g

S

The relation between saturation magnetisation and specific saturation magnetisation is

O
M =—emu/cm®
*d (2.6)

Where d is the density of the material (g/cm?).
Magnetic moment of the sample can be determined using the relation

*
Ng = o, "MW Bohr magneton
5585

(2.7)

Where MW is molecular weight of the compound. The Magneto-crystalline anisotropy

constant (K1) can be determined using magnetisation and coercivity [17]

K, = He "M, (25)

0.96 '
A plot of magnetisation versus temperature at a fixed field is known as thermo
grams. The plot indicates gradual decrease of magnetisation with temperature and at one
particular temperature; magnetisation tends to become zero known as Curie temperature
(Tc). Thus, Curie temperature gives an idea about the amount of thermal energy required to

disrupt the exchange interactions among the ions.
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An important process in the measuring the samples magnetization is saddling of the
sample. If the sample is not placed exactly at the centre between the pole pieces, to
determine the magnetic moment accurately. This process of aligning a sample is called
saddling. It is done by moving the sample on all the three axes and finding the point at
which the sample gives maximum magnetic moment. The system is initially calibrated
using a standard Ni sample and saddling it. The sensitivity of VSM manufactured by Lake

Shore is in the range of 10 emu.
2.6 Resistivity measurement

The temperature dependent resistance of the samples was measured by the four-probe
method using a closed cycle refrigerator (CCR) fitted with a Lakeshore 330 temperature

controller.

The closed cycle refrigerator APD DE202 is a two-stage cryogenic refrigerator that
operates in the Gifford-McMahon refrigerator cycle [18]. It uses helium gas from a helium
compressor to produce the cold temperatures. In this type of refrigerators, the compressor
unit is separated from the cold head and connected via flexible or rigid pressure tubings.
Connection is made via self-sealing screw-couplings, virtually excluding any loss of helium
gas even when screwed on and off repeatedly. The refrigerators can be used to cool cryo-
pumps or to cool samples in cryostats. The great advantage of the Gifford-McMahon
principle is that compressor unit and cold head (expansion unit) are separated. This
provides higher flexibility as the lighter weight cold head can be operated in any mounting
position. Other important aspects of CCR system are PID parameters, temperature sensors
and temperature controller. The PID parameters vary depending on the setup of each type
of CCR. There are only two types of standard sensors used in the CCR system. The first,
silicon diode, is the most common and is used for low temperature measurements. The
second, platinum resistor is used for high temperature measurements. A Lakeshore 330
temperature controller was used in the present measurements. The major components of
the closed cycle cryostat are the expander, compressor, vacuum shroud, and radiation shield
as described in figure 2.9.

The expander, commonly referred to as the cold-head or cold finger, is where the
Gifford-McMahon refrigeration cycle takes pace. It is connected to a compressor by two
gas lines and an electrical power cable. One of the gas lines supplies high pressure helium
gas to the expander, the other gas line returns low pressure helium gas from the expander.
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Figure 2.9.Schematic diagram of a closed cycle refrigerator

The compressor provides the necessary helium gas flow rate at the high and low
pressure for the expander to convert into the desired refrigeration capacity. The vacuum
shroud surrounds the cold end of the expander in vacuum limiting the heat load on the
expander caused by conduction and convection. The radiation shield is actively cooled by
the first stage of the expander and insulates the second stage from room temperature

thermal radiation being emitted from the vacuum shroud.

In addition to these major components the closed cycle cryocooler is often
accompanied by several support systems. Typically, laboratory systems will have an
instrumentation skirt, which provides a vacuum port and electrical feed through, as well as
a temperature controller to measure and adjust the sample temperature. The system also
requires electricity, cooling water for the compressor, and a vacuum pump for the sample

space.

Much may be learned about the properties of a material by measuring its resistivity.
An important example is the characterization of semiconductor materials where the
resistivity is strongly related to the level of purposely added impurities. Measurement of
the resistivity is used to both characterize the material and as a process control parameter
for the semiconductor manufacturing process. The resistivity of the material can be
measured by using either two probes or four probes method. With the two probes method,

current and voltage are measured in the same connector wires. So, the measured voltage is
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added with the potential difference created into the wires (cause of Ohm’s law: V=RI). For
high resistivity (from 1M ohm/sq), this method can be used because contact resistance is
negligible. For low resistivity measurement, this method will be not accurate because
contact resistance will be very close to sample resistance. For low resistivity measurements,
the best method is the four probe method [19-22]. In this method, current is sent in two
probes and voltage is measured by two other probes as shown figure 2.10. So, the measured
voltage is really that circulate into the sample with no current. There is no potential
difference into the wires and contact. The four probe method is employed for measuring

the resistivity of the samples in the present work.

Current Valt
Source ' | Meter

Model for the 4-point probe
resistivity measurement

Figure 2.10. Schematic of four-point probe

The four point contacts with equal spacing were made on the rectangular shape
pellets using silver paste. Electrical current varying from 1pA to 1mA was passed between
two of the probes by using Keithley D.C and A.C. current source (model 6221). The voltage
created is measured between other two probes using a Lakeshore (model 332) temperature
controller. The D.C. resistivity of the sample is calculated by the relation

R = V/I=pL/A (2.9)
Therefore, Resistivity (o) = VA/IL (2.10)
Where, R = Resistance of the sample, V = Voltage measured across the terminals,
| = Current passed between the terminals, A = Area of cross section of the sample and

L = length between the voltage terminals.
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CHAPTER 3

Synthesis and Properties of Bismuth

Oxy-Sulphide Superconductors

3.1 Introduction

In this chapter, we present the synthesis of Bismuth Oxy Sulphide samples with
excess BioOs and with excess Bi, S over and above the required quantity as per
stoichiometric composition of BisO4S3 phase. And discussed about pinning mechanism in
Bi404Ss.

New layered BisO4Sz superconductor with superconducting transition at 4.4K
provides a new challenge to researchers to raise the T (transition temperature) by varying
the spacer layer or alignment of superconducting and spacer layers. In general, BisO4Ss3
structure is composed of two spacer layers that are Bi.O2 and SO4 with one superconducting
BiS2 layer. The band structure of BisO4Ss reveals that the most dominating band is the
resultant of the hybridization of Bi 6p and S 3p orbitals. The Fermi level is located at the
center of the density of states such that it shows the metallic behaviour at room temperature
[1]. The bulk superconducting nature has been proven by several groups and concluded that
exclusion of Bi and Bi>Sz impurities in these materials is not possible at ambient conditions
[2-3]. The electron pairing occurs first in one dimensional chain and then establishes bulk
superconductivity through Josephson coupling between them due to shallow band edge of
Pxand Py orbitals of Bi. The application of magnetic field makes the density of states of the
spin-up and spin-down electrons asymmetric due to the Zeeman effect and these polarized
electrons induce weak insulating behaviour in BisO4Ss in normal state below 25K [4].
Strong electron phonon coupling in BisO4S3 has been revealed by the best fit of super fluid
density with single gap S-wave equation [5], whereas multiple gap existence was revealed
by micro-spin rotation and relaxation measurements [6] and Scanning tunnelling
experiments [7]. The effect of hydrostatic pressure shows that as pressure increases, the
superconducting transition temperature, T decreases [8-9]. The studies have confirmed that
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Bi404Ss is a Type-2 superconductor with lower critical field, Hc1~70e, upper critical field,
Hc~31KOe and coherence length of, &~100A°[3, 10].

In this chapter, in section 3.3.1, we present the effect of 5% and 10% of excess
Bi203 on synthesis and properties of Bismuth Oxy Sulphide samples. In section 3.3.2, we
presented the comparative results of stoichiometric sample and BisO4Sz synthesized with
10% of excess Bi and S. There are no reports on the magnetic critical current density (Jc)
measurements on these materials. Such measurements are essential to understand the vortex
pinning mechanisms which are responsible for controlling Jc. The present work has helped

in understanding the dominant pinning mechanisms in these materials.
3.2 Experimental Techniques

The polycrystalline BisO4Ss samples were prepared using conventional solid state
reaction method. In this method pure Bi.Oz powder, Bismuth metal granules and Sulphur
flakes (all from sigma Aldrich with purity>99.99%) were mixed in stoichiometric ratio and
ground for 1 hour using an agate mortar. The mixture was used to make pellets using a
hydraulic press at ambient conditions. The pellet samples were sealed in a quartz tube under
the vacuum of 5x10™*Torr and sintered at 510°C for 18 hours followed by furnace cooling.
The same procedure was repeated twice to get better homogeneity. The sample obtained is
named as BiOS-1 here onwards in this chapter. The samples with 5% and 10% of excess
Bi>O3 above the stoichiometric ratio were also prepared by same method and named as
BiOS-2 and BiOS-3 respectively. Sample with 10% of excess Bi and S in addition to the
stoichiometric ratio were prepared through solid state reaction method and named as BiOS-

4 in the series.

The X-ray diffraction (XRD) patterns of the samples were recorded using powder
X-ray diffractometer (Bruker) with Cu-k, radiation. The assignment of peaks and lattice
parameters estimation was done by using FullProf software. The layer structure of the
synthesized samples is confirmed by transmission electron microscopic (TEM) studies. The
surface morphology, grain size distribution and composition were analyzed using field
emission scanning electron microscopy (FESEM) and energy dispersive spectroscopy
(EDS). The temperature dependent electrical resistivity of the samples was measured by
four probe method using a closed cycle refrigerator. The AC susceptibility and M-H loops

were recorded on rectangular samples with dimensions of (4.4x2.7x0.6)mm?
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(3.4x2.6x0.6)mm? and (8.6x3.3x1.5)mm? for BiOS-1, BiOS-2 and BiOS-3 respectively,

using physical property measurement system (PPMS Quantum design).

3.3 Results and Discussion
3.3.1 Effect of excess Bi2O3 on the synthesis of Bi«O4S3

3.3.1.1 Structure and Morphology
The XRD pattern for the synthesized polycrystalline BiOS-1 sample is

shown in figure 3.1(a).
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Figure 3.1 (a) Refined spectra of BiOS-1 sample (b) shows comparative normalized XRD
pattern for the BiOS-1, BiOS-2 and BiOS-3 samples.

Refinement of the data was done using FullProf software and the lattice parameters
obtained are a=3.9703A°, ¢=41.3984A° which are in good agreement with the reported
values [1, 3, 9]. Figure 3.1(b) shows the comparative normalized XRD pattern for the three
samples. The lattice parameters obtained for BiOS-2 and BiOS-3 are a=3.9657A°
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c=41.3156A° and a=3.9691A°, c=41.3489A° respectively. All the samples show BisO4Ss
phase along with Bi, Bi.Ss, and Bi>Os impurity phases. It is observed that the intensity of

peaks corresponding to BisO4Sz phase and impurity phases increased with excess Bi>Oa.

Figure 3.2 (a) TEM image (b) SAED pattern (c) HRTEM image and (d) FFT image for
BiOS-2 sample.

The TEM images for BiOS-2 sample shown in figure 3.2 clearly indicate stacking of
SO4 layer as interfacing layer between Bi»O> and BiS: layers and no stacking faults are
observed. From the selected area electron diffraction pattern (SAED) (figure 3.2(b)) two
impurity phases along with BisO4S3 phase are clearly observed. The ring pattern confirms
the polycrystalline phase of BisO4S3 (phasel), whereas diffraction pattern oriented in single

direction (phase 2 and phase 3) are identified as Bi and Bi>Sz metal impurities. From figure
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3.2(c), defects like; dislocations, twin boundaries are observed. From figure 3.2(d), crystal
planes are identified corresponding to BisO4Ss phase. The lattice parameter values
calculated using SAED pattern, are in good agreement with the refined values from XRD

pattern using FullProf.

—— 2pm (c) BiOS-3

Figure 3.3 FESEM images for the samples.

Figure 3.3 shows FESEM micrographs for the synthesized samples. The images
show platelet like structure confirming the two dimensional layered structure of BisO4Sa.
The average grain size is calculated using image j software and the values are found to be
545nm, 977nm, and 745nm for BiOS-1, BiOS-2 and BiOS-3 samples respectively.

The elemental analysis of the samples (figure 3.4) confirmed that the grains have
composition close to stoichiometric ratio. Off stoichiometry in BisO4Ss is explained by
Adam et al [11] by pointing out that BisO4Szis a mixed phase of two non-sulphate phases,
Bi>OS; which is non superconducting and can act as stacking faults in Bi-O-S system and
the other one Biz0O.S3 which is superconducting at 4.5K. It is also pointed out that the

superconducting volume fraction decreases with increase in stacking faults in BisO2S3[11].
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Figure 3.4 EDS spectra of (a) BiOS-1 (b) BiOS-2 (c) BiOS-3.
3.3.1.2 Transport Properties
Figure 3.5 shows temperature dependent resistivity of the synthesized samples.
From this graph, the room temperature resistivity, superconducting transition onset

temperature and residual resistivity ratio (RRR) variation with composition are calculated

and listed in table 3.1. All the samples show metallic nature down to 25K suggesting
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electron-phonon interactions in the system. Below 25K the data shows very weak insulating

behaviour for all the samples. These results are in good agreement with earlier reports [12].

Sheng Li has reported magnetic field induced insulating behaviour below 25K due to the

competing order between insulating and superconducting phases of BisO4Ss [5]. The Tc

onset was taken as the temperature at which resistivity decreases by 10% of the lowest

value in the normal state.
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Figure 3.5 Resistivity vs. temperature plots for the BiOS-1, BiOS-2 and BiOS-3

samples. Solid line is the linear fit to the data points.

Table 3.1 Transport parameters estimated from resistivity data.

Sample Tonset Teero AT AC Metallicity
(x 0.5K) (= 0.1K) (K) Susceptibility (nQ.cm/K)
Tonset
(£0.05K)
BiOS-1 KX 3.3 1.2 |40 45123 |196 |7.64
I[ONLYA 6.4 3.5 32 |43 29 |15 |[1.93 |4.65
BiOS-3 s 3.5 39 |45 36 |17 |212 [6.34
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It is observed that the T¢ onset and transition width increases with excess Bi2Os. In
the granular superconducting samples the global superconductivity is achieved when the
superconducting grains get progressively coupled to each other by Josephson tunnelling
across the grain boundary weak links [13]. The large grain size in BiOS-2 sample reduces
the grain boundaries which help in superconducting grain to couple at higher temperature
to reach global superconductivity. This results in high Tonset in this sample. The increase in
transition width may be due to random orientation of the superconducting grains. The
residual resistivity decreases with excess Bi2Os suggesting that the purity of the samples
increases with excess Bi»Oz. This may be due to the increase in grain size and homogeneity

in the sample and decrease in the defect concentration like grain boundaries.
3.3.1.3 Magnetization Studies

Figure 3.6 shows real (y) and imaginary (y”) AC susceptibility as a function of
temperature for various samples under applied AC drive field of 100e. The studies on
Cuprate superconductors have shown that the peak in y” is associated with the losses due
to granular nature of the samples [14, 15]. In a single phase superconductor loss peak in y”
can represent intrinsic losses due to the screening of magnetic fields by the superconducting
surface currents. The loss is weakly dependent on temperature, magnetic field and
frequency. The peak in y” in granular superconductor arises due to inter granular weak
links or Josephson junction coupling of adjacent superconducting grains. The height and
width of this peak is strongly dependent on grain size distribution, temperature, magnetic
field, and DC magnetic field history of the sample. This peak behaves like critical current

density (Jc) in polycrystalline superconductor.

When the applied field exceeds lower critical field Hc1, then the loss peak is due to
de-pinning of Abrikosov vortices. This peak is called intra-granular peak and is explained
by Bean or critical state models. The experimental data in figure 3.6 confirms the granular
nature of the samples. Since the applied field is low i.e. 100e, the peak observed in y” is
predominant due to inter-granular weak—link coupling of the grains. The intrinsic loss peak
is not observed clearly. The relatively narrow peak compared to other sample, observed for
BiOS-2 sample indicates a narrow distribution of grain size confirming SEM and transport
data. The higher T observed for BiOS-3 sample may be due to stronger Josephson coupling

between superconducting grains giving rise to higher Hc1 as obtained from MH data.
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Figure 3.6 AC susceptibility response with temperature for the BiOS-1, BiOS-2 and BiOS-
3 samples with the applied ac field of 100e.

Figure 3.7 shows isothermal magnetization versus magnetic field data at 2.5K.
Irreversible nature of the MH curves represents type 2 superconductor nature of the sample
with lower critical field (Hci) of 16, 18 and 270e for BiOS-1, BiOS-2 and BiOS-3
respectively. Because of limited data points the error in these values may be quite
significant. M-H loop for a clean and defect free type-2 superconductor is reversible and
when the external field is switched off, no magnetic flux is trapped within the
superconductor. M(H) curve becomes highly irreversible for superconductors containing
defects or impurities, which interacts with penetrating flux lines. The loops reveal the
irreversibility and remnants magnetization of the samples [16]. The low Hc: indicates that
smaller Meissonier region and the magnetic induction in the bulk sample can be reached at
low applied fields. Inter grain critical current density for the samples with rectangular slab
shape is calculated from the irreversible M-H loops at 2.5K (figure 3.6) using extended

Bean model [17] using following equation

Je=20(AM/d), here d=b[1-(b/3a)], a>b (3.1)
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Figure 3.7 Isothermal M-H plots of BiOS-1, BiOS-2 and BiOS-3 samples at T=2.5K.

where, AM (M*-M) is the width of the M-H loop and a, b are sample dimensions. Small
hysteresis loop of the samples reveals the presence of weak flux pinning and/or weak inter
granular coupling [18, 19]. This results in low value for Jc in these samples. Decrease in Je
with increase in field is due to the field induced pins (FIP). The FIPs might be the impurity
phases present in the samples. For a bulk superconductor typical Jc behaviour is an
exponential decrease with field due to inter-grain currents [18]. In all the samples, Jc
decreases exponentially up to some field which is called as deviation field hereafter. Figure
3.8(a) shows the linear dependence of log (Jc) on applied magnetic field, up to the deviation
field (region-1). In BiOS-1 sample after this deviation filed, Jc decays in another
exponential path as shown in figure 3.8(b) (region-2). Exponent of the decay in region-1 is
4.73x 10 whereas it has decreased to 2.42x 10 in region-2, which means in region-2, Jc
decreases at a slower rate when compared with region-1. For BiOS-2 and BiOS-3 samples
beyond deviation field, Jc varies according to collective pinning model [20]. According to
this model, above the crossover field, which is defined as the separating field of single

vortex and small bundle, Jc decays according to the following equation
Je (H) =J¢ (0) exp [-(H/Ho)*?], (3.2

where, J¢(0) is critical current density at zero field and Ho is the normalization field. Figure
3.8(c) and (d) show that for BiOS-2 and BiOS-3 samples log J; varies linearly with H%2,
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The slope and intercept of this plot gives normalization field (Ho) and maximum current
density Jc(0) at the deviation field respectively. The double exponential decay of Jc
indicates the existence of new pinning mechanism in the samples. Magnetic flux motion
has to be prevented by flux pinning, which represents the strength of pinning force Fp. As
long as the flux lines are pinned, the maximum density of super current flows without any
loss [21].
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Figure 3.8 Plots between log (Jc) and applied field (H) (a) Region 1: Linear fit to the data
at low fields for all samples (b) Region 2: Linear fit to the data at high fields for BiOS-1
sample.
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Figure 3.8 Plots between log (Jc) and (H%?) for (c) BiOS-2 (d) BiOS-3
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Figure 3.9 (a) Pinning force vs. applied field and (b) Normalized pinning force vs. reduced

field.

Pinning force per unit volume for the sample is calculated from critical current
density (Jc) and applied field intensity (H) using the equation of Fp=JeuoH, where
po=4m*10'N/A? is vacuum permeability. Figure 3.9(a) shows the plot of pinning force vs.
applied magnetic field which shows that the pinning force increases by an order of
magnitude as 5% excess Bi»Oz is added in the sample. Further increase in excess Bi.Ozto
10% leads to decrease in pinning force. In BiOS-1 sample Bi and Bi2S3 impurities act as
pinning centers. Whereas in case of BiOS-2 and BiOS-3 samples unreacted Bi2O3
impurities also act as pinning centers in addition to Bi and Bi»S3 impurities leading to
increase in the density of pinning centers. This leads to shift in pinning force peak towards
higher field with increase in Bi,Oz content. This is in line with the studies on other
superconductors i.e. the pinning force is directly proportional to the density of pinning
centers [22]. The higher pinning strength in BiOS -2 sample results in higher Hi.r field
among the three samples. Figure 3.9(b) shows the normalized flux pinning force per unit
volume (Fp/Fmax) response against the reduced field h=Happ/Hirr, (Hirr is the applied field
up to which the M-H loop is irreversible). This response clearly indicates that the pinning
mechanism in the system follows the scaling law as proposed by Krammer [23]. The
Scaling law was reported in the case of Nb based superconductors [24-27] and Bi-based

superconductors [28]. The obtained maximum value of reduced field (hmax) are 0.22, 0.25
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and 0.28 for BiOS-1, BiOS-2 and BiOS-3 samples respectively. For the materials

containing secondary phases or grain boundaries the maxima occurs at ~0.33.

In case of pinning due to dislocation hmax varies between 0.25 and 0.85 depending
upon the deformation of the structure [17]. The hmax values for the present samples indicate
that the pinning mechanism in the present samples is due to core interactions with flux line
lattice through grain boundaries and normal metal impurities which are present in the

samples.
3.3.1.4 Pinning Mechanism

The geometry of the pinning centers in the present samples is analyzed by Krammer
fitting to the response of normalized pinning force per unit volume with reduced field. The
best fit is obtained using the equation given below, which is a combination of both surface
(first term) and point pinning (second term) mechanism [23].

F (h) =Ash®® (1-h%+B, h (1-h)? (3.3)

Figure 3.10 shows best fit (curve-3) as per equation (3.3) obtained by considering
combination of point (cuve-1) and surface pinning (curve-2) mechanisms. The obtained As
and By values from the combined best fit curves are given in table 3.2. The combination of
surface and point pinning mechanism has been used by other groups [29-30] to explain the

pinning mechanism in MgB2 superconductors.

The hmax value of 0.22 obtained for BiOS-1 is close to the value obtained for Bi-
based superconductors, indicating pinning mechanism to be similar to that of Bi-based
superconductors i.e. the surface pinning due to grain boundaries and the point pinning due
to secondary phases [31]. In case of BiOS-2 and BiOS-3 samples the hmax values are 0.26
and 0.28 which are close to that of YBCO superconductors, so pinning mechanism in these
samples follows collective pinning model [32]. According to collective pinning model, in
case of weak pinning forces when an individual pinning center causes a weak deformation
of the flux line lattice, if a current is flowing a large region of the flux line lattice containing
many pinning centers displaces as a whole. Regions of the vortex lattice in which relative
shifts are less than the action force radius (rr) will be called correlated regions. When the
size of the correlated region becomes of the order of the lattice parameter, then the pinning

force reaches maximum value and then it drops proportional to (1-h) [14, 16].
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Figure 3.10 Kramer fitting for the plots between normalized pinning force and reduced
field for the BiOS-1, BiOS-2 and BiOS-3 samples. Fit-1 is point pinning (p=1, q=2), fit-2-
surface pinning (p=0.5, g=2) and fit-3 is combination of surface and point pinning.

56



Table 3.2. Characteristic parameters and fitting parameters of samples.

Sample Grain Jemax Frax Hirr hmax As

size  (103A/cm?) (10*dyne/cm?®) (Oe) (p=0.5,

(nm) 0=2)
BiOS-1 R 0.8 3.0 800 |0.22 | 2.64 1.85
BiOS-2 I 4.7 33.1 1656 | 0.26 | 1.77 3.05
BiOS-3 WLE 1.8 10.3 1246 | 0.28 | 1.71 3.58

The surface pinning is the dominating pinning mechanism in BiOS-1 sample as
indicated by higher value of As. Good fit is observed at low h value which suggests the
surface pinning domination at low fields. At high h values the point pinning mechanism is

found to dominate in BiOS-1 sample.

In case of BiOS-2 and BiOS-3 samples the best fit was observed as per equation
(3.3) suggesting the presence of both surface and point pinning centers. The point pinning
dominates the surface pinning in these sample as indicated by higher value of Bp. The
excess BioOs3 acts as point pinning centers. These results suggest that in the present
superconductors, Jc dependence on external field follows the collective pinning model. The

low Jc values are due to weak links of superconducting grains.
3.3.2. Effect of excess Bi and S on the synthesis of BisO4S3

In this section we present the synthesis and discussion on results of BisO4Ss
synthesized with excess Bi and S. As the melting points of Bi and S are 270°C and 110°C,
i.e., less than the processing temperature of Bis04S3 (510°C), there is a possibility for off-

stoichiometry of Bi and S in Bi4O4Ss due to evaporation of Bi and S.

Sample with 10% of excess Bi and S in addition to the stoichiometric ratio were
prepared through solid state reaction method and named as BiOS-4 in the series. The
comparative results of stoichiometric sample (BiOS-1) and BisO4S3 sample synthesized
with excess Bi and S (BiOS-4) are presented here as follows.

X-Ray diffraction pattern of the samples are shown in figure 3.11. From this figure

we can clearly observe that no extra peaks other than BisO4S3, Bi»Sz and Bi are observed
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in BiOS-4. Lattice parameters for BiOS-4 are a=3.9666A°, c=41.3286A°, which indicated
decrease in lattice parameter ¢ from that of BiOS-1 (a=3.9703A°, c=41.3984A°).

©BiS, OBi
BiOS-4

Intensity(a.u)

26(in degree)
Figure 3.11 Comparative normalized XRD pattern for the samples.

FESEM images for the BiOS-1 and BiOS-4 samples are shown in figure 3.12.
Platelets like grains confirm the two dimensional layer structure of BisO4S3 in both the
samples. Average grain size, calculated using image-j software, is 545nm and 610nm for
BiOS-1 and BiOS-4 samples respectively. Composition analysis of BiOS-4 through energy
dispersive spectra is given in figure 3.13. From this figure it is clear that two major phases
are identified, one is stoichiometric Bi4O4S3 and another one is Bi and S rich phase with
oxygen deficiency, which is responsible for the change in superconducting properties of
BiOS-4.

Owne 29 My 200)
Tewe 17090

Figure 3.12 FESEM images for BiOS-1, BiOS-4 samples
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Spectrum 1 Spectrum 2
Element | Weight% | Atomic% | Weight% |Atomic%
OK 3.19 21.32 6.24 35.51
SK 10.29 34.36 9.84 27.93
Bi M 86.52 44.32 83.92 36.56
Totals 100.00 100.00

Figure 3.13 EDS analysis of the BiOS-4 sample.
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Figure 3.14 Resistivity Vs Temperature plots for the BiOS-1 and BiOS-4 samples.

Resistivity change with temperature of the sample was shown in figure 3.14. The
exotic behaviour of this material below 25K is due to the strong single S-wave coupling
[4]. RRR, room temperature resistivity and transition temperature variation with
composition were given in table 3.3. Normal state properties are not much affected with
excess Bi and S in BiOS-4 sample. But suppression of superconducting transition is

observed which may be due to decrease in superconducting volume fraction.
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Table 3.3 Comparative table of transport properties of BiOS-1 and BiOS-4

Sample  Tonset AC prt po  RRR Metallicity
(= Susceptibility (nQ.cm/K)
0.5K) Tonset

(£ 0.05K)

x'(a.u)

¥'(a.u)

—*— BiOS-1

= Bi0S-4

2.0 2.5 3.0 3.5 4.0 45 5.0
Temperature(K)

Figure 3.15 AC Susceptibility variations of the samples with temperature.

Magnetization study of the samples under applied ac drive field of 100e within the
temperature range of 5K-2K was shown in figure 3.15. Single peak in the derivative of
transition line indicates only one superconducting phase existence in the sample. Transition
width is calculated from the peak width of the samples. In case of both BiOS-1 and BiOS-
4 samples the right arm of the peak is extrapolated for the estimation of end point at low
temperature side. Superconducting onset temperature and volume fraction is decreased in
BiOS-4 sample. In spite of increase in grain size and homogeneity the decrease in
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superconducting transition temperature and volume fraction is may be due to decrease in

the purity of the BiOS-4 sample.
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Figure 3.16 DSC thermo grams for the BiOS-1 and BiOS-4 samples.

From the DSC studies on BiOS-1 and BiOS-4 samples, as shown in figure 3.16,
two exothermic peaks are observed, one is at 270°C and another one is at 545°C
corresponding to Bi and BisO4Sz respectively. From the area of the exothermic peak, which
is direct measure of enthalpy or heat absorbed for the phase change, we can observe that
increase in Bi impurity phase volume and decrease in BisO4Sz phase volume in BiOS-4
sample when compared to BiOS-1sample. Excess Bismuth and Sulphur helped in the

formation of BisO4S3 with low superconducting volume fraction.
3.4 Chapter Summary

Superconducting Bismuth Oxy Sulphide samples were synthesized with 5% and 10%
of excess Bi>Oz over and above the required quantity as per stoichiometric composition of
Bi104S3 phase. The excess Bi»Oz acts as flux for the BisO4Ss3 phase formation and increases
the superconducting volume fraction, grain size and critical current density (Jc) compared
to the stoichiometric sample. Lattice parameters are almost same for the three samples
indicating no significant change in crystal structure. The Transmission electron
microscopic images of the samples show them to be multiphase materials. The sample with
5% excess Bi203 has highest grain size, (Tonset) and Jc value. The Jc varies with applied
external magnetic field as per the collective pinning model. The pinning force follows

scaling law of combination of surface and point pinning. The grain boundaries and impurity
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phases act as surface and point pinning centers respectively. The maximum value of
reduced field increases from 0.22 to 0.28 as Bi2Os increases, which is close to the value of
CuO based superconductors. The dominating pinning mechanism changes from surface
pinning to point pinning as the Bi>Os content increases. The Jc values are low due to weak
links of the superconducting grains in these materials. The higher Jc values for BiOS-2
sample which has largest grain size indicates that Jc can be increased by increasing the grain

size of the sample.

Bi404S3 samples with 10% excess Bi and S were prepared through solid state reaction
method. XRD pattern showed BisO4S3 phase formation along with Bi and Bi>Sz impurity
phases. Lattice shrinkage is observed through c axis with no effect along a-axis. FESEM
images showed slight increment in grain size and homogeneity. The EDS analysis showed
most of the grains with Bi rich and S deficiency phase along with superconducting grains.
Transport studies reveal that no impact of excess Bi and S on normal state properties of
Bi4O4Ss. Tonset is observed at 4.5K but zero transition was not observed. Decrease in Tonset
and superconducting volume fraction is observed through A.C susceptibility measurement
which is in good agreement with transport studies. DSC thermo grams also showed increase
in impurity phase contribution in BisO4S3 synthesized with excess Bi and S. So suppression
of T¢ and superconducting volume fraction is due to increase in Bi and S rich impurity

phase.
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CHAPTER 4

Structure and Properties of Ca doped

Bismuth Oxy Sulphide Superconductor

4.1 Introduction

In this chapter discussed about the Ca doping effects in Bismuth Oxy Sulphide

superconductor.

Multiphase existence along with impurity phases complicates the doping studies in
Bi404S3 [1]. The Se doping in BisO4Ss at S site results in decrease in T¢ due to expansion
of lattice parameters because of bigger atomic size of Se. The content of Bi»Sz phase slightly
increases with increase in Se content [2]. The doping of Ag in BisO4Ss resulted in gradual
suppression in lattice parameters and T, and shows semiconducting behaviour beyond
some doping level. The suppression of T¢ is ascribed to shift in the Fermi energy level [3].
The introduction of CuS: layer in BisO4Ss by replacing Bi with Cu in BiSz superconducting
layer resulted in suppression of Tc. The XRD peak intensity for the impurity phase is almost
invariable with Cu doping level. This indicates that the Cu dopant is going into BisO4Ss
phase and both the lattice parameters shrink with Cu doping till x=0.1, beyond that it
exhibits semiconducting behaviour. It is mainly due to the change in electronic structure,
the Fermi energy shifts away from density of states by Cu or Ag doping [4]. As the number
of CaO layers play important role in Bi-based high T superconductors, in the present study

we have introduced Ca in Bi4sO4S3 by doping Ca at Bi site.
4.2 Experimental Techniques

Polycrystalline BisxCaxO4S3 (x=0, 0.25, 0.5, 0.75, 1) samples were prepared by
solid state reaction method. Pure Bi,Os powder, CaCO3s powder, Bismuth metal granules
and Sulphur flakes (all from sigma Aldrich with purity>99.99%) were mixed in
stoichiometric ratio of the formulae BisxCaxO4S3 (x=0, 0.25, 0.5, 0.75, 1) and grinded for
1 hour using an agate mortar. Then the Pellets were prepared using a hydraulic press at

ambient conditions. The samples were sealed in a quartz tube under the vacuum of
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5x10*Torr and sintered at 510°C for 18 hours followed by furnace cooling. The same

procedure was repeated twice to get better homogeneity.

To study the crystalline structure, X-ray diffraction (XRD) patterns of the samples
were recorded using powder X-ray diffraction (Bruker) with Cu-k, radiation. Peak
assignment and lattice parameters were analyzed using FullProf software. Layer structure
of the synthesized materials is confirmed by TEM studies. Surface morphology was
analyzed using Field emission scanning electron microscopy (FESEM) and Energy
dispersive X-ray spectroscopy (EDS). The electrical properties of the samples were
measured by conventional four probe method using a closed cycle refrigerator. The A.C
susceptibility and M-H loops were recorded on rectangular samples, using physical

property measurement system (PPMS Quantum design).
4.3 Results and Discussion

4.3.1 Structural Properties

X-ray diffraction pattern of the samples BisxCaxO4Ss, (0<x<1) are shown in figure
4.1. Figure 4.1(a) is multiphase refinement spectra for un-doped sample. It clearly shows
the BisO4S3 superconducting phase along with small amounts of Bi and Bi2Sz impurity
phases. Polycrystalline BisO4S3 samples have tetragonal structure and the lattice
parameters are refined using FullProf software with space group 14/mmm and the obtained
values are a=3.9704A°, c=41.3969A°. Figure 4.1(b) shows refined spectra for Bis.xCax04S3
with x=0.25 sample through which clear multiphase existence can be observed. Refined
lattice parameters for this sample are a=3.9668A°, ¢=41.3467A°. Figure 4.1(c) shows the
comparative normalized XRD spectra for BisxCaxO4Sz samples with ‘X’ ranging from 0 to
1. It can be clearly observed from figure 4.1(c) that the intensity of Bi>Ss phase peak
increases at the expense of intensity of peaks corresponding to superconducting BisO4Ss
phase with increase in Ca doping. XRD spectra of sample with x=0.25 shows increase in
intensity of peaks corresponding to BisO4Ss as well as Bi>Ss phase. For samples with x>
0.5, impurity peak intensity corresponding to Bi and Bi»Ss phase increases and BisO4S3

phase peak intensity decreases with increase in Ca content.
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Figure 4.1(a) Refined XRD pattern for Bis.xCaxOaSs, with x=0 sample.
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Figure 4.1(b) Refined XRD spectra for Bis.xCaxOsSs with x=0.25 sample.
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Figure 4.1(c) Comparative XRD spectra for Bis«CaxOsS3 samples with x=0 to 1.
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Figure 4.2 FESEM images for BisxCax04S3 samples with x=0 (a), 0.25 (b), 0.5 (c) 0.75 (d)
and 1 (e).

The FESEM images of various samples are shown in figure 4.2. The un-doped
sample shows platelet like structure confirming the two dimensional growth of crystal in
the sample. Whereas in sample with x=0.25 increase in the size of the platelets is observed.
These results are in good agreement with the increase in T¢ and the superconducting volume
fraction in this sample. The sample with x=0.5 shows platelet like structure along with Ca
rich Bi»Ss phase. It is also observed that as the Ca doping level increases, the
deteriation/disintegration of superconducting phase is clearly observed in these images.
EDAX analysis also confirmed the presence of two different phases i.e. Ca doped layer

structured Bis04Ss phase and Ca rich Bi>Ss phase.
4.3.2 Micro Structural analysis using TEM

In order to understand the microstructure features, BisxCaxO4S3, (0<x<1) samples
were studied through extensive structural investigations by means of selected area
diffraction (SAED) pattern and high resolution TEM.

Figure 4.3 shows TEM images of undoped Bis04Ss sample. Figure 4.3(a) clearly
shows the polycrystalline BisO4Sz phase. The lattice spacing (d) values are calculated from
the diameter of the rings, which can be matched with the d-spacing of BisO4S3 with high
(h k 1) values in XRD spectra. It also reveals the presence of polycrystalline Bi metallic
phase. The double spots on the rings with high intensity are from the same (h k I) planes of
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these two different phases. Figure 4.3(b) shows single crystalline diffraction pattern (DP)
corresponding to Bi»Sz phase. Lattice parameters for BisO4Sz and Bi>S3 were calculated
from the d-spacing values of DP. The high resolution TEM image in Figure 4.3(c) shows
existence of Bi:Ss Nanoparticles in BisO4Ss. Figure 4.3(d) shows the presence of
inhomogeneity and multi phases in the sample. Lattice fringes corresponding to BisO4Ss
and Bi»S3 along with defects like lattice dislocations and grain boundaries can be observed.
The structural phase separation and complex superstructure commonly observed in

HRTEM and DP have been mainly ascribed to the presence of impurities in the sample [5].

Figure 4.3 shows TEM images of undoped BisO4S3 sample.

The SAED pattern of the sample with x=0.25 is shown in figure 4.4(a). The ring
pattern confirms two phases i.e. polycrystalline Bi and BisO4S3 phases, identified through
the d-spacing calculations from the diameter of the rings in SAED pattern. Figure 4.4(b)
shows HRTEM image of sample with lattice fringes corresponding to BisO4Ss. Figure
4.4(c) shows lattice fringes in HRTEM from crystallized Bi>S3z. Average grain size of Bi;Ss3
is found to be ~25nm. Figure 4.4(d) shows the interference pattern of two DP originating
from single crystalline Bi»Sz and single crystalline BisO4Ss grains. Lattice parameters
calculated for these two phases from SAED pattern are listed in table 4.1. TEM images
show that Bi,Ss is well crystallized and corresponding SAED pattern (figure 4.4(d)) shows
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unique pattern of diffraction spots which can be readily indexed with (0 0 2) and (2 2 0)
planes, confirming that the Bi2Ss has single crystalline structure along the [0 O 1] growth
direction consistent with SAED pattern results. The d-spacing values calculated from
HRTEM image (figure 4.4(c)) correspond to the (1 1 0) and (0 0 1) planes. These results
are in good agreement with the earlier reports on high crystalline bismuth Sulphide Nano-
rods [6-7]. Lattice defects, particularly dislocations in the superconductor having complex
structure, are observed in these materials. Preferential fractures in between the layers can

also be observed through HRTEM image.

Figure 4.4 TEM images for the BisxCax04S3, x=0.25 samples.

Figure 4.5 shows TEM images for sample with x=0.5. The HRTEM image (figure
4.5(a)) clearly shows the lattice fringes corresponding to Bi.Ss phase. SAED pattern (figure
4.5(b)) shows overlapping of three phases in which Ring pattern confirms polycrystalline
Bi and Bi404Ss3 phase. Yellow colour ring corresponds to polycrystalline Bi phase. These
results are in good agreement with the XRD results where XRD peak corresponding to the
d-value of 2.3579A° from Bismuth has highest intensity. In diffraction pattern the double
spots correspond to two overlapped phases identified as BisO4Sz and single crystalline
Bi,Ss. Lattice parameters calculated from SAED pattern are listed in table 4.1. Figure 4.5(c)
shows SAED pattern for single crystalline grain of Bi phase. Figure 4.5(d) shows single

crystalline Bi2Ss phase.
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Figure 4.6 TEM images for the Bis-xCaxO4Ss, x=0.75 samples.

Figure 4.6 shows TEM images for x=0.75 sample. It can be observed from the

diffraction pattern (figure 4.6(a)) that the sample contains twin boundaries. The most



striking structural phenomena observed in the TEM observations are the appearance of
series of super lattice spots along with the main diffraction spots. Superstructure reflections
around basic Brag spot in figure 4.6(a) originate from the domains, where the
superstructure vectors are twinned. Generally twinning is due to lattice mismatch between
two different phases. The two different phases are identified as single crystalline Bi»S3 and
single crystalline grain of BisO4Ss. Figure 4.6(b) shows the diffraction pattern from a super
lattice consisting of single crystalline grains of Bi and Bi>Ss. The lattice mismatch between
Bi>S3 and Bi is comparatively less thus the Bi»Ss and Bi diffraction patterns appear as one
diffraction pattern [6]. The HRTEM image shows lattice planes corresponding to Bi2S3

(figure 4.6(c)). The calculated lattice parameters are given in table 4.1.

Table 4.1 Lattice parameters for Bi»Ss and BisO4S3 calculated from TEM-SAED pattern.

Sample name Bi404Ss3

Ca(x)=0

Ca(x) =0.25

Ca(x)=05

Ca(x)=0.75

Ca(x)=1

Figure 4.7 shows TEM images for x=1 sample. SAED pattern shown in figure 4.7(a)
confirms the multiphase existence in the sample. Amorphous background (continuous ring
pattern) confirms the disintegrated polycrystalline BisO4Ss phase. Line pattern is due to
single crystalline Bi>Ss phase and some low intensity points on circle correspond to single
crystalline grain of BisO4Sa. Figure 4.7(b) represents incommensurate modulation of Bi>S3
and Bis04S3. The super lattice spots followed by main phase spots were observed. Two
spots were identified as Bi4sO4S3 with d spacing 3.042 (1 0 9) 2.73 (1 0 11). The third spot
corresponds to Bi»Ss with d spacing 3.146 (2 3 0). Lattice parameters calculated using d
spacing of diffraction pattern are given in table 4.1. The HRTEM image for this sample
shown in figure 4.7(c) represents lattice planes of Bi»Sz phase.
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Figure 4.7 TEM images for the Bis.xCaxO4Ss, x=1 samples.

4.3.3 Transport Properties

The resistivity verses temperature for various samples are shown in figure 4.8(a).
Figure 4.8(b) shows resistivity variation at low temperature for x=0 and x=0.25 samples
indicating increase in superconducting transition temperature (T¢) with Ca doping. The
superconducting transition temperature values Tc°™ and Tc®™ are given in table 4.2.
Change in room temperature resistivity, metallicity and residual resistivity ratio were
calculated for x=0 and x=0.25 samples and the corresponding values were given in table
4.2. The increment in T is due to the larger grain size of x=0.25 sample which can
reduce the grain boundaries and help superconducting grains to couple at higher
temperature to reach global superconductivity. The decrease in RRR and increase in
metallicity in x=0.25 sample is due to increase in grain size and homogeneity and decrease
in defects like grain boundaries. The x=0.5 sample shows metal to semiconductor transition
at ~150K with no significant change in Tc (onset). The x=0.75 sample shows metallic
behaviour up to 175K as temperature is lowered below room temperature followed by
semiconducting behaviour with further decrease in temperature. Sample with x=1 shows
weak semiconducting behaviour down to 100K and strong semiconducting behaviour
below 100K. The change in transport properties with Ca doping is mainly due to the
structural changes. As indicated by TEM analysis it is confirmed that Ca is going into
interstitial position of Bi»Sz phase which could be the reason for the increase in

semiconducting behaviour with Ca doping in BisO4Sa.
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Figure 4.8 (a) Resistivity vs. temperature plots for various Bis-xCaxOsSs samples. (b)
Resistivity vs temperature for BisxCaxO4S3 samples with x=0 and x=0.25 in the low

temperature region.



Table 4.2 Comparative table of Transport parameters for the superconducting samples.

Sample Resistivity AC Susceptibility prt RRR Metallicity
Tonset Tonset (ﬂﬂcm/l()
(£
0.5K) 0.05K)
x=0 4.9 3.3 4 3.3 45 23| 1.96 0.8
x=0.25 5.8 3.7 4.3 35 22 |15 1.28 1.6
0.05

1" (emu/g.Oe)

0.004 , ... W

-0.054 0,001

-0.10+

%' (emu/g.Oe)

-0.15

3
Temperature(K)

Figure 4.9 AC susceptibility Vs Temperature plots for BisxCaxOsSs samples with x= 0(t),
x=0.25(0), x=0.5(), x=1(A). And inset: shows low field data for x=0.5 and x=1 sample.

4.3.4 Magnetization Studies

Figure 4.9 shows real and imaginary AC susceptibility variation with temperature
for various samples under applied AC drive field of 100e. The peak in " is associated with
losses due to granular nature of the samples as observed in stoichiometric BisO4Sz and CuO

based superconductors [8, 9]. In a single phase superconductor loss peak in " can represent

s L




intrinsic losses due to the screening of magnetic fields by the superconducting surface
currents. The loss is weakly dependent on temperature, magnetic field and frequency. The
peak in y" in granular superconductor arises due to inter-granular weak links or Josephson
junction coupling of adjacent superconducting grains. The height and width of this peak is
strongly dependent on grain size distribution, temperature, and DC magnetic field history
of the sample. This peak behaves like critical current density in polycrystalline
superconductor. When the applied field exceeds Hc1 then the loss peak is due to depinning
of Abrikosov vortices, this peak is called intra-granular peak and is explained by Bean
critical state model. The experimental data in figure 4.9 confirms the granular nature of the

BisxCax04S3 (0<x<1) samples.

Since the applied field is low i.e. 100e, the observed peak in y” is predominant due
to inter-granular weak link coupling of the grains. The intrinsic loss peak is not observed
clearly. The T.°™ and superconducting volume fraction increases with Ca doping. The
T for x=0 sample is 4.0K and the same for x=0.25 and x=0.5 is 4.3K and T¢ %" is
increased from 3.3K to 3.5K for x=0.25. As the doping is increased to x= 0.5, broad
transition due to poor grain connectivity (inserted in figure 4.9,) is observed and for this
sample T¢*"<2.5K. Sample with x=1 shows complete suppression of superconducting
phase. These results are in good agreement with the transport data. The higher T. observed
for x=0.25 sample is due to strong Josephson coupling between superconducting grains
giving rise to higher Hc1 observed from M-H data

Isothermal Hysteresis loop at 2.5K for x=0 sample is shown in figure 4.10(a). Lower
critical field (Hcy) for this type-2 superconductor is calculated from the irreversible M-H
data and the value is 160e. Low value of Hc: indicates small Meissonier region. Flux
trapping at low fields is mainly due to the weak links present in the sample. Inter grain
Critical current density (Jc) was calculated from hysteresis loop of x=0 according to Bean

model using the following equation [10]
Je=20(AM/d), here d=b [1-(b/3a)], a>b 4.2)

where AM (M*-M") is the width of the M-H loop and a, b are sample dimensions. Figure
4.10 shows M-H loop for x=0 sample. The estimated J. maximum at 2.5K is 736A/cm? and
it decreases exponentially with applied magnetic field (Figure 4.10(b)). This exponential

decrease in Jc is due to weak inter-granular coupling in the sample [11].

76



0.50
(b)

0.251
=0.004
5 .,
= \\"-
-0.251
-0.50 . T . .

09 06 -03 00 03 06 09 0.0 0.5 1.0 1.5

H(kOe) H (kOe)

Figure 4.10 (a) Hysteresis loop at 2.5K for x=0 sample, (b) Critical current density
variation with field in x=0 sample at 2.5K.

Figure 4.11(a) shows the irreversible symmetric hysteresis loops for x=0.25 sample
at different temperatures. Increase in the hysteresis loop width with decrease in temperature
is due to increase in the impurity phase and lattice defects, (observed through TEM images)
thus results in increase in the critical current density of this sample (Jemax=2854A/cm?). The

Jc variation with applied field at different temperature is shown in figure 4.11(b).
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Figure 4.11 M-H loops (a) and Jc (b) variation with field at different temperatures for

x=0.25 sample. Here symbols representation follows as A = 2.5K, o=3K, 0=3.5K.

Figure 4.12(a) clearly shows increase in the width of hysteresis loop in x=0.25
sample than x=0 sample, because of more flux trapping due to defects like dislocations,
grain boundaries, and impurity phases. Figure 4.12(b) shows the increment in Jc due to
x=0.25 Ca doping to almost three times of the value for un-doped sample. From
microstructure analysis we have observed the increase in grain size, homogeneity and grain

connectivity in x=0.25 sample as compared with un-doped (x=0) sample. This could be the
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reason for high Jc in this material. In case of x=0 sample at low fields Jc decreases
exponentially up to 1000e, beyond this field Jc decreases in another exponential path in
which the decrement rate is lower than that at low fields. In case of sample with x=0.25, Jc
decreases exponentially up to 1000e, beyond this Jc decreases slowly which is due to flux

trapping by impurity phases and grain boundaries.

M(emu/cc)

Figure 4. 12 (a) Comparative hysteresis loops (a) and Jc (b) plots for x=0 (o-symbol) and
x=0.25(o-symbol) samples at 2.5K.
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Figure 4.13. Normalized pinning force response with reduced field for x=0 (a) and x=0.25

(b) sample. Solid line represents Kramer fit to the data.
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4.3.5 Pinning Mechanism

The Pinning mechanism in these samples is analyzed using Kramer scaling method
[12]. According to this model the pinning force per unit volume is calculated using the
equation Fp=uoHxJc, where uo=47x10"N/A2. Figure 4.13 shows the normalized pinning
force response with reduced field (h=H/Hirr) at 2.5K for un-doped sample and for Ca doped
with x=0.25 sample. Reduced field maxima (hmax) is observed at 0.22 and 0.26 for x=0 and
x=0.25 samples respectively. These values indicate the presence of normal core interaction
with flux lattice line and pinning mechanism is mainly due to the impurity phases and grain

boundaries as in the case of CuO based superconductors [13, 14].

Geometry of pinning centers in these samples is found by doing Kramer fit to the

normalized pinning force vs. reduced field curve (figure 4.13) using the following equation
F(h) =AshP! (1-h)3+B, hP? (1-h)%? (4.2)

where, p, g values depend on the type of pinning centers and As and Bp are fitting
parameters. According to Dew Hughes model, in case of pinning due to surface pinning
centers p1=0.5, and g1=2 and in case of pinning due to point pinning centers p>=1, and g>=2
[15]. When there is more number of pinning centers present in the sample, then the

normalized pinning can be written as the summation of all type of pinning centers [16].

Table 4.3 comparison of Jc and Kramer fit parameters for the superconducting samples.

Jemax Fpmax Pmax As Bp

Sample (10°A/cm?) | (10* dyne/cm?3) (p=0.5,0=2) (p=1,9=2)
x=0 0.8 3.0 0.22 2.64 1.85
x=0.25 2.85 14.2 0.26 2.5 2.0

Comparative results on pinning mechanism for x=0 and x=0.25 samples are tabulated
in table 4.3. Best fit to the normalized pinning force response with reduced field is observed
with combination of both surface and point pinning centers using equation (4.2). In case of
x=0 sample surface pinning domination over point pinning is confirmed through the
combined fitting parameters, which are surface pinning coefficient As=2.64 and Point
pinning coefficient Bp=1.85. Whereas in the case of x=0.25 sample, normalized pinning
force data is well fitted with combination of Kramer surface and point pinning centers in
the entire field range with the combined fit parameters As=2.50 and B,=2.00. There is a
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slight decrement in Asand increment in By for x=0.25 sample over x=0. This may be due to
bigger grain size and better homogeneity in x=0.25 sample over x=0 sample. Grain
boundaries can act as surface pinning centers and impurity phases can act as point pinning
centers. In x=0 sample at low fields surface pinning due to grain boundaries dominates
whereas at high fields point pinning due to impurities dominates. In the case of x=0.25

sample pinning is due to both surface and point pinning centers in entire field range.
4.4 Chapter Summary

Bismuth Oxy Sulphide samples of composition Bis.xCax04S3 (0<x<1) were synthesized
by solid state reaction method. The samples with x=0, 0.25 and 0.5 showed superconducting
transition. The superconducting transition temperature T¢**™ increases with Ca doping of
x=0.25. The sample with x=0.5 showed metal to semiconductor transition at ~150K with
no significant change in T°™, The sample with x=0.75 is not superconducting and showed
semiconducting behaviour below 150K. The sample with x=1 showed strong
semiconducting behaviour below 100K. These changes are ascribed to the disintegration of
superconducting phase into other non-superconducting phases like Bi>S3. The change in
structure as a function of Ca doping was analyzed through XRD, TEM, and FESEM. The
XRD pattern showed increase in the intensity of Bi»Ss peaks with increase in Ca doping at
the expense of decrease in the intensity of peaks corresponding to BisO4Ss phase. The
analysis of TEM images indicates the existence of mono crystalline Bi»Sz Nano particles
in all the samples. The sample with x=0.25 shows increase in grain size and homogeneity
and grain connectivity as well as increase in the impurity phases. For the samples with
x=0.5, x=0.75 and x=1, superconducting grains were observed through TEM images.
Disappearance of superconductivity in these three samples may be due to loss of grain
connectivity and increase in the impurity phases. The lattice parameters calculated from
SAED pattern show the large shrinkage in lattice parameters of Bi»Ss, which confirms that
Ca dopant is going into the interstitial positions of Bi»Ss. With the increase in Ca doping,
the disintegration of superconducting phase is observed from FESEM images. The
estimated critical current density increases with Ca doping of x=0.25. This increment in Jc
is attributed to the increase in the density of impurity phases that can act as pinning centers.
The pinning mechanism follows scaling law with temperature in these samples. Kramer fit
to the normalized pinning force response with reduced field confirms the presence of both
surface and point pinning centers, where grain boundaries can act as surface pinning centers

and impurity phases can act as point pinning centers in these samples.
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Studies on the composite system of glass-
ceramic Bi-2212 and MgB:

Superconductors

5.1 Introduction

Among the layer structured high transition temperature (T¢) superconductors,
Bi>Sr.Can-1CunOs-+5 composition gives three different phases based on the number of CuO
layers. Its T¢ varies as 20K, 85K, and 110K with increase in n=0, 1, 2 respectively [1, 2].
The Bi-2212 phase formation through glass ceramic route leads to highly dense and pore
free high T¢ superconductor, thus enhancing the chances of practical applications of these
materials [3]. Chemical doping of oxides and Nanoparticles addition/subtraction are, the
most useful ways to improve the structural, mechanical and superconducting properties of
high T. superconductors, making them suitable for high temperature and magnetic field

applications.

A lot of research is going on with the concept of addition of metal/superconductor
to high T¢ superconductors. The recent studies on addition of MgB: in Bi-2223 reported the
regular improvement in superconducting and micro structural properties up to optimum
doping level. Whereas the excess doping concentration forces these properties to decrease
rapidly. In this composite system, MgB2 Nano inclusions behave as the effective flux
pinning centers in Bi-2223 leading to considerable increase in self field critical current
density (Jc) [4]. Addition of MgO Nano particles to Bi-2212 resulted an increment in the
flux pinning which lead to the increase in Jc [5]. Ce doping at Ca site in Bi-2212 resulted
decrease in superconducting parameters because of hole filling mechanism as Ca*? was
replaced by Ce** [6,7], whereas Ce addition to Bi-2212 makes difference in Bi-2212
structure by replacing Cu atoms leading to degradation of structural and superconducting
properties [8]. In most of the previous reports on pinning mechanism on Bi-2212 phase,
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normalized pinning force data was not well fit to the entire reduced field range and most of

the results are analysed considering presence of surface pinning centers in Bi-2212 [9-11].

Another layer structured MgB2 superconductor has great importance because of its
low cost and its applications in the area of superconducting wires and magnets [12]. MgB>
mixing with high T, superconductor was tried by several groups in order to increase the Jc.
Addition of superconducting Nanoparticles of YBCO does not give better improvement in
Jc of MgB2[13, 14]. The addition of oxides, in small amount, to MgB. does not change the
superconducting phase formation but improves the Jc, irreversible field (Hirr), and upper
critical field (Hc2). An improvement of pinning properties and the irreversibility field was
expected by the addition of small particles due to enhanced grain boundary pinning. Here,
in case of oxides addition, MgO and SiO; particles are dissolved in the MgB: grain structure
or in the grain boundaries, thus pinning force is increased by about 10% with MgO particles
addition to the MgB2 [15]. Size of the additives also plays an important role in affecting the
properties of the superconducting material. In case of addition of micro sized MgO particles
to MgB:, only interfaces can act as pinning centers. Whereas in case of Nano sized MgO
inclusions in MgB», the MgO Nanoparticles themselves can act as flux pinning centers [16].
Small addition of Nano-ceria to polycrystalline MgB: resulted in a significant enhancement
of the Jc. Despite the fact that polycrystalline samples are inhomogeneous and have
randomly oriented grains, the introduction of Nano phase into the MgB2 microstructure
induces grain size reduction and improves grain connectivity, which has a direct impact on
the flux pinning properties. The flux pinning force is enhanced with Nano CeO; addition
to MgB2 [17]. Addition of excess Mg improved the Jcin MgB2, here the inter particle region
act as weak links (WLNS), whereas the addition of Nano-SiC and Nano-Ag particles
degraded it [18]. The critical current density was enhanced significantly by adding B-2223
to MgB2 [19]. Proximity effect near the interface of two different superconductors (Tc1>Tc2)

affects the density of states of both superconductors [20].

Mixing of two high T. superconductors is an emerging field in superconductivity
to enhance critical current density. In this context we mixed Bi-2212 and MgB: layer
structured high T. superconductors in two different weight percentages. One sample with
Bi-2212 as matrix and MgB2 as reinforcing material, (2:1) and the second sample with
MgB: as matrix and Bi-2212 as reinforcing material (1:2). The composite samples show an
increase in critical current density and decrease in irreversibility field. The flux pinning

mechanisms in Bi-2212, MgB: and their composite systems are analysed.
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5.2 Synthesis and Characterization Techniques

Bi-2212 glasses were prepared by melt quenching method. For Bi-2212 phase
formation we have used Calcium rich Bi-4334 composition, which is optimum composition
to get single phase of Bi-2212. Raw powders of Bi>O3, SrCOs, CaCOs, and CuO (99.99%
pure) were weighed as per BisSrsCasCusOg+s Stoichiometry composition, and grinded
thoroughly for 2hours using agate mortar and then calcined at 800°C for 24hours. The
reacted black powder was melted at 1000°C in a platinum crucible and held at the same
temperature for 10minutes to ensure thorough mixing and then it was quenched quickly
between two copper blocks. The obtained shiny glasses of 0.5-1mm thickness were
crystallized by sintering in air at 820°C for 4days. These Bi-2212 glass ceramics were
grinded for 1lhour in air using agate mortar, then the resultant powder was mixed with
commercially available MgB: (Sigma Aldrich, with purity>99%) in 1:2 and 2:1 weight
ratios of Bi-2212 and MgB, respectively. The composite mixture was again grinded for
one hour in normal atmosphere using agate mortar. The resultant composite powder was
pressed into pellets at ambient conditions using hydraulic pressure unit. These composite

pellets were used for different characterizations.

Crystalline nature and structure of the composite samples were characterized using
x-ray diffraction technique and transmission electron microscopy. Surface morphology and
grain distribution was observed using field emission scanning electron microscopy and
composition analysis was done through energy dispersive spectra. Superconducting
transition was observed by measuring magnetic moment with variation in temperature
using physical property measurement system-vibrating sample magnetometer (PPMS-
VSM). Magnetic moment response of the synthesized samples with applied field up to £5T

at a constant temperature (10K) was recorded using PPMS-VSM.
5.3 Results and Discussion

Figure 5.1 shows comparative X-ray diffraction pattern for the composite samples
along with constituent compounds. Peaks were assigned using JCPDS software. XRD
pattern for glass ceramic sample showed single phase of Bi-2212. MgB. sample showed
well crystallized peaks of MgB:2 phase along with MgO impurity phase. In case of 1:2
composite sample XRD pattern showed MgB: as major phase and Bi-2212 as minor phase,
whereas in case of 2:1 composite sample, XRD pattern confirms that Bi-2212 is major

phase and MgB: is minor phase.
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Figure 5.1 XRD patterns for the samples

Figure 5.2 TEM images for Bi-2212 glass ceramic. (a, b) HRTEM image (c) Diffraction
pattern.

From XRD pattern of the composite samples it is concluded that Bi-2212 and MgB2
remained separately and new peaks corresponding to mixed phase are not observed.

Transmission electron microscopy results of the composite and individual samples of MgB:
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and Bi-2212 are shown in figure 5.2. Figure 5.2(a) shows the Nanoparticles of Bi-2212
phase. Fast Fourier transformation shows the diffraction points from the (1 0 3) lattice
plane. Figure 5.2(b) shows the lattice fringes of (0 0 2) plane of Bi-2212 with d-spacing of
15.4A°. Along with single crystalline Nanoparticles of Bi-2212 phase, Bi-2201 phase is
also observed. In figure 5.2(c) the amorphous background in diffraction pattern confirms
the glass phase of Bi-2201 and ring pattern joining through bright spots correspond to Bi-
2212 superconducting phase [21].

Figure 5.3 TEM images for MgB». (a) HRTEM image for MgB: phase (b) Diffraction
pattern (c) FFT of lattice fringes in (a).

TEM images for MgB. sample are shown in figure 5.3. HRTEM image shows the
lattice fringes corresponding to (1 0 1) plane of MgB: [22]. Diffraction pattern clearly

shows that the hexagonal arrangement of lattice points in MgB..

Figure 5.4 shows TEM images for composition of two superconductors in 1:2 ratios.
Figure 5.4(a) shows the mixed phase of the two different compositions. MgB>
Nanoparticles along with Bi-2201 impurity phase are observed. The Bi-2212 phase is
observed both in bulk and Nano size. Figure 5.5 shows the TEM images for composite

samples of Bi-2212 and MgB: in 2:1 ratio. Figure 5.5(a) shows layer structure with lattice
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spacing of 15.04A° corresponding to (0 0 2) plane of Bi-2212. Figure 5.5(b) shows the
presence of two phases in the composite sample. Two phases are shown with red circles.
Circle A shows the lattice fringes corresponding to (0 0 1) plane of MgB: and circle B
shows the lattice fringes corresponding to (1 0 5) plane of Bi-2212.

Figure 5.4 (a) TEM images for 1:2 ratios (weight) of Bi-2212 and MgB.. (b) and (c) shows

lattice fringes corresponding to MgB2 and Bi-2212 respectively.

Figure 5.5 TEM images for 2:1 ratio (weight) of Bi-2212 and MgB.. (a) shows lattice
fringes corresponding to Bi-2212 phase. (b) Shows the presence of lattice fringes

corresponding to both phases in the composite sample.
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Figure 5.6 Magnetization vs temperature plots for the samples.

Figure 5.6 shows the magnetization vs temperature data of the samples in both field
cooled and zero field cooled modes. In case of zero field cooled mode, the sample was
cooled to 5K and data was taken while warming from 5K to 100K. In case of field cooled
process, 200e field was applied on the sample and then cooled to 5K. Data was taken while
warming from 5K to 100K. Figure 5.6 shows the superconducting transition at 80K and
39K, which corresponds to individual Bi-2212 and MgB: samples respectively. Figure 5.6
clearly shows that the composite samples show two superconducting transitions one is at
80K, which corresponds to Bi-2212 phase and second transition at 39K, which corresponds
to MgB: phase. Enlarged view of superconducting onset is shown in inset of figure 5.6.

The superconducting volume fraction is increased in composite samples.

Hysteresis loops at 10K for the samples are shown in figure 5.7. The flux trapped
in the superconductor is observed through the width of these hysteresis loops. Asymmetry
is also observed in all the hysteresis loops. At temperatures higher than ~10K the high field
M(H) dependence of high Tc superconductors have a pronounced asymmetry with respect
to M=0 axis, so the main parts of hysteretic loops fall in the second and fourth quadrants.
This asymmetry grows with temperature. The asymmetric M(H) dependencies were

described as due to the surface and volume super currents, which together lead to the total
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magnetization. Asymmetry in porous and textured system hysteresis loops was explained

with the extended variant of critical state model.
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Figure 5.7 (a) Magnetization hysteresis loops at 10K for various samples. (b) Enlarged

view of hysteresis loop closing of the samples.
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Figure 5.8 Jc variation with field in the samples.

According to this model, M(H) dependence of the sample consisting of sufficiently
small superconducting granules should be fully reversible at all temperatures. However,
asymmetry is due to inhomogeneous distribution of magnetic field and pinning force in the
superconductor. In case of small granular superconductors demagnetizing effects are very
small and the irreversibility due to volume pinning is much smaller than plate like Nano-
crystal superconductors. Asymmetric hysteresis loops are mainly due to the disorder and
high density of impurities [23, 24]. Paramagnetic behaviour at high fields (figure 5.7(b)) in
MgB> and MgB:> added Bi-2212 samples are owing to the superposition of strong
paramagnetic background of MgB2. Similar behaviour was observed in case of H020s,
TiO2 doping in MgB: superconductor [25-27]. The critical current density is calculated for
the composite and individual samples using magnetic hysteresis loops of rectangular slab
type samples. From the hysteresis loops that the flux trapping at low fields and fast flux
creeping at high fields were observed. The Jc was calculated according to Beans extended
critical state model [28] using the following equation

Je=20(AM/d) (5.1)

Here d=b[1-(b/3a)], a>b, AM (M*-M) is the width of the M-H loop and a, b are sample
dimensions. Field dependence of J. at 10K for the composite samples is shown in figure

5.8, Jc has increased in composite samples comparatively with the constituent materials.

90



The variation in Jc values in self-field and at 4T for the composite samples and constituents
of composites are given in table 5.1. From this table we can understand that in 1:2
composite sample, increase in Jc and stability of Jc at higher fields observed due to the
reinforcing property of Bi-2212 in MgB, matrix. The high Jc in composite samples is
attributed to the presence of glass ceramic inclusions in MgB2 matrix, which act as flux
pinning centers. In case of 2:1 composite sample the fast decrease in Jc is attributed to the

reinforcing property of MgB: in Bi-2212 matrix.

Table 5.1 Comparative table for composite and constituents of composite systems

Jc(zero) (Alcm?) Jo(4T) Fo (N/CC)  hmax

Bi-2212 0.02 x10° 0.99x103 0.3x108 0.23
MgB?2 0.7 x10° 0.1 x10* 1.1x108 0.15
1:2 1.4x10° 0.2x104 2.1x108 0.15
2:1 0.07 x10° 0.94 x10? 0.13x108 0.15

Pinning force per unit volume is calculated using the equation Fp=uoH>Jc, where
wo=4mx107"N/A2. Pinning force is increased in composite samples, is shown in figure 5.9.
In superconductors, pinning force mainly depends on the type of interactions, geometry
and properties of pinning centers. Pinning force is nothing but the strength of the
interaction between flux line lattices (FLL) with pinning centers (PC). Figure 5.9, shows
that the pinning force is zero at B=0, passing through at least one maxima and returning to
zero at He2 (where Jc=0), which is a universal feature in all hard superconductors [29].
There are two types of pinning centers and two types of interactions are possible as
explained by Dew-Hughes. One is due to the superconducting pinning centers, in this case
the difference between the properties of FLL and PC will be less and the pinning will be
weak and this type of pinning mechanism is called Ak pinning, which is due to small change
in Ginzburg-landue parameter (k), which is arising from the changes in normal state
resistivity because of random distribution of dislocations. Second one is due to normal
metal or insulating pinning centers, in this case the difference between the properties of

FLL and PC will be high leading to strong pinning and it is called normal pinning. If the
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size (a) and shape (I) of the pinning center is greater than penetration depth (1) then the
induction field (B) is able to adjust to equilibrium value everywhere and this value is
different in pins from that of in matrix. This difference will lead to barrier to flux motion
at the interface between pin and matrix, which is cause of pinning. This type of pinning is
called Al pinning, which is due to magnetic interaction. If the value of a or | is less than 4
then the induction cannot adjust to equilibrium value it will have some average value. In
this case Gibbs free energy of flux lines will be different at pinning centers and matrix due
to difference in superconducting properties. This type of interaction is called core

interaction.
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Figure 5.9 Pinning force vs field Plots.

According to Dew—Hughes considerations three types of pinning centers with different
dimensions are possible. Pins with lower dimensions than inter flux line spacing (d) are
called point pinning centers. Pins with two dimensions greater than d are called surface
pinning centers and pins with all dimensions greater than d are called volume pinning
centers. Figure 5.10 shows the normalized pinning force response with reduced field
(h=H/H) at 10K for the samples. Most characteristic feature of this curve is its maxima,
which will be different for different pinning functions. Reduced field maxima (hmax) for
glass ceramic Bi-2212 is observed at 0.33 (figure 5.10(a)). Pinning mechanism in this

sample is mainly due to normal and core point pinning centers. Geometry of the pinning
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centers was found by doing Kramer fit to the normalized pinning force curve. According

Kramer model [30], pinning force function is given as
F(h) =Fp/Fpmax=C(Hc2(T))? hP (1-h)d (5.2)

Here c is constant, h=H/Hc, p and q are p=0.5 and q=2 for normal core surface pinning,
p=1 and g=2 for normal core point pinning and p=1 and q=1 for superconducting core
volume pinning. Low field data of normalized pinning force response to the reduced field
for glass ceramic Bi-2212 sample showed good fit with the combination of Kramer surface
and point pinning mechanism (equation (5.3)), whereas high field data is well fitted with
volume pinning mechanism. Best fit (0.999%) to the normalized pinning force in the entire
reduced field range was observed with the equation showing summation of surface, point

and volume pinning centers (equation (5.4)).
F(h)=As h®® (1-h)?+Bp h (1-h)? (5.3
F(h)=As h%® (1-h)>+B, h (1-h)?+C, (h (1-h)) (5.4)

here As, Bp, Cy are fitting parameters, p and g values vary depending on the type of pinning
centers. For comparative study of pinning mechanism in Bi-2212, we have also studied
pinning mechanism in Bi-2212 synthesized by solid state reaction method. In this case

volume pinning dominates over surface and point pinning mechanisms (figure 5.10(b)).

The hmax is observed for powder ceramic Bi-2212 sample at 0.5 which indicates
superconducting core volume pinning. At low reduced fields, surface pinning more
dominant (up to h=0.1), with hmax=0.22. Above this field, point pinning dominates up to
the reduced field of h=0.25 with hmax=0.33. Above this field, volume pinning is more
dominating. Best fit (0.999%) is observed with equation (5.4), which shows combination
of all the three (point, surface and volume) pinning mechanisms. Our results are in good
agreement with the theoretical prediction by Dew-Hughes. More than one type of pinning
centers in one system may be due to the nucleation of precipitant at nodes of a pre-existing
dislocation structure or establishment of a cell structure whose nodes coincide with
previously formed precipitants. This could give rise to mixture of point, surface and volume

pinning with a broad peak extending from h=0.33 to h=0.6 [27].

Pinning mechanism in bulk MgB: is analysed by doing Kramer fit to the normalized
pinning force response to the reduced field. Figure 5.10(c) shows the best fit (0.999%) is
observed with the equation showing combination of Kramer surface and point pinning

centers (equation (5.3)). The hmax for this sample is observed at 0.15 indicating the surface
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pinning due to grain boundaries along with point pinning due to impurities. The normalized
pinning force response to the reduced field for the composite samples is shown in figure
5.10(d). The reduced field maxima (hmax) IS observed at 0.15 and it is independent of

composition implying that the dominating pinning mechanism is same for all samples.
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Figure 5.10 Normalized pinning force vs reduced field for (a) Glass ceramic Bi-2212, (b)
powder ceramic Bi-2212, (c) MgB2 and (d) composite, S-surface, P-point, V-volume
pinning fit. Red colour line is fit by equation (5.3) and pink line is fit by equation (5.4).
Normalized pinning force follows the scaling law with combination of Kramer
surface and point pinning mechanism in 1:2 composite sample (red curve in figure 5.10(d)).

In case of 2:1 composite sample best fit (pink curve in figure 5.10(d)) is observed with
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equation (5.4), confirming the presence of surface, point and volume pinning centers as in
the case of Bi-2212 glass ceramic. Our results are in good agreement with earlier reports
on composite system of Bi-2212 powder ceramic and MgB., in which hmax Is observed at
0.17 [31]. Low values of hmax for composite samples indicate the random orientation of
grain boundaries in the sample and also consistent with the theoretical prediction that the
repulsive pins are less effective in pinning than attractive pins. Here repulsive pins are
inclusions of material with higher T than matrix. This type of pinning centers enhance the
order parameter, causing the maximum superconducting volume fraction in the composite

samples.
5.4 Chapter Summary

In summary, composite system of glass ceramic Bi-2212 superconductor and MgB:
superconductor were prepared at an ambient conditions and observed an increment in
critical current density (Jc). We synthesized Bi-2212 superconductor by both glass ceramic
route and solid state methods. The composites of the glass ceramics Bi-2212 and MgB: in
1:2 and 2:1 weight ratios were synthesized. Glass ceramic inclusions are observed in bulk
MgB: through high resolution TEM images of the composite samples. These
morphological and structural changes in composite samples are in good correlation with
magnetization observations. Magnetization vs temperature data showed superconducting
transitions at two temperatures, one at 80K corresponding to Bi-2212 phase and the second
transition at 39K corresponding to MgB: phase. Critical current density and pinning force
are increased in composite systems by 10 times when compared to that of individual
sample. Pinning mechanism in glass ceramic Bi-2212, powder ceramic Bi-2212 and MgB:
is analyzed in details. In case of Bi-2212 glass ceramic, point pinning is more dominating,
whereas in powder ceramic of Bi-2212, volume pinning is more dominating. However, in
both the samples all three i.e. point, surface and volume pinning centers are present. In
MgB:>, pinning mechanism is well explained by considering both surface and point pinning
centers. The pinning mechanism in composite sample is same as in MgB2. Normalized
pinning force data is well fitted with combination of Kramer surface and point pinning
centers. Reduced field maxima are observed at 0.15 for composite samples. Low value of
hmax for composite samples indicates the random orientation of grain boundaries in the

composite samples.
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Hetero structures of Glass Ceramic

Bi-2212 and MgB2 Superconductors

6.1 Introduction

Hetero structures of superconductors with metal, insulator semiconductors and
superconductors are being studied in recent years. Hetero structures of two superconductors
are interesting in view of their applications. Structural and chemical compatibility between
oxide matrix and pinning phase enables strong vortex pinning and opens up the possibility
of growing superconducting super lattice structures. Multilayer growth method enhances
the possibility of high field applications with high critical current density (Jc) in all
configurations. Anisotropy in Je, defined as the ratio of Jc parallel to the ab plane (J:2°) and
Jc parallel to the c-axis (Jc°), decreased in artificially engineered super lattices of Pnictides
[1] and YBCO [2, 3].

In this chapter, we present the artificial pinning engineering through formation of
Hetero structures of Bi-2212 and MgB2 superconductors. Bulk multi layers of Bi-2212 and
MgB: superconductors are prepared through hydraulic pressure unit at an ambient
conditions. The structural and magnetic properties of the synthesized samples are

discussed.

The high T BiSCCO-2212 superconductor has complex unit cell structure, in which
some of the atoms form Oxygen deficient perovskite like structure while other appears to
be in rock-salt structure. The diverse physical properties of materials in the perovskites and
related compounds make this family a good choice for assembling Hetero-structures and
for studying and exploiting interfacial phenomenon. Superconducting superlattices of Bi-
2212 with various number of Bi-2201 were studied extensively by Eckstein et al [4] and
concluded that the pairing interaction, responsible for the high-Tc superconductivity, is
essentially two dimensional, very little coupling between adjacent high T unit cells is
necessary for the formulation of the superconducting condensate. The superlattices of

YBCO and non-superconducting PBCO resulted in reduced superconductive transition
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temperature because of parasitic effects in YBCO [5]. Multilayer growth of NbN on top of
Nb layer resulted in enhancement of effective first penetration field of Nb layer compared

to single Nb layer [6].
6.2 Experimental Techniques

We have prepared bi-layer and tri-layer Hetero structures of Bi-2212 and MgB:
layered superconductors, the schematic of these samples is shown in figure 6.1. Bi-2212
superconductors were prepared through Glass ceramic route as described in earlier chapter.
The glass ceramics were grinded for one hour in air using agate mortar then the resultant
powder was pressed into pellet at ambient conditions using hydraulic pressure unit. On top
of it we made a pellet of MgB: at the same pressure. The thickness of MgB: layer is ~0.5mm

(this sample is named as Hetero-1) in the series. Another bi-layer sample with MgB: layer

thickness of 0.4mm is prepared and named as Hetero-2.

MgB2

MgB2
Bi-2212

Bi-2212

Figure 6.1 Schematic of bi-layer ant tri-layer samples

Tri layer samples were prepared with Bi-2212 glass-ceramic as top and bottom
layers and MgB: as middle layer. Two tri-layer samples were prepared with 0.7mm and
0.6mm of MgB: layer thickness and named as Hetero-3 and Hetero-4 respectively. To
check the crystalline structure the X-Ray diffraction (XRD) patterns of the sample was
recorded using powder X-ray diffractometer (Bruker) with Cu-k, radiation.
Superconducting phase identification was done by dc magnetization measurement of the
samples, using physical property measurement system (PPMS). Surface morphology and
phase separation was observed through Field emission scanning electron microscopy
(FESEM) and Transmission electron microscopy (TEM). Hysteresis loops for the samples
at 10K were recorded using PPMS.
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6.3 Results and Discussion

The X-ray diffraction patterns for the synthesized Hetero-structure samples are shown
in figure 6.2. Peak assignment to Bi-2212 phase was done using JCPDS. The presence of
both Bi-2212 and MgB> major phases along with small amount of Bi-2201 impurity phase
are clearly noticed. Broad peaks along with satellite peaks at high angles confirm the super
lattice structure of bulk multilayer samples.
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Figure 6.2 XRD pattern for the various samples.

Morphology of the samples is observed at surface and interfaces of the layers through
FESEM images of the samples (from figure 6.3 to 6.5). Figure 6.3 shows interface of
Hetero-1 sample at different magnifications. From these images one can observe low
porosity and good adherence at the interface of Bi-2212 and MgB: layers. Well crystallized
grains were observed in both the layers. Figure 6.4 shows FESEM images at the interface
of Hetero-2 sample at different magnifications. From these images one can observe increase
in porosity at the interface in Hetero-2 sample when compared to Hetero-1. Well
crystallized spherical grains of MgB2 and platelet like structured grains of Bi-2212 are
observed clearly in these images. Figure 6.5 shows FESEM images for Hetero-3 sample,
in which one can observe three layers clearly and one of the interfaces is shown at different
magnifications. From these images one can observe high porosity and impurity phase
accumulation at the interfaces of the Bi-2212 and MgB: layers in Hetero-3 sample. Surface
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morphology, and phase identification was done through FESEM images for cross section

of the Hetero-4 sample and shown in figure 6.6.
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Figure 6.4 FESEM images for Hetero-2 sample at different scales.
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Figure 6.6 FESEM images for Hetero-4 sample at different scales.
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Bi-2212 layers (top and bottom layers) and MgB: layer (middle) are observed in figure
6.6. Thickness of the tri-layer sample is ~1.1mm. The thickness of individual layers is
250um+250pum for top and bottom layers of Bi-2212, and 600um for MgB. layer. Surface
morphology is shown with high magnification images (shown by arrows in figure 6.6).
Well crystallized Bi-2212 grains are observed in top and bottom layers and MgB: grains in
the middle layer. Bright colour masses on the surface of middle layer are MgO obtained
from EDS analysis. A clear increment in grain connectivity is observed from Hetero-3 to

Hetero-4 samples.

Figure 6.7 TEM images for Hetero-1 sample.

Figure 6.8 TEM images for Hetero-2 sample.
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Figure 6.9 TEM images for Hetero-3 sample.

R

Figure 6.10 TEM images for Hetero-4 sample.

Specimens for TEM were prepared by doing smooth scratch at the cross section of the
sample. TEM micrograph shows cross section of superlattices in which different layers can
be clearly distinguished because of high atomic number contrast between the layers.
Figures 6.7-6.10 show HRTEM images and diffraction patterns of the Hetero samples.
HRTEM images of all samples show lattice planes corresponding to Bi-2212 and MgB.,
confirming the presence of both phases with clear grain boundaries. From the diffraction
pattern of the samples one can see satellite spots along with major spots, which confirm the
super lattice structure of the Hetero samples.
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Figure 6.11 Magnetization vs Temperature plots for the samples.

The superconducting transition temperature of hetero structure samples was measured
from the magnetization vs temperature data. Figure 6.11 shows the d.c. magnetization data
of various samples both in zero field cooled (ZFC) and field cooled (FC) process. FC
process was carried out under the applied dc magnetic field of 1000e. All the samples show
two transitions, one at 80K corresponding to Bi-2212 and another one at 39K corresponding
to MgBz. Superconducting volume fraction increased with decrease in MgB. layer
thickness. Tri-layer samples show increase in superconducting volume fraction compared

to bi-layer samples.

Magnetic hysteresis loops on the rectangular samples were measured at 10K, by
applying field perpendicular to the sample surface. Hysteresis loops of the samples show
asymmetry which is intrinsic property of Bi-2212 superconductor [8]. From this we can say
that Bi-2212 dominates in the Hetero samples. Asymmetry is increased from bi-layer to tri-
layer samples. The magnetic moment also increases considerably. Hysteresis loop width is
directly proportional to the flux trapped in the superconductor. The same sample can show
various magnetization loop shapes at different temperatures or up to different values of
maximal magnetic field. The geometric shape, its structure and homogeneity of the sample
influence the M(H) dependence. At temperatures higher than ~10K the high field M(H)
dependence of high Tc superconductors have a pronounced asymmetry with respect to the
M=0 axis, so the main parts of hysteretic loops fall in the second and fourth quadrants. This
asymmetry grows with temperature [9-13]. The critical current density is calculated for the

samples using magnetic hysteresis loops of rectangular slab type samples.
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Figure 6.12 Magnetization Hysteresis loops at 10K for various samples.

From the hysteresis loops (figure 6.12) we observed the flux trapping at low fields and fast
flux creeping at high fields. Jc was calculated according to Beans extended critical state

model [14] using the following equation
Je=20(AM/d) (6.1)

here, d=b [1-(b/3a)/, a>b, AM (M*-M) is the width of the M-H loop and a, b are sample
dimensions.
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Figure 6.13 (a) Jc anisotropy in Hetero-4 and (b) Critical current density variation with
field in the samples.
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Figure 6.14 J.*™ variation of the samples.

Field dependence of Jc at 10K for the Hetero samples is shown in figure 6.13.
Anisotropy in critical current density is shown in Hetero-4 sample by plotting in-plane and
out of plane J. variation with field (figure 6.13(a)). Anisotropy in Jc is anticipated as the
in-plane critical current density value Jc2° should be at least 60% higher than the values
along c-axis direction Jc°. Jc anisotropy ratio for aligned MgB: crystallites at H=0 is 1.5
[15]. In the present (tri-layer) Hetero-4 sample Jc€ is higher than Jc2°. The inverted Jc
anisotropy ratio is 4.6 at H=0. High inverted anisotropy in Jc is due to enhancement of ab-
plane properties due to multilayer growth process in tri-layer (Hetero-4) sample. Figure
6.13(b) shows Jc° variation with field in all the samples. From this figure we can observe
clearly that the self-field critical current density (Jc**™) increases from bi-layer to tri layer,
whereas at 3T, Jc is high in bi-layer sample than tri-layer sample. Fast decrease in J of tri-
layer samples is observed when compared with bi-layer sample. From figure 6.14 it is
clearly observed that the critical current density has increased in Hetero structured samples
compared to bulk single layer of Bi-2212. There are two possibilities to explain this
increment, one is proximity effect and another one is interfacial effects. But in the present
samples, possibility of proximity transition is ruled out as there is no change in the T¢ value
of the two superconducting phases in Hetero samples. And the interfacial effects are
dominated by bulk properties of the superconducting layers. Hence increase in Je with
increase in superconducting layers thickness is attributed to the increase in superconducting
volume fraction. Fast decrease of critical current density in tri-layer samples is owing to
different pinning mechanism and microstructure defects in these samples compared to bi-

layer samples.
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Figure 6.15 Normalized pinning force vs reduced field for various samples.

Pinning force per unit volume is calculated using the equation Fp=uoH %J¢, where
uo=4mx10"N/A?, Pinning force is increased in Hetero samples. Figure 6.15 shows the
normalized pinning force response with reduced field (h=H/Hc.) at 10K for the samples.
hmax varies from 0.5, 0.31, 0.29, 0.2 for Hetero-1 to Hetero-4 samples respectively. This
suggests that the dominating pinning mechanism is different in each Hetero sample. In case
of Hetero-1 sample pinning is due to mainly volume pinning centers, in Hetero-2 and
Hetero-3 sample point pinning centers dominate over volume and surface pinning centers
whereas in case of Hetero-4 sample pinning is mainly due to surface pinning centers.
According to Dew Hughes predictions, grain, twin and Martensite boundaries, stacking
faults, dislocations such as sub-grain, polygonized boundaries, plate like precipitates and
the surface of the superconductor act as surface pins. Large precipitates and thick walled
dislocation cell structures act as volume pinning centers and Nano size impurity phases act
as point pinning centers [16]. This analysis was well supported by the Krammar fit to the
data. Exact geometry of pinning centers was found from Kramer fit to the normalized
pinning force response to the reduced field. According to Kramer theory [17] the relation
between normalized pinning force and geometry of pinning centers is given by the

following equation.

F(h)ZFp/Fpmaszhp (1'h)q (62)
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here, h is reduced field defined as H/Hc2, p and q are shape parameters of pinning centers
and A is constant. For point pinning p=1 and q=2, for surface pinning p=0.5 and g=2, and
p=1, g=1 for volume pinning [17]. Both the surface pinning, point pinning fits and their
combined fit also failed to explain the exact pinning geometry in the present samples. We
succeeded in fitting the curve to the following equation which combine surface, point and

volume pinning mechanism,
F(h)=Ash%® (1-h)?+B, h (1-h)?+Cy(h (1-h)) (6.3)

This equation gave best fit for all samples. In all the samples, grain boundaries act as surface
pinning centers, lattice defects and impurity phases act as point pinning and volume pinning
centers. Dominating pinning mechanism is determined from the corresponding fitting
constants (As, Bp, Cv for surface, point, volume pinning respectively) and the values are
given in table 6.1.

Table 6.1 Comparative table for the various properties of Hetero samples

Sample Y/[o] 273 Je(zero) Je@m) Nmax

layer (Alcm?)  (Alcm?)

Thickness 0.15x10%
(mm)
Hetero 1 0.8x10* | 0.2x10* | 05 | 0.91 | 0.66 | 2.91
Hetero 2 0.4 1x10° | 06x10* | 03 | 150 | 1.71 | 151
FE RSV Hetero 3 0.7 1.9x10° | 0.8x10° | 0.29 | 2.87 | 3.88 | 3.76
Hetero 4 0.6 2x10° | 0.1x10* | 0.2 | 420 | 3.85 | 1.92

6.4 Chapter Summary

In summary, the Hetero structure of Bi-2212 and MgB: superconductors were
synthesized and studied for their superconducting properties. X-ray diffraction pattern and
dc magnetization studies confirm the presence of both superconducting phases in these
Hetero structured samples. The d.c magnetization shows the superconducting transition at
80K and 39K for Bi-2212 and MgB: phases respectively. In case of tri layer sample critical
current density is calculated from hysteresis loop of the sample both in-field and out of
field configurations. Inverted anisotropy in Jc is due to enhancement of ab-plane properties
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due to multilayer growth process. Morphology of the samples at the surface crossection
shows well crystallized grains of superconducting phases in their respective layers. Critical
current density increases in multilayer of Bi-2212 and MgB> superconductors due to
increase in superconducting volume fraction. Instability of Jc at high fields is attributed to
different pinning mechanism and microstructural variations in the samples. In Hetero-1
sample surface pinning due to grain boundaries is dominant pinning mechanism. In Hetero-
2 and Hetero-3 samples, point pinning due to lattice defects and impurities is dominant
pinning mechanism. Whereas in case of Hetero-4 sample, volume pinning due to impurity

phases is the dominant pinning mechanism.
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The work on three different layered superconductors was carried out. The main

conclusions of the thesis work are as follows.

1. Studies on Bi4O4S3 layered superconductor

Bismuth Oxy Sulphide samples with Tc=4.4K were synthesized through solid state
reaction method. The effect of excess Bi-Oz and Bi, S on the phase formation of the BisO4S3
were studied. BisO4S3 with 5% and 10% of excess Bi>Oz over the required quantity as per
stoichiometric composition were prepared. The polycrystalline BisO4Sz phase along with
Bi and Bi»Sz impurity phases were identified from the X-ray diffraction pattern. The refined
lattice parameters of tetragonal structured BisOsSs with space group 14/mmm are,
a=3.9703A° and c=41.3984A°. From XRD and TEM analysis of the samples concluded
that no significant change is observed in crystal structure with excess Bi>Os. The
Transmission Electron Microscopy (TEM) analysis illustrates that the BisO4Ss samples are
multiphase materials and clearly show layer structure of BisO4S3 without having any
stacking faults. Morphology of the samples observed through FESEM images clearly
showed increase in grain size of the samples synthesized with excess Bi>Os. The excess
Bi,O3 does not affect significantly the superconducting transition onset (T.°"*') and zero
resistivity temperature (Tc*). The excess BiOz acted as flux for the BisO4S3 phase
formation and resulted in increase in the superconducting volume fraction, grain size and
critical current density (Jc) compared to the stoichiometric sample. However, the sample
with 5% of excess Bi,O3 exhibits highest grain size and J; value of 4.7x10°A/cm? among
the samples. The Jc varied according to collective pinning model and pinning force follows
scaling law of combination of Kramer surface and point pinning. In BisO4Ss, the grain
boundaries and impurity phases acts as surface and point pinning centers respectively. The
maximum value of reduced field increases from 0.22 to 0.28, which indicates the
dominating pinning mechanism change from surface pinning to point pinning as the Bi>O3

content increases.

Bi404S3 samples with 10% of excess Bi and S over stoichiometric composition were
prepared through solid state reaction method. The XRD pattern projects BisO4S3 phase
formation along with Bi and Bi>Ss impurity phases. The EDS analysis predicts most of the
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grains with Bi rich and S deficiency phase along with superconducting grains. The DSC
thermograms also showed increase in impurity phase contribution in BisO4S3 synthesized
with excess Bi and S. Transport studies reveal that there is no impact of excess Bi and S,
on the normal state properties of BisO4Ss. Low superconducting volume fraction is
observed in BisO4S3 samples synthesized with 10% excess Bi and S from both the transport

and dc magnetization studies.

The effect of Ca doping at Bi site in BisO4Ss superconductor was studied. Bis-
xCax04S3 (0<x<1) samples were synthesized by solid state reaction method. The
superconducting transition temperature T¢*™ increases with Ca doping of x=0.25. The
sample with x>0.5 exhibits metal to semiconductor transition at ~150K. These changes are
ascribed to the disintegration of superconducting phase into other non-superconducting
phases like Bi>Ss. The XRD and TEM analysis of the samples concluded that Ca dopant is
going into the interstitial positions of Bi»Ss. The disintegration of superconducting phase
with the increase in Ca doping, is observed clearly from FESEM images. The sample with
x=0.25 shows increase in grain size and homogeneity and grain connectivity as well as
increase in the impurity phases. In case of samples with 1<x>0.5, superconducting BisO4Ss
grains were observed through TEM images. Disappearance of superconductivity in these

samples is due to loss of grain connectivity and increase in the impurity phases.
2. The Composite system of Bi-2212 and MgB2 high T layered superconductors

The composite system of the glass ceramic Bi-2212 and MgB> superconductors in
1:2 and 2:1 weight ratios were synthesized. The d.c. magnetization studies showed
superconducting transitions at two temperatures, one at 80K corresponding to Bi-2212
phase and the second transition at 39K corresponding to MgB: phase suggesting that the
two superconducting phases were separated with clear boundaries. Critical current density
and pinning force are increased in composite systems. Glass ceramic inclusions are
observed in bulk MgB: through high resolution TEM images of the composite samples.
Pinning mechanism in glass ceramic Bi-2212, powder ceramic Bi-2212 and MgB: is
analyzed in detail. In case of Bi-2212 glass ceramic, normal core point pinning is more
dominating, whereas in powder ceramic of Bi-2212, superconducting core volume pinning
is more dominating. In MgB., pinning mechanism is well explained by considering both
surface and point pinning centers. The pinning mechanism in composite samples is same

as in its matrix phase. In 1:2 composite sample the normalized pinning force data is well
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fitted with combination of Kramer surface and point pinning centers. Glass ceramic Bi-
2212 Nano particles inclusions, in MgB2 matrix, act as point pinning centers and grain
boundaries act as surface pinning centers. In case of 2:1 composite sample Kramer fit of
the normalized pinning force data confirmed the presence of surface, point and volume
pinning centers. The core volume pinning due to low T¢ phase (Bi-2201-observed from
TEM), point pinning due to MgB> Nano inclusions in Bi-2212 matrix and surface pinning
due to grain boundaries are observed in 2:1 composite sample. Reduced field maxima are
observed at 0.15 for composite samples. Low value of hmax for this composite samples

indicates the random orientation of grain boundaries and repulsive pinning force.
3. Hetero Structures of Bi-2212 and MgB: high T layered superconductors:

The Bi-2212 and MgB2 superconductors were arranged in the form of bulk multilayer
using hydraulic pressure system at ambient conditions. Four samples (2-bilayer, 2-trilayer)
were prepared with variation of the MgB: layer thickness. The X-ray diffraction pattern
and dc magnetization studies confirms the presence of both superconducting phases in the
hetero structured samples. Critical current density (Jc) is calculated from the hysteresis loop
of the sample for both, in-plane field and out of plane field, configurations. Inverted
anisotropy in Jc is observed due to enhancement of ab-plane properties because of
multilayer growth process. Morphology of the samples at surface and interface of two
superconducting layers showed well crystallized spherical grains corresponding to MgB>
and platelet like structures corresponding to Bi-2212. The proximity effect and interfacial
effects were dominated by bulk nature of the layers. The Jc has increased in hetero
structured samples with increase in number of layers and also with decrease in MgB: layer
thickness. The pinning mechanism of the samples is analysed using Kramer scaling
method. The Normalized pinning force data of the samples was well fitted with
combination of surface, point and volume pinning centers. Here, the grain boundaries act
as surface pinning centers, lattice defects and impurity phases act as volume pinning
centers. The Reduced field maxima (hmax) varied from 0.5 to 0.35 for bi-layer samples,
indicates the dominating pinning mechanism changes from volume pinning to point
pinning with decrease in MgB> layer thickness. In case of tri-layers samples hmax varied
from 0.34 to 0.2 which suggests the dominating pinning mechanism shifts from point

pinning to surface pinning with decrease in MgB: layer thickness.
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The present work has provided an insight into the vortex pinning mechanisms in three
different layered superconductors and their composites and hetro-structures. This study can

pave the way in tuning the properties of these materials for applications.
4. Future Aspects

» To prepare multilayer thinfilms of Bi-2212 and MgB: superconductors.

» To study the interfacial effects and proximity effect between multilayer thinfilms

of Bi-2212 and MgB: superconductors.

» To study the microwave sintering effects on MgB:,
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