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Abstract

Low anisotropic (Cuo.sTlo.s)BazCtzCttgOro.o (ftTl-1223) phase of Cur-,Tl,BazCazCuOrc-

o [CuTl-12(n-1)n]; r-l, 2, 3, high temperature zuperconducting (HTSC) family was

syrthesized by solid-state reaction method. Nanoparticles (NPs) were prepared separately by

different techniques (ie. co-precipitation, sol-gel, and colloidal solution methods). Different

kinds and sizes of NPs such as non-magnetic metallic (Ag, Au), non-magnetic metallic oxide

(aUOr1 and magnetic feirite (CoFe2O+) were added with differettvrt.o/o during the final sintering

process of CuTl-1223 zuperconducting matrix to get the required (NPs)r/CuTl-1223

nanoparticles-superconducting composites. These composites were charactqizd by different

experimental techniques zuch as x-ray diffiaction QRD), ssanning electron microscopy (SEM),

transmission elecEon microscopy (TEM), energy dispersive x-ray (EDE spectroscopy,

resistivity versus te,mperature measurements, critical curent densrty (J.) measurem€nts, magnetis

ac-zusceptibility measure,ments, Fourier transform ffiared (FTIR) spectroscopy etc. The

experimental data wo.e analyzed by different well established theoretical models zuch as

Aslamazov-Larkin (AL), Lawe4e,nce-Doniach (LD) aod Ma{-Thompson (MT) models. It was

observed that tefiagonal structure and stoichiometry of the host Cutl-1223 zuperconducting

phase remained unaltered after the addition of these NPs, which indicates about the occupancy of
these NPs at the inter-granular spaces. Non-magnetic metallic NPs (Ag, Au) have improved the

superconducting transport properties (T., J., etc) up to certain optimum concentration of these

NPs in Ctfi1-1223 matrix The improve,ment in the zuperconducting properties can be attributed

to an increase in the inter-grains connectivity by healing up the inter-grains voids and pores after

the addition of these NPs. The improved inter-grains connections can facilitate the carriers

transport processes across the inter-crystallite sites due to their metallic nature. But the

zuperconducting volume fraction starts to be decreased after certain optimum inclusion level of
these non-magnetic non-superconducting metallic NPs, which causes the zuppression of

zuperconductivity parameters. The effects of highly coercive cobalt ferrite (CoFezOa)

nanoparticles addition on sup€rconducting properties of CuTl-1223 mafrx were also explored.

The magnetic behavior of CoFezOa nanoparticles w.rs determined by MH-loops with the help of
superconducting quantum interfere,nce device (SQUID). The resistivity versus temperature

measurements showed an increase in T"(0), which could be most probably due to improvement

sf u/sak-links by the addition of these nanoparticles. The insrease of mass density with



increasing content of these NPs can also be an evidence of filling up the voids in the matrix. But

the addition of these NPs beyond an optimum level caused the agglomeration and produced

additional sEesses in material and suppressed the superconductivity. We obse,lved non-

monotonic variation of superconducting properties after the inclusion of nano-AlzO3 particles,

which can be associated with inhomoge,neous distribution of these NPs at the grain-boundaries in

(;1fiLl2n matrix. But overall zuppression of superconducting properties was attributed to a

pair-breaking mechanism caused by reflection/scattering of carriers across these insulating nano-

AlzOr particles prese,lrt at the grain-boundaries of the host CtTl-1223 matrix. The presence of

AlzOs nanoparticle.s at the grain-boundaries possibly reduced the number of flux pinning cent€rs,

which were present in the form of weak-links in pure Cfil-1223 zuperconducting matrix. The

zuppression of activation energy {U (e9} may be due to weak flux pinning in the nano-AlzOl

particles added samples. The zuperconducting microscopic parameters (i.e. zero te,mperature

cohere,nce length along c-axis {6c (0)}, inter-layer coupling (I), inter-grain coupling (c) etc.)

deduced from fluctuation induced conductivity (FIC) analysis with the help of above mentioned

theoretical models e:rplained the e:rperimental findings v€ry well For example, the increase in

the values of inter-grain coupling (a) deduced from FIC analysis is a theoretical evidence of

improved inter-grain coupling in the host CuTl-1223 matixwith the increased contents of these

nanoparticles. We also calculated the activation energy {U (eV)} of (NPs)'/CuTl-1223

nanoparticles-zuperconducting composites. The increase in T.(0), J", U (eV) etc and decrease in

normal state resistivity {ploo r (A-cm)} were observed after the addition Ag, Au and CoFezOe

}.I!s in C;rfil-1223 superconducting phase. The suppression of zuperconducting properties (ie.

T.(0), J", U (eD etc) after the addition of AlzOl nanoparticles in host CuTl-1233

srperconducting mafiix was observed.
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Chapter 1

Introduction and Literature Review

l.l Discovery and Historical Development of Superconductors
The phenomenon of superconductivity was discovered over 100 years ago by Heike

Ikmerlingh Onnes, in 1911[]. He made the unexpected discovery that below a finite critical

temperature (t) of 4.2K, the electrical resistance of mercury falls to zero. Fig l.l shows the

experimental results of mercury and platinum. To be noted, platinum does not exhibit

superconducting behavior as designated by its finite resistivity as l,approaches0K. In l9l3

Kamerlingh Onnes was awarded the Nobel Prize in Phpics, for the study of matter at low

temperatures and the liquefaction ofhelium [2].
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fig. Ll: Plots of rsisrrnc€ versus teinperafre for (a) nercury (b) platinum [2].

Discovery of superconductivity was announced in tantalum ta lg28 with{ =4.4,K,

thorium n 1929 *ith 4 =l.4Kard, lff-in 1930 with{ =9.2K. The period of 1930 was an

excruciating time ofresearch on binary alloys. Various materials undergo a phase transition from

the metallic state to the zuperconducting (SC) one at different values of T"'s. Conventional

metals have relatively lower ['s (i.e T"<10) as shown in Table 1.1. The highest value of

1>23 for conventional low te,mperature zuperconductors is observed inMzGe compound [3].

Tc
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Table 1.1: The values ofT.'s in some conventional low temperature superconductors [3].

Material AI Ti Ga Hg In Pb

T. (K) 1.18 0.39 r.09 4.16 3.40 7.19

Material V Nb w VsSi NbrSe NbrGe

T. (K) 5.4 9.20 0.01 17.10 18.05 23.20

In1933, another property of superconductors was discovere{ the Meissner effect, that is

now considered a defining feature of superconductors. Meissner and Ochsenfeld [a] found that a

superconductor in an applied field will exclude the magnetic flux from its interior, i.e. it becomes

a perfect diamagnet. Soon after Meissner's effect, numerous other elements of the periodic table

were added to the list.

Fritz and Heinz London developed a phenomenological theory of superconductivity in

1935 [5]. Although the discovery of zuperconductivity was made in l9l l, it took over 50 years

to achieve a complete understanding of the microscopic mechanism. Inl957, Bardee,n, Cooper

and Scbrieffer presented a theory of superconductivity in which electrons form Cooper pairs

through interactions of elechons and phonons usually known as the BCS theory. BCS theory

explains well, the formation and flow of these pairs without scattering through the

superconducting material. However, BCS theory validity is limited for the materials having 1 of

-30-40K[6]. In 1962 Bran D. Josephson prognosticated that the supercure,nt could tunnel

between two superconductors dissevered by a thin (<2rmt) insulating barrier [7]. Soon

afterward, Josephson's prognostications were proved correct, and today there exist an entire field

of contrivance physics predicated on the Josephson outcome. In early1986, J.G. Bednorz and

trLA Muller in the IBM Zurich laboratory gives indication for the superconductivity in an oxide

of lanthanum, barium, and copper at a t€,mperature of about 30Kand in the Lar-,(Ba,Sr).CuO

compounds at about 351( [8]. This was 6lr imFortant innovation in zuperconductivity, which

marked the origination of incipient era of high te,mperature superconductivity and it established

universal consideration in both the scientific community and the business world. Subsequently it

was found that the critical temperature was elevated to 93Kwith the discovery of YBa2CusOt-o

(YBCO ) by M. trL Wu and his research students inl987 [9]. It was a first discovered

superconducting material above the boiling point of liquid nitrogen (i.e.77 K). It was important
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to know that liquid nitroge,n was used as a refrigerant at that time. In 1988, Tl-based (

TlrCqBarO44) *.s reported with maximum fiansition te,mperature of 125IC For this

superconducting material f varies from ll8K to l25K depending on the slnthesis conditions

[0]. Mercury (Hg)-based cuprate superconductor was discovered inl993 with {of 133K at

atmosphere pressure [ 1]. In 2000, a marginal increase in the transition temperature was detected

for fluorinated HgBarCarCurO*o (Hg-1223) sample (i.e.1=138K) UZl. After this

rwelation, firther efforts were undertake,n to find cuprates with higher values of 7". A record {
of 16,4K was acquired for HgBaCaCuOcuprates under 30 GPa pressure [3]. The history of the

development in l, of superconductors with year is shown in Fig. I.2.

200

Year
Fig. 1.2: History of superconductors with T" versus year of discovery [14].
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1.2 Types of Superconductors

It could not be said that a pure metal with zero impurities when cooled up to absolute

zero will show zero resistance. However a superconducting material should show definite phase

hansition on reaching 7". A real superconductor must show Meissner effect, i.e. convert fiom

paramagnetic to diamagnetic form [5]. According to Alexei A. Abrrikow, there at'e two main

tlpes of superconductors named as Tlpe-I and Tlpe-II superconductors, respectively [16].

1.2.1 Typel Superconductors

Tlpe-I superconductor basically composed of metals and metalloids. The pure ele,ments

are contained in this type excluding Niobium, Vanadium and Technetium. These

superconductors show a quick response to the extemral magnetic fields applied to the,m and as a

result theh superconducting state is suppressed at once just above H" (critical magnetic field).

Above H, the magnetic flux penetrates the superconductor completely and the normal state is

restored. This means that superconductivity can be destroyed (with a return to a normal state) not

only by increasing the te,mperature but also by either a large enough electric curent I > I"or a

large enough magnetic field H>H". The critical fieldH", at which superconductivity

disappears, is decreased with inseasing temperature. Empirically it is established that the

temperature depe,lrdence of H, is well described bythe formula [17];

H"(T)= H"(o)tl- ,tr, 1.1

The tlpeJ superconductors are soft and display diamagnetic behavior. Their behavior is shown

in the Fig. 1.3 (a).

1.2.2 TypeII Superconductors

Io 1930, first time type-Il group of superconductors was prepared with the alloy and

metallic compounds. Their response to applied magnetic fields is quite different from type-I

zuperconductors. These superconductors have two critical field values of applied field i.e I/",

andH"r, which are named as lower critical field and uppff critical field, respectively. However

atHa, the magnetic flux abruptly penetrates into sample and above H"r, the magnetization

consistently increases up to H"r. AboveH"2, the material behaves as normal zuperconductors

and shows no diamagpetism anlmore U9,201. Superconductors in which the mixed state exists
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in the intennediate region H^1H"1H"2, was called by Abrrkosov t16] as tlpe tr

zuperconductors. In comparison, these are preferred over Tlpe-I superconductors due to their

over tolerance to applied magnetic field 'H'. Their behavior is also shown in the Fig. 1.3 (b).

Fig. 13: Tlpe-I and 6,pe-tr superconductors in applied magnetic field [8].

According to the Meissner effect, frr inside the superconductor, the magnetic induction 'B' is

zero, while outside itd = E. fne magnetic induction E and the magnetic field rt *"related to

each other.by the well-known expression E = rt + 4rrt;where fr is tA, magnetization of the

zuperconductor. From electrodlmamics, the change in the internal en€rgy of a system arising

from a small change in the magnetic induction at constant volume ofthe system is given by;

dIJ = Td,S + *OE L2

where 'S' is the enhopy density, 'T' is te,mperature arrd'rt'is the magnetic field.

Since the Hehnholtz free energy density 'F' is not continuous at the critical magnetic fields,

while the Gibbs free energy density is continuous at critical magnetic fields. As we know that the

Gibbs free e,nergy of a gas is G=U+PT-TS, where P and V are the pressure and volume of

the gas Replacing P and I/ accordingly by -rt/oo and E [21], we obtain the Gibbs free energy

ofthe superconductor

G = u - r.s - (L/a)rtrt - p - (L/+)fiE
Byusing Eq.l.2, the differential ofthe Gibbs free e,nergy is obtained as;

d.G=-SdT-B#

Type-I superconductors exhibit a complete Meissner effect up to the thermodpamic critical

magnetic field H', above which they become normal metals. When the magnetic field penetrates

1.3

t.4

/Ht
Itilelnrer

si.ta
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the surface layer of a type I zuperconductor, an induced current arises which according to Lenz's

law, ge,nerates a magtretic field in the direction opposite to that of the external field. At H < Hc,

the magnetic flux lines are e:rpelled completely from the interior of the superconductor. When

takingintoaccount thatB = 0 at H 1H, andB -- H atH ) H*bytakingtheintegrationofEq.

1.4 at oonstant T, expression becomes;

c(r) = G(r,o) - fi['"e aa

=G(7,0)-#(n,-n,') for

G(T,H) = 6(T,0) for H 1H,

H)H, 1.5

and

1.6

Fromthe above expression, ft fu clearthat G (T,H) is continuous at H - Hc. Initially tlpe-Il

superconductors expel all the magnetic field lines out and de,monstrate the Meissner effect (i.e.,

E =}insidethe srperconductor). Intheregion Hr1 < H > Hr2,themaguetic induction E <rt,

the normal and superconducting phases coexist. This region is known as the Abrrikosov mixed

state [16].

1.3 Different Properties of Superconductors

Superconductivity is one of most unique and intriguing phenomena in nature. This

phenomenon was discovered first itr simple metals and then in inter-metallic compounds. The SC

behavior of these materials is closely tied to their electrical, magnetic, thermal and other

propoties, which are essentially different in the normal and SC states. A superconductor is a

material which can carry an electrical curre,nt without any resistance. Conventional

superconductors lose their resistivity at low e,nough te,mperatures and tleir normal state

resistance is restored as the te,mperature exceeds critical value '4'. Th" SC behaviol sf simple

metals and alloys depends on other important parameters besides 'T.', namely, the critical

magnetic fields ( H", [I"r and H"z) and the critical curre,rt densrty '(J")'. Many of the properties

of conventional superconductors can be understood by standard Bardeen-Cooper-Schrieffer

(BCS) theory [6], which assumes that the electrons responsible for superconductivity are paired

with antiparallel spins and the weak electron-phonon interaction binds electrons into the Cooper

pairs. The SC state ofconventional superconductors has several characteristic properties.
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13.f Electromagnetic Properties

The first characteristic feature of SC state is that the flow of the electronic current

electrons below L is resistanceless, le superfluid. Another fundamental property of

conventional zuperconductors is their ability to expel a magnetic field completely from their

interior belowt,. The complete expulsion of the magnetic field lines from a zuperconductor is

called "Meissner effecf'as shown in Fig. 1.4141.

Ftg. 1.4: Schematic diagram of Meissner effect [15].

It means that the superconductor exhibits perfect diamagnetism and the magnetic

induction E i*ia" the zuperconductor is zero.

The magnetic susceptibility for the superconducting material is given by

I
)(=-;n t'7

In the mixed state, the magnetic flux penetrates the superconductor in the form of a regular array

of flux lines which behaves as magnetic flux tubes, each carrying a flux quantum "0o=-+-.'o 2e

The effect of magnetic flux quantization in units of io' w6 predicted first by F. London [22]

and observed then experimentally by Deaver and Fairbank [23] and by Doll and Niibauer p\.

The SC curre,lrts circulate around the core of the normal tubular lines and the circulating currents

form Abrikosov's vortices inside these tubes. The vortices quantized in units of 0o, form a

T>t T<Tc
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pecutiar vortex lattice similar to a crystal lattice. According to the Silsbee's rule [25], the critical

current creating the critical magnetic field 'Ilr' around the SC wire is grve'n by

I"=2firoH" 1.8

where rs is the radius ofthe superconducting wire.

132 Themal Properties

The most important and distinctive property of the SC state of conve,lrtional

srpcrconductors is the behavior of their electtronic specific heat C,below l, as shown in Fig.

1.5. The total qpecific heat 'C, 'of the superconductor at constant volume is defined as the sum

of the lattice and electronic specific heats. For the normal and SC states of simple metals, the

qpecific hat C"at T <.flomay be expressed as

C* -- C* * ypT3

Co, = Ces +YoT3

where C^atd Coarethe electronic specific heafs of the srperconductor in the normal and SC

stateq respectively.

Iig. 15: Schmatic diagram of the electronic specific heat capacity(C") on tsnperature dependence of conventional

snperconductors in the spcrconducting state (C"s) as well as inncmal state (Cen) 13,261.

The quantity of C*can also be determined from the following relation

1.9

1.10

=!

6l\J
(,

U

T0

c"r-cen- cor-con 1.11
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The observed electronic part of specific heat C* for the SC state of some metals is

approximately proportional to T3 1261. Whereas, the te,mperature dependence of Co observed in

other superconductors (below'f ') is well described bythe exponential law

c^(r) = ,, "*(-/o,r) 1.t2

where y" is the frctor of proportionality, 'A' is an energy gap in the excitation qpectnrm of

superconductors. Note that the origin of the deviation of C"r(T) from g6s simple exponential law

still re,mains to be understood. This means that the ground and excited states of the

superconductor is separated by 'A'. Howeve,r, over many years (i.e., before the appearance of a

new approach to zuperconductivity 127,281), the ?3 te,mperature depe,ndence of Cr" in some

zuperconductors remained as rather poorly understood. Eliashberg supposed l29l that a small

additional term proportional to T3 e,nters into the expression for Cr" and it is associated with the

possible lattice contribution to the difference 'Crr-Cm'.It is unlikely that such a small

additional term in Crr(T) can provide a quantitative explanation for the T3-behavior of C"r(T)

observed in several conventional superconductors.

1.3.3 Thermodynamics ofSuperconductors

Metals in the normal and SC states have not only different electrical conductivities but

also have different values of thermodynamic parameters. Since the normal and SC states of

metals represent different thermodpamical phase of matter. To evaluate the thermodpamics of

zuperconductors, we first of all consider fts shange of their magnetic properties at the transition

from the normal to the SC state. The free energy of the system in the external magnetic field is

given by

F = IJ' -TS 1.13

where lI' =lJ -ltlH,Uistheintemalenergyofthesuperconductorat H =0,Sistheentropy.

A small change in energy U' arising from a small change in the magnsfis field at constant

volume ofthe syste,m is given by,

dlJ'=TdS-MdH
The differential ofthe free energy is given by,

dF=-SdT-ilan
At a fixed temperature, we have,

t.t4

1.15
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t.t6

In the normal state of the superconductor, the free energy d, does not depend on H, so that

Fn(T, H) = Fr(T,0). In the SC phase, the magnet ization is given by M = -H /4n.
Eq. l. I 6 transformed as;

F(r,H)=F(r,o)-frtan

F.(T,H) = 4(T, D+# t.t7

The themodynamic equations (1.16) and (1.17) can also be applied to the tlpe II
superconductors, for which the value of H, characterizes any auxiliary quantity or average

critical magnetic field. Thus, this the,modpamical approach is ve.y important to find

relationship between the magnetic and thermal properties of superconductors [30].

13.4 Isotope Effect

Superconductivity after its discovery in simple metals re,mained obscure and mysterious

phenomenon for a long time. Starting from the early 1950s, there have been great advances in

understanding many key feafures of conventional superconductors. In particular, theoretical

studies carried out by Friihlich in 1950 [31] led to the prediction of the important role of the

electron-phonon interaction in superconductivity. Frrihlich predicted imFortant property of the

zuperconductors, namely, the dependence of the SC transition te,mperature T. on the isotope

mass 'M' of the atomic nuclei of the zuperconductor. This so-called isotope effect was also

discovered experimentally in 1950 by Ma:rwell [32] and Repolds [33]. It was found that the

mass of the isotopes is related with the SC transition te,mperature I as follows

MoT, = constorfi 1.18

where a is the isotope effect exponent.

The isotope mass determines the frequency of lattice vibrations, a-M-t/2.

Experimentally, it was found that for most simple metals, a = 0.5. Hence, it follows that

superconductivity in metals is caused by the elecfion-phonon interaction. This discovery of the

isotope effect allowed for the right starting point in developing a successful theory of

zuperconductivity, commonly known as the BCS theory in which superconductivity rezults fiom

the Cooper pairing mediated by the electron-phonon interaction The BCS theory yields the

excellent result for the isotope effect exponent a = 0.5 in conventional metals. But the obserned

values of a = 0 - 0.1 in transition metals (Ru, Os, 7f,,U) are much smaller than the value of

10
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a = 0.5 or eve,n negative a = -0.015 (for Ir) t34l and q, = -$ (for U) [35]. These features of

conventional superconductors cannot be understood in tems of the standard BCS theory.

1.3.5 OpticalProperties

SC state of conventional zuperconductors is characterized by the existe,nce of an energy

gap in their electronic spectum and superconductivity can be destroyed by long-wave

irradiation. The presence of energy gap betwee,n the ground and excited states of

superconductors was conjectued first theoretically by F. London [34, 36]. The determination for

the possibilrty of the destruction threshold of superconductivity by using the electromagnetic

radiation was already discussed in 1930s 134,371. At that time, the en€rgy gap in the excitation

spectnrm of superconductors was not observed experimentally due to abse,nce of the appropriate

technique for absorption measurements of low freque,ncy radiation The possibility of absorption

measurements of electromagnetic radiation by superconductors in the regton of the frequency

hu-ksT, appeared only in the middle of the 1950s [38]. Glover and Tinkham [39] zucceeded in

reaching the far-infrared region of the electromagnetic spectrum (i.e., the threshold of the low-

fiequency electromagnetic radiation for destruction of superconductivity) and observed an

eaergy gap in the electronic spectnrm ofthe superconductor. At the same time, Bardeen, Cooper,

and Scbrieffer proposed a microscopic theory of superconductivity. The BCS theory accounted

for many of the experimental observations; in particular, the existe,nce of the energy gap

Ee = 2A between the ground and excited states of electrons. According to this theory the

electron-phonon interaction binds electrons into Cooper pairs and the binding energy of these

pairs is manifested as a gap in the excitation spectrum of superconductors. Later, many

experiments confirmed the presence of such a BCS energy gap in conventional zuperconductors.

For instance, the clear absorption edges were obserrred directly at freque,ncies correqponding to

the width of the energy gap in superconductors [40, 41]. Nevertheless, in-gap states and

precursor peaks beyond the absorption edges or above the gap structtues l42lwere also observed

in conventional zuperconductors. Apparently, such unusual features of these conventional

superconductors represe,lrt ope,n questions waiting for an adequate physical explanation [28], by

going beyond the scope of the standard BCS theory. Another more simple and informative

method of experimental detection of gap like featues in superconductors is the measurement of

the tunnel current flowing across the zuperconductor-insulator-metal (or superconductor) contact

(Fig. 1.6).
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IIg. 1.6: The dmsity of states as a firnction of enerry (a) for current-voltage charactsistics (b) for luasling across

superconductor-oxide inzulator-normal metal junction atT -- 01421.

In 1960, Giaeyer _observed [43] that the curre,nt voltage characteristics of sandwiches

consisting of a superconductor and either another superconductor or a normal metal, separated by

a thin oxide inzulating luyo, were nonlinear, and that the nonlinearity is indicative of the

existence of an energy gap in the excitation spectrum ofthe zuperconductor. At T = 0, the tunnel

current is equal to zero up to a threshold voltage V = 
En 

/2, = A/". At V > Af ,, th" tunnel current

appears due to the destruction of Cooper pairs and grows quickly approaching to the Ohmic

value with increasing voltage (Fig. 1.6b).

AtT > 0, the weak tunnel curre,nt appears even at low voltage due to the thermal excitation of

some electrons from the states below rr - A to the states above €p * A. The tunneling across

superconductor-oxide insulator-superconductor junction (Fig. 1.7) can be explained in analogous

manne,r.
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o q-a. q+dl

Iig. 1.7: The dmsity of states as a firnction of enerry (a) for the cunent-voltage characteristics (b) for tunneling

across superc(mductor-oxide insul*or-supuconductor junction at T + 0I43).

1.4 Phenomenological Theories of Superconductivity
Many properties of superconductors described in previously can be understood in terms

of phe,nome,lrological theories of superfluidity and superconductivity, which are based on t.he

fundamental works of Landau, Gorter and Casimir, two brrothers F. London and H. London,

Ginzbnrg and Landau, Pippar{ Abrikosov, Saint-James and De Gennes and others 16, M,457.

Actually, the phenomenon of zuperconductivity discovered by Kamerlingh Onnes [1] is very

similar to superfluidity in liquid helium (nH.), discovered by Kapitza [46]. These two remarkable

phenomena have one characteristic feature in common; the superconductivity is a frictionless

flow of charged electrons through the cryatal lattice, whereas the superfluidity is a frictionless

flow of helium atoms through thin capillaries. The successful phenomenological theory of

superfluidity was formulated by Landau 1471, who derived the criterion for zuperfluidity. Any

$umtum fluid including also electron fluid will be a superfluid when the fluid flow velocity does

not exceed some critical value determined by the Landau criterion. Therefore, superconductivity

can be explained as the superfluidity of the electron liquid in solids. la1934, Gorter and Casimir

[48] proposed 'two-fluid model' in which the electron gas within the superconductor is viewed

as mixture of two fluids; one fluid behaves like a normal fluid and the second fluid is a
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superfluid that carries the supercurre,nt. tn 1935, F. London and H. London [49] derived their

famous equations using the trro-fluid model and Morwell's equations. They gave an important

phenomenotogical description of zuperconductivity. London's phenomenological theory was

later generalized by Ginzburg and Landau (GL) t50l and by Pippard [51], who introduced

independently the concept of a coherence length '6', which is different from the London

pe,nehation depth ')r.1' and charactqtzes the spatial change of the SC order parameter. The

staftiqg point of the GL theory was the idea of the Landau's theory of second order phase

transitions (without late,lrt heat) and the introduction of the concept of a complex order parameter

.y', which is allowed to vary in space. This theory provides a good phenomenological

description of superconductivity near the SC transition temperature 'T"'. Further, the GL theory

was developed by Abrikosov [6] and by Saint-James and De Gennes [52], who predicted the

existence of the mixed state (or vortex state in the type-Il superconductors) and the phenomena

of surface zuperconductivity, respectively. Abrikosov zubdivided all superconductors into the

two classes called as the tlpe-I and tlpe-Il superconductors, using his own phenomenological

theory and the concept of the surhce energy of superconductors.

1.4.1 Two-Fluid Model

Long before the BCS theory [6], the most successful atte,mpt to explain the known

properties of superconductors was the Two-Fluid Model This model was developed by Gorter

and Casimir in 1934 t481. In this model they assumed the conduction elechons were separated

into a zuperfluid electron g1oup with electron density ?x", and a normal electron goup with an

electron density nn. he total electron de,nsity is n = n, * r'n. For best explanation of the

thermal properties of superconductors, the fraction of nJn, should be chosen to have the form,

n'/nn= r- l'lr,7r 1.19

where I is the critical temperature.

1.4.2 Landau Criterion for Superfluidity

A quantum fluid flowing with velocity u 1uc (where v, is the critical flow velocity of

the fluid) becomes superfluid. Landau formulated l47l that under the condition v ( v, the

quantum fluid should flow as a zuperfluid without any friction and the superfluidity is destroyed

at v ).ttr. For the processes which fray lead to the destnrction of superfluidity (or

superconductivity), consider an excitation-free zuperfluid flowing through a long tube (or crystal

t4
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lattice) with velocity v relative to the immobile tube (or laboratory system of coordinates) at

T -- 0 K. To go over into the system of reference in which the superfluid is at res! the walls of

the tube are moving with reqpect to the superfluid with velocity -v. When the flow velocity of

the fluid approaches to v. the drag friction betwee,n the tube and the superfluid arises. Therefore,

the viscosity of the fluid will appear and the creation of an excitation in the superfluid becomes

possible. Suppose that a single excitation with energy e(p) and momentum p appeared in the

superfluid. Because of the recoil, the velocity of the tube is 1fusn shanged and become equal to

-v. According to the principles of conservation of energy and momentum, one can write

*" -!J3.+srnt2 2 ' -\r'.'

and

-Mi -- -ttrii + i
where M is the mass ofthe tube.

Combining (1.20) and (1.21), we obtain,

e(p)+fn+ft=o
from which it follows that,

e(p) + ii = e(p) + pu cos? < 0

where 0 is the angle betu,een y' and f.
The condition for the appearance of an excitation in the zuperfluid is written as

,,?
ffos minimum value ofv at which an excitation can appear in the zuperfluid is equal to

'r=*inP) 1.25

trf u ( v*the excitation cannot be appeared in the superflurd which will flow through a tube or a

cryatal lattice with anydissipation. Thus, the Landau criterion for superfluity is written as

! 1uc = *i"l*l
The most extre,me possible value of the function '@) /pcan be det€rmined as:

e# - e(p)

1.20

t.2t

1.22

1.23

1.24

1.26
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These relations presented are also valid for T # 0. The Landau theory of superfluidity is based

on the excitation spectrum of liquid aHe and the Eq. 1.27 has two solutions colreqlonding to

different regions of the spectrum. One solution coresponds to the origin and all points of the

phonon region of the qpectrum, whereas the second solution correqponds to the point near the

minimum in the roton region

1.43 London Equation and Penetration Depth

Gorter and Casimir put forward the idea of "two-fluid model" in 1934 [a8] and

developed the early phenomenological theory of nrperconductivity based on this model.

Ma:rwell's equations cannot explain why the magnetic field B is zero inside the superconduc'tor

(Meissner's effect).

In order to understand the behavior of a superconductor in an external electromagnetic

field (the Meissner's effect), F. London and H. London [49] using the Gorter-Casimir two-fluid

model postulated their new well-known equation:

B++vxl"=o
where m is the mass of an electron" n, is the local density of superconducting carriers and j" is

the field-induced zupercurre,nt density. This equation is referred to as the oSecond London

equation'. This equation is commonly cited with the 'First London equation' as:

Li- =n'"2 Eat'o m
1.29

where E is the electric field.

The thermodynamic properties of zuperconductors canbe described by the following equations;

j = jn *7, where jn = oE

4a*vx/'=o

*j,=4s
where o is the conductance of the electron. The variable tr1 is called the London pe,netration

depth (2r is in the order of 10 nm) and is given by:

).1 -
l-t-

{tror"rz

However, London's equations are only a phenomenological theory developed to explain some

experimental results. The estimated )4 is much lesser than the experimental results for certain

conve,ntional zuperconductors. To solve these discrepancies, in 1950 Pippard introduced non-

t.2E

1.30

1.31
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local effects into the London equations. He introduced a cohere,nce length 'lo' and the effective

cohere,lrce length of', which limit the spatial exte,nt of some quantities like nr. From an

uncertainty-principle, Pippard estimated the cohere,nce length to be;

- huc
eo= affi t.32

where a is a constant with a length scale of one, ks is the Boltzmann constant, ur fu the Fermi

velocity and ?i is the critical temperature. Another relation for f is:

11L
l=t+;

where a is a consitent ofthe order ofunity. For a pure superconductor, f = fo.

In particular, Pippard's theory yields the penetration depth:

1.33

1.34

1.35

t = trtPJ''' when f << 1

whe,n q >> 1t =lffhtrl't'

Table 1.2: The values of zuperconducting carrier density (nr) and London penetration de,pth (4)

for some zuperconducting materials t3].

Metal AI Ga In Zn cd Pb Sn

nr l0" cm-' 1.542 0.267 0.298 0.460 0.209 0.s21 0.525

,ar (o), A 521 78s ll40 723 990 1034 824

AT" A 500 640 1300 390 510

1.4.4 Ginzburg-Landau (GL) Theory

The Ginzburg Landau theory basically correlated the superconductivity and mean field

theory of thermodyramics state. The most vigorous appearance is that it can be used up to

original mean field limit, so it introduced the effect of thermal fluctuation. This fluctuation is

mostly negligible in case of conventional low I superconductor. This theory helps to

describe tWe-I zuperconductors without going through microscopic details. The target of GL

theory is superconducting electrons rather than the excitation process. The GL theory explain

that the free energy of superconductors near superconducting transition can be det€rmined in

tenns of complicated order parameter (V). They further introduced that ' Y' can be asserted

t7
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with Gibbs free energy in the proximity of transition te,mperatue. Equation that comparing all

parameters can be expressed as;

F = Fn+ alylz +*Wf *1,*eihv -ze[vlz + #
where a and p treated as phenomenological parameters, 4 is Gibbs free energy in normal phase,

e is charge of an electron, m is effective rnass, / is magnetic vector potential and B is magnetic

field. By taking derivative of free energy to find the solution, one can get GL equations as:

alYl + plvlz +fieinV -ZeA)zY = 0

j =?nr{Y.(-ihv -zeA)v}

where j is the electrical curre,lrt de,nsity without any dissipation and Re shows the real part, while

Eq. 1.38 showed the relation for 'Y' in the lange of applied magnetic field [50, 53].

In the absence of magnetic field, the value of equilibrium is represented by (Yo), which tells that

an external magnetic field penetrates the surface of zuperconductor [50].

The ratio f = lis called GL parametdr,

where,

r.36

and

0<K,r/n,
y , t/rfz

for tlpe-I superconductors

for tpe-Il superconductors

1.37

1.38

1.39

1.40

1.4.5 Brief Description of BCS Theory of Superconductors

The idea about the BCS theory was given by John Bardeen, Leon Cooper and Robert

Schrieffer tn 1957. This theory explains the elecfion pairing through electron-phonon interaction.

It is intrinsically theoretical picture of tlpe-I superconductors. When electron passes tlrough the

lattice, it distorts the stnrcture. The second electron gets twist to pair with first electron to reduce

the eirergy of system. This coupling of electrons take place in lattice and these pairing elechons

are called Cooper pairs as shown in Fig. 1.8.

18
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I'ig. 1.t: Schematic picture is showing pairiag of elestrons in deformed lattice [54].

Furthermorg this theory also rweals that only electrons near Fermi level take part in

Cooper pair formation. Here it is worth me,ntioning that pairs carry less energy than the band gap

energf. But once Cooper pairs energy exceeds band gap @frgy, Cooper pairs cease to exist,

which ultimately destrop zuperconducting state 16,54,551.

1.5 Josephson Effect

A Josephson junction is made up of two zuperconductors which are separated by a thin

layer of a normal metal or insulating material These coupling medium are known as SNS

junction and SIS junction respectively.

la 1962, British Phpicist Brain D. Josephson predictd that a zero-voltage zupercure,lrt

could flow between two superconducting materials separated by a thin tunnel balrier. The

junction betwee,n two srperconductors is weak e,nough to allow a slight overlap of the electron

pair wave function of the two superconductors. Then the electron pairs can tunnel between the

close superconductors wen without any applied potential difference. This effect was firstly

obserrred by Anderson and Rowell ta 19@ 156, 577.

Fig. 1.9: Josephson Effect

19
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The common behavior either in SIS or SNS junction can be expressed by Eq. 1.41 and

Eq.l.42 gvenbelow;

I, = I"sin(AP) l.4l

where l.is the critical current of the junction and 'rp = gz - gr - T ti A. dl' is gauge invariant

phase, where 'A' is the vector potential while etamld gzare the phases of superconducting

parameters. This is termed as the dc-Josephson effect. If across the junction, a potential

difference 'V' is applied thenq (time-evolving phase difference) becomes:

d(<Dt -4revrr dt- th 1.42

Between the two zuperconducting electodes, flow of curre,lrt will be kept constaot without

applying voltage, which is known as the ac-Josephson cure,nt. From above both equations (Eq.

l.4l and 1.42), if V (applied voltage) is constan! g will linearly increase with time, which

shows Is will oscillate with frequency;

, =2"V/h 1.43

This is known as ac-Josephson effect

By combining Eq. 1.41 and 1.42, the coupling energy stored in a Jose,phson junction can be

integrated as;

g=flTat =--ry"-"os(p) = Ereos(q)J 4ne

\ = (hf 4o)1,

t.4

1.45

Prodmity effect and RSJ model

Cooper pairs in a SNS Josephson junction can diffirse into the normal metal from the

adjacent zuperconductors [58]. Some superconducting properties are extended into the normal

metal across the boundary, which is called the proximity effect. A Josephson junction whose

coupling is established on the proximity effect is called a proximity-coupled junction.

The proximity effect e,lrables the junction to have a larger gap distance between the

zuperconductors. Geirerally compared to a SIS tunnel junction a proximity-coupled SNS junction

has low resistance, nearly zero capacitance and a strongly temperature-depe'ndent critical curre,lrt.

The temperature dependence of the critical curre, t of a SNS junction was derived by DeGennes

tsel.
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I" = I,(0) 1.46

where {is the superconductor transition te,mperaturg d is the gap size aud f,is the temperature

dependent normal metal coherence length, a key parameter characterizing a proximity coupled

SNS junction It describes the decay length scale of the order parameter in the normal metal. The

behavior of the coherence length shows two different formats depending on limit chosen to

describe the junction Ifthe junction is in the clean limit (mean free path/ >> €,) then the n €,' k

described as;

- hvo5"=offi
In the dirty limit (l < €"),6,is grven by DeGennes as;

€,(r)=rffif,

1.47

1.48

where r" is the F€rmi velocity for the normal metal

The realistic description of the Josephson junction is called the Resistively and

Capacitively Shunted Junction model, known as the RCSJ model [60]. RCSJ model may be the

most successful and widely used one to describe the dyramics of a Josephson Junction Most of

the numerical simulation results have been verified by experiments. In addition to the

snpercnrre,nt 1", a tal Josephson junction may also cary the normal currexrt '1,' from the

resistance and the diqplace,ment wrent Io due to the prese,nce of junction capacitaace. The

equivalent circuit 6frhis model is illustratedin Fig. 1.10.

The RCSJ circuit is composed of three elements.

l) Atr ideal Jose,phson junction.

2) A capacitor which takes into accouot the capacitance of the Josephson junction This element

is contrbuted by two metal surfaces of the junctioq the effects of the barrier and any stray

capacitor from the substrate.

3) A resistor withthe normal resistance of the junction 'R'.

2t
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Icsing v(0

Fig. 1.10: Equivalent circuit of the Resistively and C-apacitively Shunted Jrmction nodel @CSJ model), the cross

indicales the Josephsm junctioa.

Since they are in paralle[ according to Kircbhoffs law, the total curre, rt in this circuit is the sum

of all the thnee;

I(ty=r"sin(p)+c #*L*
where the effect ofthermal noise is neglected.

At finite te,mperatures, cure,lil fiom thermal noise also exists in the junction However the result

from the above equation is good enough to describe the junction, considering finite te,mperature

effects only smear the rsults and do not alter any major results in qualitative way.

Using 4. l.42,the total cfrrent can be orpressed in terms of the phase differences;

\t)=/"srn(p) -##.*ry
To obtain Eq. 1.50, there are two assumptions; R is independe,nt of V & g, while /,is

indepe,ndent ofV. By introducing the dime,nsionless parameters 161,627 r --@pt aad

@o= r.51

1.52

CR.

Eq. 1.50 becomes as;

8= a+RC

I(t) 
=riotrl+d'(?) *l d(q\

I" dt" Q dt

1.49

1.50
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where arris called plasma frequency of the junction and Q is the quafry factor. Eq. 1.50 is also

an equation of the motion for a'particle' with mass Mr=(%")'Cmoving along g axis in a

potential;

v(q)=-Ercos(p)-t*h, 1.54

where Eris coupling energy in Eq. 1.a5. Ir(fi is also called the tilt washboard potential.

The motion ofthis'larticle" can be classified as'tnderdamped" or'bverdamped" depending on

the value of C. When C is small and Q<< 1(overdamped), this equation is equivalent to the

equation of motion for a forced pendulum if the capacitance is chosen to be zero. The RSJ model

is best choice for overdamped junctions. In contrast, for a finite capacitance Q>>l (C is large),

the motion is underddampe{ like the SIS junction. In simplest case, if the capacitance is

neglected, the RCSJ model is reduced to RSJ model (Resistively Shunted Junction model).

1.5.1 DC Josephson Effect

Josephson effect is mainly dividd into AC and DC Josephson effects based on the

change in phase difference " q", where the g changes with respect to time. The Josephson effect

in which phase difference p remains constant and also voltage is zero across the junction is

known as DC Josephson effect. In this effect the critical curre,nt density is always lreater than

the Josephson curre,lrt de,nsity [63], zuch as;

V =0, q(t) - constant, I = I,(g), ar.d I 3 I"

In DC Josephson effect, an extre,mely small current flows tbrough the Josephson junction with

no dissipation. When such a small curre,nt flows through a Josephson junction, voltage ge'nerated

across the junction is zero that's why current remains zufficiently small and the self generated

magnetic field is neglected. One of the imFortant characteristic of Josephson junction includes

phase gradient, the differ,ence in phase across the junction is given by

1.55

1.56Q=92-Qr

Where p,is the wave function phase in the first and gristhe wave function phase in the second

superconductor. The relationship between 1,, I"and phase difference p is already grven in the

above Eq. 1.41.
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Currcat source

IIg. 1.11: DC Josephsoa circuit.

l5..2 AC Josephson Effect

When there is change in the phase of wave firnction with respect to timq the Josephson

effest is considered as the AC Josephson effect. Initially .I is less than /"through the junction If

the external curre,nt applied to the junction tbroug! an external sour@ becomes gr:erlter than the

critical value of current{, voltage is generated across the junction This quantum mechanical

behavior in the system is de,monstratedby Schr6dinger wave equation such as

iftN =filP
0t

In the above equation Hreprese,nts the Hamiltonian of quantum mechanical syste,m,'Y'

is stationary state wave firnction, fulfill the equation;

lilP = BP

1.57

1.58

1.59

where Erepresents the energy of the state, also Y =Yciq('), where Yis time dependent wave-

function the,n we get;

-trY=E
At

In superconductor, energies ofthe Cooper pair on the both side of the junction due to the voltage

'V' prese,nt acrossr the junction are E, and E, which related as;

4 -E, =?ev

24
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where 2eV energy is due to charge of two electrons, while another fundamental equation of

Josephson [64] is given as;

2eV =7t@
0t

Battery

Fig. 1.12: AC Josephson efrect

1.5.3 Some Examplei of Josephson Junctions

A possible arrangement that yields a weakly coupled contact (Josephson junction)

between two zuperconductors is shown in Fig. 1.13 (a-c).

Fig. l.l3(a) shows a junction, which consists oftwo superconducting thin films sspar2fed

by an insulating oxide film. This insulating layer is an oxide of one of the superconductors and

may be intentionally created sl simply be the natural oxide filnq which exists on the surfice of

most of the metals exposed to the atmosphere. In this tlpe ofjunction, the two superconductors

are coupled by tunnelling process (tunnelling of Cooper pairs).

Fig. 1.13(b) is essentially two pieces of superconductors connected by a very small

bnidge with dimensions of the order of a coherence lengtb. It is usually an evapolalsd thin film,

with the bridge formed by evaporating through an appropriate mask or by photo-etch techniques.

The mechanism by which two zuperconductors are coupled is not simply Cooper-pair tunnelling.

Fig. 1.13(c) shows a point contact junction. It is simply a small area contact betwee,n a

micro-size sharp point on one piece of zuperconductor and another piece of superconductor. It

may be ofparticular interest, because it is e:rtremely easy to fabricate. It can behave like a weak-

link or tunnel junction, depending on the contact pressure and the nature of oxide films on the

superconductors at the contact (critical current can be adjusted by varying applied pressure) [65].

1.6r
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1.6 Structures and Physical Properties of Cuprates Superconductors

The discovery of HTSCs gave paradigm shift to ttre study of the phenomenon of

zuperconductivity. K- Alex Muller and George Bednorz shared noble prize for 1fosir imFortant

contribution of introducing ceramic materials [2]. Latest research showed that many compounds

of copper and oxygen (cuprates) have HTSC properties, and the expression of high+emperature

superconductor is being used interchangeably with cuprate superconductor for compounds, like,

yttrium barium copper oxide (YBCO) and bismuth strontium calcium copper oxide (BSCCO)

1671. Similarly, thallium-based, copper-based, copper-thallium-based and iron-based

superconductors ae well-known for high [.
High temperature superconductor has a che,mical formula which is rather difficult and

lengthy. A four-digit scheme was developed to shorte,n the chemical formula- It states that, the

number of insulating layers arnong adjacent conducting blocks is represented by first digit. The

number of spacing layers among similar Cu02blocks is represe,nted by second digit. The number

of layers that split adjacent CuO2 planes inside the conducting block is represented by third digit

and the number of CuO2 planes inside a conducting block is represe,nted by fourth digit [68].

The stnrcture of cuprate superconductors is normally associated to perovskite structure

[69]. l]e morphological study shows that there are charge blocks and superconducting blocks

in atnost all HISCs. The superconducting block is usually sandwiched between two charge

blocks. This block gives path to conducting electrons while charge blocks act as a charge

reservoir. The structure of HTSC consists of (n = 1,2,3,...)Cu02layers. These layers are

placed on each other with Ca layer in betrveen them [70-72]. The increasing number of

Cu02layers increases probability for the higher 4. This arange,ment is basically responsible

for greater anisotrop/. The Cu-based superconductors (CB.Ss) family contains CuO2 plane as a

common eleme,nt, shown in Fig. l.l4|3-751.

Microscopic study reveals that ceramic compounds are not uniform but a chain 6f linked

grains, which disturbs the flow of curre, rt. In the development of crystal it is obseirred that all

the impurities are collected at grain boundaries, which cause blockage to the current [76].

Additionall% the angle between grains also hinders the flow of super-current. The high-fi

superconductivity mechanism is probably the most crucial issue in the condensed-matter

scie,nce during the last three decades. Even now, scientists are struggling for elucidating the

mechanism 177,781.
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IIg. 1.14: Bonding sfircture of CUO layer in supaconductors [73-75].

From an antiferromagnetic insulator La2CuOa, the first family of high+e,mperature

zuperconductor was derived. When the material of this family was doped with holes (creating

trivalent Cu species by the srbstitution of La+3 with divalett Sr+2 or by inserting excess

oxygen) tansformed to superconducting material. The stnrcture of La2CuOa at the te,mperahue

of 300 K is orthorhombic, which converts to tetragonal at the te,mperatures higher than 300 K.

While the stnrctrue of La2-rSrrCuOa(LSCO) is tenagonal at te,mperature of 300 K arrd converts

to orthorhombic at 180 K, well above the transition temperature of zuperconductivity. The next

homologue of LSCO family under high oxygen pressure with two CuO2 planes is

(La,Sr)CoCu205haitng superconducting critical temperature (?r) of 90 K.

YBo2Cu3O7-6 and other 123 cuprates with orthorhombic structure exhibit

superconductivity with critical te,mperature (Tr) of 90 K 1791. The structure and

superconductivity of these materials are very sensitive to oxygen stoichiomeky.

Thermodynamically, YBa2CusOT-6 is not stable b:ut YBa2CuaOg spthesized under high

oxyge,n pressure having T. of 80 K is more stable [80]. Also the superconducting phase

Y2BaaCuTOrs(Y - 247) was also prepared under I atm of oxygen pressure with I of 90 I( [El-

831.

The bismuth-based syste,m has three superconducting phases Bi - 2207, Bi - 22t2 and

Bi - 2223 with general formula Bi2Sr2Can-rCuno+*zn+o(n = 1,2 and3). These numbering

systems are showing number of atoms for Bi,Sr,Ca and. Cz respectively [84]. The unit cell of
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these phases has double Bi-O planes, which are arranged in zuch a way that the Bi atom of one

plane is placed below the oxygen atom of the successive planes. [n between the Cuo2layers,

there is Ca atom hyer, bfi Ca layer is missing in the Bi - 2201 phase. Ftrthermore, these

phases are different from one another in the strength of CuO2 planes. Fig. 1.15 rqrese,nts

schematic diagram of the structure of thnee typical cuprates; La2-rSrrCuO4(LSCO),

B i2Sr2C o"-r Cth O q+zn + 6 (B S C CO) and Y B o2Cuso z - 6 17 3 -7 51.

i[*']S#l f-' Lo
i iiiii

:tflr&:aa
,IEIfyrt

'H-r.e+3 r#HuEg*;{'Les3 -t-t--t: I Bi+3

EBt'?cIFitS:i'
e Y+3
& Ba+2
3 Or+2.1
* o-3

Fig. 1.15: Sche,matic diagram of typical superconductors; La2-rSrrCuOa(LSCO)173),

Bi2(Sr,Ca,Ln3Cu2Os)(BSCCO) 174), andYBa2Cu3OTaVBCO) [75] (from left to right).

T\e HgBazCan-tCunozn+z*e (Hg -based) ftmily of HTSCs has been considered as to

be the most interesting among high f, superconductors [85-96]. The members of this family

have tetragonal stnrcture with space goup P4lmmm and lattice parameters a = 3.88 A and c =

9.5+3.2(n-l) A tql-gO]. Since the discovery ofthis (Hg-based) zuperconductor, its structural and

physical properties have been investigated extensively. HgBa2Ca2CusOsa6(Hg - 7223) phase

has gained much attention due to its highest T, of 135.4 K under ambient pressure [98] and 16a

K under high pressure of 30 GPa [95, 98, 99]. The presstre depe,ndence of I was studied for

each Hg-based compound. The values of T, at high pressure (ie 40 GP) are I18, 154 and 164 K

for Hg-L20L, Hg-LZLZ arrd Hg-1223, respectively [98]. Fig. 1.16 shows the crystal

stnrcture of Hg-1234 superconductor.
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Fig. 1.16: Crystal stucture of Hg-1234 [00].

In 1988, Sheng and Hermann discovered Tl-based HTSCs frmily [101-103]. These

cuprates H?SCs are thought to be very promising due to their higher zero resistivity critical

te,mperature 4(0), higher critical current density 'Jr' frd lower superconducting anisohopy.

After this discovery, many new phases ofTl*Ba2Ca"aCu"Ozn+a (!t = t - 2 ottdn = 1 - 5)

family have bee,n discovered [104-108]. Different compounds of this family contain different

number of Cuo2planes. The mono-layered ?r-bas€d HTSCs includes TlBalCalCuzOz,

TlBo2Ca2Cu3Os, TlBa2CasCuaoll, Ond TlBa2CaaCu5Op phases, which can be denoted as

Tt - LZtz,Tl - l223,Tl - L234 and II - 7245 having I around L03,L23,LL2, and 107 K,

respectively [09-114]. Unit cell stnrctures of all mono-layered HTSCs compounds are also

tertragonal following P4/ntrtm symmetry. These mono-layered superconducting compounds

have got attraction due to their higher 4(0), highex r[., higher irreversibility field (H;,') and

lower superconducting anisotropy (y=€*l€") as compared to their counterpart in bi-layered

compounds Ul2-ll4l.
Also in mono layered Tl-based zuperconducting compounds critical temperature is linked

with number of CuO2 conducting planes. In T\Ba2Ca"-1Cu"O2na2 for n) 3, I decreases,
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which means Tt - 7223 is most important because of higher superconducting and flux pinning

properties [115-120]. Fig. 1.17 shows the cryrstal structure of mono-layered ?l-based HTSCs.

1a*+
Offnn

on eED oc& oer oo.

IIg. Ll7: Cryrtallographic cells of Il- Ba2canacunQr++dft (m= landn = 1- 5) UzI,l22).

Some compounds in Tl-based high HTSCshave double TIO layers h which

Tl2Ba2Cu1O5, Tl2Ba2Ca1Cu20s, Tl2Ba2Ca2Cu3ON, Tl2Ba2CasCuaOp and

Tl2Ba2CaaCu5Oy are important phases, which can be represe,nted as ?l - 2202, Tl - 2212,

Tt-2223, Tl-2224 and Tt-2245 having Tc about 95,118,727,7t2, and 105K

respectively. Unit cell structwes of all above me,ntioned compounds are tetragonal following

P4/mnn symmetry. General expression to re,prese,lrt these compounds is fl - 22(n-L)n,

where 'n' is rqresenting the number of CuO2 conducting planes.

Cu-based CuBa2Can-rCunozn*q (n = 7,2,3,...) H?SCs frmily is more important due

to its fascinating superconducting properties. Ge,neral expression to rqlrese,lrt compounds of this

family is Cu - t2 (n- !)n,where n is representing the number of CuO2 conducting planes. All

the members ofthis family have the tetragonal stnrcture following P$/mmm s1mmetry, same as

Tl - t2 (n- 1)n, but superconducting properties of Cu-based HTSCs frmily is higher than Tl-

based frmily U23-1291. Fig. l.l8 shows the crystal structue of Cu-\223andCu-L234

HTSCS.
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e) Cu-1223

o
Ba

Fig. 1.18: Cr,4stal stnrctwe of Cu - L223 and Cu - M3a 1291.

Charge reservoir layer of Cu-based HTSCs family (CuBa2Oan.6) contain coPper, which

is a high quality conductor. Conducting charge reseryoir layer of this family make it least

anisofiopic as compared to Il-based HTSCs family. Among all the members of Cu-based

HTSCs frmily, high6f critical temperature was achieved for Cu - L223 having thre CuO2

conducting planes. As stronger inter-plane coupling betwee,n CuO2 conducting planes decreases

the anisotropy in H?SCs and improve their superconducting properties, so any HTSC material

with strong inter-plane coupling will be very suitable from the applications point of view.

Higher hansition texnp€rature, low superconducting anisotropy and long coherence length

along c- axis are the reasons for CuTl -based HTSCs family to be one of the most alluring family

among the other HTSCs famities U5, 130]. Amongst the Cu -based zuperconductor families, the

Cu-l223superconductor has the highest critical temperature l2OKt109]. Anisohopy y =?

fno
CUCeO

b) Cu-UtS4



Introduction and Literature Revrew

is defrned as the ratio of ab-plane cohere,nce length (€*) to c-axis coherence length (f" ). This

compound has least anisotrop] (y=1.6)and long c-axis cohere,nce length U3ll. CuTl-based

superconductors can be obtained by partial substitution of 'TI' in the charge reservoir layer of

Cu -basd ' CuBarCa6-rrCunO(ro*21lCt\21,-t>-] ' superconductors where n=1,2,3....., [132]. It is

not simple to synthesize this compound at ambient pressure. Superconducting phases can be

spthesized effortlessly through fractional zubstitution of 'Tl' in the charge reservoir layer of

Cu-based zuperconductor [33]. In this process'Z7' acts as reaction accelerator and structure

stabilizer. These compounds have superconducting characteristics very close to Ctt",rro-rroarrd

could be equipped under low and high presstre U291. By post-annealing and substitution of

diverse cations, superconducting properties of these compounds can be improved. It is importaot

to have the replacement of impurities in the H'TSC material for different applications. Fig.l.l9

shows the nnit cell of CuTl-1223 zuperconductor in whrchCu.r-,Tl,BarO*, is a charge reservoir

layer and three CuO, planes, separatd by two ' Ca' atoms.

EO
Cu

Ca

Ba

Fig. 1.19: Crystal stnrchre of CtTl-1223ll29l.
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t
I
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\\e CuO, planes in contact with Cur-,Tl,BarO*, charge reservoir layer is known as o p

' planes. The cenfial plane or s -plane is sandwiched between p -planes, which is connected by '

Ca' atoms with the outer planes. Normally, s -planes are optimally doped whereas p - planes

are over doped. The p -planes act as bnidge to provide carriers from charge rese,l:roir to s-plane

U29,1331. The Ol atom or Od is the central oxygen of Cn -*Tl,BarO*rcharge reservoir layer.

1.7 Role of Impurities in Superconductivity

In a superconducting material, the grain and grain boundaries, inhomogeneties in the

stnrctrue and twinning planes scatter conducting carriers; hence order parameters are affected by

these irregularities [34]. Here our focus is on one bpe of imFerfection i.e., the impurity atom or

the atomic defect.

The pair-breaking effects by maguetic and nonmagnetic impurities have been discussed

in this section. The nonmagnetic impurity effects depend strongly on the gap symmebry while the

magnetic impurities suppress superconductivity independent of the gap slmmetry.

(l) Nonmagnelis Impurities

The nonmagnetic impurity (NMD li&.e Zn, suppresses 'Tr' according

u3s-1371,

1.62

where g(x) represe,lrts the digamma funstion Mathe,matically, the digamma funstion can be

grven as the logarithmic derivative ofthe gamma function [136]

to the equation

,"7=atqG.o)-ee)t

q(x

Integral form can be represe,nted as;

)=*hr@)=# 1.63

1.64

t.65

where p is

p=

and the gap anisotropy (O) can be defined as;

q(x)= I;+-*;o'

ZrksTrr

(aG))2

(aG)2)
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ForanisotropicsCgap,fors-wave,O=0,whileforananisotropicgapO=1liked-waveand

s-wave.

From Eq. 1.62, the nonmagnetic impurity effect vanishes for the isotropic s-wave

zuperconductors, since O = 0. This is known as the Anderson's theorem; the introduction of

isoelectronic NMI does not break pairing of electrons for an isoffopic SC gap but does for an

anisotropic gap [38]. Thus, the NMI effect on SC is quite useful to judge the gap s]4nmetry.

According to the BCS theory [ is related to the Debye frequency 'tDp' arrd de,nsity of states

'D(E1)' by the equation,

1.67

Thus if the inclusion of NM affects D(E) (due to the carrier doping) ot o)p,I" will

change eve,n in the isotropic s-wave superconductor. For anisotropic superconductors, since

O + 0, 4 will be suppressed byNMI. At a low impurity conce,ntration with lt << 7,theEq,;1.62

will be transformed as;

rc = r,;lL - a*) r.68

It is clear from the above equation that the zuppression of I is proportional to the impwity

concentration. For higher concentration with 1t )) t,Eq. 1.62 will become as:

K,lot.t;h,-o*(,o})

rc - r.ola(o)Tf*
Thus, 4 will not be suppressed completely to zero unless O = 1 tl39].

(ii) Magnetic Impurities

The magnetic impurity like Ni, Co etc introduces additional exchange interaction causing

scattering, so,7', will be suppressed even in isotropic s-wave zuperconductors as;

,"7=qc+b)-eq 1.70

Above equation @q. 1.70) has the same form as Eq. 1.62 for the anisotropic zuperconductors;

tlm=#
The T, suppression is two times greater than the value in Eq. 1.64.

Eq. 1.70 cm also be expressed as [137]:

t.69

t.7t
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,"7:,pC+ o.L4#)- e6 1.72

where, a is the pair-breaking parameter which is defined * L/, , arrd a, is the pair-breaking

parameter whe,n zuperconductivity is completely suppressed. This o ar' is very important to judge

the symmetry of the order parameter.

(iii) Pair-breaking Study in Cuprates Superconductors

T\e Zn substitution for Cu has been carried out for the cuprate superconductors zuch as

YBa2CqOT-6 U34,l4O-1421, (La,Sr)2CuOa U32,143-1451, (Nd,Ce)2CuOa ll34l, and

Bi2Sr2CaCu2OB 1134,146-1481. "I\e Zn atoms act as strong scattering centers and surprisingly

suppr€ss superconductivity due to the d-wave anisotropic gap slmmetry of the cuprates

[34,140-148]. Fig. 1.20 shows the impurity conte,nt depe,ndence of Tc in the

YBa2Cu3-rMrDtq superconductot ll42l, where M is Fe,Co,Ni,Al atd Zn. The magnetic and

nonmagnetic impurities have similar I suppression effects due to the anisotropic order

prameter of Y B a2Cuso z -t.

100

80

60
Tc(K)

/ro

20

o o o.l o.2 o.3 0.4 05
x ln YBa2Cug-rilrOzA

tig. 1.20: The variation of I as a firnction of impurity cont€nt 'x' nYBa2Cu3-rMr0t-e superconductor fl42].

The substitution effects of Co,Ni, and Zn otr Tc in the (La,Sr)2CuOa and

(Nd,Ce)2Cu0asystems are shown in Fig. l.2l ll4l. The substitution of Zn suppresses I more

slowly in the Nd-system than in the La-system suggesting that the disorder produced by Zn is

less pronounced in the Nd-system. In contrast, the magnetic impurities of Co and Ni depress I

tO-r
\. \or.ti\t.- *t{=AL

tr-zi+L' \
. / \\ $"
M - Ni' \r \{f, --FG

rr="/\l\
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more dramatically in the Nd-system than in the La-syste,q indicating that the maguetic pair-

breaking effect is sfionger in the Nd-sptem.

100,00 0.01 0.o2 0.03
r ln Lq.oSr6.rrCuroilrO, x ln Nd13sCe6.1sCu1-rmp,

fig; L2f The rmriation of I versus the impurity cont€nt r in (a) (f,a,Sr)2Cu0a md O) (Nd,Ce)2Cu0aseries [144].

1.8 Grain Boundaries (GB) and Their Role in Superconductivity

There are numerous applications of HTSC materials, where the grain-boundaries (GBs)

play an important role like electronic circuits, sensors, superconducting quantum interference

devices (SQLIIDs) and power cables. Especially, the critical current density "I" is influenced by

the GBs in a complex manner. Polycrystalline HTS samples have typical "Ic values of a few

hundred Nd at 4.2K while single crystalline samples have values in the range of MA/cm2. A

GB introduces stnrctural disorder that in the case of HTS materials strongly affects the order

parameter in the region of the boundary. Considering the degree of connectivity, it can be

distinguished betweeir low-angle GBs having strong coupling betwee,n the grains, and high-angle

GBs with a weak coupling. Transmission electron microscopy (TEM) investigations reveal that

low-angle GBs consist of an array of uniformly spaced dislocations produced to accommodate

the mismatch between adjacent grains [49, 150]. Fig. 1.22 shows sche,matically zuch a low-

angle grain boundary. For small misorientatlsa angles 0, the dislocations are separated by

channels of a nerly undisturbed lattice.In the standard GB theory the distance d between the

dislocation cores is given by Frank's formulq

LarrrSro.rrCurrMrOy

a lti=Zn
o M=Nl
x ltl=Co

(a)

A
x o

NdrrsGaorg@r.ri&Oy (bl
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o=l%^,

where 
]Al 

ir tn magnitude ofthe Burgers vector 6 tf sf ].

Fig.l22zChainofedgedislocationswhichformagmmericlow-anglegrainboundarynthey-zplane [l5l].

The distance betwee,n dislocation cores reduces with increasing GB angle, with the result

that for misorientatioa angles of approximately l0o the dislocation cores overlap leading to an

area with high structural disorder and a reduced order parameter U50, 152]. These GBs are

named high-angle GBs and present tlpical Josephson junction characteristics.

GBs are uzually classified according to the misorientation and rotation of the adjacent

grains. Fig. 1.23 presents the tbree different tlpes of GB geometry. In the [001] tilt boundary

Fig.l.23 (a), the c-a:ris are perpe,ndicular to the plane of the film so that the CuOz planes in the

adjacent grains are parallel to each other. The angle 0 betwee,n the principal in-plane directions

defines the misorientation (tilt) angle. In Fig. 1.23 O), the c-axis of the adjacent grains are

misaligned by an angle 'g' in a plane normal to the grain boundary plane; this misorientation

produces a [00] tilt boundary.

Hg. 1.Zl: Sketches showing the cr5stallography (a) [001] tilt boundary O tl00l tilt boundary (c) [010] twist

boundary [52].

(c)(b)
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In Fig. 1.23 (c),the misorientation angle y between the c-axis is in a plane parallel to the

boundary. In the latter case, t}re'a' (or'b) axes are normal to the boundary plane so that a [010]

fwist boundary is formed. GBs with identical misorientations of the grains with respect to the

boundary are called slmmetric, other$rise they are asymmetric. For a detailed investigation of

GBs and their fiansport properties, they can be produced artificially by growing epitaxially HTS

films on bicrystal zubstrates, which consist of two cryntals with differe'nt crystallographic

orientations that are fused together [152].

Josephson junctions are v€ry sensitive devices to examine SC state, GB is of great

interest among these junctions, because it exhibits reasonably phase sensitive behavior for the

zuperconductors with anisotropic SC gap [153]. The general behavior of GB and receut

development of GB in HTSCs are discussed below:

Since it is very difficult to frbricate a perfect single crystalline sample, GBs are usually

prese,lrt in a superconducting specimen, and they tlus form a three-dimensional (3-D) network

across which any long-range transport has to occur. As early discussed that both HISCs of

cuprates and Fe-baesd zuperconductors (FBSCs) have two-dimensional (2-D) structures, in

which zuperconductivity occurs primarily on specific atomic planes, namelY, in the Cu - O

plane in the cuprates and the Fe-As plane in fBSCs[153-156]. The GBs engineering is a

critical matter in developing practical superconducting tapes as well wires, because SC

properties mainly depend on 06s (the misorientation angle) at GBs.

The low carrier densities, unconventional pairing symmetry, short cohere,nce lengths and

large screening lengths are common characteristics for cuprates and FB^SCs, and they suppressed

superconductivity at GBs effectively through different mechanisms. The most significant effects

can be summarized as [153]:

l) Stains at GB dislocation cores, which can be converted into curre,lrt-blocking regions.

2) Space charges qeated due to nonlinear elastic deformations or charged dislocation

cores at the GB.

3) Impurity segregations induced by the electric field and strain at the GB.

4) Competing current-blocking AF phase induced at the GBs by charge, strain and

impurity effects.

5) GB shows relatively phase sensitive behavior for the anisotropic SC gap.
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Hu and his colleagues [157] have calculated the lr(T) of Josephson tunneling fot YBCO

superconductors, by appl)arlg different cases zuch ils s-state, d-state,mixed .S + id state, as shown

in Fig. l.24.By comparing with the e:rperimental dat4 the mixed S + id state with a dominant d-

wave component and a very small s-wave component seems more likely for the GB junction and

also for theYBC0 -based heterojunction.

Ge,nerally, to understand the behavior of a bulk polycrystalline sample, it is very

important to get information about the interfaces among the grains [153]. However, it is rather

challenging to elucidate the SC properties near the interfaces form the results of a polycrystalline

sample, due to the complexity. The bicrystal technique is often used to unveil the basic

properties of the interface. Bicrystal experiments readily yielded several intriguing restrlts on

various superconductors, especially for the cuprates [58]. GB can be an excellent Josephson

junction, which is easy to be fabricated and sometimes zuccessfully applied to devices. In

particular, bicrystalline (or multi-crystalline) junctions have been found to be very useful for

illuminating the basic nature of the zuperconductivity.

0.8

o.6

0.4

o.2

0.0 0.2 0.4 0,6 0.8 1.0

T/T"
Erg. 1.242 Temperature depe,ndence of Josephson critical current density /" (D IL(O), for different slmmetries of

order-paramets such as s-s,ave (dotted [ine), d-wave (dashed line) and s + U (solid line) [57]. Expaimental data

collected nYBCO lmetallYBCO SNS step juoctions (open diamonds) [159] and (open triangles) [160], as well as on

YBCO GB jwfion(filleddots) [6U.
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Fig. 1.25 re,prese,lrts an exploration of spontaneous generation of half-flux magnetic

quanta, created by rings stnrctured in tricrystalline and tetracrystalline epitaxial films by using

scanning SQUID microscopy, provided clear evidence of dominating drz - y2 order-parameter

symmetry in the cuprates. The inner diameter and width of the rings are 48 mm and t0 mm,

respectively. Lower half of the figrre shows that middle ring is centered on the tricrystal point of

the zubstrat". 1a this fug, u supercure,nt producing half of a magnetic flux quantum O/n", i"

ge,nerated. The sample was cooled in a field of <ZmG and imaged at4.2 K U631.

FIg. 1.25: gcenning.SQUlD microscopy image of four SC rings into a tic4stalliaeYBa2Cus0r-o frim 1162l.

On the thin-fitn fabnications of FB.SCs, only few reports are presented [63-166],

because, usually it is very tough to attain a well-defined single-crystalline film of FBSC.

Recently, Hosono's goup reported the GB junctions with various gca for the cobalt-doped

BoFe2As2 epitaxial fiLn on a bicrystal zubstrate shown in Fig. 1.26 U631. The tansport

4t
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measure,ments for the junctions showed that the '.I"' through the bicrystal GB UIG\ re,mained

high (> L MA crr-') and also remained unchanged up to a critical angle 0, of -9o, which is

greater thm 0, of -5o for YBa2CusOt-a. For 06p ) 0r, the decay of/, was slower than that of

YBo2CusOT-5. Howwer, the curre,nt against voltage characteristics (IIl6s) showed absence of

hpteresis, which seems unreasonable, because FBSCs have 2-D nature with the Stewart-

McCumber Paameter Brler:5e e,lrough for the occrure,nce ofhysteresis [153].

BiuTotion
Gran
b$dge[u u'rtre

lnlayef

p0u

i6o*'

BaFerAsr:Co
epitaxialfilm

r0o,Is
brcrt'

BGB

IIg. f.26: Structre of the BGB junctioas device and Grain bridges. The upper rectangular solid is a mapification at

the BGB junctim [163].

Although, the bicrystal technique had been widely used for maoy decades to conventional

superconductors, cuprates, also for FBSCs U62, 1637, but still there is a serious technical

problem. Since the thin films are uzually fabricated in large area on the bicrystal, it is not

tpically single-crystalline with extra GBs, excqlt for some fortunate cases like the

YBa2Cu3O7-6 film [158, 162]. Due to these e:rtra GBs, s€rious affestion on the junction

properties may be arises. Although more advanced technique, molecular beam epita:ry (MBE),
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has been applied to frbricate the thin films, it is effective only for the systems with simple

structures, like Fe.Se, K1-rFe2SezU66l, etc. So, still it is quite diffisult to get goodthin fihns

for more complicated compounds like .Sr3Sc2O5(Fe2As2), Can(PtaAss)(FezAsz), or even

LaOyrFe2As2.

1.9 Vortices and Flux Pinning

Type-II zuperconductors have an intermediate state where magnetic field enters into

zuperconductor's normal region gradually. This mixed state exists between the regions Hcr and

Ha. Inhs6ogelreous Tpe-II zuperconductors own different tlpes ofdefects. Vortices are pinnsfl

by the defects. Those paths along which applied magnetic field is trapped, are called pinning

ceirtres U671.

There are different ways in which vortices interact with defects; usually these interactions

may be attractive. Therefore vortex is captrued or "pinnsd" at the defect. Due to this fact,

zuperconductor will carry transport curre,nt without any dissipation, until this pinning force is

less than l-orentz force from this curre, rt. If curre,lrt density is increased above its critical value

the,n normal state will be restored implyrng that transition is dependent on limited dissipation of

exrergy. Pinning df vortices on defects also depicts Type-II zuperconductor when exposed to

magnetic field as represented by the Fig. 1.27.

Flux quanta

i _r_su@94

.{r4rere's law ttoJ=dBldx
J,

Critical crurent

Fig.l.27z Ivlapetic flux represe,ntation in the plane of high ternF€rature superconductors [168].
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Dre|!'ents flux -i t 

---^+--+i^-
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Abrikosov predicted that the vortex state of the tpe-Il zuperconductors allowed magnetic

field lines to pass tbrough the material in a regular array of quantum units of Qo = hc /Ze = 2.07 x

!O-?Gcmz, which is known as flux quantum. In a thin film, a vortex is a current circulating

around a normal core. Except the vortex lattice, the remaining material will be in the

superconducting state. When upper criticd field H.z reache{ the zuperconductivity will be

completely zuppressed. The expression for H.zcan be given by

Hcz ='o/ror, = rfzkH,

Abrikosov's relation for H"1is given by

Hct =,0/ro^, =ff{tn* - o.zr)

where H. is the thermodlmamic critical field while nl /er is the free-energydifference between

normal and superconducting states ofthe metal

A schematic description of the vortex phase diagram for HTSC is shown in Fig. 1.28.

Vortices can form three distinct phases in HTSC: vortex lattice, glassy vortex state and vortex

liquid. Vortex lattice represents almost perfect crystalline stnrcture, vortex glass is strongly

disordered vortex solid and vortex liquid in a disordered phase, where thermal fluctuations

destroy the crystaltine order. The vortex lattice may melt with increasing temperature and near

B"r, vortex liquid phase has been observed [169]. Ge,nerally, critical current density ("I")

decreases with increasing temperature and magnetic field reaches zero at the melting line, also

called ineversibility line 'Bt o. Above this line, the srperconductor does not carry loss-free

curent, although, it is still in a zuperconducting state [170].

In the presence of a magnetic field perpendicular to the current directioq a Lorentz force

F"= jxi,, (where j is the current arrd $"is the magnetic flux quantum), acts on the vortices and

as long as Fris smalter than pinning force,F* vortices do not move. If a curre,nt is applied, as

shown in Fig. I .29 , vottices move according to F1 , dissipating fltrgy, which can be observed as

resistance. In a case of a defect free sample (Fig. 1.29a), vortices move according to Fr. In the

presence of point defect pinning (Fig. 1.29b), vortices are partially pinned. If columnar defects

parallel to the applied magnetic field are introduced (Fig. 1.29c), the e,ntire sections of vortices

are pinned and this is an example of strong pinning [69].
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Moving vortex lattice Point defed Columnar defect

(a) field

trIg. 1.29: A simplified illustratio of vortices rnoving unds the I.o:ortz force Fr(black arrows), induced by an

applied qrrent (green rrow) in the presence of an extemal magnetie field (red arrow) perpendicular ts ths film

srfrce. a) A defect-free samfle. b) Vortices are partially pimed by point defects. c) Entire sections of vortices are

pinned by columnr defects [59, 170].

(b)
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When the pinning forces Fp are not strong enough to preve,nt flux motion, the

superconductor is called soft; otherurise it is termed as hard. As the transport cure,lt is present,

{ together with thermal fluctuations, acts to depin the vortices and induce a collective flux

motion This very slow flux motion, called a thermally activated flux creep when $dominates,

and the frster motion is called a flux flow when ^[ dominates [169].

If vortices are immobilize&F:y a counteractn9F* a zuperconductor can sustain ht9hJ".

Howwer, the higher the curre,lrt densrty, the greater 4 will act on the vortices. J" is essentially

the point at which the .Qbegins to exceed the maximum available Fp[7ll. The ^Fris generated

from the presence of lattice defects, which create potential energy wells for vortices. Size, shape,

composition, structural interaction between the lattice and the defect define Frof a single defect.

These pinning sites can be divided into natural pinning sites, e.g. intrinsic pinning of the CuO,

planes in HTSC, lattice defects formed during the sample deposition process, and artificial

pinning centres (APC's), which can be obtained e.g. by doping superconducting materials with

vrious non-zuperconducting foreign materials U72-1741, zubshate decoration [75-178] or

through heavy-ion radiation [1 79, I 80].

The critical cure,lrt de,nsity is one of the most crucial properties of high temperature

superconductor (HTSC) for both physical understanding and applications [181]. A lot of work

has been carried out on the question of how to enhance the critical current density of

superconducting material. There are a number of defect tlpes that can act as artificial pinning

ce,ntres (APC) which can be described as one-dime,nsional (lD-APC); zuch as dislocations U82-

l84l and nanorods [185], two-dimensional (2DAPC); zuch as grain boundaries [186, 187], anti-

phase boundaries U88-190], surface roughness [19U, and tbree-dimensional (3D-APC); zuch as

nanoparticles and second phases [192] of size '(' (cohereirce length) or more. Fig. 1.30 illustrates

the various types of film defect that can be acted effectively as pinning center.

The experimental route is another classification criterion that can lead to artificial pinning

ceirtres such as antidotes (holes) U93,1941, magnetic-dots [192]-' l97l md substrate decoration

[98-200] followed by deposition of superconducting phase by pulsed laser deposition (PLD),

chemical solution deposition (CSD), metal-organic chemical vapor deposition (MOCVD) etc.
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Another route is the fabrication of altei:rate layer (multi layer) 120l-2061 of APC and

superconductor.

Uneardefeds Planardefeds

3D.,APCS

Nanoparticles

Iig. ilt0: An illustation of the di-ensionality of artificial pinning c€nt€rs (APC's): lD-APC's, 2D-APC's, and

3DAPC's [92].

1.10 Nanosfructures Inclusion in HTSCs

The superconducting properties of the compounds synthesized at ambient pressure are

slightty lower than those prepared at high pressure. Relatively lower superconducting properties

of different compounds of HTSCs family spthesized at ambient pressure in bulk form are

mainly due to the presence of large density of inter-grains voids and pores in these ssmpounds.

There have been consiste,lrt efforts to overcome this proble,m and to enhance the superconducting

properties of different compounds of HISCs frmilies by different techniques 1207-2091. One of

the most effective and easiest ways to address this issue is the inclusion of nanostructures at the

grain-boundaries to heal up the inter-grains voids and pores to improve the inter-grains weak-

links and superconducting properties of granular bulk superconductors. But the real challenge is

to control the size, concentration and homoge,nous distribution of nanostnrcttues at the gain-

boundaries of the bulk HISCs 1210-2131. The improved inter-grains connections can facilitate

the carriers transport across the inter-cryrstallite sites, but after certain optimum inclusion level of

1D-APCs 2D-APCs

cogAro o-o o o o o-
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nanostructure, the superconducting volume fraction start to decrease, which causes the

suppression of superconductivity parameters. The nature of the material of nanostructure is also

very cnrcial in this regards because nanostrucfire of different materials have different effects on

the superconductor properties.

The addition of nanoparticles cause additional pinning centers, which help in increasing

/. in the polycrystalline structure 1214, 2l57.It was obser',red that low conce,ntration of nano-

ZnO particles addition in (Cuo.sTls.2sPbs.z) - 1223 errhanced zuperconducting transition

te,mperatnre, critical current density and melting point while high concentration of rrarro'Zn0

particles enhanced the secondary phases and grain boundary resistance. This may be due to large

agglomeration of nano-Zn| particles 12161. MgO nanoparticles dispersed n Bi - 22LZ matrix

retaining cubic morphology without disturbing the superconducting matrix stnrcture results in

improved lc l2l7l. It was investigated that superconducting properties were improved by

nano - Fe2O3 particles addition up to certain concentration level and the,n started to decrease

with higher conceirtration, of nano - Fe2O3 particles n CuTl - 1223 zuperconductor [218].

The study of the effects of Al2Os nanoparticles addition on superconducting properties of

YBa2Cu3O, revealed that there was no change in the structural synmetry, while the

orthorhombicity slightly decreases with the increase of nano-^dl2o3 particles content in the

matrix In applied magnetic field, J, of the superconducting material was observed to be

enhanced significantly by nano-AI2O3 addition, which can be rendered to the existe,nce of the

flux pinning centers l2l9l. Nano-^Al2O3 particles in the polycrystalline (Bi, Pb) - 2223

superconductors illustrates greater transport properties. The volume pinning force density, onset

te,mperature of dissipation, activation energy Md J, in applied magnetic field were found to be

improved 12201.

The additiot of Ag nanoparticles in Y - 723 superconducting thin films reveals greater

/" values and improved stnrctrne in the form of high€r crrystallinity and ab alignmsnl l22ll.
Multilayered nanostructures of metal-superconductor-semiconductor frbricated by electro-

deposition technique show decrease in normal state resistance and offer improved properties than

conventional materials 12221. Bulk superconductor YBCO doped by Ag-nanoparticles of

different size and concentrations showed monotonic increase in /, and this is attnbuted to

improve,ment of connectivity between crystallites and better cryrstallizationl223l. Higher valued

pinning ce,nters may be created in zuperconducting MgBz by adding optimal ^SiC and Ag raro
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powder of 30 nrn - t30 rm size. The increase in amount above 16 vtt-o/o of .SiC atd Ag naro

powder, the supercurrent flow start decreasing 1224). In (nano-Ag)rfttTl-1223 composite

volnme fiaction, T" and J, Ne improved up to r = 1.5 wt.o/o and reverse tre,nd is seen to be

obsqved with firther increase of nano-Ag particles WSl. (Th.ssCro.rs)SrzCazCuzOz-(Ag)' for x

= 0.0 to 0.05) oomposites have shown decrease in T" as compred to non added samples but )(RD

analysis confirm the dominancy of Tl - 72tZ phase lnq. The addition of nanoparticles like

Al2Os, ZrO2,NiFe20a etc in suitable amount helps in generating the effestive flux pinning

cetrt€rs, which can e,nhance the critical superconductivityparameters 1227-229). Tte addilion of

nanostructures of noble metals srch as Ag and Au has shown significant improved

srperoonducting prameters in many superconducting q,ste,ms 1230-2331. Increased nano-Ag

content n Bi - 2223 fuproved the connectivity among the grains and enhanc€d Jc 1234,2357.
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Chapter 2

Synthesis, Char acterination f sgh n iques and Theoretical Models

2.1 Synthesis
Nowadala, researchers are facing challenges regarding the slmthesis of materials with

anticipated composition, stnrcture and properties for precise application For the spthesis and

fabrrication of nanostructures, different physical and che,mical methods can be used. Physical

methods involve subdivision of bulk material (i"e. including mechanicat 6aushing) and che,mical

methods involve 6s66mposition of precursors. There are two approaches for synthesis of
nanostructures;

r) Top down approach

r) Top Down Approach:

ii) Bottom up approach

To obtain nano-sized particles, this approach requires consecutive cutting of bulk

materials. The major issue with this approach is the crystallographic destruction, impurity phases

and inadequacy of surface of the nano-sized particles. Irrespective of these drawbacks in this

approach, it still plays a significant role in the production of nanostructures. Ball milling and

lithographyare courmon examples oftop down approach [1].

ii) Bottom Up Approach:

Constructing a material from the bottom as cluster by cluster, atom by atom or molecule

by molecule is known as bottom up approach. Drexler [2, 3] prese,nted the bottom up approach as

molecular nanotechnology in which materials are manufactured through the process of assembly.

The physical forces managing the nano-scale merge the basic units into larger stable stnrctures

during the self-assembly. This approach assures an improved possibility to acquire

nanostructures that has more homogenousr chemical composition Sol-gel and co- precipitation

methods are examples ofbottom up approach tl-s].
Diagrammatical representation for fabrication of nanostructures by 'top down' and 'bottom up'

approaches is shown in Fig. 2.1.
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2.1.1 Synthesis ofNanostructures

Many physical and chemical methods have been developed for the slmthesis of

nanostructures. Physical method in general includes, ball milling, arch discharge, spray pyrolysis

and mechanical deformation techniques. Chemical methods comprise of many techniques like,

hydrothermal, sol-gel co-precipitation, thin film deposition, chemical vapor deposition, sono-

chemical, sputtering and laser ablation. During synthesis of nanoparticles, some characteristics

are important for bett€r results. These characteristics include narrow particle size distibution,

morphology, required chemical composition and crSatal structure. Using chemical methods zuch

as co-precipitatioq sol-gel and hydrotherma[ these characteristics can be attained [7, 8]. We

used sol-gel and co-precipitation techniques to qarthesize nanoparticles.

2.1.1.1Sol- Gel Method

This method is very common and renowned amongst the scientists. This method is

termed as; "an oxide network established by poly condensation reaction of a molecular precrusor

in a liquid". The starting materials used in the preparation of the "soln are uzually inorganic metal

salts ormetal organic compounds. A sol is a stable zuspension of solid particles in a liquid, while
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gel refers for solid network that has liquid phase. Sol-gel methods are @rlmonly used to prepare

nanostucture materials because these conversions occur readily with a wide range of precursors

and can be conducted at low teinperature19-121.

Sol-gel has many advantages over other methods U3, l4].

o Better homoge,neity compared to traditional mixed powder technology.

o High puriry compared to mineral raw material sources.

o Lower te,mperature processing and consolidation is possible.

o More uniform phase disffiution in multi-component systems.

o Better size and morphological control in powder qnthesis.

2.1.1 2 Co-Precipitation Method

Co-precipitation method is an example of liquid phase spthesis technique. The reactions

during co-precipitation method involve processes like simultan@us nucleation, growth and

agglomeration of particles. In this method there is a reaction of metal salt solution with

precipitating agent. Precipitation is the process which involves taking out the solute from

solution which is insoluble in it. When the conce,ntration of solute is made very high in the

solution, the precipitation takes place and the solution gets super-saturated- The unstable solution

leads toward agglomeration, as a rezult large clusters are produced. In order to control the size of

nanostructures, the specific parameters are optimized to control the reaction. These parameters

include reaction time, annealing temperature, pH value and ratio ofreactants [15].

The advantages of co-precipitation method are:

. Very easy and cheap especially for the synthesis of metal oxide nanoparticles.

o Very efficient and quick, and particle size can easily be conholled.

o Environment friendly (it does not include any process which is hazardous for

e,nvironment).

o It can be done easily in aqueous as well as tron aqueous mediums.

o It does not require high temperature and thus it is less €,nergy consuming.

o Lrge amount of products with high purity can be prepared.

2.1.2 Synthesis of High T" Superconductors

For the preparation of high {superconductors, different methods of symthesis have been

used. The main objective behind all of these slmthesis techniques is to pr€,pare single phase
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materials having good superconducting properties U6, 177. The solid state reaction method (also

termed as cemmic method) is the most mnvincing and widely used conventional method. It is

the most easy and straight forward slmthesis procedure to get bulk samples such as high 7}

superconductors. The solid state reaction is carried out at very high temperature with starting

constituents in the solid form- If one ofthe compounds is volatile or sensitive to the atuosphere,

then reaction is carried out in an evacuated sealed capsules normally made of gold. Alumina,

gold, silica or platinum containers are generally used in the preparation of metal oxides.

Normally, the starting materials are metal oxides, nitates, carbonates or other salts, which are

ground thoroughly to get homoge,neous mixture. This homogeneous mixture is heated at an

appropriate textrperature for sufficie,nt time to carry out reaction process. Some reactions require

multi-step method for completion, the first step involves the synthesis of precursor material and

the second step is to prepare the final compound by another heating process known as sintering

process. The solid state reaction method has been zuccessfully employed for the slmthesis of

large numbsr ef high d cuprate zuperconductors [18]. In spite ofbeing popular and giving good

results, this method has its own limilalions. Therefore, some slmthesis sfiategies have also been

e,mployed in the situations where it is requirJ to control some factors such as oxygen

stoichiometry, cation composition, cation oxidation state and carriers concentration.

There are also some disadvantages ofthe ceramic method:

r) To produce l00o/o homogeneous starting mixture is not possible. The purity of

chemicals used as starting materials is still an issue for re,producible spthesis of high

{ cuprates.

ii) The entire reaction occurred in the solid state, first by phase boundary reaction and

later by diffirsion of constituents through the product phase. Diffirsion path become

longer and reaction rate slower with the progress of reaction Betwee,n heating cycles,

intermediate grinding can spd up the reaction up to some exte,nt.

iii) To monitor the progress of the reaction, there is no simple and authentic way. Due to

this complexity of the metho4 one can ends up with mixtures of reactants and

products.

tO So it is difficult to get a compositionally homogeneous product even at the

completion of the rection.
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Regardless of the above mentioned limitations, the ceramic method is widely used for the

spthesis of large variety of inorganic solids. A successful synthesis by the ceramic method

depends on several factors, which includes the nature of the starting materials, the homogeneity

of the mixture ofpowders, the rate of heating as well as the reaction temperature and duration.

2.1.3 Slmthesis of CuTl-based BuIk Superconductors and Nano-superconductors

Composites

The bulk superconductor of Cu,.sTl..sBarCarCurOroa w6 prepared adopting solid state

reaction technique. Initially Ca(I.[q)r, Ba(I{O3), andCu(CN) were used as initiating

compounds to prepare host bulk's precursor material. These compounds were mixed in suitable

ratios and ground in an agate mortar and pestle for 2 h" The mixed material was loaded in quartz

boats and fired at 860oC for 24 h in fur:nace. The precursor material was cooled down to room

te,mperature after 24 h" This precursor material was again ground for about I hou and again

placed in the fumace under the same conditions (i.e. 860"C for 24 h). Later oq an appropriate

amount of thallium oxide (TLq) and already prepared nanoparticles (NP's) with different

weight perce,nt (x) were mixed in this.precursor material and ground again for about I h. The

ground material was then pelletized under 3.8 tons I d pressure and wrapped in gold capsule

and finally sintered at 860'Cfor 10 minutes in preheated chamber funrace followed by

quenching to room temperature. The final product obtained as

"(NP's)r/Cur.rTlr.rBarCarCurO,*r " nano-superconductol somFosite.

2.2 Experimental Charactet'tzation Techniques

The spthesized samples were the,n charactenzedusing following techniques;

o X-raydiftaction QRD),
o Scanning electron microscope (SEM),

o Energy dispersive X-ray analysis (EDX),

o Dc-resistivitymeasurements,

o Critical current measurements

o AC susceptibilitymeasurements

o Fourier tansform infrared (FTR) spectroscopy

66



Chapter 2 Synthesis, Characterization Techniques and Theoretical Models

2.2.1 X-ray Diffraction QRD)
XRD is a fundamental charucteraation techniquq which gives detailed information about

cell parameters of a unit cell, crystal structure, crystallite size and degree of crystallinity. Since

the wave length (l)of X-ray is in the range of 0.01-l0nm, so it is a prime tool for probing

skucture of nano-materials. la 1912, the German physicist Ma:r von Laue discovered dffiaction

of X-rays by crystals. This discovery revealed that crystal act as three-dimensional diffiaction

gratng for X-rays beam. The most frequently used technique for the characteraation of the

material was XRD in those days. Using XRD, information about the crystalline nature of a

materia[ nattue of the phase present, lattice prameter and grain size can easily be acquired

through this technique. The XRD is an appropriate technique for all form of samples such as

powder, bulk as well as thin film U9,201.

In 1912, W. L. Bragg explained the diffiaction phenomeron very well that "the

diffiaction occurs only if the planes of the crystal act like mirrors when X-rays fall on them".

When a monochromatic beam of X-rays is incident on the mat€rial placed under it, two types of
interfere,nces take place. The constructive interference takes place betwee,n those scattered waves

which obeys the Bragg's law and for the others destructive interference is produced. X-rays can

be reflected at many angles fiom a sequence of crystallographic planes but for the sake of

simplicityonly two diftacted ra5ils are shown nFig.2.2.

\**

lPh
I uaor',

.J**
Fig. L2z Geometrical re,presentatiur of Bragg's law and crystals plmes [21].

Bragg's law can be expressed mafhematically as;

2dsiaO = il,
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Here d ard 0 represe,nt the inter planer spacing and Bragg angle respectively, while nhas

integral values, which give the order ofdiffiaction

For a crystalline sample this law connects the wavelength of electromagnetic radiation to

the lattice spacing and diftactiol angle. The diffractd X -rays are the,n detected in a range of

20 an9les. ln powder samples, all probable diftaction of the lattice must be achieved due to

raodom orientations of the crystals. Every material has a specific set of d-spacing which permits

detection of the materials by converting diftaction peaks to d-qpacing. The size of the

nanocryatals can be obtained by peak broade,ning by using Sche,rrer formula as give,n below;

D= kA 
z.z

p cos0,

Where D is the average crystallite dimension perpe,ndicular to the reflecting phases, " 2 " is the

X-ray wavelength" & is the Sche,rrer constant which is equal to 0.9 for the qph€rical particles,

whose values depends on the shape of the particle, 9, is Bragg angle afi B is the full width at

halfmaximum (FWHM) ofthe peals 121,22).

For the diftaction analysrg X-rays originating from K shell are used because of shorter

wavelength as compared to the X-ra1a csming from L or M shell transition In X-ray tubes,

target materials are normally made of Cu or Mo, which produce X'rays with wavelengths of

1.544 and 0.84 reqpectively. The schematic diagram of an X-ray diffastometer is shown in Fig.

2.3.

tr'ig. 23: Schmatic diagram ofX-raydiffiactometer [23].

An evacuated glass tube fitted with a filament and a metal tuget is used for X-ray diffraction.

Elecfons produced from heated filament are accelerated by applyrng high voltage betwee,n the

filament and metal target. The wavelength of the emitted X-rays depends on the nature of the

|erlget material. These rays are collimated in the form of a narrow beam focused on the sample
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material The rays diffracted at different angles are detected by the detector. The intensity of the

diftacted rays along with diftacted angles is recorded carefirlly. We have performed these

analyses on a diftactometer from "DA{ax III Rigaku with a CuKa source of wavelength

1.540564". The XRD spectra were analyzed by using crysallography software'Check Cell".

22.2 Scanning Electron Microscopy (SEIVI)

SEM is a versatile instrument, which ge,nerates images of a sample under observation by

probing its surface with high energy electrons. Light microscope creates magnified image using

lenses where as SEM uses wave nature of electrons instead of light waves to create magnified

image. Fig.2.4 shows the sche,matic diagrams of these two microscopes. Elechons interact with

the atoms of sample and produce different signals. These signals reveal imFortant information

about the sample including its chemical composition, external morphology and orientation of
crystallites making the sample. SEM can produce tbree dimensional images with better

resolution- Signals generated by SEM consists ofsecondary electrons, back scattered electrons

@SEs) and characteristic X-rays.

E
/ \ Sourceoflllumlnation

L.JLight
mieroscope
(LM}

ObJetllve lens

Condensrlens

Spedmen

Scanning
electron

mierostr{pe
{sEM}

Focuslng lers

Eye

tl
ProieE{ion lens Eledron deleclor

Ytg. L4: Schmatic diagrams of a light microscope compared to scanning electon microscope [24].

The most common daection mode is secondary electron imaging mode, which produces

images with very high resolution and have wide range of magnification (10 times to 500,000
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times). BSEs are those electrons which are reflected from surface of the sample by elastic

scattering. Images formed by signals of back scattered electrons contain detailed information

about the distribution of various elements in the sample. Characteristic X-rays are producd

whe,n a beam of electron strikes with the inner shell electrons and remove them from 1fos sample.

These characteristic X-rays are important to crf;egorjze the ele,mental composition.

Thermionically e,mitted electron beam from an electon gun (having tungsten filament) is used in

scanning electron microscope. The vacuum pump is used to create vacuum in order to avoid

interference of electrons with their suroundings. These electrons move through series of lens

before aprproaching the target. Elechon beam of high energy is focused to a small spot. When

this energetic beam falls on surface of a sample, electrons begin to lose their energy due to

scattering and absorption. The e,nergy exchange betwee,n electrons and sample produces

reflection and e,mission of electrons along with the e,mission of electromagnetic radiations. These

reflected elechons, emitted elecfions and emitted radiations can be detected by detectors to

produce amagnifi6{ image 125,261. We have examined the composition and morphologyofthe

materials with a JOEL Jed-2300.

2.23 Energy Dispersive X-ray Analysis (EDX)

EDX system works on the integrated characteristics of the SEM. It provides information

about the elemental composition of a material A beam of incident electrons is directed towards

the sample under investigation, it may cause inter-shell transitions, which become responsible for

electron hole pairing. When an electron from a higher energy orbit fills a hole in lower etrergy

orbit, a difference of energies among the orbit might be emitted in the form of X-rays as shown

in Fig. 2.5.

The number and energy of the obtained X-rays can be calculated by an energy dispersive

spechometer. Since the energy of the X-rays is a feature ofthe difference in energy betwee,n the

orbits; this gives an opening for observation of the elemental composition of under observed

sample L27,281.
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PlBmrydecoons (Pc'l
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IIg. 2.5: Demonstration of shell trmsition aod emission of X-rays [29].

2.2.4 DC Resistivity Measurements

Resistivity depends on the nature of the mat€rial and is different for different materials.

The critical te,mperafirel(R=0), the onset te,mperature of superconductivity \(onset)and,

their normal state properties can be found through the resistivity measurements. The scattering of

electron due to defects in the lattice, electron-electron collision and lattice vibration are the main

sources of resistivity in the normal state [30]. The electron-electron scattering is negligible as

compared to scattering from the defects and lattice vibrations. So the resistivity can be calculated

by adding the temperature independent residual resistivity pa"r and temperature depe,ndent

phonon scattering resistivity pu(T) as

P= Ppn(T)+ Po,r 2.3

Resistivity depends on the nafire of the material The four-probe method is one of the most

ortensively used techniques for the dc- resistivity measurements. ln this technique, fotr leads are

attached at sample surface at equal distances by using silver paint [31]. A sche,matic diagram of
four-probe is shown in Fig. 2.6. A constant curre,nt is supplied by the two outer probes while the

B

C'
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resulting voltage drop is measured by the two inner probes. The dimensions of the slab-shaped

samples werel.2xl .0x4.0mm3. The resistivity is calculated by using the following relatiou

o-U 2.4,IL

Where, 'V is voltage drop :rcross the sample, '.f is current through the sample,'L' k length and

'l' is the cross sectional area of the sample.

Probe

Fig. 2.6: Schematic of four-probe.

We have used Physical Properties Measure'ment Sptem (PPMS-9) manufactured by Quantum

Design for electrical dc-resistivity measurements. The Quantum Design PPMS measures DC

Resistivity, AC Transport (AC Resistivity, Hall Coefficient, I-V Curve and Critical Cturent for

zupoconductors), and Heat Capacity for small samples under user contolled magnetic field,

pressure, g.rs coqposition, and temperature. The magnetic field may be programmed anyrhere

from 0 to 8 tesla and the sample's te,mperature can be programmed from 1.9 to 400 I( A PPMS

set up is shown in Fig. 2.7. A measuring cureirt of 1 mA was zupplied ftring the dc-resistivity

measurements. During these measuements, the te,mperatue stability was kept at 2 mYr.- The dc-

resistivity measure,me,nts were carried out during the heating cycle from 35 K to room

temperature. The heating rate between 1 IVmin to 3 IVmin was applied during these

measurements.

rlc pouEr
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2.2.5 Critical Current Measurements

For a zuperconductor, the transport critical curre, rt measurements are v€ry important The

maximum value of the current, which can flow through a superconducting sample without

deshoying its zuperconductivity, is known as critical current "I.". Superconducting state of the

material will convert to normal state whe,n the value of current exceeds this critical value(I.).

For a superconductor, ttre hansport cnitical current measure,me,nts are very important. The four

probe method was also used for the critical curre,nt measurements. ln this method, the sample

was cooled down to 70 K and studied for different values of curre,rt. Whe,n voltage starts to

appear across the voltage contacts, values of cure,nt recorded (the appearance of voltage reveals

the transition of material from superconducting to normal state). [V measurements were carried

out at 50 K below the zero reistivity critical te,mperature. The criterion of J"for I-V

measurements was kept at lpV/cm at 50 K inazero applied magnetic field.

2.2.6 AC SusceptibitityMeasurements

High temperature superconductors have also interesting maguetic properties zuch as

Meissner's ef[ect. For the charufienzation of high te,mperature zuperconductors, it is very

necessary to study their magnetic properties. Whe,n a substance is placed in an applied magnetic

field, it is magnetized in response to the applied field. The reE onse of the material to an applied

magnetic field is known as susceptibility. There are two tlpes of magnetic susceptibilities; DC

susceptibility and AC zusceptibility. AC zusceptibility is measure ofthe resporse of the material

-6
J

Ftg. 2.7: Phpical properties measurments system (PPMS) set up.



Chapter 2 Synthesis, Characterization Techniques and Theoretical Models

in the presence of AC magnetic field and DC is measure of the material's response to DC

magnetic field. In the case of a DC m4gnetic field, the susceptibility is given as

Mt*=fr 2-s

Where Mis the magnetuation ofthe material ard H*is the applied field.

In the case of AC magnetic field, the sample's magnetic moment 'v7' shanges with the field.

As magnetic moment 'm' is related with the spin motion or orbital motion of the electrons, it

measures the maEnetic field generated by the sample. The magnetization 'M' is the net magnetic

momenUunit volume denoted by M as shown below

2.6

The e:rpression for AC susceptibility is given by

dM
,- :-tac dH*

The complex AC susceptibilityhas two pats, i.". il' ^d il" .

It= r' + z" 2-8

7' is n phase with applied magnetic field /{and is known as the real part of il .While Z" is

90o out of phase with the H arrd is known as imaginary part of Z . T\e 7i shows the shielding

of superconducting volume fraction ofthe material from the AC field (diamaguetic effect), while

imaginary part ' 7't' gives AC losses in the material. There can be two peaks in the imaginary

part of AC susceptibilit$ first one is the intrinsic peak while the second one is coupling or inter-

granular peak. The intrinsic peak appears at high te,mperature, gives losses due to scree,ning of

the magnetic flux by the superconducting sr:rface curre,rils, while other peak (coupling peak)

appearing at low te,mperatnre, gves losses due to magnetic flux penetration in the given

boundary regions. This coupling peak gives information about the weak links betwee,n the

superconducting grains. The coupling peak shifts to lower temperature by increasing the applied

field while intrinsic peak position is independent of the shength of applied magnetic field and its

frequency.

The AC zusceptibility can be measured with the help of susceptometer, which consists of

a primary coil and two secondary coils wound on non-magnetic material. The purpose ofprimary

M=L
V

2.7
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coil is to produce AC magnetic field and trvo secondary coils wound oppositely to primary coil

act as pick up coils to detect the diamagnetic signals. J[s linking flux in secondary coils is in

opposite direction, so net induced emfbecomes zero. When a zuperconducting material is put in

one ofthe secondary coils and temperature is lowered below its critical value, voltage balance is

disturbed betwee,n the two coils and a signal is observed, which is proportional to the

susceptibility of the zuperconducting material The voltage 'y' observed in the zuperconducting

state is give,n as

v =VftIJ( 2.9

Where /is the frequency of the applied magnetic field H, and V is the volume of the sample.

From the Eq. 2.9, it is clear that the dependence of the resulting signal is on the volume of the

sample and srength of the applied magnetic field. So, the sample should have such volume that

it can occupy maximum space inside the coil.

The AC susceptibility tecbnique is vqy imFortant for the study ofpinning properties, inter-

grmular @upling, transport critical curent density and contact less resistivity measurements of

superconductivity 132-361. The s.ystem used for the AC susceptibilify measurements is shown in

the Fig.2.8.

Low temperotuf e ent'ironmc.nl

.l,f Esr:itatioo
Tmns[urturr

!

Output
Lock-in amplifier

Fig. 2.8: Experimental setup for AC susceptibilitymeasure,ments.

A copper wire of gauge 34 was used in zusceptometer for primary as well as for secondary coils.

The sample under observation was placed in lower parts of secondary coil and temperature

lowered to 77 K by using liquid nitrogen Dewar. A function generator "Model IIP 33l4A" was

used to produce signal of one volt (peak to peak) at 270 llz md amplified from a lock-in
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amplifier'Model SR 530". It was observed that when the values of frequency were higher than

270 Hl the critical surrent decreased. For the measurements of te,mperature, a T-t1pe (copper-

constantan) thermocouple'was fitted in the intermediate vicinity ofthe sample. The output of the

lock-in amplifier is coupled to the XY graph plotter.

2.2.7 Fourier Transfom Infrared Spectroscopy GTIR)
FTIR spectoscopy is a technique used to get spectnrm of absorption, e,mission or

photoconductivity of the material. This spectroscopy carries advantages over dispersive

spectoscopm, h mnge of wavelength of spectrum. As we know that, in solids, atoms and

molecules are in state of continuous vibrations even at the te,mperature of absolute zero. A

molecule can vibrate by bending, stretching and contraction of the bonds joining the two atoms.

The e,nergy associated with these vibrations, quantum mechanically, ean be determined by

simfle harmonic oscillator ap,proximation as;

2.10

I
For z = 0, Eo=;hr. shows that ground state e,nergy is non-zero for molecular vibrations. To

detect these molecular vibrations and their measurements, spectometer used is known as FTIR

qpectnometer. Basically, FTIR spectrometer consists of a Michelson interferometer, which

separates the infrared radiation into its 6omponents of different wavelengths. A basic diagram of
a Michelson interferometer is shown in Fig. 2.9 tn whicb, one beam qplitter and two mirrors (one

is fixed and other is movable) are used. Beam qplitter should be of zuch material, which is se,mi

transpare,nt to ffiared light. When infrared radiations from the source enter into Mchelson

interferometer, beam splitter partially transmits the beam and reflects the remaining part of the

beam. Transmitted part ofbmm strikes with fixed mirror and reflected part strikes with movable

mirror. After reflection from mirrors, both beams combine with each other at beam splitter to

produce interference and finally collect by the detector for sample analysis. A schematic diagram

of FTIR system is shown in Fig. 2.10. As the freque,ncy of the lattice vibrations lies in the

infrrd region, therefore the ffiared radiations are used to detect these vibrations [37].

n, =g+))tta"
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Hg. 2.9 A basic diagram ofMichelson intsferometer.
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Fig. 2.10 A schematic diagam of FTIR s1stm.

When infrared radiations fall on the material, these radiations interact with the molecules.

If frequency of the infrared radiations matches with the nanral frequency of the lattice vibration,

the radiations will be absorbed and absorption peaks related to these vibrational modes will

appear in the spectnrm. All vibrrational modes in the material are not active for infrared, but few

vibrational modes producing fluctuating dipole moment and interacting with the electric field of

IBSqrcr

*
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infrared radiations, are active for infrared. As the molecules of H* N, O, etc have no dipole

moments, therefore these are inactive for infrared. For example, in case of CO, the s5mmetrical

stretching or contraction does not produce oscillating electric field, so these modes do not appear

in an infrared spectrum. But asymmetrical stretching or contraction can absorb infrared

radiations due to fluctuating dipole moment [38]. The vibrational modes of CO, are shown in

Fig.2.11.
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tr.ig. 2.U Molecular vibration of COr.

Electron-phonon interaction is one of the possible origin of superconductivity in

conventional superconductors. FTIR spechoscopy is very useful tool to study the possible

correlation betwee,lr lattice vibration and zuperconductivity An FTIR qpectrometer 'Nicolet

5700" was used for the study of absorption spectrum" In case of these supercondusting samples,

very small amount of the sample was mixed with KBr, and thin pellets were made. Before

observing the sample spectnrm, the background spectrum with KBr pellet was taken. The

number of scans taken for the background and the sample qpectnrm were 10 and 50, respectively.

The resolution of the specfrometer was 4 cm-l in spectral runge of 400-700 cm-I. The renrlted

spectra were interpreted by using the lattice dpamical calculations of the optical modes of
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vibrations in HTSCs. The lattice dyramical data is helpful in assigning vibrational modes to a

particular atom in superconducting samples.

2.3 Theoretical Models

It is discussed in the first chapter that the Ginsburg Landau theory is one of the

mathematical description of the superconductors. GL Theory also explains the thermodyramic

fluctuation in the vicinity oftransition te,rrperature. This microscopic theory is the verification to

the theoretical understanding of superconductivity [39]. According to this scenario, flE'HTSC3

show a complex behavior that is linked with the thermodlmamic fluctuation of the

superconductivity order parameter. These thermodynamic fluctuations affect the elechical

resistivity in general phase [40]. Ginsburg was the first one who calculates the fluctuation near

the fiansition He supposed the modification of fluctuation in tlpe-I superconductors which

marked in te,mperature regime.

+-lg] tg] to-'\a,oto-'16 2.tt

2.t2

Where 'a' is inter-atomic distance, 'g' is coherence length and l, is critical temperature. These

microscopic values describe why for so long time, the fluctuation fact was distanced to

experimental study in superconductors. Superconductor is made of various layers and these

layers are responsible for disturbance in superconducting properties. Furthermore, these layers

are placed one on tle others; these layers hold up with the property of the zuperconductors,

which makes them anisotropic. It is because of large anisohopy, fluctuations in the "order

parameter" activate the effect on the cooper pairs. Here, the pairs are forced to move along c-anis

and ab-plane with opposition along the major axis [al]. The studies of resistivity p(f) versus

temperature curve mark a bend of curve from linear state to nonlinear state. This change in the

curve is result of superconducting fluctuation above critical region. The induced fluctuation in

this (critical) region can be predicted by,

L,o(D:4;
P,(r)
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Here p(n is actually calculated resistivity which is equal to
o(T)'

while

p,(f)=h=q+fT is extrapolated as normal-state resistivity with P is gradient of

extrapolated curve.

ln order to study excess conductivity, we use some theoretical models to dig out the

parameter which are contributing in conductivity. These models are named as Aslamazov-Larkin

(AL) model and Lawrence-Donaich (LD) model. Here it is noteworthy that for polycrystalline

samples, AL model gives us a depiction of fluctuation in inter-grain and intra-grain regions [42],

whereas, LD model is associated with flustuation in intra-grain reglon of layered zuperconductor.

Other conffiution is because of Maki-Thompson (MT) which manifests effect of fluctuation on

the n'normal elecffon" 143451.

23.1 Aslamazov-Larkin (AL) Model

AL model explains the effect of fluctuation on the conductivity or Para-conductivity. The

excess conductivity is completely described by two contributions, which is given by

Ao = L6;u.+ L,o* 2.13

The first contribution, according to AL model derived from the mear field theory is used to

develop the excess conductivity o Lo' aboveT". This is a direct contnlbution to the excess

conductivity 146,471and mathematically it is given as

no*(r)-- AE-^

Where 'A' is fluctuation amplitude, Zis relatd to dimensions of fluctuation and known as

critical exponent and e is the reduced te,mperature given by the mathematical relation as

,="lvl
Where T! ismeanfield critical temperature, d which change in value of resistivity is maximum

with respect to te,mperature (separation between critical region and mean field region) [48, 49]. It

can be determined from the point of variation of the te,mperature derivative of resistivity

@pldD. Critical exponent Zis given as A,:2-Dl2; ).:312, A= l, anrd )": ll2 for one, two

and three dimensional fluctuations, respectively. For all these dimensional fluctuations, the

fluctuations amplitude ' A' ts given by [50]

2.14

2.15
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eQo)=W for lDfluctuation

A(2D)=# for 2Dfluctuation

A(3D) = h for 3Dltuctuation

2.16

2.17

2.18

Here S$) is zero cohere,nce length in c-a:cis, 'd' rqlresents the thickness of the 2D

systeq 'e' is electroric charge ,'ft' fu the reduced Planks constant, and's' is the cross-sectional

area ofthe lD rystem.

232 LawrenceDonaich (LD) Model

LD model grves the complete description of fluctudion in intra-grain region- Here

superconducting layers are coupled by the Josephson Effect. Hse we obtain deviation of
conductivity, which is the result of different te,mperattue behaviors against differelrt dimensions.

The relation of Lawrence and Donaich for fluctuation induced conductivity ' A6-', and the

fluctuation amplitude is given by

no-=rfire+2a)+

e(to)=*,-,['.(ryI]

2.19

In Eq. 2.22, a=?=1ry)' ,"-' is a dimensionless coupling parameter. Above the critical

tempoature (7i), the cross-over mainly found from 2D to 3D is lnown as cross-over

temperatrre (4).The system has 2D fluctuations above this temperature (d), and 3D

fluctuations belowfl. According to LD model, the orpression for I is

r"=r.lr.(ry)'1 2.21

The Iawre,nce-Doniach model predicts a change from 2D to 3D at Trp. The value for Tro

is srfiacted fiom experimental data by extrapolation of shaight lines and taking crossover point.
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The study of LD framework reveals that in intra-grain region the non-superconducting region is

sandwiched between two superconducting regions [45].

LD model suggested dimensional fluctuation with increasing temperature. In a nutshell,

fluctuation induced conductivity (FIC) analysis is a best tool to abstract information at

microscopic level This analysis helps us to study coherence length €"(n, a (coupling

parameter) and dimensionality of electronic state of system of superconductor. Other tlran this,

differe,nt component ofresistivity versus te,mperature curve are also focused [51].

2.33 MaH-Thompson (MT) Model

There is another region of fluctuations, known as critical region close to critical

te,mperature (4) for which2 =!3 . Few authors have determined cross-over to 0D fluctuations

for ),=2. M*i and Thompson calculated the indirect conffiution to the excess conductivity

[44]. Maki-Thompson (MT) contnibution is coming from pair-breaking interaction [43]. IWI

conffiution is minute and imperceptible in cuprate superconductors [45, 52].

Hftami and Larkin derived indirect contribution to excess conductivity for layered

zuperconductors independently by Maki and Thompson [53, 54].

where ,=[[#)'(ry)], rqnese,nts pair-breaking parameter, related to inelastic

scattering process that bound the relaxation time ( rr) of quasi-particles involved in MT process

and frris the Boltmann constant. This parameter (d) was introduced by Thompson Non-

maenetic impurities neither change the AL and MT terms nor affect T" h s -wave BCS

superconductors, whereas, these impurities may cause pair-breaking and zuppression in the MT

contributiom, h P or d -wave zuperconductors [44, 55].

At a te,mperature whend xot, the cross-over from 2D AL to 0D MT fluctuation contribution

takes place [56], which is
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At this particular te,mperature, when mean free path '/' of the Cooper pairs is nearly equal to (6,

Cooper pairs are biroken to Fermions. The phase relaxation time ( rr) at that te,mperature can be

determined as

f rh I,, =ltnrrr"l

whire the Fermi verocitv of the ":-i:::;r^'lo'-,i* *
,,_l u )

Where K p0.l2is a coefficient of proportionality [57]. Fermi energy of the cariers can also be

determined as

E- =!m'v3 2.26"2r

Where m' =lDmois the effective mass of the carriers, while rz,is the carrier free mass [58].

2.24

2.2s
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Chapter 3

(Ag)/CuTl-1223 Nano-Superconductor Composites

h this chapter, we have discussed the effects of Ag nanoparticles addition on structural

and snperconducting transport properties of CuTl-1223 manx. Series 6f samples added with

different nano-Ag particles conte,nts (0 - 4.0 wt. o/o) were syrthesized to find out the optimal

concentrdion level of these nanoparticles to obtain the maximum improvement in

zuperconducting traosport properties without affecting the crystal structure of CuTl-1223 phase.

We used Ginzburg-Landau equations, Aslamazov-Larkin (AL), Lawrence-Doniach (LD) and

Maki-Thompson models 146491 on the experimental data to obtain the difterent microscopic

zuperconducting parameters for underctanding and explaining the role of Ag nanoparticles on

superconductivity of host CttTl-1223 phase in detail. We tried to unfold the role of nano-Ag

particles addition in CuTl-1223 matrix with a central objective to det€rmine the dominant source

and mechanism taking place affecting the zuperconducting properties.

3.1 Introduction

The impact of superconducting materials from their application point of view can be

estimated fiom the values of zuperconducting critical parameters (i.e. critical temperature T.,

critical curre,nt density J", critical magnetic field H.) and CuTl-based high temperature

superconducting family has the highest values of these sritical parameters after Hg-based

zuperconductor [1, 2]. The main advantage for the selection of CuTl-1223 superconducting

matrix is its ambient slmthesis conditions especially pressure along with higher values of critical

parameters [3-6]. But the performance of these compounds is badly affected by inter-grains

voids, inhomoge,neous micro-defects, etc, prese,nt in their bulk form. In polycrystalline bulk

samples, the inter-granular superconducting transport properties have become limited by the

wsak-links caused by the grain-boundaries and the intra-granular critical current is impeded

principally by the themally activated flux flow af high te,mperatures and in applied magnetic

fields. One of the most suitable and convenient way to address this issue is the inclusion of
metallic nanoparticles at grain-boundaries of superconducting granular bulk materials for filling

the pores and healing up the cracks to improve the weakJinks. The second very important issue

is the vortex motion in the applied magnetic field, which can easily damage the

superconductivity. To avoid this situation of vortex motion and to improve the infield
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superconducting fransport properties, it is necessary to introduce artificial pinning centers in the

zuperconducting matrices apart from those which occur naturally [3-14]. Differelrt methods such

as high energy ions inadiation [15], chemical doping and different types of additives were

reported in literature for this purpose [16-18]. Nano-additives of different kinds in various high

temperature superconductor matrices have shoum positive effects on superconducting properties

U0, 11, 18-20]. These additives improve the inter-grain connectivity by filling the pores and

healing up the crakes as well as pinning ability acting as additional artfficial pinning centers [2]-
23]. Significant improve,ment in superconducting parameters $,asi observed by the inclusion of
nanostructures of noble metals such as Ag and Au in many superconducting syste,ms 124-261.

The addition of different sizes and concentrations of silver (Ag) nanoparticles in YBCO

superconductor showed monotonic increase in zuperconducting properties particularly J. by

improving cryatal struc'ture in the form of higher crystallinigy, crystallites connectivity and

superconducting volume fraction U9,271. The improvement in inter-grains connectivity as well

as in J. was observed with inoeasing concentration of nano-Ag particles nBi-2223 system [24,

251. The improve,ment in mechanical properties of (Bi Pb)-Sr-Ca-Cu-O superconducting matrix

was also observed by the inclusion of nano-Ag particles that was due to ce,menting effects of

these additives at the grain-boundaries 128,297. The inclusion of different metals oxides MgO,

TtOz afi AlzOl nanoparticles in Bi-based systems showed the improvement in superconducting

parameters [30-32]. The presence of MgO nanoparticles in Bi-2212 matrix has increased the

transition sharpness and the superconductor volume fraction [33]. Significant improvement in

infield J. was observed by the addition of AIzOr nanoparticles in YBazCurO, zuperconducting

phase without affecting the structr:ral slmmetry, which can be re,ndered to the existence of

enhanced flux pinning centers [34]. The volume pinning force density, onset te,mperature of

dissipation, activation @trgy, hansport properties and J" in applied magnetic field were also

improved by the addition of nano-AlzO3 particles in polycrystalline (B\ Pb)-2223 syste,m [35].

The excess conductivity analysis showed that the width of tbree dimensional (3D) conductivity

region was reduced by the addition of nano-AlzO3 particles in polycrystalline (B\ Pb)-2223

superconducting matrix, which was explained on the basis of scattering of mobile carriers across

the insulating nano-Al2O3 particles present at the grain-boundaries [36]. Mechanical properties

were improved by the inclusion of Ag nanoprticles at the grain-boundaries of Bi-based

zuperconducting systems acting as pores fillers and improving the inter-grains connections [37].
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The superconducting transport properties were sufficiently improved by the addition of nano-Ag

particles in Bir.fbo.aSrzCazCulOro+a superconducting matrix without affecting the crystal

stnrcturq indicating more efficient pinning mechanisms [38]. The size of flux pinning centers is

important in enhancing J" and particle with size closer to the cohere,nce length showed higher

transport J. [39]. Brf the size and homoge,nous distrrlbution of nanoparticles at the grain-

boundaries ofthe bulk high T. superconducting matrix is the real challenge 140451.

3.2 Theoretical Models for Analysis of Experimental Data

The fluctuation induced conductivity (FIC) analysis is a state of the art theoretical

analysis on the experimentaldata of cuprates, which can play an essential role to unearth the

intrinsic properties of the material well above the zero resistivity critical temperature T" (0),

where the Cooper pairs formation starts and imparts additional conductivity. There are two

models that can grve a very nice picture of zuperconducting fluctuations in inter-grains and intra-

gains regions. Aslamasov-Larkin (AL) Model can be used for fluctuations both in inter-grains

and inta-grains regions while Lawrence-Doniach (LD) Model can be used only for fluctuations

in intra-grains regions of layered superconductors 146, 4f.
The excess conductivity is given by;

Lo(r)=l o.(T o9] .......(r)
L P*Q)P(D I

where 'p (T)' is the actually measured resistivity, and pp(T) = o+FT is the normal-state resistivity

ofthe samples extrapolated to resistivity at 0 K the'o' is a intercept and 'p' is a slope of straight

line. The excess conductivity generally comprises on two contributions i.e.

Ao = Aoer+Aoy1 ... Q)

The first te,rm, according to AL mode[ is derived using microscopic approach by mean field

theory and is considered as a direct contribution to paraconductivity [48]. The fluctuation

induced conductivity according to AL theory is given as;

AoAL = Ae-r "" "' (3)

where 'A' is the fluctuation amplitud€, 'X' is dimensional sxpsasnt, r =urlf 
=y 

I * *"- -Lry l
reduced te,mperature and 'T"o'f is usually refe,rred to as the mean field critical temperature,

which separates the mean field region from the critical region 148,491and is determined from
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the point of inflection of the temperature derivative of resistivity (dp/dT). The exponent ')r,'

determines the dimensionality of the superconducting fluctuations and is grven as l,= 2-Dl2;?u=

312, l, ard ll2 for one, two and three dime,nsional fluctuations, reqpectively. The fluctuation

amplitude A for one, two and three dimensional fluctuations is given by [50];

(12
I szni"@)

A=J ,,I rcna
l r'f"(o)
\ ezh,

for 3D fluctuation

for2D fluctuation

for 1D fluctuation

(4\

where 2' is the electron charge, '(r(0)' is the zero-te,mperature cohere,nce length along c-a:ris,

'f is tle reduced Planls constant, 'd is the effective layer thickness ofthe 2D system, and 's' is

the cross-sectional area ofthe lD syste,m.

The physical microscopic parameters calculated from FIC analysis depend strongly on the

dimensionality of the fluctuations. Lawrence-Doniach (LD) introduced the concept of interlayer

coupling via Josephson coupling of adjacent layers close to the critical temperafire [47].

According to the LD model for layered superconductors, the excess conductivity Aour due to

superconducting fluctuations is;

Lo- --#,r+za)-/z .........(s)

where d =do =lq"<P-]' ze-'is a dimensionless coupling parameter. The cross-over fiom 2D to€ Ld I
3D is mainly found above the critical temperature known as cross-ov€r te,mperature (To). The

system has 3D fluctuations below this temperafire and 2D fluctuations above this temperature,

and the expression for To according to the LD model is

The second term is the inter-layer coupling strengtlq which is related to the reduced temperature

'e' by J : r 14. h layered superconductors at very low temperatue close to z-ero resistivity

te,mperature E"> d; where 'd'is the distance between the conducting layers of adjacent unit cells

('d'is approximately equal to the c-axis lattice parameter of the unit cell). The advantage of LD

model is that it reduces to 2D AL model for large e values where the coupling constant ',I' is

quite small and to 3D AL model for small 'e'values where in some cases the coupling constant
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7'is quite stong. The above theoretical AL and LD models are based on direct conffiution to

the excess conductivity.

There is one more region of fluctuations close to critical temperature for which L = ll3
and is known as critical region [51]. Some authors have observed a cross-over to 0D fluctuations

with critical exponent l. fu high T" superconductors, the Maki and Thompson (MT) conffiution,

which is due to the interaction of fluctuating Cooper pairs with normal electrons, is not easily

observable. Since the MT conffiution is negligible in cuprate zuperconductors [52]. This

indirect conffiution to the excess conductivity was calculated by Maki [53] and later on

modified by Thompson [54]. For layered zuperconductors, Hftami and Larkin [55] derived the

indirect conffiution to the excess conductivity independently by MT [56, 57].

Ao*=17**o-%,)^lfl(ffi1] (7)

where t =[T)'(*)l * *" pair-breaking parameter, which was introduced by

Thompson [a9] and is related to inelastic scattering processes. that limit the phase relaxation time

rrofthe quasiparticles involved in MT process [58] and r, is the Boltmann constant. In s-wave

BCS superconductor, nonmagnetic impurities neith€r change T" nor atrect AL and MT terms

while on the other hand in P or d-wave supercondugtor these impurities may act pair-breaking

and are supposed to suppress the MT contribution [58].

The cross-over from 2D AL to 0D MT fluctuation conffiution occurs at a te,mperature where

6 x a, which gives [59];

l-l_l t*tl""1ry) (8)

When the mean free path / of the Cooper pairs approaches to €.0 at a particular te,mperature then

they (Cooper pairs) are broke,n to Fermions and at that temperature the phase relaxation time can

be estimated as;

L*,'l,, "lr"n1
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F€rmi velocityofthe carriers cau also be estimated by

,- =l5mr15"@)f't' I zxn l (10)

where K *-O.l2 is a co-efficient ofproportionality [60].

calculated by

Fermi energy ofthe carriers can also be

E, = /rm'vr2 (r r)

where m'= 10 mo is the effective mass ofthe carier and mois the carrier free mass [61].

Ginzburg and Iandau obserr'red the existence of two tlpes of superconductors depending upon

the energy of the interhce betweeir the normal and superconducting states. b 1957 Alexei

Abrikosov used Ginzbur5landau theory to explain the experimental data of zuperconducting

alloys and thin films. He found that high magnetic field in a tlpe-Il superconductor pe,netrates in

the form of magnetic flux quanta Oo. The thermodpamics magnetic field B. (0) can be estimated

from Ginzbnrg number N6, which is grven by 16l,62l;

where , =€"u(O/€"(O) is anisotrop] whose estimated value is '4' for CuTt-1223

zuperconducting system [63,641and Tc is the cross-over te,mperature fiom critical to 3D reeime.

We can estimate penetration depth h.a, lower critical magnetic field B"r(0), upper critical

magnetic field B"z(0) and the critical curre,nt density J.(0) after determination of B.(0) as follows

[6s-68];

r- 48^
'" -;Jir;tr,* (lo
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where A" = ! is the flux quantum and ris the GL parameter, which is the ratio of penetration"2e
depth to coherence length-

3.3 Results and Discussion

3.3.1 X-Ray Diffraction (XRD)

The structure and phase purity of material was determined by XRD (DA4ax IIIC Rigaku

with a CuI(o source of wavelength 1.54056 A1. fne XRD paffem of Ag nanoparticles is shown in

Fig. 3.1. The prominent peaks are indexed according to frce-centered cubic (FCC) structure of

Ag and the average size of Ag nanoparticles calculated by Scherrer's formula is about 35 nm-

The XRD analysis shows exquisitely indexed (l I l), (2 0 0), (2 2 0), and (3 I l) planes

of FCC structure The lattice parameter calculated for FCC pattern of Ag nanoparticles is about a

:4.09 A. No peak of impurity crystalline phases was observed.

F
-s-

Ag-nanoparticles

(F

-G)

18 24 30 36 42 48 54 60 66 72 78 84

20 (Degrees)
Fig. 3.1: XRD patt€rn of silver (Ag) nanoparticles.
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Tlpical representative XRD pattems of (Ag)./CtTl-1223 composite samples with x : 0

and 2 wt. yo is shown in Fig. 3.2. Most of the diftaction peaks are well indexed according to

tetragonal structure following the P4lmmm space goup indicating the dominance of CtTl-1223

phase along with very few peaks of some other superconducting phases as well as some

unknown impurities. There is no change observed in the overall XRD pattern of Ag

nanoparticles added sarnples, which gives a clue about the occupancy of these nanoparticles at

the inter-crystallites sites in C;fiLl223 superconducting matrix. The presence of these

nanoparticles at the grain-boundaries can help to heal up the voids and to improve the inter-

grains weak-links as well as superconducting volume fraction due to which over all

superconducting properties can be enhanced.

30
2go

Fig. 3.2: X-ray diftaction QRD) patterns of (Ag)/CuTl-1223 composites with (a) x: 0 and (b) x:2 wt. Vo.

The unit cell parameters calculated by computer software (crystal) program are a: 4.45 As c :
14.46 AforX:0, anda:4.464.: 14.96A for x=2Yo,respectivelyandthe stoichiometryof

the CuTl-1223 matixJsmains unaffected after the inclusion of these nanoparticles. However, the

,+
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dY
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slight sffi in the diffraction peaks to lower angles is possibly due to the uniform strain produced

in the materials after the addition of Ag nanoparticles. The slight increase in the c-axis length

may also be due to increase of orygen (06) contents with the addition of these nanoparticles,

which can relax the apical bond length.

3.3.2 Scanning Electron Microscopy (SEM) and Enerry Dispersive X-ray (EDX) Spectra

The typical SEM images and EDX spectra of (Ag)*/CvTl-1223 samples for x : 0, and2

wt. % are shown in Fig. 3.3. The improvement of inter-gains weak-links as well as the grains

size is obvious from these SEM images after the addition of Ag nanoparticles in the host CuTl-

1223 superconducting phase. The improvement of inter-grains weak-links and the grains size

may be due to cementing effects of Ag nanoparticles occupying the inter-gains bourdaries by

filling the voids and pores present in the bulk form of CuTl-1223 mafirx. The improved grains

size enhances the superconducting volume fraction and zuperconducting properties of the host

material by the addition of Ag nanoparticles.

12 3456 7 8910
KeV

Fig. 3.3: Typical SEM images and EDX specta of (Ag),/CuTl-1223 composites with (a) x: 0 and O) x:2.0 wt.%o.
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The EDX spectra showed the presence of different elements in the composition. The

mass percentages of different elements determined from the EDX analysis are listed in Table 3.1.

Table 3.1: Ele,mental analysis by EDX of (Ag),/CuTl-1223 composites with (a) 0 and (b) 2.0

wt.o/o.

Elements
(a):r=[ (b): r =2.0wlo/o

KeV MassTo Atomo/o KeV MassTo Atomo/o

OK

C,aK

CUL

BaL

TIM

AgK

0.135 - 20.68 s8.05

3.69s - 8.87 9.94

0.952 26.93 19.03

4.484 31.83 10.41

2.325 11.70 2.57

0.540 20.22 55.96

3.702 8.78 9.70

0.960 27.48 19.15

4.492 30.63 9.88

2.3t5 tt.t2 2.4t

1.525 1.77 2.90

Total 100.00100.00 100.00100.00

333 Fourier Transform Infrared (F"flR) Spectroscopy

FTIR spectroscopy is very sensitive technique commonly used for detecting a trace

amount of impurities along with the functional groups in the material. But here we are interested

to observe the viberational modes of different oxyg€,ll atoms present in the unit cell with the help

of FTIR absorption qpectroscopy. The FTIR absorption spectra of (Ag),/CuTl-1223 somFosites

with x = 0, 0.5, l.O,2.O and 4.0 wt.o/o,in the range from 400-700 cm-l are shown in Fig. 3.4. The

absorption bands in the range from 400 to 540 cm-l are associated with the apical oxygen atoms

and in the range around fiom 541 to 600 cm-r are associated with CuOz planar oxygen atoms [69,

70]. The absorption bands in the range from 670 to 700 c,m-l are associated with Os atoms in the

charge reservoir layer [7]-75]. The apical oxygen modes of tlpe Tl-Oa-Cu(2) afi Cu(I)-OA-

Cu(2) are observed around 430cm I arrd 460-499 cm-l and CuOz planner oxygen mode is around

536 cm-r in the pure Cuo.sTh.sBaCazCutOro-s samples. The nominal variation in the position of

the apical oxygen modes may be due to presence of stresses and strains in the bond lengths of the

unit cells caused by the nano-Ag particles in the composites. The CuO2 planner oxygen modes

and Oo modes remained almost unaffected after the additioo of nano-Ag particles in the host

C;.ITLI223 matrix The FTIR study also supports our claim and objective that the Ag
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nanoparticles don't substitute the constituent atoms of CuTl-1223 unit cell but they occupy the

inter-granular spaces, fill up the pores and heal up the cracks.

700 650 600 550 500 450 400

Wavenumber (cm-l)
Fig. 3.4: FTIR absorption specta of (Ag),/CuTl-1223 composites with (a) x : 0, (b) x :0.5 wt.%o, (c) x : 1.0 wt.o/o,

(d) x:2.0wa.% and (e) x:4.0wt.o/o .

3.3.4 Resistivity yercus Temperafure, Arrhenius Plots and Activation Enerry

Measurements

The resistivity versus temperature measurements of (Ag)-/CuTl-1223 composites with

different contents of nano-Ag particles from x: 0 - 4.0 wt. %o are shown in Fig. 3.5. All these

samples have shown a metallic variation in the resistivity from room temperature down to onset
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of superconductivity with zero resistivity critical temperature {T. (R:0)} aror.rnd 73 K 95 K 98

K.102 K and 91 K for x :0, 0.5, 1.0, 2.0 and4.0wLyo,respectively. These measurements show

that the value of T. (R:0) is increased after the addition of nano-Ag particles upto x :2.0 wt. %o

concentration and then is suppressed on further increase of these nanoparticles concentration in

Cll-Tl-1223 matrix.

1 .8x104

1 .5x104

1.2x104

9.0x106

6.0x106

3.0x106

30 60 90 120 150 180 210 240 270 300

T (K)
Fig. 3.5: Resistivity versus temperature measurem€,nts of (Ag)./CuTl-1223 composites with x : 0, 0.5, 1.0, 2.0 and

4.0 vtt.o/o.

The increase in T. is an evidence of improved superconducting volume fraction and carriers

density after nano-Ag particles addition in the host CuTl-1223 superconducting matrix. The

improved inter-grain weak-links facilitate the charge carriers transport processes and reduce the

energy losses across the grain-boundaries. But the superconducting volume fraction starts to be

decreased after certain optimum inclusion level of Ag nanoparticles, which causes the

suppression of superconductivity parameters. The non-superconducting metallic Ag

nanoparticles reduce the superconducting volume fraction beyond certain optimum level of Ag
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nanoparticles inclusion in superconducting state of CuTl-1223 mafrix. After a certain optimum

level of Ag nanoparticles addition, the agglomeration and segregation of these nanoparticles

resnlt in the reduction of T. by various mechanisms like scattering, pair-breaking, etc 176-781.

Still, there are rurny iszues to be addressed in future studies like homogeneous and non-uniform

distnlbution of Ag nanoparticles at the inter-grain boundaries of the host OtTl-1223

sup erconducting mafr ix.

The variation of superconducting transition reglon resistivity v€rsus t€,mperature

measurements of(Ag),/CuTl-1223 composites with x = 0, 0.5, 1.0,2.0 and 4.0 fr.%, is shown in

Fig. 3.6. The Arrhe,nius plots of (Ag)"lC\Tl-1223 composites, activation energy U (eV), ps00 r
(O-cm) and T. (0) versus x (i.e. Ag nanoparticles contents in wt.%) are shown in the inset of Fig.

3.6.The systematic decrease in the normal state resistivity at 300 K and also a syste,matic

increase in T" (0) with the gradual increase of these nanoparticles contents in the composites up

to x: 2.0 utt. % is also shown in the inset of Fig. 3.6. The syste,matic desrease in normal state

resistffiy and monotonic increase in T" (0) with gradual increase of these nanoparticles conte,nts

is most probably due to somehow homoge,neous and uniform distribution of these nanoparticles

at the grain-boundaries of the bulk CuTl-1223 material The activation energy required to

overoome the barrier can be calculated by the Arrhenius le 
( -u\tw p= ,"*l*rJ, where U is the

activation energy and rc, is the Boltzmann constant, for superconductors [79-81]. We used the

zuperconducting transition region for the calculation of activation energy and observed an

increase in the activation energy with the increase of Ag nanoparticles contents in the

composites. Theories of high T. superconductors so far developed believe that pairs of electrons

(Cooper pairs) move freely without activation en€rgy, which is the main source of

zuperconductivity. In this study, it is observed that activation energy has been increased with the

insrease of Ag nanoparticles conte,nts in these composites. When Cooper pairs interact with non-

superconducting metallic Ag nanoparticles at the grain-boundaries during their traosport in

superconducting state of the host CuTl-1223 matrrq the pairing interaction is weakened and

Cooper pairs could not exist in the low energy state and energy dissipation take place. But on the

other hand the presence of metallic Ag nanoparticles at grain-boundaries can increase the inter-

grain connectivity by fitling the voids and pores, which may be the cause of an increase in T" (0).

Therefore, there are two possible mechanisms taking place due to the inclusion of Ag



nanoparticles, one is the formation of non-superconducting regions causing increase in activation

energy and the other (dominating) is the improved inter-grain connectivity promoting T. (0) of

the sarnples.

Too
t-{

Ao
E
i0v
o0

90
T

,I00

(K)
110 120

Fig. 3.6: Variation of superconducting fiansition region in resistivity versusr temperature measnements of

(Ag)./CuTl-1223 composites with x:0,0.5, 1.0,2.0 and 4 wt.%o. (In the inset are given the Arrhenius plots of

Ag),/CuTl- 1223 composites with x : 0, 0.5, 1.0, 2.0 and 4 wt.o/o, T" (0), prm rc (O-cm) and activation en€rgy U (eV)

versusi x i.e. Ag nanoparticles conte,nts in wt.%.)
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33.5 Fluctuation Induced Conductivity (FIC) Analysis

The FIC analysis on the dc-resistivity versus temperature data of (Ag)'/CuTl-1223

composite samples has'been carried out by using the above mentioned models in the

neighborhood of transition region The plots of ln (Ao) versus ln (e) of (Ag),/CuTl-1223

composites samples with x : 0, 0.5, 1.0, 2.0, and 4.0 vrt.o/o arra shown in Fig. 3.7(a-e). The

experimentally measured dc-resistivity p(O-m) along with a straight line extrapolated from the

room te,mperature (300 K) normal state resistivity to 0 K and derivative (dp/dT) of dc-resistivity

versus temperatrue are shown in the insets of Fig. 3.7(a-e). The variation of zero te,mperafire

coherence length 6.(0) along c-axis and inter-layer coupling constant (I) versus Ag nanoparticles

conte,nts (urt W in (Ag),/CuTl-1223 composites is also shown in Fie. 3.7 (0. The

zuperconducting fluctuations starts at a particular te,mperature de,noted by T' from where the

experimental dc-resistivity curve deviates from the straight line e:rtrapolated fiom the room

temperature normal state resistivity to 0 K The values of T' are around 170.74,169.56,189.63,

185.61 and 184. 61 K for x = 0, 0.5, 1.0, 2.0, ard 4.0 wt. % respectively. The increase in T'

shows that the superconducting fluctuations starts at higher te,mperature values, which may be

due to improved inter-grains coupling, zero te,mperature cohere,nce length along c-axis 6"(0),

superconducting volume fraction etc, after the inclusion of Ag nanoparticles in the host CuTl-

1223 mafrx. The values of critical exponents (Icn ltp ),zo and lon), cross-over temperatures

(Tcn-so= Tc, Tto-zo, and Tzp-sw), mean field critical te,mperature (TJ5, T', inter-grains coupling

constant (a) and superconducting transition width (W = AT.) deduced from the FIC analysis on

dc-resistivity versus temperature data of (Ag),/CuTl-1223 composites samples are given in

Table 3.2. Nlthe cross-over te,mperatures, T"S, and T'have been shifted to the higher values,

which is theoretical evidence of improved superconducting properties of the host CuTl-1223

matrix after the addition of Ag nanoparticles. The increased values of 'o' is a theoretical

e\ddence of improved non-superconducting inter-grains boundaries in the composites samples,

which is in accordance to the increase in the activation energy after Ag nanoparticles addition.

The increase in W : AT" is another evidence of energy loss across the metallic non-

zuperconducting grain-boundaries in (Ag)./CuTl-1223 composites samples.

101



Chapter 3 (AS),rcuTb1223 Nano-Superconductor Composites
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Fig.3.(a-f):h(Ao)versusln(e)plotsof(Ag)1CuTl-l223composites;(a)x:0,(b)x:0.5,(c)x:1.0,(d)x:
2.0, and (e) x : 4.0 vrt.o/o; (In the insets are shorryl the experimentally measured dc-resistivity p(O-cm), derivative
(dp/dT) of dc-resistivity versus temperature, and the sfiaight line o<trapolated from the room te,mperatwe '300 K'
normal state resistivity to 0 K). (D Zero te,mperatrne cohere,nce length 6" (0) and coupling constmt (I) versus Ag
nanoparticles contents wt. o/o m. (Ag)./CuTl- 1223 composites.
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0 0.56 0.93 2.03 9t.59 9.79 l4l.tt 97.99 t70.74 1.60 3.65

0.5 034 0.511 1.04 2.04 rr63t 130.43 15150 1t237 r6956 0.48!t 11.00

r.0 0.s8 0.9 2.01 126.42 tu.u 15451 1t337 189.63 0.495 10.51

2.0 o.62 0.99 2.01 132.4 139.46 16053 1153E r85.61 0.495 9.r0

4.0 036 0.51) l.0t 2.00 1r63t t3tA3 r5551 10635 184.61 0.689 l0.u)

Table 3-2: Widths of critical 3D, 2D, and SW fluctuation regions deduced from the fitting of

orperimental resistivity versus te,mperature ddaof (Ag)'/CtTl-1223 composites samples with x

= 0,0.5, 1.0,2.0 and 4.0 wt.o/o-

lhe various superconductivity pariameters (i"e. €d0), "I, Nc, \.a, B.(0), B.l, B"z, K , J", V5, E4 and

zr) deduced from the FIC analysis of (Ag)./C;rfil-1223 composites samples with x = 0, 0.5, 1.0,

2.0 and 4.0 wt.% are given in Table 3.3. The values of Nc, B. (0), B.t, B.z, J., and Er have been

decreased marginally, whereas 6. (0), J, \.t, K, VF, EF, and q have been enhanced after the

inclusion of Ag nanoparticles. It is witnessed that ("(0) has been improved with the increase of

',I'values after the addition of Ag nanoparticles in CuTl-1223 zuperconducting matrix.

Table 3.3: The superconductivityparameters deduced from the FIC analysis of (Ag)'/OtTl-1223

composites samples with x:0, 0.5, 1.0, 2.0 and 4.0 wt.%.

The cross-over from 2D to 0D (from LD to MT conffiution) takes place at a particular

te,mperature where the mean free path / of the cariers approaches to (ab and Cooper pairs are
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Samples

x= retLo/o

L(0)

d)

J N6 1r"

rAl

B.(0)

(r)

Bcr

G)

Ba

G)

K J"(0)x19"

(A/cm2)

vrxl0'

(ds)

Ep

(ev)

fox tu"

(s)

0 l.0l 0.018 0350 il1.|t 2.661 0.194 1283 34.19 2.ffi2 0.63 0.183 2.25

0.5 3.00 0.16t) o.225 2rt1.0 0.6cr 0.0u 1281 1363 o.tffi 2.4 0.123 334

1.0 3.23 0.ltlt 0.2m 2551.0 0.570 0.012 12t.7 t59A o.t2t6 2.7t 0.122 338

2.0 3.42 0.208 0298 2747.4 0.530 0.011 t2E.7 17t.7 0.r048 2.99 0.126 3.27

4.O 3.9 0.235 o.278 3134.9 0.4u 0.0m tzE.7 195.9 0.080s 2.83 0.151 2.73



(Ag),/CuTl-1223 N

broke,n to fermions. The values of phass rela:ration time q calculated at this partioilar

te,mperatnre ue 2.25x10-la, 3.34r.1014, 3.38x l}-r4, 3.27*l0ra, and 2.73x10-14 s for x = 0, 0.5,

l.O,2.O,and 4.0 v,tLo/o,respectively. The increase of qis an evidence of long life of Cooper pairs

at c€rtain high temlr€rature values after Ag nanoparticles addition in CuTl-1223 superconducting

matrir The increase of (, (0), "I, Vr, and Er shows the improve,ment of superconducting

properties, which may be due to healing up the voids and improving the inter-grains connectivity

afterthe inclusion of Ag nanoparticles. This also shows that the samples become more isotropic

after the addition Ag nanoparticles. Xhe variation in microscopic parameters extracted from FIC

malysis orplained the overall improve,ment of superconductivity up to certain optimum level of

Ag nanoparticles addition in CuTl-1223 superconducting matrir
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Chapter 4

(Au),/CuTl-1223 Nano-Superconductor Composites

In this chapter, we have investigated the effect of Au nanoparticles addition on

superconducting properties of CtTl-1223 matrix in detail. The present work is concerned with
the effect of nano-Au particles addition on the phase formation and characteristics

superconducting parameters. We have reported the influence of Au nanoparticles addition on

structurg morphology and superconducting transport properties. The main objective of this
work is to improve the inter-grains contrectivity, superconducting volume fraction, and to
investigate their effects on super@nductivity. This can be due to the reduction of defects in the

form of voids and oxygen deficiencies by fi[ing the voids and pores with these nanoparticles.

We have also determined the optimum level of Au nanoparticles inclusion for the maximum

improve,me,nt in the superconducting properties of cuTl-1223 matnx.

4.1 Introduction

(CuosTts)BazCazClgOl6s (CuTl-1223) is the most atfiactive phass of Cuo.sTh .sBUCa,-

tCu,Ozo*l+ (CuTl-12(n-1)n); n = 2,'3,4,..., high temperature zuperconductors (HTSCs) family
due to its higher critical te,mperature, lower zuperconducting anisotropy, and longer cohere,nce

length along c-axis [l]. But the performance of this compound in bulk form may be reduced

mainly due to inter-grain voids and poras. The presence of inter-grain weak links diminishes the

critical parameters of superconductivity. Also the motion of the vortices in HTSCs creates

resistance and causes energy dissipation. These facts restrict their applications' such as

superconducting magnetic field sensors. There has been consiste,nt effort in enhancing the
curent carrying capacity of the superconducting materials, which may be achieved by
incorporating extended defects acting as pinning centers. The effect of pinning center is at its
best when their sizes are of the order of coherence length l2l.lt is imFortant that the density of
these pinning ce,nters should be as high as 10ll cma.Largenumber of defects created to achieve
Iarge densities of pinning centers degrades the superconducting properties. It was found that
magnetic nanoparticles may act as efficie,nt pinning cqlters at much lower density 12-41. In order
to enhance the transport properties, many atte,mpts have been made to introduce artificial defects
of nanometer order of magnitude into the bulk HTSCs as extra effective pinning centers under
applied field, such as by nanoparticles addition in the bulk or by post-annealing of the
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superconducting samples [5, 6]. The superconducting properties of granular bulk HTSCs can be

improved by the inclusion ofnanoparticles at the grain-boundaries. But the size and homoge,nous

distnbution of nanoparticles at the grain-boundaries of the bulk HTSCs is the real challenge [7-
13]. The sizes and densities of defects are critical factors to be adjusted for effective vortex

pinning. It was observed that magnetic nanoparticles such as Fe2O3 embedded in to the bulk

HTSCs act as efficient pinning centers 13,l4l. The improvement of critical current density (J.)

was observed in Bi-based HTSC by the inclusion of MgO, 7-r0z and, AlzOl nanoparticles [15-
l7]. Transmission Electron Mcroscopy (TEIvf) has showed that MgO nanoparticles could be

embedded within the superconducting Bi-2212 gains. The prese,nce of MgO nanoparticles has

increased the transition sharpness, and the superconductor volume fraction in the sample [18].
The additionof ZrOzandZnO nanoparticles in Gd-123 superconductor ha^s improved the critical
qure,nt densrty (J) but suppressed zero resistivity critical temperature (T.) [19]. The addition of
SnO2 nanoparticles inseases the miqrostructure de,nsity and reduces porosity among the grains

of CuosTh.s-1223 superconductor [20]. J[e imFrovement of T", J. and phase volume fraction is

obtained on different concentrations of ZnO nanoparticles in (Cuo.sTh esPboz)-1223 l2l!. The

superconducting properties (i.e. T., J", etc) of AfiLl223 were enhanced with the addition of
CuO, CaOz and BaO nanoparticlesl22,23l.The addition of nanoparticles like NiFezO+, AbOr,
hOz, Ag etc in suitable amount helps in creating the effective flux pinning centers, which can

emhance the critical zuperconductivity parameters 124-261. The addition of nanostructures of
noble metals such as Ag and Au has shown the significant improvement in superconducting

parameters in many superconducting systems 127-30l.Increased nano-Ag contelrt n Bi-2223

improves the connectivity among the grains and e,nhances superconductivity 131,321.

4.2 Results and Discussion

4.2.1 X-Ray Iliftaction (IRD)

The XRD pattern of Au nanoparticles exhibits promine6 sharp diftaction peaks indexed

with face-centered cubic (FCC) structure as shown in Fig. 4.1. Also XRD analpis showed the

distinct diffiaction peaks at 38.22o, 44.35o 64.67o, and.77.620, which corresponds to (l I l),
(2 0 0), (2 2 0) and (3 I 1) planes respectively of FCC structure. The FCC structures of
Au nanspffisles matches well with the database of Joint Commiffee on powder Diftaction
Standards (JCPDS No. 00-00+0784), revealing that the symthesized {g nansparticles are

LLL
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composed of pure crystalline gold. The Au nanoparticles size can be calculated by Sherrer's

formula and the average size of Au nanoparticles is about 39 nm.

50 55 60 65 70 75 80
20"

Fig. 4.1: XRD pattern of gold (Au) nmoparticles.

The XRD patterns of (Au),./CuTI-1223 for x= 0, 0.5 and 1.0 wt.oZ composites are shown

in Fig. 4.2. The composites have shown the tetragonal structure following p4lmmm symmetry.

Majority of the diffraction peaks corresponds to the CuTt-1223 phase with lattice parameters a :
4.20 A and c: 15.31 A for x = 0. The addition of Au nanoparticles in CuTl-1223 pbasehas

slightly decreased the cell parameters lengths i.e. a: 4.20 i\c = 15.30 A and a:4.19 A and c =
15.25 A for x : 0.5 and x = 1.0 wt.yo, respectively, which might be due to variation of orygen
contents or stesses and strains in the polycrystalline lattice. The slight decrease in the c-axis
length is most probably due to the compression of apical bond length by the effect ofvariation in
05 ox/$en and stresses produced by the addition of these nanoparticles. The un-indexed peaks

are possibly due to presence of some impurities and some other zuperconducting phases as given
in the in set of Fig.4.2.
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20 50 60 70

Fig. 4.22 XRD pattems of (AupCuTl-1223 composites with x: 0, 0.5, 1.0 wt.yo .

4.2.2 Scanning Electron Microscopy (SEM)

The surface morphology was examined by SEM images of the (Au)_/CufLn23
composites as shown in Fig. 4.3. The granular nature and porosity of samples are obvious from
these micrographs. There is an improvement in the inter-grain connectivity as well as in the grain
size after the addition of Au nanoparticles in the matrix. The main problem is the inhomogeneous
mixing ofAu nanoparticles in the matrix.
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Fig' 4'3 (a-d): Tlpical SEM images of (Au),/CuTl -1223 composites (a) x : 0, (b) x : 0.5 ttrt.o/o, (c\ x = 1.0 wt.o/o

and (d) x= 1.5 wt.Yo.

4.2.3 Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR absorption spectra of (Au)*/cuTr-1223 (x : 0, 0.5, 1.0 and 1.5 fi.yA
composites in the range from 400-700 cm-l and the unit cell of CuTI-1223 superconductor are
shown in Fig. 4.4 (u, b). The nomenclature of different oxygen atoms in the unit cell of CuTl-
1223 superconductor has been demonstrated in Fig. 4.4(b). The bands in the range from 400 to
540 cml are associated with the apical oxygen atoms and in the range from 541 to 600 cm-l are
associated with CuOz planar oxygen atoms. The bands in the range from 670 to 700 cm-l are
associated with oa atoms in the Cuo.sTlo.sB azoq-dcharge reservoir layer [33-35]. But in the pure
cuosTlosBacucwole-6 samples, the apical orygen modes of tlpe Tl-oa{u(2) andcu(t)_
oa-Cu(2) are observed around 427 cm I and, 458-492 cm I and Cuoz planner mode is aro,nd
526 cmt' The apical mode of 6pe Tl{a{u(2) is slightly softened from427 cm-r to 420-421
cm-r and the position Cu(l)-Oa{u(2) remained around 4sg-4glcm-r after nano-Au particles
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addition The position of Cu(2) {p{(2) planner oxygen mode is also slightly softened from

526 cm I to 520 cm-r after nano-Au particles addition The slight shifting of the positions of
different oxygen modes represents the presence of strains in the materials, which affects the bond

lengths. But overall the positions of all the olygen vibrational phonon modes remained alnost
unaltered after nano-Au particles addition in CuTl-1223 matix. This gives us a clue that nano-

Au particles did not substitute any atom in the unit cetl and remained at the grain-boundaries of
(Au)-/CuTl- 1223 comf o sites.

Ba

A
Ira

ciY
o(,
tr(r

.ClL
o
o

.Cl

Wavenumber (cm'{)
(a)

Fig' 4'4 (q b): (a) FTIR absorption spectra of (Au)1CuTl-1223 composites, (a) x: 0, (b) x :0.5 wt.o/o(c) x : 1.0
wt.o/o, and (d) x : l-5 wt.o/o. (b) unit cell of cuTl-I223 superconductor.

4.2.4 Resistivity versus Temperature Measurements

The resistivity verflui temperature measurements of (Au),(/cutl-1223 (x:0, 0 .5, 1.0
and l'5 fi'oA composites are shown in the Fig. 4.5. All the samples exhibit metallic behavior in
the variation of resistivity versus temperature measurements at high temperatures before
zuperconducting transition temperatures. The variation of T. (0) and normal state resistivity ptroo

700 650 600 550 500 450 400

CuTl-1?23

(b)

Gu(l)
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o (Ct-cm) versus x (ie. Au conte,nts) is given in the inset of Fig. 4.5. The value of T" (0)

increases up to x = 1.0 wt. Yo and the,n decreases, which predicts the optimum inclusion level of

Au nanoparticles in CuTl-1223 matrix. The value of T" has increased from 88 K of un-doped

sample (x = 0) to 99 K and l0l K for x = 0.5 and 1.0 wt. % addition of Au nanoparticles,

respectively. The value ofT. has been decreased to 96 K for x = 1.5 wt.yo. The initial increase in

T. is possibly due to improved rveaft [inks among the superconducting grains by healing up the

voids and pores with nano-Au particles. But after certain optimum inclusion level of Au-

nanoparticles, the superconducting volume fraction start to be decreased, which causes the

suppression of superconductivity parameters. Normally the zero resistivity critical temperature

T. (0) of cuprates depends upon the carriers' density in their CuOz planes [36]. The carriers

supplied by the charge reservoir layer to the CuOz planes depend upon the oxygen conte,nts in the

charge reervoir layer [37]. As with the addition of Au nanoparticles, the T" (0) increases, this is

due to opimization of carriers' density in the CuOz planes zupplied by the charge reservoir layer.

Therefore, it is obvious that the oxygen conte,nts in the charge reservoir layer depends upon Au

nanoparticles contents in the C;rfil-1223 matrix The superconducting volume fraction can also

be improved by the optimization of oxygen, which can occupy the oxygen vacancies in the bulk

Cu,Tl-1223 matrir The initial increase in T. (0) is possibly due to increased zuperconducting

volume fraction and improved weak links by the addition of nano-Au particles at the grain-

boundaries. The decreasing trend in T. (0) beyond certain optimum limit of Au nanoparticles

addition may be due to agglomeration and segregation of these nanoparticles at the grain-

boundaries in the bulk CuTl-1223 matnx which can cause the degradation of the quality of the

samples and reduces the superconducting bulk volume fraction of the samples. The initial

increase in T" (0) is possibly due to improved wsak-links among the zuperconducting grains by

nano-Au particles at the grain-boundaries. But after certain optimum inclusion level of Au-

nanoparticles, the superconducting volume fraction and density of mobile charge carriers start to

be decreased which causes the suppression of superconductivity parameters. The normal state

resistivity is very high fs1 the sample with x = 1.5, which is the finger print of the enhanced

scattering cross-section of the carriers and reduced superconducting volume fraction. Usually,

the trend in the variation of superconductivity onset te,mperature T"o*o (K) is similar to zero

resistivity critical te,mperature T" (0) of cuprates, which depends upon the cariers' density in

CuOz planes. Superconducting fluctuations near the superconducting hansition contribute to the
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T.o*t(K) and the Au nanoparticles addition rnay enhance these fluctuations and can affect T.*o
(K) ofthese composites [38].
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Fig' 4'5: Resistivity versusi temperatre measiureme,nts of (Au),/ctn-n% composites with x : 0.0, 0.5, l.0and 1.5

'nt.o/o.In the inset T" (K) and ptroorl (o-cm) versus x (i.e. Au nmoparticles contents).

4.2.5 Magnetic Ac-susceptibility Measurements

Magnetic ac-susceptibility measurements of (Au)-/CuTt-1223 (x: 0, 0 .5, 1.0 and 1.5
wt'%) composites are shown in Fig. 4.6. The ac-susceptibility measurements of these samples
were carried out in field cooled (FC) conditions by the mutual inductance method using an
SR530 Lock-in Amplifier working at a frequency of 270 FIz with HAc:0.07 Oe ofprimary coil.
Single peak above the transition temperature in the ac-susceptibility measurements is observed
for all the samples. There are two components of magnetic ac-susceptibility, in-phase component

d) ^a 
out of phase component t(). fA" magnitude sf diamagnetism of the superconducting

materials is represented by the real pfi d) of the ac-susceptibility and the ac-losses
corresponding to the flux penetration into superconductor sample is represented by imaginary

2.1
E
(,

IAI\,V
o.
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pafi d). The imaginrry putof the ac-susceptibility provides the inter-granular contribution and

therefore, gives information about the nature of inter-grains weak links and pinning strength [39-
4l]. The suppression of superconductivity within the grains decreases the magnitude of y'. tt is
observed that the onset temperature as well as magnitude of diamagnetism initiafly increases and

then decreases beyond certain optimum limit of Au nanoparticles addition. Similarly, the peak

position A y't intially shifts to higher temperature values and then shifts to lower temperature

values beyond certain optimum limit ofAu nanoparticles addition.

.At
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Fig. 4.6: Ac-susceptibility measrements of (Au)*/CuTl-1223 composites with x : 0, 0.5, and l.O wa.%.

The value of onset of diamagnetism {T.o*, (K)} increases up to x : 1.0 wt. yo and, then
decreases, which predicts the optimum inclusion level of Au nanoparticles in cuTl -t2z3matrix
for marimum improvement of superconductivity. The initial increase in T"o*o (K) is possibly due
to improved superconducting volume fraction and carriers density with the increase of Au
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nanoparticles. The suppression of T.*d(K) and diamagnetic signal beyond a certain level of Au
nanopffiisles inclusion can be due to reduction of zuperqgnducting volume fraction and carriers

density. The relatively higher density of voids and pores in pure un-added Au nanoparticles

samples can be the cause of reduction of superconducting volume fraction and

superconductivity. The other defects in the form of oxygen deficiencies can cause the reduction

of carriers' density from the optimum level. By tle incorporation of Au nanoparticles at the

grain-boundaries, the voids and pores can be filled and can improve the inter-grains weak-links.

Itl this way, we can reduce the defects in the material and can improve the superconducting

propoties. The enhancement of r.@ (K) can be the indication of enhanced carriers, density

towards opimization after Au nanoparticles addition. This can be due to the redustion of defects

in the form of voids and oxygen deficiencies by filling the pores with these nanoparticles. But
ttre non-superconducting metallic Au nanoparticles reduces the superconducting volume fraction

in the superconducting state of Cfil-1223 mahix beyond the certain optimum level of Au
nanoparticles inclusion ie. x = 1.5 srt o/o in rhis case.

The overall superconducting properties of Crfil-1223 matrix have been improved up to
certain optimum level of Au nanoparticles addition that can be attnlbuted to an increase in the

inter-grains connectivity and enhanced superconducting volume fraction. The inqrease in
superconducting properties can also be associated with the optimization of carriers' density in
the CuOz planes supplied by the charge reservoir layer, which de,pe'nds upon the optimum

oxygen contents in the charge reservoir layer. Therefore, we can relate the oxygen contents with
Au nanoparticles conte,nts in the CnTl-1223 matrix. We have planned to carry out the infield
measurement (i"e. J", p etc) to investigate the role of Au nanoparticles as additional flux pining
ce'nters. The uniform distnlbution and confiolled size of nanostructures added in the HTSCs

matrices are still unresolved problems in this area of research. We are trying to address these

iszues in oru future research work.
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Chapter 5

(CoFe2Or),/CuTl -1223 Nano-Superconductor Composites

In this chapter, we have investigated the effects of CoFezO+ nanoparticles addition on

structural, morphological and superconducting transport properties of CuTl-1223 mafiix T\e
main objective of 'his work was to improve the inter-grain weak-links by filling the pores and

voids present in bulk form of the host CuTl-1223 mafrtxby the inclusion of these nanoparticles.

The second objective was to increase the number of flux pinning centers to the optimum level by
the addition of these magnetic nanoparticles. The suppression of superconductiug properties in

zero field with increasing CoFe2Oa nanoparticles conte,nts is most probably due to localization

and pair-breaking mechanisms of carriers across these highly coercive magnetic CoFezOa

nanoparticles having net mametic moments. In the present study our focus was to see the effects

of magnetic CoFezOn nanoparticles on the superconducting transport properties of C;rfil-1223

matrir

5.1 Introduction

Normally, cuprate high temperature srperconductors (HTSCs) are spthesized at very
high pressure (3-5 GPa) but the compounds of Cuo.sTlo.sBazCao-rCure,*e+ (CuTl-12(n-I)n); n =
2, 3, 4,-.-, high lespsrattre superconducting family cau be easily synthesized at ambient

pressure [l]. The superconducting parameters of this HTSCs family have the second highest

values after Hg-based superconductors. AIso Cuo.sTlo.sBuCazCurOro.a (CaTl-1223) phase with
three Cuo2 planes has highest values of atnost all superconducting parameters as compared to
other phases sf this HTSCs family 12,31. Therefore, this class of superconductors is one of the

most promising candidates for further investigation and technological applications. The overall
structue is granular and porous in nature for large scale production in bulk form 12,37.In order
to e'lrhance the superconducting properties, many atte,mpts have been made by the different
research groups working in this area. Post-annealing and creation ofartificial defects by different
techniques of the order of nanometer scale acting as exha effective pinning centers under the
applied exte,mal field have been exercised [4, 5]. Main objective of creation of additional
effective pinning celrters by different techniques is to enhance the critical current density (J")
under the applied external magnetic field. These pinning centers are more effective when their
sizes are ofthe order of coherence length [6]. The easy and veryuseful technique for the creation
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of artificial pinning centers is the addition of magnetic nanoparticles in the bulk superconducting

materials [7].

The enhance,ment of critical qrrent density (J.) in many HTSCs families have been

observed by the inclusion of nano-oxides of differe,nt nature, sizes and concentrations, which act

as fluxpinning centers in the applied exte,mal field [8-11]. The addition of AlzOg andZrO2

nanspaftisles acted as effective flux pinning ceirters in (BL Pb)-2223 superconductor and

improved the infield l" U2-141. The lower addition of 7,lriO nanoparticles in (Cuo.sTlo:sPbo:s)-

1223 matrtx improved the superconducting trmsition temperature, J. and superconducting

volume fraction [15]. AIso the addition of InzOg and SnOz in CuTl-1223 matnx improved the

zuperconducting volume fraction and reduced the porosity U6,171. The improve,ment of J, and

suppression ofT. were also observed bythe addition of ZrOzandZnO in Gd-123 zuperconductor

[18]. The zuperconducting properties (i.e. T., J" etc) of CuTl-1223 were improved by the addition

ofCuO, CaOzand BaO nanoparticles 119,201.

Recently, it was shown that magnetic nanoparticles play an important role as efficient

pinning centers at lower densities l2l, 221. BiFeOs (BFO) nanoparticles are the promising

candidate for the various applications in recent years due to their large magneto-electric coupting

[23]. Nano-BFO exhibits zuper-paramagnetism, which is very suitable for flux pinning centers in
superconductors 124,25]. Enhancement in T. was observed by the doping of paramagnetic Cr

impurities in Pd films uP to certain level in applied extemal magnetic fields [26]. The elechical

resistivity versus te,mperature measurements showed that T. has been increased up to 0.2 wt.%

addition of nano-Fe2Ol in CuTl-1223 mafix- The zuppression in T" on firther increase of FezOr

nanoparticles concentration was due to Cooper pair-breaking mechanism or due to decrease in

the volume fraction tzTl.Iareent years, the interest in creating the artificial pinning centers by
the inclusion of magnetic nanoparticles in MgB, superconductor was also observed in literature

[28]. Sevoal models have been proposed to investigate the effects of the inclusion of magnetic

nanoparticles within the bulk superconductors transport properties [29]. However, magnetic flux
pinning depends on the magnitude and orientation of magnetization vector, which is a

challenging problem for both theoretical and experimental investigations. The effects of
magnetic nanoprticles addition on superconductivity h Mgn, was investigated experimentally

as well as theoretically but reported results were contradictory which provide no evidence of
magnetic pinning [30-36]. We have already reported the effect of addition of ZnFezOq
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nanoparticles in CuTl-1223 superconducting matrix. We have observed the imFrove,ment of the

grain size with the addition of ZnFezO+ nanoparticles. But after the addition of ZnFezOt

nanoparticles, T.(0) and magnifude of diamagnetism were suppressed. The suppression of
superconductivity was most likely due to tapping or localization of mobile free carriers and

reflection of spin charge due to paramagnetic nature of ZnFezOq nanoparticles. AIso, the

reduction of T.(0) may be due to the possibility of Fe andT-nincorporation in lattice sites [37].

5.2 Results and Discussion

5.2-l X-Ray Difrraction (IRD), Scanning Electron Microscopy (SEfvD and MH-Loop of
Cotr'ezOl Nanoparticles

XRD pattern of cobalt ferrite (CoFe2Oa) nanoparticles is shown in Fig. 5.1(a). The

characteristic peaks in )(RD pattenr of CoFezO+ nanoparticles are in accordaoce with standard

data values given in Intemational Center for Diffiaction Data (ICDD) record. The prominent

peaks are indexed with cubic qpinal strusture and average size of CoFezOn nanoparticles

calculated byusing Debye-sche,lrer's formula is 36 nm. XRD analysis shows exquisitely indexed

Q 2 0), (3 I l), (2 2 2), (4 0 0), (4 2 2), (S I t), (4 4 O),and (5 3 3) planes and

sharpness of these peaks confirms that CoFezOa nanoparticles are better crystallized. Major
phase has been observed at (h k l) value of (3 I l). No peak of other impurity crystalline phases

has been detected. The lattice parameter calculated to be a = 0.g392 nm. SEM image of coFezoe
nanoparticles at 500 nm scale is shown in Fig. 5.1(b). It shows that nanoparticles are nearly
qpherical in shape and agglomerated due to magnetic inter-particle interactions. We have

measured MH-loop of CoFezOl nanoparticles at T : 50 K by using SQUID magnetometer to
confirm their magnetic behavior as shown in Fig. 5.1(c). These nanoparticles exhibit high
satnration magnetuation (86 emu/g) and high coercivity (3350 Oe) as evident in the inset ofFig.
5.1(c). Ammar et al.l38l reported a high saturation m4gnetiz*rtion (g5.I emu/g) for chemically
prepared CoFezOa nanoparticles. Liu et al. 139! reported the high saturation magnetizatron (83.6

emu/g) of nano-sized CoFezOe particles prepared by co-precipitation method and anngated 31

1300 0c.
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5.2.2 X-ray Diffraction of (CoFe2Oa),/CuTl-1223 Composites

Tpical XRD patterns of (CoFezO+),/CrLTl-1223 composites with x : 0, 1.0 and 2.0

fr.%, are shown in Fig. 5.2. The diffiaction pattems indicate the dominance of CuTl-l223 phase

as most of the peaks are well indexed according to tetragonal structure of this phase following

the P4lmmm space group. The characteristic (001) peak of this ClTl-1223 phase appeared at 20

= 5.84o and the stoichiometryre,mains unsfuanged after the addition ofthese nanoparticles, which

may be an evidence that there is no variation in structual chemistry of the host CuTl-1223

compound. Structure of CuTl-1223 phase re,mains preserved even with the existence of CoFezO+

nanoparticles, which clearly indicates that these nanoparticles occupy the positions at the inter-

crystallite boundaries of CuTl-l223 matrix and help in improving the inter-grain qve6fo-links.
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Beside the dominant CuTl-1223 phase, few un-indexed peaks appeared which are

possibly due to prese,nce of some impurities and some other superconducting phases. Extremely

small variation in c-axis length was observe4 which may possibly be due to some strains and

change in oxyge,n (Os) contents after nanepilfisles addition. The slight shift in the diffiaction

peaks to lower angles, which is due to uniform sfain produced in the materials after the addition

of CoFezOa nanoparticles. Also the slight decrease in the c-axis length and an increase in a-axis

length are due to the slight compression in apical bond length and relaxation in CuOz planner

bond lengths.

5.2.3 $gsnning Elecfron lVficroscopy (SEfvD of (CoFe2O4),/Ct"fl-1223 Composites

SEM images of (CoFe2O4),/CuTl-1223 composite samples are shown in Fig. 5.3. Some

impression of agglomeration of maguetic nanoparticles have been observed in the composite

sample with x = 2.0 wt. %. Similar results were already obserued by M. Hafiz and R. AM-
Shukor [40] for nano-sized NiFz addition in Bir.aPbo.eSrzCazCutOro+s superconductor samples

and N. H. Mohammad et al l27l n studying the effect of nano-Snoz inclusion into the CuTl-

1223 saperconducting phase on superconducting properties.

5.2.4 FTIR Absorption Spectra of (CoFe2Oa)/CuTt-1223 Composites

FTIR is lrery sensitive technique used to detec a tace amount of impurities along with

functional groups in the material. The FTIR absorption spectra of (CoFe2Oa)*lCnTl-1223

comFosites with x = 0, 0.5, 1.0, 1.5 and 2.0 fr.%, in the far ffiared range from 400-700 cm'l

are shown in Fig. 5.4. The bands in the range from 400 to 540 cm'l are associated.with the apical

o)rygen atoms and in the range from 541 to 600 cm-l are associated with CuOz planar oxygen

atoms. The bands in the range from 670 to 700 cm-l are associated with Oo atoms in the eharge

rese,nroir layer l4l43l. Apical oxygen modes of tlpe Tl-Oe-{u(2) and Cu(1)-oe-Cu(2) are

observed around 418 cm-l and 483 cm-l and CuOz planner modes are observed around 533 cm-l

in pnre Cuo.sTlo.sBazCazCttOl6-s samples. The positions of both the apical oxygen modes were

trot altered significantly with the addition of CoFezO+ nanoparticles. The CuOz planner oxygen

modes also did not change their positions with the addition of CoFe2Oa nanoparticles.'The slight

vaiation in these modes can be possibly due to stresses and sEains produced in material after

addition of these nanoparticles. The almost unchanged position of various oxygen modes with

the addition of these nanoparticles showed that the unit cell structure of the host CuTl-1223

matrix re,mained unaltered. This is another indirect evidence of the occupancy of CoFezOa
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nanoparticles at the grain-boundaries. Therefore, these nanoparticles healed up the voids and

imFroved the inter-grain coupling.

l

lj

Fig. 5.3: SEM images of (coFe2oa) JCuTI-1223 composites with (a) x : 0 and (b) x : 2.0 wt.o/o.

t29
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700 650 600 550 500 450 400
Wavenumber (cm-{)

Fig.5.4: FTIR absorption spectra of (CoFe2Oa)/CuTl-1223 composites with (a) x:0, (b) x:0.5 wt.o/o,(c) x: 1.0

,*t.o/o, (d) x : 1.5 wt.o/o, and (e) x : 2.0 wtyo.

5.2.5 Resistivity venus Temperature Measurements

Resistivity versus temperature measurements of (CoFezOa)*/CuTl-1223 (x = 0, 0.5, 1.0,

1.5 and 2.0 wt.%) composites sarnples with various amounts of CoFezOa nanoparticles are shown

in Fig. 5.5. The variation of T. (0) versus CoFezO+ nanoparticles content is shown in the inset (a)

of Fig. 5.5. The values of T. (0) for the samples with X:0, 0.5, 1.0, 1.5 and 2.0 wt.% are

around 66 L 68 K 69 K 78 K and 60 K respectively. These measurements show that the value

of T.(0) is increased after the addition of CoFezO4 nanoparticles into ClTl-1223 zuperconducting
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matrix till x = 1.5 wt. oZ concentration and then suppressed on further increase in the amount of

nanoparticles. The increase in T" (0) after the inclusion of CoFezO+ nanoparticles up to x : 1.5

wt.% is due improvement in the inter-grains connectivity and after certain optimum level of

CoFezO+ nanoparticles additioru the agglomeration starts which deteriorates the samples quality

and produces stresses and strains in the materials I4,451.

3.5x10€

3.0x10€

2.5x10€

Q2.orioo
A\,
[1.sxloo

1.0x103

5.0x104

0.0
70 105 140 175 210 245 280 315

T (K)
Fig. 5.5: Resistivity versusi t€xnperature measure,ments of (CoFezOa)tCuTl-1223 composites; x : 0, 0.5 wt.o/o, 1.0

wt.o/o,1.5 wa.yo , and 2.0 wt.%. In the inset (a) the variation of T"(0) versus x md in the inset (b) the variation of

massive density versusi x (i.e. CoFe2O4 nanoparticles).

In ceramic high T. superconductors, there is always a resistive broadening due to two

critical temperatures, one is the T.o*t(K) at which Cooper pair formation starts and the second is

the T. (0) at which the materials goes into bulk superconducting state. The T.o*o (K) depends on

the electronic properties of ttre material, whereas T(0) depends on the microstrucflre of the

material and carriers density in the CuOz planes. The material with weak inter-grain connectivity

and voids tends to have lower TdO), as compared to that of a material with well connected and

t=0
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packed grains in qpite of their equal T."*" (K). In the present article the T.*6 (K) is

monoionically decrasing with the insrease sf maenetic CoFezO+ nanoparticles content, which is

not srrprising because magnetic nanoparticles have the ability to suppress the superconductivity.

The reason behind the increase in T.(0) might be the improvement of the inter-grain

connectivity, which is essential to get high€r T"(0). The main proble,m is to make the distribution

of CoFezOl nanoparticles uniform and homoge,neous across the grain-boundaries of CuTl-1223

'superconducting matrir The non-monotonic variation of the normal state resistivities with

magnetic C.oFezOl nanoparticles conte,nt is most probably due to ttre inhomog€,neous distribution

ofthese nanoparticles at the grain-boundaries of the bulk material The variation of mass density

of (CoFe2Oa)'/CuTl-1223 composites with different conte,lrt of CoFezO+ nanoparticles is shown

in the inset (b) of the Fig. 5.5. The overall slightly increasing trend in mass de,nsity is observed

with inqeasing oonte,nt of these nanoparticles in the matix, which is an evidence of filling the

voids in the bulk samples. Slightly non-monotonic variation in mass densrty can be most

probably due to inhomoge,neous disffiution of these nanoparticles at the grain-boundaries ofthe

sample.

L32
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Chapter 6

(Al2O3)y/CuTl-1223 Nano-Superconductor Composites

We studied the effects of nano-Al2O3 particles addition on superconductivity as well as

on crystal structure of CuTl-1223 phase in this chapter. We have presented our experimental

results on the zuperconducting properties and the changes in microstnrcture correlated with nano-

sized AlzOl addition in CuTl-1223 matrix. The presence of nano-AlzO3particles embedded in the

superconductor matrix was investigated by X-rays dififraction CXRD), scanning electron

microscopy (SEM) and energy dispersive x- rays (EDX) spectroscopy. The resistivity versus

lerrperature, curr€, t versus voltage (IV) and Fourier Transform Infrared (FTIR) absorption

measurements were carried out on these samples.

6.1 Introduction

(Cu0.5Tl0.rBazCazCurO1s-6 (CuTl-1223) phase of (Cuo.sTlo.5)Ba2Ca,Cun+rO2nr4-D high T.

srperconducting family is the most attractive due to its relatively larger critical surrent densrty

(J"), high superconducting hansition temperature (T) and low superconducting anisotropy (

,
f =+) t1-31. Two main constitue,nts of the unit cell of this phase are Cuo.sTlo.sBazOeo charge

5c

reservoir layer (CRL) and nCuOz conducting planes 14, 51. The effects of the substitution of
impurities within the unit cell and the addition of suitable nanostmctures (nanoparticles,

nanorods, etc) on the physical and structural properties of different superconducting families

were investigated by different research groups working in this area [6-10]. The addition of
nanoparticles affects the superconducting properties by creating the surfrce defects in the

materials and varying the number of charge cariers in CuOz planes. It was observed in many

superconducting families that zuperconductivityparameters vary by varying the oxyge'n conte,lrts

[ll-15]. The addition of elemental and oxides nanoparticles into the high temperature

superconductors (HTSCs) matrices plays a vital role in increasing the critical current density (J.)

by the different mechanisms (i.e. flux pinning, inter-grain improved connectivity etc) occurring

in the materials U6-201. It was reported that low concentration of nano -ZnO addition in

(Cuo.sTlo:sPbs2)-1223 matrix enhanced the superconducting transition texnperature (Tr), critical

cureirt density (J") and melting point, while high concentration of nano-ZnO enhanced the

secondary phases and grain boundary resistance. This was possibly due to large agglomeration of
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nano-ZnO particles [21]. Microhardness of CuTl-1223 superconducting phase was significantly

improved by nano-SnO2 particles addition 1221. It was also observed that superconducting

properties were improved by nano-FezO3 particles addition up to certain concentration level and

the'n started to decrease with higher concentration of nano-FezOt particles n CtTl-1223

superconductor [23]. The suppression of superconducting properties was explained in terms of
enhan66{ pair-brreaking mechanism due to scattering phenomenon at higher conce,lrtration of
nano-FezO3 particles in CuTl-1223 zuperconductor. The nano-MgO particles addition up to 0.6

wL o/o in CuTl-1234 superconducting phase improved the phase formation, grain-connectivity,

electrical hansport properties and reduced the thermal expansisn co-efficient 1241. The

improvement in J. was believed to be due to enhanced pinning effects of nano-MgO particles in

the CuTl-1234 superconducting matrix [25]. There was also no change observed in the tetragonal

cryatal structure of CuTl-1234 superconducting phase after the addition of nano-MgO particles.

The study of the effects of AlzOl nanoparticles addition on the zuperconducting properties of
YBa2Cu3O, showed that there was no change in the stnrctural symmetry, while the

orthorhombicity slightly decreased with the increase of nano-AhOs particles conte,lrt in the

matrir In applied magaetic fiel4 J. of the superconducting material was observed to be

€nhanced significantly by nano-AlzOl particles addition, which can be re,ndered to the existe,nce

of the flux pinning centers 1261. The substitution of nano-Al2O3 particles did not affect the

structural symmetry of the parent YBazCurO, system but the oxygen conte,lrt were affected and

therefore the zuperconductivity altered as it is se,nsitive to oxyge,n conte,lrts especially in this

system- The effects of nano-AlzOl particles addition in the polycrystallio" @1 Pb)-2223

superconductors also illustrated the improvement of transport properties. The volume pinning

force densiry onset te,mperature ofdissipation, activation energy and J" in applied magnetic field

were found to be improved 1271. The fluctuation induced conductivity (FIC) analysis

demonstrated that three dimensional (3D) conductivity region has been reducd which is

possibly due to scattering of mobile carriers across the nano-AlzO3 particles at the grain-

bormdaries of (Bi" Pb)-2223 superconducting matrix [28]. The small amount of nano-Al2O3

particles addition in YBazCugOzr (Y123) textured bulk superconductor has increased the J.

values that may be due 16 improved flux pinning after the inclusion of these insulating

nanoparticles [29]. The stnrctural slmmetry of Yl23 superconducting matrix was also not

affected after the inclusion of AlzOg nanoparticles [30]. The improvement of J" was most likely



Chapter 6 (AIzOr),/CuTl-1223 Nano-Superconductor Composites-

due to enhanced pinning effects by the insulating nano-AlzO3 particles acting as effective

pinning centers in Y123 superconducting matrix The value of the J. depends upon the size,

density ofpinning centers and flux pinning strength. The values of J" and Hrn were enhanced due

to ttre presence of nano-AlzO3 particles at the grain-boundaries of MgB2 actngas strong pinning

cent€rs [31]. Some amount of aluminum (Al) was doped into the lattice and more AlzOs

nanoparticles w€re present at grain-boundaries in the bulk at higher level of nano-AlzO: particles

addition in MgB2 matrix.

6.2 Theoretical Model for Analysis of Bxperimental Data

The dc-resistivity measured data were analyzd with the help of Aslamasov-Larkin (AL)

Model. FIC analysis gives information about the scattering and superconducting pairing in

cuprates as T approaches T.**(K). The excess conductivity is;

L,o(r)=le'(%- e.l.?l .... (r)
L p,Q)pQ) )

where p (T) is the actually measured resistivity, 
^d 

p, (T) = aT + b is the normal-state

resistivity of the sample extrapolated to resistivity at 0 K The fluctuation conductivity according

to AL theory is given as;

Ao(T)= Ae-r "' "'(2)
where A is the fluctuation amplitude, l, is dimensional exponent, and e = lnlTffrd] is the

reduced te,mperature and T"'dis usually referred to as the mean field critical temperature 132,331.

The e:rponent l, determines the dimensionality of the superconducting fluctuations and is given

aslv=2-D/2;7u=112,1,312 for ttrree, two and one dimensional fluctuations, respectively. A cross-

over fiom two dimensional (2D) to three dimensional (3D) conductivity occurs at a cross-over

temperature;

r.=r.ll.(ry),]
L'[-f )) "'(3)

The second tei:n is the inter-layer coupling stre,ngtb, which is relared to the reduced temperature

e by J : e 14. In layered zuperconductors at very low temperature close to zero resistivity

te,mperature E. > d; where d is the distance between the conducting layers of adjacent unit cells

(d is approximately equal to the c-axis lattice parameter ofthe unit cell).
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6.3 Results and Discussion

6.3.1 X-Ray Diftaction (XRD)

XRD pattem of nano-Al2O3 particles is.shown in Fig. 6.1. The various crystal features of
AlzOl nanoparticles like crystal structure, crystallite size and diffiaction pattern are determined

from the XRD qpectrum. The random orientation of crystals, smaller crystallite size, strains and

structural faults lead to the peak b,roadening. The peaks are indexed with cubic structure aod the

aYerage size of AlzOl nanoparticles calculated by Sherrer's formula is found to be 5 nm. XRD

analysis shows cubic stnrctrne and crystallinity with exquisitely indexed planes (3 I l), (2 2

2), (4 0 0), (5 I 1) and (4 I 1), which are completely in accordance with International Center

for Diffiaction Data (ICDD).

2e0

Ftg. 5.1: XRD pattem of ahrmina (AlzOr) nmoparticles

The tlpical XRD pattems of (AlzOs)rlCnTl-1223 composites with y = 0 and 1.5 fr.yo,

are shown in Fig. 6.2.\\e XRD patterns indicate the dominance of CuTl-1223 phase as most of
the diffiaction peaks are well indexed according to tetragonal structure following the P4lmmm

space group. The characteristic (001) peak of CuTl-1223 phase appeared at 20 = 5.75o and also

there is no change in the overall XRD pattems of nano-AhO3 particles added samples. The unit

cell parameters calculated by computer software (cr5atal) program are a = 4.01 4,, c = 14.95 A

A3
a

.Ey

rY
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-
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for y:0, and a:4.13 A, ": 15.16 A for y: l.syo, respectively. The structure of OaTl-1223

phase remains preserved even with the presence of AlzOr nano-particles in the matrix. Therefore,

the nano-particles can occupy the positions at the inter-crystallite boundaries of CvTl-1223

superconducting matrix and help in improving the inter-grain weak links. Beside the dominant

CttTI'1223 phase, few non indexed peaks may possibly be due to presence of impurities as well

as some other superconducting phases. Therefore, the stoichiometry of the host CuTl-1223

compound remains unshanged after the addition of these nanoparticles. The slight sffi in the

diftaction peaks to lower angles is due to the uniform strain produced in the materials after the

addition of AlzOr nanoparticles. Also the slight variation in the c-aris length may be due to

variation of 06 oxygen, which san shange the apical bond lengtb"

2e (ol

Fig. 6.2: XRD pattems of (Al2O3)/CuT'l-1223 composites (a) y: 0, (b) y : l.5,ttt.o/o
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6.3.2 Scanning Electron Microscopy (SEM) and Energr Dispersive X-Ray (EDX)

Analysis

SEM images and EDX spectra of (AlzO3)ylAfiLl223 samples with y :0 and 1.5 wt.%

are shown in Fig. 6.3. The improvement in the grains size after the addition of nano-AlzOs

particles is possibly due to the presence of these nano-particles at the inter-grain boundaries that

can heal up the inter-grain voids in CuTl-1223 superconducting matrix. The EDX spectra show

the mass percentages of different elements in the composition.

Fig. 6.3: Typical SEM micrographs and EDX spectra of (Al2O3),/CuTl-1223 composites (a) x :0.0%, (b) x: l.5o/o.

SEM and )(RD indicate that the nano-AlzO3 particles just occupy the interstitial spaces amongst

the grains and do not enter into the struchre of CuTl-1223 phase. Similar results were observed

by A. Mellekh et al p6l for AlzOg nanoparticles added YBazCurOy phase and N. H. Mohammad

et al l22lin studying the effect ofnano-SnO2 particles inclusion into CuTl-1223 superconducting

phase. The mass percentages of different elements present in (At2O3)y/CuTl-1223 comFosition

detennined by the EDX analysis are listed in Table 6.1.
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Table 6.1: Elemental analysis by EDX of (AlzOr)ylfttTl-1223 composites with y = 0, 0.5, 1.0

and 1.5 wt.%.

6.33 Fourier Transform Infrared (FTIR) Absorption Spectra

FTIR is a very sensitive technique used to detect a trace amount of impurities along with

firncional groups in the material. FTIR absorption spectra of (AIzOr)rlCuTl-1223 composites

with y = 0, 0.5, 1.0 and 1.5 wLyo, in the ffiared range from 400-700 cm-l ae shown in Fig. 6.4.

The bands in the lang€ from 400 to 540 cm-l are associated with the apical oxygen atoms and in

the range from 541 to 600 cm-r are associated with Cuo2 planar oxygen atoms [34, 35]. The

bands in the range from 670 to 700 cm-r are associated with 05 oxygen atoms in the charge

reservoir layer [36]. In pue Cuo.sTlo.sBuCazCttOl6s szrmples, the apical oxygen modes of tlpe
Tl-Oe{u(2) and Cu(l)-OA-Cu(2) ate observed around 418 cm t ail, 537 cm-r and CuO2

plannsr mode is around 580 cm-I. The apical oxygen modes remain unchanged in nano-AlzOl

particles addd samples. The CuOz plannsr mode is harden to 591 cm-r for y = 1.0 wt. %o and

slightly softened to 575 and 576 cm-l for y = 0.5 and 1.5 wt. o/o,respectively. The softening and

hardening of these modes is most likely associated with the $resses and strains produced in &e

materials after the addition of AlzOs nanoparticles, which may affect the different bond length in
the unit cell. There was no significant change in peak positions of oxyge,n modes after

nanoparticles addition but the shapes ofFTIR spectra are slightly different from one another with
respect to relative intensity for different samples. Different bond lengths in the unit cell can be

affected due to sfresses and strains produced in the materials by the inclusion of these

nanoparticles as well as due to small variation in the 05 ox]gen in the CRL of the unit cell. This

gives evidence that no decomposition of AlzOg nanoparticles aod no diffirsion of Al in the unit

Elements Y=0 v:05 rytTo y = 1.0 wLTo v = 1.5 wtolo
KeV Mass% fu'smo/o KeV Mass% AJsm%o KeV Masso/o Atsm%o KeV Mass% Nomo/o

OK

CaK

CUL

BaL

NM

AIK

0.535

3.695

0.952

4.4U

2.3?S

20.68

8.87

26.%

31.83

tt.70

5E.05

9.94

19.03

t0.4t

2.57
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3.696

0.955

4.4E6

3.32t

t.495

18.78

9.16

26.00

33.s5

t[.54

0.96

54.65

rc.4

19.05

tt.37

2.63

1.66

0.538

3.698

0.958

4.48E

2.318

1.510

20.40

7.67

27.E5

30.16

t2.g

t.2E

57.0E

8.s7

19.62
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2.77

2.13

0.5210

3.702

0.960

4.4y2

2.315

l.szs

20.22

8.78

27.4E

30.63

tt.t2

t.77

55.96

9.70

19.15

9.EE

2.41

2.90
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cell of the host CttTl-1223 matrix have been taken place. Therefore the most suitable place of
these nanoparticles in the cuTl-1223 matrix is the grain-boundaries.

7o,tJ 650 600 550 500 450 400
Wavenumber (cm-1)

Fig. 6.4: FTIR absorption spectra of (AlzOgVCuTl-t223 composites with (a) y = 0, (b) y : 0.5 wt. o/o, (c) y : 1.0

wt.%o, and (d) y: 1.5 wL o/o.
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6-3.4 Resistivity Yersus Temperature, Arrhenius Plots and Activation Enerry
Measurements

The resistivity verzus temperature measurements of (NzOthlCuTl-L223 (y : 0, 0.5, 1.0

and 1.5 wt.W nano-superconductor somFosites are shown in Fig. 6.5. All these samples have

shown a metallic variation in resistivity from room temperature down to onset of
superconductivity with zero resistivity critical temperature {T. (0)} around 86 K 74L75 K and

64K.

1.8x{0€

1.5x10€

{.2x{03

9.0xlDa

E,0xt0a

3.0x104

105 t40 {75 210 246 280 315

T (K}
Fig. 6.5: Resistivity v€rsus temperature measwem€nts of (AI2O3)'/A)TLLZZ3 composites with y = 0.0, 0.5, 1.0 and

l.5wt.%.

There is non-monotonic variation in T. (R=0) with the increase of nano-AlzOs particles

concentration in the composites as shown in the inset of Fig.6.6. It is assumed that this non-

monotonic variation in T. (0) K is mainly because of non-uniform distribution of AIzOs

nanoparticles at the grain boundaries of the host CuTl-1223 wperconducting matrix. The overall
suppression of T" (0) K with AlzO3 nanoparticles addition is either due to orygen vacancy

AE,L
Atlrv
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y=0; T-{0}sEE K
y s 0.5 wL Zoi 7o(0) e ?f
y cr 1.0 wL %; To(o) c ?5
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disorder or due to mobile holes trappng 137-40] or due to lesser oxygen content in CuOz planes

[41]. The main problem is to make the distribution of AlzOs nanoparticles uniform and

homogeneous across the grain-boundaries of CuTl-1223 superconducting matrix. It can be seen

from the superconducting transition region in resistivity versus temperature measurements that

there is no clear relationship between the AlzOg content and normal state resistivity at 300 K as

shown in Fig.6.6, which is most probably due to the inhomogeneous distribution of these

nanoparticles at the grain-boundaries ofthe bulk cuTl-1223 matenal.

1.6x10{

1.4x104

1.2x104

6.0x104

4.0x104

2.0x104

0.0

T (K)
Fig. 6.6: Variation of superconducting transition region in resistivity versus temperature measuements of

(Al2O3)5/CuTl-1223 composites with y: 0, 0.5, 0.7, 1.0 and 1.5 wt.%o.Ia the inset are given the Arrhenius plots of
(Al2O3)rlCuTl'1223 composites with y: 0, 0.5, 0.7, 1.0 md 1.5 wt.o/o, aclivatron energy and T" versus nano-Al2O3

contents.
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The possibility of the AlzOs material dissolved into the matrix of CuTl-1223 zuperconductor

cannot !s sliminated as it was symthesuefi, at highsr temperature for elongated time (E6O'C,24

hours). Since the vortex motion in high T. superconductors is thermally assisted phenomen4

therefore, we can use the Arrhenius Law to calculate the activation energy required to overcome

the pinning barrier 142451. The Arrhenius Law for superconductors is p : po ery (U/knI);
where U is the activation en€rgy and kn is the Boltzmann constant. The Arrhenius plots of
(AIzOr)y/CuTl-1223 composites are shown in the inset ofFig. 6.6. We used the region close to T"
(0) K to calculate the activation energy. The plot of activation energy versus nano-AbOr
particles contents is also shown in the inset of Fig. 6.6. It can be seen that activation e,lrergy has

been decreased with the inqease of nano-AI2O3 particles conte,lrts in the composites. The

decrease of the activation energy with the increase of nano-AlzOr conte,lrts is possibly due to
€nhanced insulating natue of inter-granular regions. These inzulating weak-links between the

superconducting grains cause resistive bnoadeiring as the en€rgy dissipation takes place during

the transport of mobile carriers. The lower values of the activation energies also show the weak

flux pinning in thme samples.

63.5 Current yersus Voltage (fV) Measurements

The curre,nt v€rsus voltage (rv) measurements of (Alzos)r/cuTl- 1223 (y = 0, 0.5, 1.0 and

1.5 wt.%) oomposites are shown in Fig. 6.7. These [V measurements were carried out at 50 K
below the zero resistivity critical temperature for the samples. The criterion of J" for the IV
measure'ments was kept I pV/cm at 50 K in zero extemal applied magnetic field for all the

samples. The IV characteristics curves show the suppression of critical curre,nt (I.) with the

addition of nano-Al2O3 particles in CuTl-1223 superconducting matrix. The variation of J. with
different concentrations of nano-AlzOl particles is shown in the inset of Fig. 6.7. This decreasing

tre,nd ofJ. with increasing Al2O3 nanoparticles concentration is possibly due to the formation of
superconductor-insulator-superconductor junctions in the composites. The insulating AIzOs

nanoparticles lnesent at the grain-boundaries reduce the activation energy of the carriers due to
which pair-breaking of carriers occurs and zuperconducting parameters are suppressed [46]. But,
we expect that AIzOr nanoparticles will act as active pinning centers in the exte,mal applied

magnetic field measure,ments 126-311. The pinning effects ofthese nanoparticles will be explored

by infield measurements of these composites, which are under way. Presently, we only reported
the effects of AlzOg nanoparticles addition on the structural and superconducting tansport



Ar

-$
trttr

iI

E

Chapter 6 (AIzOr),/CuTl-1223 Nano-superconductor Composites-

properties of CuTl-1223 matrrx without external applied magnetic field. All the e4perimental

results are very consistent and supporting each other.

0.0G

0.04

0.03

0.02

0.01

0,00
0.04 0.06

Gurrent (A)
Fig. 6.7: Curre,nt versus voltage (IV) measurements of (Al2O3)"/Cu,Tl-1223 composites with y: 0, 0.5, 1.0 and 1.5

wt.%. (lnthe inset J.(A/cm2) versus nano-Al2O3 particles content is shown).

6.3.6 Fluctuation Induced Conductiviry GIC) Analysis

The FIC analysis on the resistivity versus temperature data of (AlzOs)ylcrTl-1223

composites are carried out by using AL model in the mean field regime. The values of critical

exponent (ir.zo and i,,3p), cross-over temperature (To), mean field critical temperature (T.9, zero

temperature coherence length along c-a:ris {8.(0)}, inter-layer coupling (A re given in Table

6.2. The increased values of 'oo after nano-AlzOs particles addition is a theoretical evidence of

insulating inter-grain boundaries in the composites samples. Moreover it is also witnessed that

E.(0) has been improved with the increase of 'J' values with the nano-AlzO3 particles addition in

CuTl-1223 zuperconducting matrix. The plots of ln( Aonr.) versus ln(e) of (Al2O3)y/CuTl-1223

ssmposite samples for; (a) y : 0, (b) y : 1.5%o arc shown in Fig. 6.9(a b) and in the insets are

0.0 03 0.0 0J t2 ts
Ah0g.Gontenl (uilY'l

y=0
y = 0.5 uut o/o

y = 1.0 uvt o/o

= 1.5 tifr,%

0,{0
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shown the experimentally measured dc-resistivity p(O-cm) along with a straight line

extrapolated from the room temperature (300 K) normal state resistivity to 0 K and derivative

(dp/dT) of dc-resistivity versus temperature.

Table 6.22 T-he superconductivity parameters observed from the FIC analysis of (AlzO:)r/CuTl-

1223 composites with y:0.0, 0.5,0.7,1.0 and 1.5 wt.%.

Samples p"(300K) T" To T"-'(trQ o=p,(0K) xsp Lzo 6"(0) J=[2t"(0Ii

(0-cm)'10{ (K) (K) (f,1-cm)'10{ rropc oropc d) d2

y= 0.0 9.650 E6 1M.34 t02.31 7.79 0.52 1.05 3.6il 0.238

y= 0.5 17.9 74 lM.3t t02.3r 17.21 1.07 4.741

y--0.7 6.105 79 103.34 r0l.3l 5.316 0.5 1.02 4.91 0.429

y:1.0 13.33 75 t01.33 98.34 t2.t3 1.97 5.857

y =1.5 13.33 64 101.33 98.34 12.752 0.4t 1.99 6.181 0.679

tl

E
b

tr
b

tr

€
ln(e)

(a)

lnG)

o)
Fig. 6.8(a, b): In (ao) versusi ln(e) plot of (Al2o3)r/cuTr-r223 composites; (a) y : 0, (b) y = 1.5 wt.yo; (In the

insets are shown the experimentally measured dc resistivity p(O-cm), derivative (dp/dT) of dc resistivity versusl

temperature, and the skaight line exrapolated from the room temperature '300 K' normal state resistivity to 0 K).

The fitting of experimental curves shows the existence of two different fluctuation regions in
these samples. The values of critical exponent (?lp) derived from the slopes of sample with y: 0
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is found to be 0.52 and 1.05, which correqpond to 3D andlD AL fluctuations respectively. Also,

the value ofLp were found to be (0.48 ,1.0?), (0.5, 1.02), (0.47,1.97) ad(0.48, 1.99) with y: 0.

5, Y = 0.7, y: 1.0, and y = 1.5 wt.%o, respectively for 3D and 2D fluctuations. There is a cross-

over temperature (T.) at which fluctuations have been changed from 2D to 3D in low

te'mperature region. The widths ofthese fluctuation regions are give,n in Table 6.3. It can be seen

from ttre data that To has been shifted toward lower te,mperattre with nano-AlzOs particles

addition. On the other hand the inoeased values of {(.(0)} and (I) show that samples become

more isofropic after nano-AlzO3 particles addition.

Table 6.3: Widths of critical 3D and 2D fluctuation regions observed from fitting of the

experimentaldataof(AtzOs)y/CuTl-1223 compositeswithy=0.0, O.5,O.7,l.0and l.5wt.o/o.

Sample t3DT(K) ln e ( range in 3D) l2DT(I9 ln e ( range in 2D)

-4.59 < ln <-3.91 -3.91<lne<-1.67

y= o5 103.37-105.38 4-56 < lne <-3.50 105.38-129.47 -3.50< lne <-1.32

99.33-101.33 4.60 < lne <-3.49 I -3.49< Ine <

The shift of 3D regime to lower te,mperature indicates that inter-grain boundaries become more

insulating due to which T. and Tohave been deqreased. The variation in microscopic parameters

exhacted fiom FIC analysis verifies the overall suppression of superconductivity after nano-

AlzOl particles addition in CuTl-1223 superconducting matrix.

103.34- 131.43 .50< ln e <-l-21
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Chanter 7

General Conclusions and Future Prospects

7.1 General Conclusions

In order to study the variations in zuperconducting properties of
(Cuo.sTlos)BuCazCvOroa (CuTl-1223) matrix by the inclusion of differe,nt tlpes and sizes of
nanoparticles (i.e. AlzOr, Ag, Au and CoFezO4) with different wt. o/o, we zuccessfully

ryrnthesized four series of samples by solid-state reaction method and charactqzd them by
different experimental techniques such as XRD, SEM EDIL TEM, FTI& RT-measurements,

lV-measureme'lrts, etc. We analped our experimental data with the help of well-established

theoretical models (AL, LD and MTmodels) in this area ofresearch.

Following conclusions can be drawn from our investigations.

In case of (Ag),/cuTL-1223 (x = 0, 0.5, 1.0, 2.0 and 4.0 wt.yo) nanoparticles-

zuperconductor composites, the crystal stnrctrne of host CtTl-1223 superconducting

matrix was not affected after the addition of Ag nanoparticles. The activation energy

{U (eD} and zero resistivity critical temperature {T"(0)} were increased with
increasing conte,lrts of Ag nanoparticles up to x= 2.0 wt. %. The systematic increase

in T"(0) and decrease in proo r (O-cm) may be due to improved inter-grains coupling

by heating up the voids after the addition of Ag nanoparticles at the grain-boundaries

of CuTl-1223 phase. The suppression of superconducting properties after the addition

of these nanoparticles beyond the certain optimum level is most probably due to

agglomeration and segregation of these nanoparticles at the grain-boundaries. The

microscopic parameters deduced from the FIC analysis are in accordance with the

experimental findings. The increase h E. (O)and J indicates the reduction of
anisotropic nature of cuTl-1223 phase after Agnanoparticles addition.

In case of (Au)*/CuTr-1223 (x = 0, 0 .5, 1.0 and 1.5 wt.yo) nanoparticles-

zuperconductor composites, the tefragonal structure of CuTl-1223 matnx remained
,naltered after nano-Au particles addition It provides an evidence of the presence of
nano-Au particles at inter-granular spaces (inter-grain boundaries). The syste,matic

decrease in normal state resistivity and monotonic insrease in T" (0) with gradual

increase of these nanoparticles contents up to certain optimum level is most probably

ii)
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due to somehow homogeireous and uniform distnbution of these nanoparticles at the

grain-boundaries of the bulk ArTLl223 material.The improvement in the

superconducting properties can be atffiuted to an increase in the inter-grains

connectivity by healing up the inter-grains voids and pores by the addition of Au

nanoparticles. The improved inter-grains connections can facilitate the carriers

transport across the inter-cryatallite sites. But the superconducting volume fraction

starts to be reduced after certain optimum inclusion level of non-superconducting

metallic Au nanoparticles, which causes the zuppression of superconductivity

parameters of CuTl-I223 phase.

In case of (coFezoe)xlofil-1223 (x = 0, 0.5, 1.0, 1.5 and 2.0 wto/o ) nanoparticles-

superconductor composites, the stoichiometry and cryatal structrue of the host CuTl-

1223 mafix remained unshanged after the addition of highly coerciveCoFezOn

nanoparticles. The enhancement in T"(0) was observed with inqeasing conteirts of
CoFezOt nanspaftisles due to improvement of weak-links by filling the pores and

crakes present in the bulk CuTl-1223 matrir The increase in mass density after

addition of these nanoparticles can also be due to filling of pores. The addition of
these nanoparticles beyond a certain optimum concentration level causes

agglomeration and produces additional stesses and strains in the bulk material and

suppresses the zuperconducting properties. The suppression of T"(0) may due to pair-

breaking mechanism caused by reflection/scattering of carriers and

trapping/localiz4lisa of mobile free carriers across the agglomerated magnetic

CoFezOr nanoparticles present at grain-boundaries of the host Cfil-1223

zuperconducting matrix.

ln case of (AIzOl)y/ClTl-1223 (y:0.0,0.5, 0.7, 1.0 and 1.5 wt.W nanoparticles-

superconductor composites, XRD scans revealed that the tetragonal structure of
CrtTl-1223 matrix was not affected by the inclusion of AlzQ nanoparticles, which

provided a clue about the occupancy of these nanoparticles at the grain-boundaries.

The EDX spectra confirmed the presence of AIzOs nanoparticles in CuTl-1223

matrix The zuppression of T.(0) and J" was observed with increasing conte,nts of
AlzOl nanoparticles, which was most probably due to pair-breaking mechanism

caused by the reflection/scattering of carriers during their transport across these

iii)
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insulating nano-AlzO3 particles present at the grain-boundaries. The insulating rulno-

Al2O3 particles forming the zuperconductor-insulator-superconductor junctions in the

(Al2O3)r/CuTl-1223 composites has zuppressed the superconductivity parameters.

The decrease of the activation energy with the increase of nano-AlzO3particles

conte,lrts is possibly due to e'nhanced insulating nature of inter-granular regions. These

insulating uvsak-links betwee,n the superconducting grains Gause resistive broade,ning

as the energy dissipation takes place during the transport of carriers. The lower values

of the activation energies also show the weak flux pinning in these samples. The dc-

resistivity data see,ms to be fitted very well with 3D aod 2D Aslamasov-Larkin

equations. The cross-over temperature (T") is shifted towards lower te,rrperature

values with the enhanced nano-AlzOrparticles conce,lrtration. The increase in ("(O)and

J indicates the reduction of anisofiopic nature of the material after nano-Alzol

particles addition

7.2 Future Prospects

We have planned to address the following umesolved and unaddressed issues in this area;

l) Uniform distrbution of nanostnrctures at the grain-boundaries of the host HTSCs

matrir

Tuning of superconducting properties of the host HTSCs matrix by varying the

sizes of nanostructures (nanoparticles, nanorodesetc).

Infield measurements (i.e. RT, M RH etc) to explore the influence of
nanostructures on the artificial flux pinning centers in the host HTSCs matrix.

2)

3)
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Abstracl

Series of (Ag)J(CuosTlosBazCazCutOroo) ((Ag)/CuTl-1223) nanesuperconductor composites were synthesized with different concentra-

tions (r.e..r=0 -4.0ttrt%o) of silver (Ag) nanoparticles. Low anisotropic CuTl-1223 superconducting matrix was p,repared by solid-stare reaction

and Ag nanorpaticles were fparcd by a sol-gel method separately. The required (Ag/Cun-1223 composition was obtained by the inclusion of
Ag nanorparticles in CuTl-1223 uperconducting rnarix. Stnrcnral, morphological, compositional and superconducting transport propemies of
these oomposites were inva*igated h detail by x-ray diffraction Q(RD), scmning electron microscopy (SEIU), energy dispersive x-rays (EDX)

spectroscofly and four-point probe electical resistivity (p) measurernens. The inclusion of Ag nanoparticles enhanced the zuperconducting
properties without affecting the tetragonal strucorc of the host CuTl-1223 mafix. The improvement in sEperconducting p'roperties of (Ag)/CuTl-
l2Zl composites is most likely due to e,lrhanced inter-gmins coupling md increased supaconducting volume fraction after the addition of
metallic Ag nanoparticles at the inter<rystallite sites in the samples. The presence of Ag nanoprticles at the grain-boundaies may increase the
nttmb€r of flux pirming c,enters, which were Fesent in the form of weak-links in the pure C)ln-1223 zuperconducting manix.
O 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://oeativecommons.orgflicenses/by-nc-n dl4.0l). $i
Keytords: (AdU&11-1223 composites Ag nanoparticles; wcakJinks; suprconductirg propoties
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l. Introduttion

The selection of superconducting materials for their practical
applications demands higher values of critical ransition
temp€rature (7), critical curcnt density (D and critical
magnetic fieH (fl"). It is obvious from literature that in
qpite of granular and porous nahre of bulk (CuosTbs)
Ba2Ca2Cu3O1s-6 (CuTl-1223) phase of (CuosTlos)
Ba2C:,,Cuo*1Ot,+o-a high 7: superconducting family has

relratively higher values of J", 7i, H. and lower superconduct-
ing anisotopy (y: Eal€) [-3]. Therefore, it is necessary to
shdy in the selected CuTl-1223 superconducting phase. The
presence of inter-grain voids, impurity phases, oxygen vacan-
cies, inhomogeneous microdefects, etc., in its bulk form due to
granularnanre affects the performance of this compound. This

'TeL: +g25l9Lt9r)6; fax: +9251 92t0256.
E-mail address: mmumtazT5@yahm.com (M. Mumtaz).

Peer rcyicw under rcsponsibility of Ctinese Materials Research Society.

http://dr.doi.o4/l0.l0l 6f .pnsc.20l 5.06.001
lm2{I)7l/@ 2015 The Authors. Publishd by Elscvier GmbH. This is an opm acccss article under the CC BY-NC-ND license
(http//creativccommons.org/licenses/by-nc-urU4.0/).

issue can, however, be resolved up to some extent by filling
the pores with some suitable nanostmctures (nanoparticles,

nanorods, etc.) at inter-granular sites in the bulk superconduc-
tor [4]. The effects of nanostnrctures addition on physical and
strucMal properties of different high tempaature supercon-
ducting (HTSC) familie.s in their bulk as well as thin films
were studied by ffierent research goups [5-9]. Generally, it is
obsened from ttre literature reviews ttrat the addition of
narostructures in HTSCs improves the inter-grain connectivity
and superconductivity parameters up to certain extent without
affecting the crystal structures of supercondusting phases [0-
19]. The addition of nanoparticles also enhances the additional
pirming effects in the bulk polycrystrlline samples for the
improvement of infield zuperconducting properties 12U22). lr
was observed that low concentration of nano-ZnO addition in
(Cu6.5Tls2sPbss>1223 matrix enhanced supe.rconducting
properties, while high concentration of nano-ZnO enhanced
the secondary phasas and grain-boundaries resistance due to
agglomeration of nano-ZnO particles [23]. The addition of
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MgO nanoparticles in Bi-2212 superconducting matrix
improved J" by enhancing the grains morphology due to
improved inter-grains weak-linls without altering the crystal
strucEre [6]. It was observed that superconducting properties

were improved by nano-Fe2o3 particles addition nCaTl-1223
superconductor up to certain concentration level and the,n

stafled to declease with highu concentration [24]. There was

also no effect on the srucnual symmetry of YBa2Cu3O,
superconducting phase after the addition of Al2O3 nanoparti-
cles. In applied magnetic fiel( J" of the superconducting

material was enhanced significantly by nano-Al2O3 particles

addition, which can be rendered to the existe,nce of enhanced
flux pinning centerc in the superconducting mafiix [25]. The
values of pinning force density, onset temperature, activation
en€rgy and J" in the applied magnetic field were improved by
the addition of nano-Al2O3 particles in polycrystalline @i,
Pb)-2223 superconductor [26]. The addition of Ag nanoparti-
cles in YBCO superconducting thin fitms reveals greater J.
values and improved crystal structure in the form of higher
crystallinity [27]. Bulk superconductor YBCO doped by Ag
nanoparticles of differe,nt sizes and concentrations showed
monotonic increase in superconducting properties especially

J", which is attributed to the improvement of crystallites
connectivity and superconducting vslrrms fraction t10]. Opti-
mal addition of Ag and SiC nano-powder of size 30-130 nm in
MgB2 superconductor has increased the artificial pinning
centen along with the increase of infield superconducting
properties. A further increase of SiC and Ag nano-powder
above 16 wtTa decreases the supuconductivity of Mgts2 I28].
The improvement of mechanical properties of (Bi PbFSr-Ca-
Cu-O superconducting matrix was also obserrred afts nano-

Ag particles addition that may be due to cementing effects of
these additive.s at the grains boundaries 129-311.

In literature, the optimal conce,ntration of nano-Ag particles

in different superconducting familie.s that can enhance the

superconducting properties without affecting the crystal chem-
istry was not yet clearly determined In this paper, we reported
that effects of the nano-Ag particlas addition on stmctural and

superconducting properties of CuTl-1223 matrix. We also ried
to find out the optimal concentration of Ag nanoparticles to
obtain the maximum improvement in superconducting trans-
port properties without affecting the crystal sftrcture of CUTI-
1223 pha*. The appropriate concentration of Ag nanoparti-
cles'addition heals up inter-grains voids to improve the weak-
links and act as facilitators for the carrier transport in bulk
superconductors.

2. Experimental details of samples' synthesis and
characterization

The nano-Ag particles added bulk ceramic CuTl-l2Z super-
conductor composites were qmthesiznd by two+ycle solid-stae
reaction method. Initially, Ba(NIO3)2, Ca(NOs)z and Cu(S[)
compounds were used as stating compounds to prepae
CuosBa2Ca2CurOro+ precrrsor. These starting compounds were
mixed in appropriate ratios and gound in an agate mortar and
peSle for 2h. The mixed and gound magial was loaded in

quartz boaB and calcinated in chmrber firnace at 860 oC for
24 h followed by fumace cmling to room temperature. The
calcination steps were repeated nrice following I h intermediate
gnnding each time to get the fine Cuo.sBazCazCu3olsd pre-

cursor material. The nano-Ag particles wue prepared by a sol-
gel method separately. The precursor material was mixed with
TI2O3 and different wt%o of Ag nanoprticles of 35 nm in
average size at second stage and then ground again for I h to
get (Ag)r/CuTl-1223 O,=0.0, 0.5, 1.0, 2.0, 4.0) wt% sttp-
conductor composites. The material was then pelletized under

3.E tonJcm2 prcssure and the pellets were enclosed in gold
capsules for sintoing at 8@ oC fof l0 min followed by
quenching to room tempqafirre.

The structure and phase purity of malerial was determined

by XRD @/Max ItrC Rigalru with a CuKc source of
wavelength 1.54056 A). ttre morphology and composition of
material were determined by SEtvI and EDX, respectively. A
conve,ntional four-point probe method was used for dc-
rasistivity measurements. The phonon modes related to the
vibrations of various oxygen atoms were observed by Fourier
Transform Inftared (FTR) spectroscopy in the wave,number

range of 4(tr-7fr)cm-r.

3. R€sults and discussion

The XRD pattem of Ag nanoparticles is shown in Fig. 1.

The prominent peaks are indexed according to face-
centered cubic (FCC) structure of Ag and the average size
of Ag nanoparticles calculated by Sherrer's formula is
about 35 nm. The XRD analysis shows exquisitely indexed
(l 11), (200), (220), ard (311) planes of FCC structue. The
lattice parameter calculated for FCC pattern of Ag nano-
particles is about a:4.09 A. No peak of impurity crystal-
line phases was observed.

The typical XRD parerns of (Ag)/Ctn-1223 composites
with r=0, 1.0 and 2.0wt7o, are showa in Fig. 2. Most of the
diftaction peals are well indexed according to the tetragonal
struchre of CuTt-1223 phase following the P4lrnmm space

group and the characteristic (001) diffraction peak of this phase

appeared at20:5.79". The stoichiometry and crystal struchre
of CuTl-1223 phase remained preseryed even after the addition

7t 2a 30 38 a2 {8 6.1 80 6C 72 7t U
20 (Degrees)

Fig. I. XRD pmern of silver (Ag) nanopanides.
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lof Ag namparticles. This provides evidence about the occu-
pancy of these nanoparticles at the inter-crystallite sites and the
improvement of ints-grain weak-links by filling the pores and
voids. Besides the dominance of CuTl-1223 phase, few
un-indexed diffraction peaks appearing in )(RD patrerns are
possibly due to the presence of some impurities and other
supuconducting phases mentioned in the inset of Fig. 2. The
calculated cell parameters are (a:4.45 A, c=14.45 A),
r,1a--4!6[u 

"=14.96A), 
and, (a=4.46A, c:14.97 A) for

.r:0, 1.0, and 2.0 wt7o, respectively. Slight variation in c-a:ris

llengfh may be due to some strains and variation of 05 oxygen
contents after Ag nanoparticles addition in CuT!-1223 super-
conducting mafix.

The tpical SEM images and EDX spectra of (Ae)/CuTl-
1223 samples for .r=0, and 2'nt9o are shown in Fig. 3. The
improvement of inter-grains weak-links as well as the grains

a I tZ tC 20 2a 2t O 3a iO aa aa 12 $ .o

2e pegrees)

Fig. 2. XRD panerns of (Ag)JCuTl-1223 composites wirh (a) r=0,
(b) r= 1.0 wl%, and (c) t=2.0 w$o.

size is obvious from these SEM images after the addition of
Ag nanoparticles in the host CtTl-1223 superconducting
phase. The improvement of inter-grains weak-linls and the
grains size may be due to cementing effects of Ag nanopar-
ticles occupying the inter-grains boundaries by filling the voids
and pores present in the bulk form of CtIl-1223 matrix. The
improved grains size enhances the supercondusring volume
fraction and superconducting properties of ttre host material by
the addition of Ag nanoparticles. The EDX spectra show the
prcsence of different elements in the composition. The mass
percenages of different elements determined from the EDX
analysis are listed in Table l.

The FIIR alxorprion qpecfa of (Ag)JGrTl-lZZ3 conposites wifr
x-0, 05, 1.0,2.0 arrd,40 vfi%o,mthe rarge fiom 4(I}-7fl) cm- I ae
shonn in Eg. 4. The absorption Hs in fte range fiom 4m to
90crn-r ae asscided wift lhe apical orygen aoms md in ttre
rage arornd fiom 541 to 6(D cm- I ,rre associed with GrO2 plarar
oxygexr ems t32J3l. The absorprim bmds in the rage fiom 670 to
7(X) cm- t aB asseiared wih 06 atorrs in rhe chage reservoir layer

t31-381. The apical o(ygen modes of type TI-OA4(2) ad Gr(tF
OA-O{2) ae &served aormd 430cm-r md 4fu49Dcm-r and
CuQ plama orygen mode is aormd 536m-l in the pue
G45TfuBa2Ca2GqO1s-6 silryles. The nominal vaiaim in rhe
posfim of fte ryical oxygen modes may be due o the presurce of
sfi€sses md sraim in the bond lengtbs of the rmit cells caused by the
nanoAg puticles in the oornpmites The CfrQ plama oxygen
modes md 05 modes rernahed almog unaffected afterthe addition of
nanofupaticles in tlrc hos&TI-1n3ffi-The FIIR mrdy also
srypoft our claim ad objective that the fu nmopaticles do not
srbstitle lbe amsihrcrr atoms of Oill-123 udt cell brt rhey
mrpy the intergraula qpaceq fil up the pores ard heal up the
oacks

o

.D

o
E
o

6
o
E

Fig. 3. Typical SEM images and EDX specra of (Ag)/CuTl-I223 composites wirh (a).r=O arrd (b) x-2.Owt%o.
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ru)m temperaf[e down to omet of superconductivity with
zero resistivity critical temperature {7: (R=0)} around 73 K
95 Iq 98 K lO2 K and 91 K for r=0, 0.5, 1.0, 2.0 and 4.0 wt
70, respectively. These measurements show that the value of ?i
(R=0) is increased after the addition of nano-Ag particles

matrix till .r=2.0 wtTo concentration and then is suppressed on
further insrease of nanoparticles concentration into CaTl-1223.
The increase in ?: is an evidence of improved superconducting
volume fraction after nano-Ag particles addition in the host
ClTl-1223 superconducting matrix. The improved
weak-links facilitate the charge carriers transport processes and
reduce the energy losses across the grain-boundaries. But the
superconducting volume fraction starts to decrease after certain
optimum inclusion level of Ag nanoparticles, which causes the
suppression of superconductivity parameters. The non-
superconducting metallic Ag nanoparticle.s reduce the super-
conducting volume fraction beyond certain optimum level of
Ag nanoparticle.s inclusion in superconducting state of CuTI-
1223 rmailix. After a certain optimurn level of Ag nanoparticles

addition, the agglomeration and segregation of these nanopar-
ticles result in the reduction of I by various mechanisms like
scaftering, pair-brcalcing, etc. [39,40]. Still, there are many
issues to be addressed in future studies like homogeneous and
uniniform distribution of Ag nanoparticles at the inter-grain
boundaries of the host Cu.n-1223 supe,rconducting matrix. The
effects on the superconductivity of the host (Cus.5Tls.5)

Ba2CanCu, * rOz,, + q - a superconducting family with addition
of different sizes and concentrations of nanoparticles and their
response in applied magnetic field will also be addressed in our
future research work in rhis are&

4. Condusion

Ag nanoprticles are metallic in nature and their influence
on struchral and superconducting properties of CuTl-1223
marix has been investigated thoroughly to locate the optimal
conditions for the enhanced superconducting parameters. The
addition of nano-Ag particles in the host CuTl-1223 super-
conducting matix shows no change in the stoichiometry and
crystal structure. The added Ag nanoparticles occupy inter-
crystallite site.s and improve the weak links. This improvement
leads to the enhancement of superconducting properties of
(Ag)/CuTl-1223 composite matix, increased inter-grains
coupling and superconducting yelrrmg fraction. The systematic
increase in ?i and decrease in psmr (A-cm) of (Ag)/CuTl-
1223 composites after addition of Ag nanoparticles has been
observed up to some optimum level of concentration which is
x:2.0 wt?a. Suppression of superconducting properties after
the addition of the nanoparticle.s beyond this optirnum level
has been observe( which is probably due to degradation of
5amples quality, non homogeneous distibution of Ag nano-
particles causing agglomeration and segregation at the grain-
boundaries of host CaTl-1223 matrix. Electically Conductive
nature of metallic Ag nanoparticles is responsible for the
reduction in nomral siate resistivity and improvement in
superconducting volume fraction due to their facilitating
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The resistivity venius temp€rature measurements of (Ag)J
CvTl-1223 composites with different contents of nano-Ag
particles from 0 3134.0wt%o are shown in Fig. 5. All these
samples have shown 6 mstallic variation in the resistivity from
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Silver (Ag) nanoparticles were added into (cus5Tls5)Ba2Ca2Cusoro-a (cuTl-1223) high T"
superconducting matix to get (Ag)r/Cun-t223, x:O, 0.5, 1.0, 2.0, and  vrt.Eo, narrr
superconductor composites. The activation energy (U (egl and zero resistivity critical tempera-
ture {T" (0)} were increased with increasing contents of Ag nanoparticles in (CuTl-1223) phase up
to x = 2.0 wt 7o. \\e increase of activation energy is most probably due to interaction of carriers
with the metallic Ag nanoparticles present at grain boundries of the host Ar\-1223 superconduct-
ing matrix. The systematic increase in T" (0) and gradual decrease in normal state resistivity
{psmx (O cm)} may be due io improved inter-grains coupling by filling up the voids and pores
with the inclusion of metallic Ag nanoparticles at the grain-boundaries. There ale rwo possible
mechanisms associated with the inclusion of Ag nanoparticles, one is the formation of non-
superconducting regions causing the increase of activation energy and other (dominating) is the
improved inter-grains connectivity promoting T" (0). The microscopic pararneters (i.e., zero tem-
p€ratue coherence length along c-axis ((" (0)), interJayer coupling (I), inter-grain coupling (a),
etc.) deduced from the fluctuation induced conductivity analysis reasonably explained the experi-
mental findings. @2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895051]

I.INTRODUCilON

The impact of superconducting materials from their
application point of view can be estimated from the values
of superconducting critical parameters (i.e., critical tempem-
ture Tc, critical current density J", critical magnetic field, tL)
and CuTl-based high temperatrre superconducting fanily
has the highest values of these critical parametes after
Hg-based superconductor.'2 The main advantage for the
selection of CtTl-1223 superconducting marix is is ambi-
ent synthesis conditions especially pressure along with
higher values of critical parameters.H But the performance
of these compunds is badly affected by inter-grains voids,
inhomogeneous microdefects, etc., present in their bulk
fom. In polycrystalline bulk samples, the inter-granulr
superconducting transport properties have become limited by
the weakJinks caused by the grain-boundaries and the infa-
granular citical cunent is impeded principally by the ther-
mally activared flux flow at high temperatues and in applied
magnetic fields. One of the most suitable and convenient
way to address this issue is the inclusion of metallic nanopar-
ticles at grain-boundaries of superconducting granutar bulk
materials for filling the poras and healing up the cracks to
improve the weak-links and superconducting volume frac-
tion. The second very important issue is the vortex motions
in the applied magnetic field, which can easily drmage the
superconductivity. To avoid this situation of vortex motion

'ts-mait mmumtazT5@yaho.corn- Telcphone: *92-51-9019g26. Fax;
+92-5t-y2tO2S6.

and to improve the infield superconducting transpoft proper-
ties, it is necessary to intnoduce artificial pinning centers in
the superconducting matrices apart from those which occur
naturally.Lra Different methods such as high energy ions
irradiation,rs chemical doping, and differenr types of 

"aai-tives were reported in the literature for this purpose.'Gl8
Nano-additives of different kinds in various high temperature
superconductor matrices have shown positive effects on
superconducting properties.lqll'lE-2o These additives
improve the inter-grain connectivity by filling the pores and
healing up the cracks as well as pinning ability acting as

additional artificial pinning centers.2l-23 Significant
improvement in superconducting parameters was obsened
by the inclusion of nanostructures of noble metals such as

Ag and Au in many superconducting systems.2a26 The addi-
tion of different sizes and concentrations of silver (Ag) nano-
particles in YBCO superconductor showed monotonic
increase in superconducting properties particularly J" bY
improving crystal structure in the fomr of higher crystalli-
nity, crystallites connectivity, and superconducting volume
fraction.le21 The improvement in inter-grains connectivity
as well as in J" was observed with increasing concentration
of nano-Ag particles n Bi-2223 system.2as The improve-
ment in mechanical properties of (Bi Pb)-Sr-Ca-Cu-O super-
conducting matrix was also observed by the inclusion of
nano-Ag particles that was due to cementing effects of these
additives at the grain-boundaries.a2e The inclusion of dif-
ferent metals oxides MgO,ZrO2, and Al2O3 nanoparticles in
Bi-based systems showed the improvement in superconduct-
ing parameters.3G32 The presence of MgO nanoparticles in

@ 2014 AIP Publlshlng LLC@21 -Brgf201zy1 lqt 0y1 qt91 1/9/$90.00 116,1q191't-1
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Bi-2212 matrix has increased the fansition sharpness and
the superconductor volume fraction.33 Significant improve-
ment in infeld I" was observed by the addition of Al2O3
nanoparticles in YBa2Cu3O, superconducting phase without
affecting ttre structural s)rmmetry, which can be rendered to
the existence of enhanced flux pinning centers.s The volume
pinning force density, onset temperature ofdissipation, acti-
vation energy, tmnqnrt properties, and J" in ap,plied mag-
netic field were also improved by the addition of nano-Al2O3
prticles in polycrystalline @i, PbY2223 system.3s The
exciess conductivity analysis showed that the width of three
dimensional (3D) conductivity region was reduced by the
addition qf nano-Al2O3 prticles in polycrystalline (Bi,
P'bY2223 superconducting matrix, which was explained on
the basis of scattering of mobile carriers across the insulating
nano-Al2O3 particles present at the grain-boundaries.3s
Mechanical properties were imp,roved by the inclusion of Ag
nanqlarticles at the grain-boundaries of Bi-based supercon-
ducting syst€rns acting as pores fillers and improving the
imer-grains connections.3T the superconducting transpoft
properties were sufficiently improved by the addition of
nano-Ag particles in Bi1sPbs.aSr2Ca2Cu3O16a6 suprcon-
ducting matrix without affecting the crystal structurc, indi-
cating more efficient pinning mechanisms.3s T'he size of flux
pinning centers is imprtant in enhancing J" and particle
with size closer to the coherence length showed higher trans-
port J".3e But the size and homogeneous distibution of nano-
prticles at the grain-boundmies of the bulk high T"
superconducting matrix re the real challenge.es

In this paper, we reported the effects of Ag nanoparticles
addition on stnrctural and superconducting transport prcper-
ties of CttTl-1223 matrix. Series of samples added with
different nano-Ag pa*icles contents (0-4.0wt?o) werc
synthesized to find out the optimal concentration level of
these nanoparticles to obtain the maximum improvement in
superconducting transport properties without affecting the
crystal structure of CuTl-1223 phase. We used Ginzburg-
Ilndau equations, Aslamazov-Larkin (AL), I-awrence-
Doniach (LD), and Maki-Thompson (MT) modelsffie on
the experimental ,lrta to obtain the different microscopic
superconducting ptrameters for understanding and explain-
ing the role of Ag nanoparticles on superconductivity of host
ArT-1223 phase in detail. We ried to unfold the role of
nano-Ag particles addition in CuTl-1223 marix with a cen-
tral objective to detemrine the dominant source and mecha-
nism taking place affecting the superconducting properties.

II. EXPERIMENTAL DETAITS

Nano-superconductor (Ag)rtCuTt- 1 223 (x : O, 05, 1.0,
2.0, and 4.0wt.7o) composites were synthesized by the
solid-state reaction method. Initially, Ba(NO3)2, Ca(NOs)2,
and Cu(CN) compounds were mixed in appropriate ratios
and ground in an agate mortax and pestle for about 2 h to pre-
pae Cus5Ba2Ca2Cu3O1s-6 precursor materid. The ground
material was loaded in quartz boats for firing in chanber
frrrnace at 860"C for 24h- The fumace is switched off for
cooling the samples gradua[y to room temperature. The fir-
ing steps were repeated twice following I h intermediate

1.,- :

j
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grinding each time to get the fine Cus5Ba2Ca2Cu3O1s-5 pre-
cursor malerial. The nans-pil1isles of Ag were prepared sep-
arately by sol-gel method. I-ater on, at second stage

appopriate amount of thallium oxide (Tl2O3) and Ag nano-
particles of 35 nm in size with different vrL%o were mixed in
this precursor matedd and then ground again for I h. This
ground material was pressed under 3.8 tons/cm2 pressure in
the fomr of pellets and the pelles were enclosed in gold
capsules for sintering at 860"C for l0 min fsllswed 6y
quenching to room temperature to get (Ad,lCuTl-1221
nanesuperconductor composites.

The structure and phase purity of the samples were
exarnined by X-ray diffraction QC,D) (DMax,mC Rigaku
with a CuKa source of wavelength 1.54056A). The cell
parameters were detemrined by cell refinement computer
progam. The morphology was examined by scanning elec-
tron microscopy (SEM) and composition was detemined by
energy dispersive x-ray @DX) spectroscopy of the materials.
The dc-resistivity versus temperatue measurements of
the sarnples were carried out by conventional four-probe
method with the help of commercial Physical Properties
Measurement System (PPMS) manufactured by Quantum
Desigr. Four low resistance contacts with silver paint were
made on the surface of the slab shaped samples with dimen-
sions of 12 x 1.0 x 4.0mm3. The ternperature stability was
kept 2nK during the transport measurements on these
samples.

III. THEORETICAL MODELS FOR ANALYSIS OF
EXPERIMENTAL DATA

The fluctuation induced conductivity (FIC) analysis is a
state of the art theoretical analysis on the experimental data
of cuprates, which can play an essential role to unearth the
intinsic properties of the material well above the zero resis-
tivity critical tempexatue T" (0), where the Cooper pair for-
mation stails and imparts additional conductivity. There are
two models that can give a very nice picture of supercon-
ducting fluctuations in inter-gains and intra-grains regions.
AL Model can be used for fluctuations both in int€r-grains
and intra-grains regions, while LD can be used only for fluc-
tuations in intra-grains regions of layered superconductors.

The excess conductivity is given by

Ao(r):1ffi1,
where p(T) is the actually measured resistivity, and
pN(I):a* ff is the nomral-state resistivity of the samples
extrapolated to resistivity at 0K; the a is a intercept and p is
a slope of straight line. The excess conductivity generally
comprises on two contributions, i.e.,

Ao = Ao*+Aour. Q)

The 6rst term, according to AL model, is derived using mi-
croscopic approach by mean field theory and is considered
as a direct contribution to paraconductivity.so The fluctuation
induced conductivity according to AL theory is given as

(l)

- .- I -r I' , i,- I ri,
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Ao11: Ae-I, (3)

where A is the fluctuation amplitude, i is dimensional expo-

nent, s: h[#] is the reduced temperatue, and r"d is

usually refened to as the mean field critical temperature,
which sepr:ates the mean field region from the critical
regionsost and is deterrrined from ttre point of inflection
of the temperature derivative of resistivity (dpldT). The
exponent ,1 detemrines the dimensionality of the supercon-
ducting fluctuations and is given as )':2-D2; ).:3f2,l,
and, 12 for one, two, and three dimensional fluctuations,
respectively. The fluctuation amplitude A for one, two, and

three dimensional fluctuations is given bys2

J. Appl. Phys.116, 103911 (2014)

There is one more rcgron of fluctuations close to critical
temperature for which 7=U3 and is known as sritical
region.s3 Some authors have obsened a cross-over to 0D
fluctuations with critical exponent 2. In high T" superconduc-
tors, the MT connibution, which is due to the interaction of
fluctuating Cooper pairs with nomral electrons, is not easily
observable. Since the MT contribution is negligible in cup
rale supersonductors.s This indirect contribution to the
excess conductivity was calculated by Makias and Iater on
modified by Thompson.a' For layered superconductors,
Hikalni and I:rkinss derived ttre indirect contribution to the
excess conductivity independently by Maki and
Thompsons6ST

A' v7 : l#-;' [ 0 (i#ii#) ]'
(7)

whEre d: l(o#r)'(+)] * *" pair-breahing parame-

ter which was introduced uj Thompsonoe and is related to
inelastic scattering processes that limit the phase relaxation

time z, of the quasiparticles involved in MT processs8 and

rca is the Boltzmann constant. In s-wave BCS superconduc-

tor, nonmagnetic impurities neither change T" nor affect AL
and MT tenns, while on the other hand in P or d-wave super-

conductor these impurities may act pair-b,reaking and are

zup,posed to suppress the MT contribution.ss
The cross-over from 2D AL to 0D MT fluctuation con-

tibution oocurs at a temperatue where d = a, which givesse

.=1ffi
When the mean free path / of the Cooper pairs approaches to
(o6 at a particular temperature then they (Cooper pain) are

broken to Fermions and at that temperatue the phase relaxa-

tion time can be estimated as

I nh I,r=16"1-

Ferrri velocity of the carriers can also be estimated by

where K x O.l2 is a co-efficient of proportionality.@ Fermi
etrergy ofthe carriers can also be calculated by

Ep:!m'Vl, (lt). 2 r,

where m*:10m" is the effective mass of the calrier and m.
is the carrier free mass.ut

Ginzburg and Landau observed the existence of two
types of superconductors depending upon the energy of the

interface between the nomral and superconducting states. In

^:{

#, for3Dfiuctuarton

* for?.Dflucnntion, @)

# lortDftuctuation

ro:r"|.,.(ry)']

where e is the electron charge, ("(0) is the zero-temPerature

cohercnce length along c-axis, fi is the reduced Planks con-

stant, d is the effective layer thickness of the 2D system, and

s is the cross-sectional area of the lD system.

The physical microscopic pammetem calculated from
FIC analysis depend strongly on the dimensionality of the

fluctuations. LD introduced the concept of interlayer cou-
pling via Josephson coupling of adjacent layers close to the

critical temperatwe.4T Acco'rding to the LD model for lay-
ered superconductors, the excess conductivity Aolp due o
superconducting fl uctuations is

.2 .-r
Aoa - ho *Za)a'

where a :* = [@, l'*-, tu a dimensionless coupling pa-

raneter. fire cr6ss-o"ver from 2D to 3D is mainly found

above the critical temperature known as cross-over tempera-

ftre G.). The system has 3D fluctuations below this temper-

ature and 2D fluctuations above this temPerature, and the

expression forTo according to the LD model is

(8)

(s)

(6)

(e)

(10)
The second temr is the inrcr-layer coupling strengttr, which
is related to the reduced temp€rature e by I : el4.In layered

superconductoN at very low temperature close to zero resis-

tivity temperature {" > 4 where d is the distance between the

conducting layers of adjacent unit cells (d is approximately
equal to the c-axis lattice paramet€r of the unit cell). The
advantage of LD model is that it reduces toZD AL model for
large e values where the coupling constant J is quite small
and to 3D AL model for small e values where in some cases

the coupling constant "I is quite strong. The above theoretical
AL and LD models are based on direct contribution to the

exoess conductivity.



where y : 
a-q$ is anisotropy whose es"mated value is "4"

for CulTl-1223 superconducting system63's and T6 is the

cross-over temperasrrc from critical to 3D regime. We can

esdmare penetration depth /r.a, lower critical magnetic field
B"r(0), upper oitical m4gnetic field Bl0), and the critical
curent density J"(0) after detemrination of B"(0) as

follows:ffi8

Bc:
z\fznlen.E"b(o)'

=i(arr,-**y)'' .,2)

B"r:\^tn*,

B"z: firB",
- 4rd"t, --" - 3rf3)ro1.lore'

(15)

(16)
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1957, Alexei Abrikosov used Ginzburg-Landau theory to
explain the experimental data of superconducting alloys and
thin films. He formd that high magpetic field in a type-tr
superconductor penetrates in the form of magretic flux
quanta tD". The thermodynamigs rnagnetic field B" (0) can be
estimated fronr Girzburg number N6" which is given by6t'ez

J. Appl. Ptrys. 116, 1G1911 (2014)

is also shown. Most of the diffraction peaks are well indexed
according to tetragonal structure following the P4lmmm
space group indicating the dominance of CuTl-1223 phase

along with very few peaks of some other superconducting
phases as well as some unknown impurities. There is no
change observed in the overall )(RD pattem of Ag nanopar-
ticles added samples, which gives a clue about the occu-
pancy of tlese nanoparticles at the inter-crystallites
boundaries of CuTl-1223 superconducting matrix. The pres-

ence of these nano,particles at the grain-boundaries can help
to heal up the voids and to improve the inter-grains weak-
links as well as superconducting volume fraction due to
which over all superconducting properties can be enhanced.

The unit cell parameters calcu.lated by computer software
(crystal) Fo$am ore 1:4.45 A, c:14.46A for x:0, and

a:4.46A, c:14.96A fsr x:27o, respectively, and the

stoichiometry of the CuTl-1223 manx remains unaffected
after the inclusion of these nanoparticles. However, the slight
shift in the difhaction peaks to lower angles is possibly due

to the unifomr strain produced in the materials after the addi-
tion of Ag nanoparticles. The slight inoease in the c-axis
lenglh may also be due to increase of oxygen (O5) contents

with the addition of these nanoparticles, which can relax the

apical bond length. The XRD pattem of Ag nanoparticles

shown in the inset of Fig. I illustrates the characteristic
peaks in accordance with the standard data values in ICDD
record. The prominent peaks are indexed with FCC structure

and the average size of Ag nanoparticles calculated by
Sherrer's formula Q=#) is around 35nm. The XRD
analysis shows neatly indexed (1 I l), (2 0 0), (2 2 0), and
(3 I 1) planes and sharpness of the pBaks conErms that Ag
nanoparticles are well crystsllized. Major phase is observed

at (h k l) value of (3 I 1) and no peak of other impuity crys-

taltine phases is detected. The latice parameter is calculated

to be a: 4.09 A for FCC pattem of Ag nanoparticles.

The morphology of material was examined by SEM

images of (Ag)'/CuTl-1223 samples with x:0 and 2wt.7o
as shown in Fig. 2. The presence of these nanoparticles at

ttre inter-grains boundaries can be easily visualized that can

heal up ttre inter-grains voids and improve ttre inter-grains

weaklinks in CuTl-1223 superconductor maffix. It can be

vedfied from the SEM and XRD ttrat the nano-Ag particles
just occupy the interstitial spaces and do not enter into the

structure of Critl-1223 phase. In the literature, similar find-
ings were reported by different Soups working in this

area.v@ The mass percentages of different elements present

in (Ag)*/Cutt-1223 cortposition detemined by the EDX
analysis for x : 0 and 2 wt. Vo are hsted in Table I.

The dc-resistivity versus temperatue measurements of
(Ag)r/CuTt-t223 composites samples with various concen-

trations (i.e., x:0, 0.5, 1.0, 2.0, and 4.0 wt. 7a) of Ag nano-

particles are shown in Fig. 3. The Arrhenius plots of (Ag)'/
CtTl-L223 composites, activation energy U (eV), Prmr (O
cm), and T" (0) versus x (i.e., Ag nanoparticles contents in
wLVo) are also shown in the inset of Fig. 3. The variation in
dc-resistivity with temperature is metallic from room tem-
perature down to onset of superconductivity for all these

composite samples with T" (0) around 73,95,98, 102, and

9l K for x:0, 0.5, 1.0,2.0, and 4.0 wt. qo, resp@tively. The

*":lW

oo
(13)

(14)

where O, : f;is the flux quantum and rc is the GL parame-

ter, which is the ratio of penetration depth to coherence

length"

IV. RESULTS AND DISCUSSION

Typical representative XRD pattems of (Ag)JCuTl-
1223 courposite samples with x:0 and 2wt.7a are shown in
Fig. 1 and in ttre inset the XRD pattern of Ag nanoparticles

FIG. l. XRD parems of (Ag)JCfi-1223 compositas with (a) x=0 and

(b) t=2wLVo. (In the inset, the XRD pauem of Ag nano,particles is

shown.)

20 30 40 50 6{l

2go
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FIG. 2 Scanning clectron micrographs (SElvIs) of (Ag)"/GrTl-I2ZI compo-
sircs with (a) x:0 and @) x:2wt 7a.

value of T" (0) increases with increasing Ag nanopa*icles
contents up to x:2.ovtL?o and then start to decrease

beyond this limit of these nanoparticles contents in host
Cnn-1223 superconducting matrix. The inclusion of Ag
nanoparticles enhances the superconducting properties with-
out affecting the tetragonal structue and stoichiometry of
the host CuTl-1223. The improvement in superconducting
properties of (Ag),/CuTI-1223 composites is most likely due

to enhanced inter-grains coupling and increased supercon-
ducting volume fraction by the addition of metallic Ag nano-
particles at the inter-crystallite sites in the samples. The
systernatic decrease in the nomral state resistivity at 300 K
and also a systematic increase in T" (0) with the gradual

increase of these nanoparticles contents in the composites up
to x : 2.0 wL 7o are shown in ttre inset of Fig. 3. The system-
atic decrease in normal state resistivity and monotonic
increase in T" (0) with gradual increase of these nanopar-
ticle.s contents af,e most probably due to somehow

TABLE I. Elemental analysis by EDX of (Ag)*/CuTl-l?cicomposites with
(a) OwLTo and (b) 2.OwtVo of Ag nanoparticles,

(a)x:OwtVo
Ag nanoprticles

@)x:Z.OwtVo
Ag nanoparticles

Elements KeV l,lasVo Awrn%o MassTa Atsm%o

J. Appl. Phys.1l6, 103911 (2014)

FIG. 3. Resistivity veruus temperature measurerncnts of (Ag)x/CuTl-1223
composites with x = 0, 0.5, 1.0, 2.0, md 4wLVo. (ln the insct arc given the
Arrhenius plots of (Ag)x/CuTl-tZg composircs with x=0, 05, 1.0, 2.0,
and 4wtVo, T" (0), prmr (O cm), and activation energy U (eV) versus x,
i.e., Ag nano,prticles contens in wt 7o.)

homogeneous and uniform distribution of these nanoparticles
at the grain-boundaries of the bulk CuTl-1223 material. The
improved inter-grains weak-links facilitate the charge car-
riers ransport processes and reduce the energy losses across

the grain-boundaries. But after a certain optimum level of
Ag nanoparticles addition, the agglomeration and segrega-
tion of nanoparticles at the gmin-boundaries reduce the
superconducting volume fraction and degrade the quality of
the samples resulting in the reduction of T" (0) by various
mechanisms like scattering, pair-breaking, etc.7o'71 The
activation energy required to overcome the barrier can be

calculated by the Anhenius law p: p,"*per), where U

is the activation energy and rc6 is the Boltzmann constant,

for superconductors.T2-74 We used the superconducting ran-
sition region for the calculation of activation energy and
observed an insrease in the activation energy with the
increase of Ag nanoparticles contents in the composites.

Theories of high T" superconductors so far developed

believe that pairs of electrons (Cooper pairs) move freely
without activation energy, which is the main source of super-

conductivity. In the present article, it is obsewed thal activa-
tion energy has been increased with the increase of Ag
nanoparticles contents in the composites. When Cooper pairs
interact with non-superconducting metallic Ag nanoparticles

at the grain-boundaries during their transport in supercon-
ducting state of the host CuTl-1223 mattx, the pairing inter-
action is weakened and Cooper pairs could not exist in the
Iow energy state and energy dissipation takes place. But on
the other hand, the presence of metallic Ag nanoparticles at
grain-boundaries can increase the inter-grain connectivity by
filling the voids and pores, which may be the cause of an
increase in T. (0). Therefore, there are two possible mecha-
nisms in play due to the inclusion of Ag nanoparticles, one is
the formation of non-supglgendusting regions causing
increase in activation energy and the other (dominating) is
the improved inter-grain connectivity promoting T" (0) of
the samples.

OK
CaK
CUL
BaL
TIM
AgK
Total

0.535

1.695

o.952

4.M
*:

20.68 5E.05

E.E7 9.94

26.93 19.03

3r.E3 10.4r

t1.70 2s7

1m.00 tm.00

0540 ?i22 55.96

3.702 8.78 9.70

0.960 n.4 19.15

4.492 30.63 9.EE

2.3t5 tt.t2 2.41

ts25 1.77 2.90

rm.00 100.00

T (K)
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The FIC analysis on the dc-resistivity versus tempera-
ture ,fata of (Ag)JCuTl-1223 composite samples has been
carried out by using the above mentioned models in the
neighborhood of hansition regron. The plots of ln (Ao)

J. Appl. Phys.116, 103911 (2014)

versus ln (e) of (Ag),/CuTl-1223 composites samples
with x:0, 0.5, 1.0, 2.0, and 4.Owt.vo zre shown in
Figs. 4(a)4(e). The experimentally measured dc-resistivity
p (O m) along with a straight line extrapolated from the

b

tr

b

tr

g:r
uiJ

ln (e)

(a)

ln (e)

(e)

(d)

(0
FIG.  . (a)-(f) ln (Ao) versus ln (e) plots of (Ag)"/CuTl-1223 compositas; (a) x: q @) x = 0.5, (c) x: 1.0, (d) x = 2.0, ard (e) x:4.0wt. 7a fln the insets are
shown the experimmully mcasured dc-resi$ivity p (O m), derivative (dpldl) of dc-resistivity ve6us temperature, and the straight tinc extrapolated from the
room tefitp€raure "3{X)K" normal shre resistivity to 0K). (f) Zero temperaurre cohercnce length (" (0) and coupling constant (J) versus Ag nanorparticles con-
tcnts wt 7a in (Ag)JCuTl-1223 composites.

ln (e)

Ag nanopartlcles contents wt.%
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TABLE tr. Widdts of critical 3D, 2D, and SW flusnrsfion regisns deduced from the fning of enperimenral.resistivity v€rsus remperafirre data of (Ag),i/CuTt-
1223 conposites samples with x =0,0.5, 1.0,2.0, and4.Owt%o.

Samplesx=wr7a lo. lto 72D l5s Teao-To(K) Tozo(K) TpswG) T"'r(K) T*(K) a:p.(oK)(Om)x loa W=AT.(K)

1.60

0.4t5
0.495

0.495

0.6t9

056 0.93 2.03 9859
0.y 050 t.u 2.a 116.38

05t 0.99 z.Ot 126.42

0.62 0.9 2.01 t12.4
036 050 r.0l 2.@ 11638

0

05
1.0

LO

4.0

2.25

3.v
338
3:yl
2.73

0.63

2.4
2.71

2.99

2.83

34.t9
136.3

t59.4

t71.7

195.9

2.6t
0.67
0.s70

0530
o.M

l.0l
3.00

323
3.42

3.il

0

05
1.0

2.0

4.0

9.79
130.43

t34.4
139.46

t3tA3

14t.88

15150

1545r
l()53
1555r

n.99 t70.74

112.37 16956

tt3.37 189.63

115.38 t85.6t
106.35 tu.6t

3.65

11.00

10.51

9.10

10.00

TABLE m. The superrconductivity parameters deduccd from the FIC analysis of (Ag)JCuTl-1223 composites samples with x = 0,05, 1.0,20, aad4.Owt?u

samplesx=ut7a f"(o)d) J No ,l"d(A) B"(o)(D B"r(I) B"z(I) r J"(0)xld(A/cD2) vFxloT(m/s) Ep(ev) trxl0-t4(s)

0.t94 t28.7

0.017 12t.7

0012 12E.7

0.011 128.7

0.008 12t.7

0.0rt 0350
o.tfi 0225
0.1t5 0.290

0rJ8 0298

o23s 0rr8

547.18

21fl.0
255r.0

n47.4
3tv.9

2.6/i62

0.tffi
0.1216

0.1048

0.0t05

0.1t3
0.t23
0.t22
0.126

0.151

room temp€rature (3mK) nonnal state resistivity to 0K and
derivative (dpldT) of dc-resistivity versus temperature are

shown in the insets of Figs. a(a)-a(e). The variation of zero

temperature coherence length (" (0) along c-axis and inter-
layer coupling constant (J) versus Ag nanoparticles contents
(vtL 7o) in (Ag)"tCuTl-1223 composites is also shown in
Fig. 4(f). The superconducting fluctuations start at a particu-
lar temperature denorcd by T* from where the experimental
dc-resisiviry curve deviates from the straight line extrapo
lated from the room temp€rature normal state resistivity to
0K. The values of T* are around 170.74, 169.56,189.63,
185.61, and lE4. 6l K for x = 0, 0.5, 1.0, 2.0, and 4.0wt.7o,
respectively. The increase in T* shows that fte supercon-

ducting fluctuations stafl at higher temperature values, which
may be due to improved inter-grains coupling, zero tempera-

ture coherence length along c-axis 6"(0), superconducting
volume fraction, etc., after the inclusion of Ag nanoparticles

in the host CuTl-1223 m*tx The values of critical
exponents (lcn, lsD, A2p, and,lap), cross-over temPeratures

Cfcr,-ro:Tc, Ttuzo, and T2p'sy), mean field critical tem-
perature G"5, T*, inter-grains coupling constant (a), and

superconducting transition width (W: [1"1 deduced from
the FIC analysis on dc-resistivity versus temperature data of
(Ag)JCuTl-1223 corrposites sanples are grven in Table tr.
All the cross-over temperatures, T"-f, and T* have been

shifted to the higher yalues, which is theoretical evidence of
improved superconducting properties of the host OrTl-1223
matrix after the addition of Ag nanoparticles. The decreased

values of "d' is a theoretical evidence of improved non-
superconducting inter-grains bundaries in the composites
samples, which is in accordance to the increase in the activa-
tion energy after Ag nanoparticles addition. The inrease in
W : AT" is another evidence of energy loss across the metal-
lic non-superconducting grain-boundarie.s in (Ag)r/CuTl-
1223 composites samples. The various superconductiviry pa-
rameters (i.e., 6"(0), J, Nc, 4.a, B"(0), B"1, 8"2, K,J", V6 Ep,

and q) deduced from the FIC analysis of (Ag),/CuTl-1223
composites samples with x:0, 0.5, 1.0, 2.0, and 4.Owt.Vo

are given in Table Itr. The values of N6, B" (0), B"1, B"2, Jg,

and Ep have been decreased marginally, whereas (" (0), J,

h;,, rc, Vr, Er, and t, have been enhanced after the inclu-
sion of Ag nanoparticles. It is witnessed that (c(0) has been
improved with the inqrease of '7' values after the addition
of Ag nanoparticles in CuTl-1223 superconducting marrix.
The cross-over from 2D to 0D (from LD to MT contribution)
takes place at a particular temperature where ttre mean free
path I ofthe carriers approaches to 6o and Cooper pain are

broken to femrions. The values of phase relaxation time z,
calculated at this particular temperature arc 2.25 x 10-la,
3.34x 1o-r4, 3.3t x 10-ra, 3.27 x l0-ra, and 2.73 x 10-ras
for x:0, 0.5, 1.0, 2.0, and 4.0wt.7o, respectively. The
increase of z, is an evidence of long life of Cooper pain at

certain high temperature values after Ag nanoparticles addi-
tion in OtTl-1223 superconducting marix. The increase of
€" (0), J, Vp, and Ep shows the improvement of supercon-

ducting properties, which may be due to healing up the voids
and improving the inter-grains connectivity after the inclu-
sion of Ag nanoprticles. This also shows that the sanples
become more isotropic after the addition Ag nanoparticles.

The variation in microscopic parameters extracted from FIC
analysis explained the overall improvement of superconduc-
tivity up to certain optimum level of Ag nanoparticles addi-
tion in Crln-1223 superconducting matrix.

v. coNcLusroN

Series of (Ag),/CuTl-1223 composites samples were
successfully synthesized by solid-stare reaction to confirm
their reproducibility. The crystal structure of the host CuTl-
1223 superconducting matrix was not affected with the addi-
tion of Ag nanoparticles. The activation energy tU (ev)f
and zero resistivity critical temperature [T" (0)] were
inqeased with increasing contents of Ag nanoparticles up to
x:2.0wt.?o. The increase of activation energy is most
probably due to interaction of mobile free carriers with the
non-superconducting metallic Ag nanoparticles present at
the grain-boundaries of the host CvTl-1223 marix. The sys-
tematic increase in T" (0) and decrease in psmx (O cm) may
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be due to improved inter-grains coupling by healing up the
voids after the addition of Ag nanoparticles at the gmin-
bormdaries of CuTl-1223 phase. The supprression of super-
conducting properties after the addition of these nanopar-
ticles beyond the certain opimum level is most probably due
to agglomeration and segregation of these nanoparticles at
the grain-boundaries. The microscopic paxarneters deduced
from the FIC analysis arc in accordance with the experimen-
tal findings. The increase in (" (0) and J indicates the reduc-
tion of anisonopic nature of g)Tl-1223 phase after Ag
nanopaticles addition.
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ABSTRACT

w_e o<plored the feasibiliry of synthesizing (Au!t(cq5Tle5)Ba2ca2cu3ols-5 (Au).rcurl-1223), r - 0, 0J,l'0' and 15 wL:r. nrno-sup€rconductor composites by two steps solid-staiJreicti'o-n we investigated the
effea of gold (Au) nanoparticles on the structural and superconducting properdes of CuTl-l 223 matrix
These composites were characterized by X-ray diftaction (xRD), scarining iu.tron microscopy (SEM),
Fourier transform infrared (FTIR) absorption spectroscopy, ac-susceptibilifo (z.J and oc-rerijtivttv djmeasurcments. we observed the tendency of Au nanopartiaes to occuiy'iti'intu.-gr"nular spaiei(grain-boundaries) as the tetragonal structure of crm-tziz superconductini matrix remeined unalteredafterthe addition of Au nenoparticles. The improvement in the supercooardng piop"rtiur .tu, the addi-
tion of Au nanoparticles can be attributed to rn increase in the inter-gnins.oni.ffitv ov healing up theinter-grains voids and pores by these nanoparticles. The improved inler-grai*.onn.gdons can facilitate
the carriers transPort across the intercystallite sites But the supercond-ucting ,otur" fracdon starts to
be decreased after certain optimum inclusion tevel ofAu nanoparticles, which-causes the suppression ofsuperconductivlty parameters. The non-superconducting metailic Au nanoparticles ieauce the supercon-ducting volume fraction beyond certain optimurn Ievel 6fau nanoparti.r.i iriirrion in superconducting
state of CuTl-1223 matrb(

@ 2014 Elsevier B.V. All righs reserved.

l. Infoductioa

(Cuosllos)Ba2Ca2Cu3o1s-, (CuTl-1223) is the most attractive
thrtg -o{ 

Cus5TlosBa2Car-rCrhen*r_a (iuTl-l Z(n- 1 ) n): n = 2, 3,
1... high temperature superconducors (ffSCsj family due to its
]Hg-h-.r critical temperature, lower superconauAing anisotropy,
land longer coherence length along c-axii Il t. But the performanie

]:f n" compound in butk form 
-may 

U"'.Jau.J mainty due to
tinter-grain voids and pores. The presince ofinter-grain wlak link
idiminishes the critical parameters of superconduitivity. Atso the
motion of the vortices in tffSCs creates resistance and causes

/energy dissipation These facts restrict their applications such as
i superconducting magnetic field sensors. There has been consistent
effort in enhancing the current carrying capacity of the supercon_iducting materials, which may Ui airuevea 

-by 
incorporating

extended defecs acing as pinning centers. tne itrea of pinnini
center is at its best when their sizes are of the order of coierencl
lengt}l- [21. It is important that_the density of ttrese pinning centers
should be as high as l0rl crn-z. large number of defects .reted to

achieve large densities ofpinning centem degrades the supercon_
ducting properties. It was found ttrat magnetic nanoparticl-es may
act as efficient pinning centers at much lower density 13,4,21. l;
order to enhance the transport properties, many attemps have
been made to introduce artificial aifeas of nanometer order of
magnitude into the bulk HTSCs as extra effective pinning centers
under applied field, such as by nanoparticles addition in tfre Uult
or by post-annealing of the superconducting samples [5,6]. The
superconducting properties of granular bulk HTSCs can be
improved by the inclusion of nanoparticles at the grain-bound-
aries. But the size and homogenousdistribution of ianoparticres
at the grain-boundaries of rhe bulk HTSCs is the real cirallenge
17-131. The sizes and densities ofdefects are critical factors to 6e
adjusted for effective vortex pinnin& It was observed that mag-
netic nanoparticles such as Fe2O3 emUeaAea into the bulk HTS6
act as efficient pinning centers [14,3]. The improvement of critical
current densigr U.) was observed in Ai-based HTSC by the inclusion
of Mqp, 7tO2 and Al2O3 nanoparticles [1 5-l 71. Transmission Elec-
9ron Mjcrqcopy (TEM) has showed rhat MgO nanoparticles could
be embedded within the superconductirg,ltZZli2 grains [18].The presence of Mgo nanoparticres has in'creased ttri transition
sharpness, and the superconductor votume fnction in the sample

* CoEesponding rurhor. TeL: +92 Sl 9019!126 (Office); h:c +g2 5t 9270256,
E-msil adihrss. mmumtazT5@y.hoo.com (l\4- Mumtaz)
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0925-8388/@ 2014 Elsevier B.V. All righB reervcd
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[18f. The addition of 7sO2 and ZnO nanoparticles in Gd-123
superconductor has improved the critical current density U.) but
suppressed zero resistivity oitical temperature (I") [191. The
addition of SnO2 nanopartides increases the microstructure
density and reduces porosity among the grains of Cus5Tloj-1223
zuperconductor [20]. The improvement of T,,1, and phase volume
fraction is obtained on different concentrations of ZnO nano-
partides in (Cue5TlsrsPbo1irl2Z3 l2ll. The superconducting
properties (i.e. T., 

"f., 
etc.) of qtn-7223 were enhanced with the

addition ofCuO, CaO2 and BaO nanoparticles [2223]. The addition
of nanopartides like NiFqOe, NzO3, ZtO2, Ag etc in suitable
amount helps in creating the effective flux pinning centers, which
can enhance the critical superconductivity paftlmeters 124-261.
The addition of nanostnrctures of noble metals such as Ag and
Au has shown the sigrrificant improvement in superconducting
parameters in many superconducting systems 127 -3O1. Increased
nano-Ag conteDt in Bi-2223 improves the connectivity among the
grains and enhances superconductivity [3 1,32 J.

In this article, we have investigated the effect of Au nanoparti-
cles addition on superconducting properties of CuTl-I223 matrix
in detail. The present work is concerned with the effect of
nanrAu particles addition on the phase formation and character-
istics supmconducting parameters. We have reported the inlluence
of Au nanoparticles addition on strucftre, morphologr and
superconducting transport properties. The main objective of this
work is to improve the inter-grains connectivity, superconducting
volume fraction, and to investigate their effects on superconduc-
tivity. This can be due to the reduction of defects in the form of
voids and orygen deficieacies by filling the voids and pores with
these nanoparticles. We have also determined the optimum level
of Au nanoparticles inclusion for the maximum improvement in
the superconduaing properties of CuTl-1223 matrix

2. ElPcrlm.[trl &teils fursemplc pntperdon end cha'esctlzrfons

We used Br(NOrb (9l,5fi, UNI-Orcm), CdNOrt4H2O (992, ApptiChem).
Cu2(CNb+H2O (992, BDH) to synthesize Gr:Ba:Ca:Cu-05:Z:2:3 prccusor
mrterirl These compomds were mixcd in apEoprirte ntios, and were ground in
mortil .nd pcstle for rbout 2 h The mbfiure rfter grinding w.s put into gu.rtz boat
and placed in a chamber fumace for 24 h heat-matment rt 960 "C Th. fumace was
switched off and the precursor rnrterir.l was cooted down to mom tempenture
afur 24 h 6ring at 860 "C The fired matcrial was agrin ground for rbout one hour
and placed into dte chamber furnece for second time heat-treatmmt under the
sxae conditioE

The precursor materid aftcr double heat-treatmmt tu:s mixed with thrllium
oride(Ilzo:) (99a BDH) and ground to get CuosTlorBezcrzcu3oro$ sufrerconduc-
ting phase. At this stage Au nrnoparticres stracted from the colloidel gord sotution
wcre also added into the preclrsor matsiel in appropriate latios to get the reguired
composition The precuEor meterial mixed with Tl2O3 md Au nmoparticlei wls
grund again for about an hour end then pelletizrd undcr 3.9 tons/cm2 pressure.
Ifte pellets were wrapped in gold capsules and sintered at g60"C for ncarly
l0 min in prc-herted chamber furnace followed by quenchhg to rEm tempeErturE
to obtain the find product (AuMCuosT'los)Bl2.rzCu3o16_5 (r.e 05, 1.0, and
lswt ) n no-supcrEonductorcomposites.

- Thcse compmites silnples were chanacrized by X-ny difrrction (KD), sc.n-
ning clccron microscopy (SEIt/t), Fourier transform infrared (FTIR) spertmscopy, ac-
slsccptibility (Z-) rnd dc-resistivity (p) measumments. The struEture end phese
purity of the namperticles and compositcs were determined by XRD scans
(D/M.x mC Rigaku with a Cu Ka source of wavetmgth 154OSG A). The celt param-
cters were ddcrmined by cell reffnement computer prognm. The:c-susceptibility
measurements were carried out by th€ muturl inductancc method using an SR530
lock-in Amplifier at a frequency of 27OHz with fo.6.g7ge of primary coil.
The convcntiond fow-pmbe Echnique wrs used for dc-resistivity measurements
with the hclp of commerciel physical prop€rties Measurement System (ppMS)
manufactured W Quantum Design and the rnlue of olrnnt during the
measuremmts was kcpt 10tr^ Four low resistaDce Gontrcts with silv€r paint
wcrc m.de on thc surfacc of the slab sheped semples witb dimensions of
12 x 1.0 x 4.0 mnf. The dc-resistivity measurements werc caried out during the
herting cydc from 30 K ro mom tcmpenture ie. rearly 300 K The r.tc of nelting
las kql I f/min during these measurernents. The morpholory of thc material has
been_ studied through Scanning Elecron Microxop3r (SBrr) byJOE Jcd-2300. The
Fourier transform infr.rcd (mR) absorption m".sur.m*ts- w"rc canied out
using by Nicolet 57m Fourier Tnnsform Infrrred (Fm,) spectrometer in the

zO0-700 on-l wave number nnge The FTIR absorption sp€ctoscopy was carried
out using KBr as r beckground materiaL

3. Rcsutts end discrrssions

The XRD pattern of Au nanoparticles exhibits prominent sharp
diftaction peaks indexed with face-centered cubic (FCC) structure
as shown in Fig. 1. Also XRD analysis showed the distinct diftac-
tion peak at 3822", 435o, U.67| and 77.G2",which corresponds
to (1 1 1), (2O0),(22O) and (31 1) planes respectively ofFCC struc-
ture. The FCC structures of Au nanopartides matches well with the
database of Joint Committee on Powder Diftaction Standards
ICPDS No. 00-00+0784\ revealing rhat the synthesized Au nano-
particles are composed of pure crystalline gold The Au nanoparti-
cles size can be calculated by Sherrer,s formula and the average
size of Au nanoparticles is about 39 nm. The XRD patterns of
(Au),/Cun-1223 forx=0,05 and l.Owti6 composites are shown
in Fig. 2, The composites have shown the tetragonal strucnrre fol-
lowing P4/mmm srymmetry. Majority of the diftaction peak cor-
responds- to the CuTl-1223 phase with lattice parameters
a-4204 and c- 1531 A forx=0. The addition of Au nanoparti-
des in the CuTl-7223 has slightly decreased the cell parameters
lengths i.e. a-42O1', c-1530A and o-4.19A and c=1525A
for x = 0.5 and x = 1.0 wt % respectively, which might be due to var-
iation of orygen contents or stress-strains in the polycrystalline
lattice. The slight decrease in the c-axis length is most probably
due to the compression of apical bond length by the effect of
variation in 06 orygen and srresses produced by the addition of
these nanoparticles. The un-indexed peaks are possibly due to
presence of some impurities and some other superconducting
phases as given in the in set of Fig. 2.

The surface morphology was otamined by SEM images of the
(Au)rltCuTI-1223 composites as shovyn in Fig. 3. The granular nat-
ure :rnd porosity of samples are obvious from these mioographs.
There is an improvement in the inter-grain connectivigl as well
as in the grain size after the addition of Au nanoparticles in the
matrir The main problem is the inhomogeneous mixing of Au
nanoparticles in the matrix

fte FTIR absorption specta of (Au),/Cun-7223 (x- 0, 0.5, 1.0
and 1.5 wr%) composites in the range from 400 to 700 cm-t and
the unit cell of CuTl-1223 superconductor are shown in Fig. 4(a
and b). The nomenclature of different orygen atoms in the unit cell
ofCuTl-l223 superconductor has been demonstrated in Fig.4(b).
The bands in the range from 400 to 540 cm-I are associated witil
the apical orygen atoms and in the range around from 541 to
600 cnr-l are associated with CuO2 planar orygen atoms. The
bands in the range from 670 to 700cm-r are associated with O,
atoms in the charge reservoir layer 133-351. But in the pure
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Flg: l. XRD pettem ofgold (Au) nanoparrictes.
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Cus5Tls5Ba2Ca2Cu3Ols_5 samples, the apical o:<ygen modes of qrpe
Tl-Oa-Cu(2) and Cu(lloa-Cu(2) are observed around +Zl crr-,
and 458-492cm-r and CuO2 planner mode is around 526cm-r.
The apical mode of rlrpe Tl-O^-Cu(2) is slightly softened from
427crn-t to 42(F42l crn-r and the position Cu(llO6_Cu(2)
remained around 458-490 cm-I after nano-Au particles addition-
The position of Cu(2!Oe-Cu(2) planner oxygen mode is also
slightly softened from 52G cm-r to 520 cm-r after nano-Au parti-
cles addition The slight shifting of the positions of different o:<ygen
modes represents the presence of strains in the materials, which
affects the bond lengths. But overrlt the positions ofall the o:<ygen
vibrational phonon modes remained almost unaltered after nano-
Au particles addition in CLin-1223 rnatrir This gives us a clue that
nano-Au partides did not substitute any atom in the unit cell and
remained at the grain-boundaries of (Au),/CuTI-1223 composites.

The resistivity versus temper:lture measurements of (Au)JCuTI-
1223 (x-O,0.5, 1.0 and l5wtJU) composites are shown in tlte
Fig. 5. All the samples exhibit metallic behavior in the variation
of resistivity versus temperature measurements at high tempera_
tures before superconducting transition temperatues. The varia_
tion of I. (0) and normal state resistivity ptsoort (efi) versus I
(i.e. Au contents) is given in the inset of fig. S. The value of Z. (0)
increases up to x- l.OwU{ and then dicreases, wtrich predicS

I

I

2e"

Flg; Z )flD pettcms of (Au)i/CuTl-I2Zt composites wfth r - e 0-5, 1.0 wt3 .

the optimum inclusion level of Au nanoparticles in CuTl-1223
matrix The value of 7. has increased from 88 K of un-doped sample
(x = 0) to 99 K and 101 K for x = 0.5 and l.OtttL% addition of Au
nanoparticles respectively. The value of l. has decreased to 96 K
for x=15wt.%. The initial increase in L is possibly due to
improved weak links among the superconducting grains by healing
up the voids and pores with nano-Au particles. But after certain
optimum inclusion level of Au-nanoparticles, the superconducting
volume fraction start to be decreased, which causes the suppres-
sion of superconductivity parameters. Normally the zero resistivity
critical temperature I. (0) of cuprates depends upon the carriers'
density in tleir CuO2 planes [36]. The carriers supplied by the
charge resewoir layer to the CuO2 planes depend upon the orygen
contents in the charge reseruoir layer [37]. As with the addition of
Au nanoparticles, the t (0) increases, this is due to optimization of
cariers'density in the CuO2 planes supplied by the charge reser-
voir layer. Therefore, it is obvious that the o)rygen contents in the
charge reservoir layer depends upon Au nanoparticles contents in
the CuTl-1223 matrix The superconducting volume fraction can
also be improved by the optimization of oxygen, which can occupy
the orygen vacancies in the bulk CuTl-7223 matrir fhe initial
increase in I. (0) is possibly due to increased superconducting vol-
ume fraction and improved weak links by the addition of nano-Au
particles at the $ain-boundaries. The decreasing trend in ?. (O)
beyond certain optimum limit of Au nanoparticles addition may
be due to agglomeration and segregation of these nanoparticlei
at the grain-boundaries in the bulk CtrTl-1223 matrix, which can
cause the degradation of the quality of the samples and reduces
the superconducting bulk volume fraction of the iamples. The ini-
tial increase in T. (0) is possibly due to improved weak-links
among the superconducting grains by nano-Au particles at the
grain-boundaries. But after certain optimum inclusion level of
Au-nanoparticles, the superconducting volume fraction and den-
sity ofmobile charge carriers start to be decreased, which causes
the suppression ofsuperconductivity parameters. The normal state
resistivity is very high for rhe sample with x=1.5, which is the
finger print of the enhanced scattering cross-section of the carriers
and reduced superconducting volume fraction Usually, the trend
in the variation of superconductivity onset temperature 7:M (K)
is similar to zero resistivity critical temperafure ?. 1O) of cuprates,
which depends upon the carriers' density in CuO2 planes.

Ftg 3' TyPical SEM images of (Au),/cuTl-I223 composites (a) x - 0, (b) x - 0.5 wtJ, (c) r. l.o wiz mrl (d) x - ls wrz.
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Eg! a Resistivity yerflrs tcmpe-firnm measuements of (AuUcuTl-1223 compos-
ites witb r . 0.e 05, I .0 and I .5 wtiL h the itrset fc (K) and p1:mq (e_cm) versus r
(la Au nanopartids co[tents).

Superconducting fluctuations near the superconducting transition
contribute to the [M (K) and the Au nanopartictes addition
may enhance these fluctuatiom and can affect ?:* (K) of these
composites [381.

Magnetic ac-susceptibiliry measurements of (Au),/Cun-1223
(x = O, O.S, 1.0 and 15 wt%) composftes are shown in Fig. 6. The
ac-susceptibility measurements of these samples were carried
out in field cooled (FC) conditions by the mutual inductance
method using an SR530 Lock-in Amplifier working at a frequenry
of 27OHz with H^.-g.g7Oe of primary coil. Single peak abovi
the transition temperature in the ac-susceptibility measurements
is observed for all the samples. There are two components of
magnetic ac-zusceptibility, in-phase component (/) and out of
phase component U!\. The magnitude of aiamagnetism of the
superconducting materials is represented by the real part (7/) of
the ac-zusceptibility and the ac-losses correspondingio tn6-nux
penetration into superconductor sample is represented by imagi_
nary.part (U,,). the imaginary part of the ac-susceptibility providis
the inter-granular contribution and therefore, gives information
about the nature of inter-grains weak links and pinning strength

7E U 90 98 102 108 114
T(K)

Eg: e Ac-susceptibility measuremens of (Au!lCuTI-1223 composit€s with r - 0,
05, md 1.OwLZ

[39-41J. The suppression of superconductivity within the grains
decreases the magnitude of /. It is observed that the onset
temperature as well as magnitude of diamagnetism initially
increases and then decreases beyond certain optimum limit of Au
nanoparticles addition Similarly, the peak position in 2gl/ initially
shifts to higher temperature vatues and then shifu to iower tem_
perature values beyond certain optimum limit of Au nanoparticles
addition The value of onset of diamagnetism {lf,*d (K)} increases
up tox= 7.Owt% and then decreases, which predicts the optimum
inclusion level of Au nanoparticles in CuTl-7223 matrix for
maximum improvement of superconductivity. The initial increase
,l 7:* (K) is possibly due to improved suplrconducting volume
fraction and carriers density with the increase ofAu nanoparticles.
The suppression of ?fs (K) and diamagnetic signal beyond a
certain level ofAu nanopartides inclusion can be due to reduction
of superconducting volume fraction and carriers density. The
relatively higher density ofvoids and pores in pure un-added Au
nanopartides samples can be the cause of reduction of supercon_
ducting volume fraction and zuperconduaivity. The other defects
in the form of oxygen deficiencies can cause the reduction of
carriers'density from the optimum level. By the incorporation of

C,tTl-1223

(b)

i
I

I
t;rl
l*
T
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,Au nanoparticles at tJre grain-boundaries, the voids and pores can
pe filled and can improve the inter4rains weak-links. ln this way,
vye cen reduce the defects in the material and can improve the
superconducting properties. The enhancement of [M (K) can be
the indication of enhanced carriers' density towards optimization
after Au nanoparticles addition This can be due to the reduction
of defects in the form of voids and o:rygen deficiencies by filting
phe pores with these nanoparticles. But the non-superconducting

,metallic Au nanopartides reducs the superconducting volume

faction in the superconducting state ofCuTl-l223 matrix beyond

,the certain optimum level of Au nanoparticles inclusion i.e
x - 15 wt1 in this case-

| fiie overall zuperconducting properties of Cril'l-1223 maEix
[nve been improved up to certain optimum level of Au nanoparti-
cles addition that can be attributed to an increase in the inter-
gnins connectivity and enhanced superconducting volume frac-
tion The increase in superconducting properties can also be asso-
ciated with the optimization of carriers'density in the CuO2 planes
supplied by the charge resewoir layer, which depends upon the
optimum orygen contents in the charge reservoir layer. Thereforq
we can relate the orygen contents with Au nanoparticles contents
in the CuTl-1223 matrir We have planned to carry out the infietd

lmeasurement (Leh, p etc) to investigate the role of Au nanopar-
[cles as additiond flu pining certens. The uniform disribution
rand controlled size of nanostructures added in the HTSCs marices
]are sti[ unresolved problems in this area of researclr We are trying

[o 
eddress these issues in our future research work
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, The effects ofgold nanoparticles addition on superconducting
lproRcrties as well as phase formation of CuTI-1223 matrix were
ithoroughly srudied. We synthesized (Au),/CuTI-1223 composites

]successfully by sotid-state reaction mettriiA The tetragonal struc-
ture of CuTl-1723 matrix remained unaltered after nano-Au parti-
des addition tt provides an evidence of the presence of nano-Au
partides at inter-granular spaces (inter-grain boundaries). The
SEM micrographs have shown the granular stnrcture with

grain sizes after nano-Au partides addition The super-
rducting properties have been overall increased after the nano.
partictes addition but still the control of homogeneous distribu-

ofAu nanopartides is an unresolved problern The systematic
rease in nornal state resistivity and monotonic increase in I.
with gradual inoease ofthese nanoparticles contents up to cer-

optimum level is most probably due to somehow homoge-
s and uniform distribution of these nanoparticles at the

rin-boundaries of the bulk CuTl-I223 material. The improvement
the superconducting properties can be attributed to an increase
the inter-grains connectivity by healing up the inter-grains voids

pores by the addition ofAu nanoparticles. The improved inter-
grains connections cln facilitate the carriers transport asoss the
inter-crystallite sites. But the superconducting volume fraction
starts to be reduced after certain optimum inclusion level ofAu_
nanoparticleq which causes the suppression of superconductivity
paftrmeters. The non-superconducting metallic Au nanoparticles
reduce the superconducting volume fraction beyond ceft;in opti-
mum level ofAu nanoparticles inclusion in superconducting state
ofCuTl-1223 phase.
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Abstract Low anisotropic (Cuo.sTlo.e)BazCazCugOro_5 (CuTl-1228) high temperature superconducting
phase was synthesized by solid-state reaction, silver (Ag) nanoparticies were prepared by sol-gel methoi
T{g.ld (Au) nanoparticles were extracted from colloidal soluti,on. We added Ag and Au nanof,artictes in
CuTl-1223 matrix separately with ss,me concentration during the final sintering pio""* to get (ivl),/Cutl-
1223; M = AB nanoparticles or Au nanoparticles (o : 0 and 1.0 wt.%) o"o*urpo"onduior ioniosites.
We investigatcd and compa,red the effects of these noble metaJs nanoparticles addition on structural, mor-
phologicel and zuperconducting transport properties of CuTl-1223 phase. The crystal structure of the
host CuTl-r2B superconducting phase was not a,ffected significantly a,fter the addiiion of these nanopar-
ticles. The e,nhancement of superconducting pr<iperties was observed after the addition of both Ag and A,u
nanoparticles, which is most probably due to improrred inter-grains weak-links and reductioo of d"f""t,
such as oryg€u deficiencies, etc. The reduction of normal state room temperature resistivity is the finger
prints ofthe reduction of ba.rriers and facilitation to the ca.rriers transport across the inter-crystallite sitee
due to improved inter-grains weak-links. The greater improvemeut oi superconductiug properties in Ag
nauoparticleo added sa,mples is attributed to the higher conductivity of silver ," 

"ompr".d 
to gold, whicf,

also suits for practieal applications due to lourer cost and easy synthesis of Ag na.noparticles as- compared
to Au nanoparticles.

superconducting properties of CuTl-1223 phase

I lntroduction

Different phases of Cu6.5TIs.5BazCa-_rCurO2n*4_6
(CuTl-l2(n - 1)"); n = 2,3, 4, ..,, high temperature
superconducting (HTSCs) family can be synthesized at
high (-S GPa) as well as at a,mbient pressure [1]. At high
pressure syntheis, the good quality samples of ihis HTSes
fa,mily can harre relatively higher 7|(0) because at such
high pressrre the porosity is low and zup,erconducting vol-
ume fraction is high. The number of defects in the foin of
disorder or oxygen deficiencies, etc. can be reduced at such
high pressure synthesis, which ultimately plays 6a imFor-
tant role in optimizsXion of ca,rriers and improveroeot of
superconductivity. But for the large scale production of
this material for application point of view, thL synthesis at
suc\high pressure can be a big hurdle; therefoie, we have
synthesized tr5sse semples at ambient pressure. At ambi_
ent pressure syothesis, the density of voids and pores a.re
r-elatively high, whiei reduces the superconducting volume
fractiou. There are also some other defects in thJ form of
olrygen deficiencies, which can cause the reduction of car-
riers from optimum level. Due to these reasorur Zi(0) of
6ur ssrnples is relatively low, whietr can be improveil by

some simple and easy ways other than high press,ure syn-
thtxis and we a,re trying to nsolve this issue by tlifferlnt
lschniques such as addition of nauoparticles of d.iffereut
pafsfia,ls, sizes and nature in the bulk CuTl-1228
matrix. There have been consistent efforts to overcome
this problem and to enhance the superconducting proper-
ties of-difie,rent_ compounds of HTSCs families UV aiifeo
ent techniques [2- ]. One of the most effective aod ur"i*t
ways to address this issue is the inclusion of nanostnrc-
tures at the grain-boundaries to heal up the inter-grains
voids and pores to improve the inter-grains weal-li"li and
superconducting properties of granular bulk zuperconduc_
tors. But the real challenge is to control the size, coneen_
tration and homogenous distribution of uanostructures
1t the grain-boundarim of the bulk HTSCs [E-8].1'[s improved inter-grains connections can faciiitate
the carriers transport arross the inter-crystnllitrs sitres,
but a"fter certain optimum inclusion level of nano-
structures, the superconducting volume fraction startto be decreased, which causes the supprmsiou of
superconductivity para,meters. The nature of the mate_rial of nanostructure is also very crucial in this
regards because the effects of nanostructure of different
materials have difierent effects on the superconducting
properties." e-mail: muntaz75GSrahoo. con
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The inclusion of MgO, AlzOa and ZrQ2 nanoparti-
cles in Bi-based HTSC has improved the superconduct-
ing properties such as ctitical current density (J"), etc.
[9-11]. The inclusion of MgO nanoparticles-n tii-ZZtZ
matrix has increased the superconducting transition
slarpness and the superconductor volrrme fraction [12].Tle volume pinning force density, onset temperaturb of
dissipation, activation enerry and J" in applied maguetic
field were found to be improved after the addition of nano-
4-uminP tu the polycr5rstal lins (Bi, Pb)-2223 se.mplm [18].
The addition of difierent nanoparticles of different mlte-
rials with different sizs lile NiFezOa, AlzOa, ZrO2, etc. ia
suitable a,mount helps in generating the effective flux
pinning centers, whiei can enhance the ctitical supercon-
ductivity parnmeters [11,14,1E]. The addition of Ag nano
particles h Y123 superconducting thin fflms improved
crystal structure and J" values [16]. Superconduct-
ing and mechanicat properties of Biipb)-Sr-Ca-Cu-O
superconducting matrix were improved by the addition
of Ag nanoparticles which may be the cementing efectsof thg9. nanoparticles among the superconducting
qains [1[ The improvement of supercondlcting volumE
fraction, ?" and J" after the addilion of Ag ninoparti-
cles up ta a : 7.5 wil% in CuTl-1228 matrix he.s been
observed [8]. The addition of nanostructures of Ag and
Au has- shown significantly improrcd supercondu-cting

5rroperties in many superconducting systems llg--221.
I.ncreased na,n6[g particles content in'Bi-2228'matrix
lPp-roved the inter-grains connectivity and enhanced
J.123,241.

We have investigated and compared the effects of
noble metals (Ag, Au) nanoparticles addition on struc_
tural, morphological and superconducting properties of
CuTl-1223 phase in detail. Asthe electronii condguration,
electro_negativity, electrical conductivity of thes-e metals
are different, therefore, we were ocpecting their difier_
ent effects on structural, morphological and superconduct_
ing properties of the host matrix. The addition of these
nanoparticles i, appropriate concentration can heal up the
vo_rds, pores and can improve the inter-grains weak-links,
which can hcilitate the car-iers to translate through the
bulk materiats. fu this way we can reduce the defect-s such
T oryS"o deficiencies, etc., and can improve the supercon_
ducting volume fraction and superconiucting properties.

The European Physical Journal Applied Physic.e

about thour and again placed into the firrnace for second
time calcination under the se.me conditions. Then the pre-
cursor material was mixed with thallium oxide (Tl2O3)
(99%, BDH) and nanoparticles in appropriate raiio a",i
ground again for about L h. The ground material was
pressed under 3.8 tons/cmz to obtain the desired pellets.
The pellets were lerapped in gold capsules and sintered
at 860 oC for nearly 10 min in preheated cha,mber fur-
nace followed by quenching to room temperature to obtain
!!: fi"4 product (M)"/(C"o.sTls.s)Ba2Ca2CqO1s_5
(M : Ag or Au, while z = 0, and , = i.0 *r,-.hi.
Ag nanoparticles were synthesized by sol-gel technique
and Au nanoparticles were extracted from the colloiial
gold- solution.separately. The structure and phase purity
g_f_t!u -(Y)s /CuTl-1723 composites were delermined by
XRD (D/Max {trC Rigaku with a CuKa soruee of wave-
length 1.54056 A). The diftaction peaks were iudo<ed a,ud
cell para,meters were determined by cell refinement com-
pute,r progra,m (che& cell). The morphology of the mate_
rial was oramined through ssanning electron microscopy
(SEM) by JOEL Jed-2300. The Fourier transform infrarea
(FTIR) absorption measurements of these snmples were
carried out using by Nicolet b700 Fourier transform
infrared (F"IIR) spectrometer in the 400-200 cm-l wave
number range. The FTIR absorption spectroscopy was
ca,rried out using KBr as a bac,kground material. ile dc_
resistivity verflrs temperature measurements were ca,ried
out by four point probe technique with help of physical
properties measurement system (ppMS, qua,ntum design).
The va,lue of cu:rent during the dc-resistivity measiue-
ments was kept 1 mA. The dc-resistivity measurements
were ca,rried out during the heating cycle from BE K to
room temperature i.e., nga.rly 400 K. The rate of heating
wgs kgnt 1 K/min to 3 K/min during these measurements.
The dimensions of 116! shsped samples were 1..2 x 1.0 x
4.0 m-s and low resistive four contacts were made on the
sa,mples with silver paint. The ac-susceptibility measure_
menhs were carried out by the mutual inductance method
using an SR530loc.k-in a,mplifier at a frequency of.ZZ}Hz
with IIa6 : 0.07 Oe of primary coil. fV measurements
were ca,rried out at 70 K below the zero resistivity critical
temperature and the criterion of J. for these fV measure
ments was kept_\ p,Y /cm at 70 K in zero orternal applied
magnetic field for all the sa.mples.

3 Results and discussions

XRD patterns of Ag and Au nanoparticles are shown in
Figures la and 1b. The prominent. diftaction peaks a.re
indexed with face-centered cubic (FCC) structure and the
lv:rage -srrg of AS mg Au nanoparticles calculated by
Scherer's formula is found to be BE nm and gg n;
rspectively. XRD analysis shows well indexed diftaction
p=,\s (1 I 1), (2 0 0), (2 2 0) and (3 1 1) of FCC stru*ures,
which shows that silver and gold nenoparticles are better

"yttrlir{. No pea} related to any impurity crysta.iling
phase he-s been detected. These fine-struitures aod metal_
lic uature of Ag and Au nanoparticles can be useful in

2 Experimentat detaits for sample preparation
and characterizations

Qusr5Ba2CazCuaOro-a precursor material was syn-
*f-?$. by using Ba(NO3)2 (99.s0%, trM-Chem),
Ca(NO3)2 .4IlzO (99%, AppliChem), Cu2(CN)2 + H2Ci
(99%, BDH).- These 

"ompounds 
*ur" *i*t in app.opri-

1t-e 
r1t]os and were ground in mortar and pstle foi ablut

2 h. The mixture after grinding was put into quartz boat
and placed in preheated cha,m6er furuace for calcinations
at 860 "C for 24 h. The fiunace was switchd off and
the precursor material was cooled down to room temper_
ature after 24 h. The fired material was again grouod fo.

30601-p2
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Fig. 2. XRD patterns of (M)"/CuTl-1222 compositeal M = Ag
nanoparticles or Au nanoparticles (a) o : 0, (b) a : l.O wt,To
of Ag nanopartides aud (c) o = l.O wL% of Au nanoparticles.

ofthese micrographs ofnanoparticles added and un-added
gamples. The main problem is to control the size of nano
particlee and to male the homogeneous mixing and
distribution of these nanoparticles in the matrix.

The HIIR is very sensitive trsrlnique used to detect
a trace ,.mount of impurities and functional groups in
the organic chemistry but here we used FIIR absorption
spectroscopy to observe the different oxygen vibrational
qhonon modes, which play a vital role in supercon-
9f$iyP phenomenon. The FTIR absorption spectra of
(M)"/CuTl-1223 nano-superconductor composites iu the
wave number rarge from 400 to 700 cm-l are shown in
Figure 4a and 4b. The nomenclature (or symbols) of dif-
ferent atoms in the unit cell of CuTt-f2ZS zuperconductor
has been demonstrated in Figure 4b. The bands in the
range from 400 to 540 cm-l are associated with the api-
cal o:rygen atoms and in the rarge axound from 841 to
600 cm-l are associated with CuOz planar o(ygen atoms.
The bands in the range from 670 to 700 

"m-i are associ_
ated with 05 atoms in the &arge reservoir layer. The api-
calorygen modes of rJ"g TI-O6-Cu(2), Cu(i)-O4-Cu(Z;
and plannq oxyggn modes Cu(2)-Or-gu(2) are oU.ur"La
around 418 cm-l, 488 cm-l a,nd is *,j,u"a EB2 cm-l
respectively for un-doped Cu6.5Tls.sBa2Ca2CueOro_e
samples. ALnost all the oxygen modes rema.in ,n"t *ged
in:raneAg particles added sa.mples and slight shift of api
cal and plennsr ocJ'*en modes towards lowei wave numbe,
(i.e., 473 r",-1 and E2B cm-i) were observed in nano_Au
particles added sa,mples, Figure 4a. The sqftqning of thee
modes_is-most likely associated with rela:iation of api_
cal and plsnnsr bond lengths due to rlrssses-sheins pie
duced after Au nanoparticles addition. Almost the fixed
positions of these orygen vibration modes confirm the
qrqgrved crystal structure and stoirhiometry of the host
CuTl-1223 mabix aft,er the inclusion of these nanoparti_
cles. This FTIR absorption spectroscopy shows the tccu_
pancy of these nanoparticles at the inter-granular sites.

Fig. f. (a) XnD pattern of Ag nanoparr,icles (b) XRD pattern
of Au nanoparticles.

[{y-a_nnligations [25,26]. XnD patterns of (M),/CuTl-
1223;M: Ag or Au, and o :0, L.0,tfi.V0, composites are
shorpn in Figure 2. The diftactiou patterns indicate the
flsminssss of CuTl-1223 phase as most of the diftaction
peals are well indexed according to the tetragonal struc-
ture of this pha-ss following the P4/mm'" space group.
The tetragonal structure and stoichiometry Lf th; h;t
CuTl-1228 so-pound remains unchanged after the addi_
tiou of these nanoparticles, whid clearly indicate that
these nanoparticles have occupied the positions at the
inter-crystallitg ttts (i.e., at grain-boundr"ies). The very
few un-indeured diftaction peaks of relatively low inten-
sity shorr the presence of other superconducting phases
mentioned in the inset of Figure 2. The effect of some
oJhgr phryes on superconducting properties depends upon
their wt.% present in the majoiparent phase.-One ofihe
rnost commonly observed effect of other superconducting
phases in little ^ynourt is broadening of the superconduci
ing transition width due to difierent values of 4(0) of
different zuperconducting phases. The slight variation in
lattice para,metersmay possibly be due to iariation of o:ry_
gen contents and due to some stress and strairrs produced
by the addition of these nanoparticles.

The surface morpholory was o<amined by SEM micro.
Saphs of (M)"/CuTI-t2?i composites as shown in
Figure 3. Few ofthe nanoparticles are encircled and reduc_
tion of inter-grain voids and improvement in the inter_
grain weakJinks can be visualized from iater-comparison

E . €E[ 
'?r1Htfii[,Fsg?EE 

ggg
r lJrt.6otas 

3 (c)

sc$k E
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$e. 1. SEM images of (M)"/CuTl-1223 composites, where
Y.: Ag nanoparticles or Au'nanoparticles-wiin 1ay 

's : 0t,
(b) o : l.!*.Vo of Ag naooparticles and (c) 1.0 wt.% of Au
nanoparticles.

The European Physical Journal Applied Physics

The resistivity versus temperature measurements of
(M)"/CuTl-t223; M: Ag or Au (c : 0 and 1.0 wt.%)
composites are shourn in Figure E. All these samples have
shown a metallic variation in resistivity from room tem-
perature dourn to onset of superconductivity with zero
resistivity critical temperature {?:(0)} around g7, 101 and
98 K for r = 0,1.0 wt.% of Ag nanoparticles and 1.0 wt.%
of Au nanoparticles respectively. The variation of ?}(0)
with different contents of Ag and Au na;roparticles'in
CuTI-l-223 matrix is given in the inset of Figure E.
The value of 

"" 
(0) increases initially up to certain contents

in- 9rye of both Ag and Au nanoparticlm added samples,
which predicts their optimum inclusion level in CuUiZZg
matrix. The initial increase in 2](0) can be possibly due

- to improve6 srsak-links alnong the superconducting grains- 
by hegling up the voids and pores with these nauopa,rti-
cles. But after certain optimum inclusion level of ihese
nanoparticles, the superconducting volrrme fraction start
to be decreased, which Gauses the suppression ofsupercon-
ductivity paramsfsls. Normally the zero resistivity critical
temperature 7"(0) of cuprates depends upon the ca,niers,
density in their CuO2 planes [27]. The ca.rriers supplied
by the charge reservoir layer to CuO2 planes depend upon
oxygen contents in the_ctrarge reservoir layer [2g]. As 4(0)
increases with the addition of these na.noparticies, whi'ch
qay due to optimiz6trion of ca.rriers' density in the CuO2
pl?"q supplied by the charge reservoir layer. Thereforel
it is obvious that the orygen contents in the charge re.""_
voir layer depends upon thme nanoparticles conltents in
the CuTl-L223 matrix. The superconducting volume frac-
tion can also be improved by the optimization of o:rygen,
which can occupy the o>rygen vacancies in the bulk C,itf_
L223 matrix. The decreasing trend in Zi(0) beyond ssrtnin
optimum limit of these nanoparticles additionmay be due
to agglomeration and segregation of these nanoparticles at
the grain-boundaries in the bulk CuTl-1228 matrix, which
can- calxie the degradation of the quality of the samples
and reduce the superconducting bulk volume fraction in
1trsss sa.mples. The improved inter-grain weak-links facil-
itate the eiarge carriers transport processes and reduce
the enerry losses across the grains-boundaries. But af_
ter a certain optimrrm level of these nanoparticles addi_
tion, the agglomeration and segregation of nanoparticles
result in the reduction of fl, by various mechn.risms like
scattering, pair-brea,king, etc. [29,801. Norrnal state resis.

lidW {pfr*_ry(O-cm)} -a1 
rodm temperature (-BO0 I()

decreases a.fter the addition of these nanoparticles.
The decrease p.rlsoo 5y(O-cm) and increase in [ (R:0)
are relatively higher bl AS nanoparticles added iamples
as co-pared to those of Au nanoparticles added .r-pio,
which may be due_to higher electricity conductivity oi sil_

"qJ,:"., 6.30 x 107 S/m at 20 .C) as co-pa.red to that of
gold (i.e., 4.10x 107-S/m at 20 .C) 

1af ,aZ]. these nanopar_
ticles caa fill ,p the inter-grain voids and improve-the
inter-grain weak-links, which can facilitate the cf,arge car_
riers' transport across the grains at inter-crystallit-e sites
in the bulk CuTl-1223 matrix [29,80]. The normet s1s,1s
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Fig' 4' F"rIR spectra of (M)"/CuTl-1223 composites, wtere M : Ag nanoparticles or Au nanoparticles with (a) o = 0,(b) c = 1.0 wt% of Ag nanopa,rticles and (") , j LO#..% Ao o".uop#i"to.

@80to
Wrvmunbo(cnal

(a)

rto ?10 zfi f,o @
l(t0

UniCcllofqfll.l22B

(b)

EEtsor
EI
.I oe
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E

TiS. 5. Resistivity versus temperature measurements of
(M)"/CuTlf223 composites, where M : Ag nanoparticles or
Aq nanqparticles with (a) c : 0, (b) o J t.O wt.% of AS
nanoparticles and (c) al = 1.0 wt.% Au nanoparticles. In the
ioset the variation otT"(R = 0) nersus (Ag, Au)- nanopa.rticles
aortents is shown.

resistivity of Ag nanoparticles added sample is lower as
compared to Au nanoparticles added *.rr,ple, which ver_
ifies the addition of these nanopa.rticles. The inclusion of
these nanoparticles at the interctitial spaces among the
superconducting grains reduces the barriers of insdaling/
semi-insulating grains-boundaries to the flow of carriersl'
- - Ac-susceptibilily measurements of (M),/C"n_tiS;
Y : 4S:I A" (o : 0 and 1.0 vrt.%) composites are
showu in Figure 6. These ac-susceptibility measurements
were ca.rried out in field cooled (FC) cond.itions by the
mutual inductance method using 

'an 
SRES0 toct_in

E 
,h 

l0o los tlo ll5

Fig. 6. AGsusceptibility measurements of (M)"/CuTl-1228
composites, where M = Ag nanoparticles or Au nauoparticles
with r = 0, 1.0 wt.Vo of Ag nanirparticle, and 1.0 wt.% Au
nanoparticles.

amplifier 
-working 

at frequency of 220 Hz with Hac _
0.07 Oe of primary coil. There are two components of ac_
susceptibility, in-phase component 11l; aud out of phase
comPonent 1r//). The magnitude of diamagnetic sigual
of the superconductiug materials is represe-nted by-the
real part (X/) and the ac-losses correspouding to thl flux
penetratiou into superconductor s^."ples is represented.

P tl" imagrnary oall" (y//1 of the ac_susceptibility.
The imaginary part of ac-susceptibitity gives the infor_
mation about the nature of inter-graios -weak-tl"t<s 

and
pinning strength [BA-48J. It is obsJrved that onset tem_
perature of dia.ma.gnetism {7}"""t(/{)} has been increased
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due to higher electrical conductivity of silver as compared
to gold [31,32].

The_overall improvement of superconducting proper-
ties of CuTl-1223 matrix after the addition of Ag oiAu
nanoparticles can be attributed to an increase in the inter-
grain connectivity by fflling up the voids with thee metal_
lic nanoparticlm of high conductivity. The improvement
of superconductiag properties in Ag uanoparticles added
samples is greater due to higher conductivity of silver as
com-pared to gold [31,32j, which also suits for practical

, applications due to lower cost and easy synthesis of Ag
nanoparticles as compa.red to Au nanoparticlm

4 Conclusion

We hq.ve rynthmized the composites of Ag and Au nano
particles and CuTl-1223 zuperconducting phase success_
fully. We have investigated, compared and summarized
the effects of noble metals (Ag and Au) nanopa,rticlts ad-
dition on structural, morphological and superconducting
tra,nsport properties of CuTl-1228 superconducting phase.
The crystal structure and stoichiomeiry of the hosl bufl-
1223 phase remain sa.rre despite of presence of the
nanoparticles in the matrix. The enhancement in super_
conductivity was observed with the addition of tf,ese
nanoparticles due to reduction in inter-greins yeids,
facilitation in ca.rrier transport across inter-crystallite sites
and improvemeut in \ilgak-links. The decrease in normal
state resistivity is the figure prints of heating up the pores
and improved inter-grains connectivity with addition of
ttrese uanoparticles. The larger improvement of supercon_
ducting p,roperties in Ag nanopartiaes added sa,mples is
attributed-tothe higher conductivity of silver as compared
to gold, which also suits for practical applications a* to
lower- cost and easy synthesis of Ag naniparticles as com_
pared to Au nanoparticles.

We a,re also highly thankful to Dr. Nawazish A. Khan and prof.
Qiu Xiang-Gang for providing the characterization facilities
at Material Science Laboratory Departmeut of physics eAU
fs]anaUaa and Beijing National Laboratory of dondensed
Matter Physics, Institute of physics (IOp), ihiuese Academy
of Sciences (CAS) Beijing, China.
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lHighty coercive cobalt ferrite nanoparticles-CuTl -7223 superconductor O**lcomposites
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composites

We qplored the effects of highly coercive cobalt ferrite (CoFezor) nanoparticles addition on structural,
morPhological, and supercond-ucting properties ofCuosTlosBazca2tu3ol6.6 (CuTl-1223] matriE Series oi(coFe2o4!lcuTl'1223 (x=o -2.0 w@ composits sampteJ*et syntl,eiired and were characterized by
x-ray diftaition (xRD)' scanning electron microscopy (SEM), Fourier transform infrared (mR) absorption spectroscopg and dc-resistivity venius temperature measurements. The magnetic behavior of
CoFezor nanoparticles was determinea uy rr,lH-ioops with the help of rup"..onduaing quartum
interference device (SQl'nD). MH-loops analysis showed orat these nanoparticti ortribit hith saturation
magnetization (86 emu/g) Td high coercMty (3350 oe) at 50 K The teLagonal srructure of host cuTl-
1223 superconducting marix was not altered after the addition ofcorezoa-nanopirticles, which gare us
a- clue that these nanopartides had occupied the inEr-granular sites tgr.in-uo,ina.ries) and ha-d filled
the pores The increase of mass density with inoeasing content of thesi-nanoparticles in composites can
also be an evidence of filling up the voiG in ttre matrix The resistivity ruo*iurpuoture me.xilre-
ments showed an increese in- zero resistivity oiticrl (Ido)), which -rfa U" most probably due toimprwement of weak-links by the addition of these nanoparticles. But the addition of thesenanop-artides beyond an optimum level caused the aqglomer*ion and pmducJ ioaltiora stresses inmaterial and suppressed the superconducivity.

@ 2Ol4 Elsevier B.V. All rights reserved.

11. nuodurtion

, NormallV-, cuprate hr'gh temperature superconductors (HTSCS)

lare syntheszed ar very high pressure (3-5 Gpa) but the com_

i 

p"Ylq of CuqsTlo5Ba2CaT-1Cuao2,o*aa (CuTt-I2(n -1)n): n:2, 3, 4,

l.:., TS tempefilture superconducting family can be easily synthe_

]sy-ed 
at amlient pressure [l]. The superconiucting panmeters of

Ithis 
HTSCs family have the second highest ralues after Hg_based

I 

slperconductors. Also Cuq5Tlo5Be2Ca2Cu3O16,s (CuTl_I223) phase

l*q qr.ee CuO2 planes has highest values of almost alt super_

i 
conducting parameters as compared to other phases of this HTSCs

Jfarnity I2Jl. Therefore, this class of superconductors is one of the
lmost promising candidates for further investigation and techno-
logical applications. The overall structure is granular and porous in

Inature for large scale production in bulk form [2.3]. In order to
enhance the zuperconducting properties, many attempts have
been made by the different research groups *orting in this area.
'Post-annealing and creation of artificiaj defecs by different

techniques of the order of nanometer scale acting as o<tra effective
pinning centers under the applied oternal field have beenqercised [4'51. Main objective of creation of additionar effective
pinning centerc by different techniques is to enhance the critical
current density (/.) under the applied external magnetic field.
These pinning centers are more effective when their sizes are of
the order of coherence length [6]. The eas1r and very useful
technique for the creation of artificial pinning centers is the
addition of magnetic nanoparticles in ttri Uuttiuperconducting
materials [7].

The enhancement of critical current density fl") in many HTSG
families have been observed by the inclusion oi nano-oxldes of
different nature, sizes and concentrations, which act as flux
p1T1ng cenrers in the applied ofiernal field [8_tI ]. The addition
of AlzOs n! 7-r0z nanoparticles acted as etieaivi flux pinning
lenlers in (Bi, Pb|2223 superconductor and improved ne inneta
J. 112-141. The lower addition of 7nO nanoparticles in
(CussTlqrsPbe2i-l2z3 matrix improved the superconducting
transition temperature, J. and superconducting volume fractioi
[15]. Also the addition of tn2O3 and SnOz in-CuTl_1213 marrix
improrred the superconducting vorume fraaion and reduced the
porosity [16,17]. The improvement of.L and suppression of I. were

'Correponding arahor. Fax: +gil Sl 9210256.
E-mdladdrrss. (Ir. MurnEzI
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also observed by the addition of ZsAz and ZnO in Gd-123 super-
conductor 1181. The superconducting properties (i.e. f.,J. etc) of
Crtll-1223 were improved by the addition of CuO, CaO2 and BaO
nanoparticles I 1 9,201.

furnace cooling to room temperature The firing step was repeated
two times following one hour intermediate gdnding to get
Cu65Ba2Ca2Cu3O16:5 precursor material CoFezOl nanoparticleS Of
36 nm average size were qrnthesized separately by the sol-gel
method. later on, appropriate amount of thallium oxide (TI2O3)
and different wEd of CoFe2Oa nanoparticles were mixed in this
precursor material at second stage and then ground again for
about one hour. This ground material was then pelletized under
3.8 t/cm2 pressure and pelleS were enclosed in gold capsules for
sintering at 860 .C for l0 min followed by quenching to room
temperature ro get (coFe2oixlc]dll-72z3 (x=0. 05, 1.0, 1.5, and
2.O wfl) composites samples.

Structure and phase puriry of material was determined by XRD
(D/Max IIC Rigaku with a CuKc source of wavelengttr UaOSeA;.

GotlnF.rt (coFtOJ

Recently, it was shown that magnetic nanoparticles play an
important role as efficient pinning centers at lower densities
121,221. BiFeO3 (BFO) nanoparticles are the promising candidate
for the various applications in recent years due to their large
magneteelectric coupling [23]. Nano-BFO ofiibits super-para-
magretisrq which is very suiteble for flux pinning centen in
superconductors 124,251. Enhancement in I" was observed by the
doping of paramagnetic Cr impurities in pd films up to certain
lwel in applied exremal magnetic fields [26]. The electrical
resistivity verfl$ tempenture measurements showed that T. has
been increased up to 02 wE addition ofnano-Fe2O3 in CuTl-1223
matrix The zuppression in fc on further increase of Fezoa
nanopartides concentration r,ms due to Cooper pair-breaking
mechanism or due to decrease in the volume fraction 1271. l;
rccent years, the interest in aeating ttre artificiat pinning centers
by the indusion of magnetic nanoparticles in MgB2 supeiconduc-
tor was also observed in litenture [29]. Sevenl models have been
proposed to investigate ttre efrects of the inclusion of magnetic
nanopartides within the bulk superconductors bansport proper_
tis [291. However, magnetic flux pinning depends on Oehagni-
tude and orientation of magnetizagion vectol which is a challen-
ging problem for both theoretical and o<perimental investigations.
The effecfs of magnetic nanoparticles addition on superconductiv-
ity in MgB2 was investigated experimenally as well as theoreti_
cally but reported results were contradictory, which provide no
ydelce of magnetic pinning 130-361. We hare alread! reported
the effect of addition of ZnFe2Oa nanoparticles in CufLpZ
stperconducting mahir We have observed the improvement of
the grain size with the addition of hFe2Oananopafticles. But after
the addition of TtFe2Oa nanoparticles, Td0) and magnitude of
diamagnetism were suppressed. The zuppression of suftrconduc_
tivity was most likely due to trapping or tscatizatisn of mobile free
carriers and reflection ofspin charge due to paramagnetic nature
of T,nFr,2Oa nanoparticles Also, the reduction of I.(0) may be due
to the possibility ofFe and Zn incorporation in lattice sites [32].In this article, we have investigated the effects of CofezOo
nanoparticles addition on structural, morphological and zuper_
conducting transport properties of CuTl-1223 -at ix The main
objettive of this work was to improve the inter-grainweak_links by
filling the pores and voids present in bulk form of the host CuTl-_
12?3 marix by the inclusion of these nanoparticles. The second
objective was to increase the number of Rux pinning centers to the
optirmrm letrel by the addition of these mignetic nanoparticles.
The zuppression of zuperconducting propertiis in zero neta wittr
:nryisiry Cofezoa nanoparticles contents is most probably due to
localization and pair-breaking mecrranisms of canilrs across these
highly coercive magnetic CoFezOa nanoparticles having net mag-
netic moments. The flux pinning measurements are our futuie
plan. We have not done those measurements yel ln the present
artide our focus was to see the effects of magnetic CoFe2Oa
nanopartides on the zuperconducting transport properties of
cJin-1223 matrix

Z Expcrimmd detelb and chancterlzetion technigues

CoFe2O4 nanoparticles added bulk ceramic CuTl-1223 super_
conductor composites were qmthesized by solid_state reactiorl
Initially. Ba(NOs)2, A(NOsh and Cu(CN) compounds were mixed
in appropriate ra6os and ground in an agate mortar and pestle for
about two hours. The mixed material was loaded in quartz boats
and fired in chamber furnace at g60 "C for 24h fblowed by
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Flg:l. (e.<! (a) XRD patrems of CoFe2Oa nanoparticles, (b) SEM imrge of CoFe2O.
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iMorphologl, of material r ras oamined by Scanning Electron
Miooscopy (SEII/) OOEL Jed-2300). MH-loop of magnetic nano-
partides was done by using a Superconducting euantum Inter-
fererce Device (SQLIID) magnetometer (euantum Design, MPMS-
XL-7). Fourier transform infrared (FTIR) absorption measurements
were carried out in 400-700 cnr-l wave nurnber range by using
Nirolet 5700 mR spectrometer. potassium Uromide 1tOr1 was
]used as a background for FTIR absorption measurements of these
jsamples Physical Properties Measurement System (ppMS, euan-
itun Design) r,rns used for elecrical dc-resistivity measurements.

ihu low resistance contactr with silver paint were made on the
]surface of the slab shaped samples with dimensions of
12 x 1.0 x 4.0 mm3. The conventional four-probe technique was
used and the value of current during the dc-resistiuity measure_

lments _rtras kept l0 pA" We measured dc-resistivity with large
lapplied crrrrents and selected the appropriate orrent for our
measurements at which response of the system was linear Le.
lO p,A. These dc-resistivity measurements were carried out during
the heating ryde from 35 K to room temperature Le. nearly 300 IC
Heating rate was kept 1-3 K/min during these measurements. An
eledric field criterim of 1 pV/cm was chosen for the zero-resis_

formula is 36 nrn XRD analysis shows o<quisitely indored (2ZO),
(311), (222} (400), (422), (st t), (440), and (533) planes
and sharpness ofthese peaks confirms that CoFe2O4 nanoparticles
are better crystallized. Major phase has been observed at (h k I)
value of (3 1 1). No peak of other impurity crystalline phases has
been detected. The lattice par.rmeter calculated to be
a=O.8392 nm. SEM image of CoFezOn nanoparticles at 500 nm
scale is shown in Fig. l(b). It shows that nanoparticles are nearly
spherical in shape and agglomerated due to magnetic intei-
particle interactions. We have measured MH-loop of CoFe2Oa
nanopartides at I= 50 K by using SeLIID magnetometer to confirm
their magnetic behavior as shown in Fig. 1(c). These nanoparticles
exhibit high sanrration magnetization (86 emu/g) and high coer-
civity (3350 Oe) as evident in the inset of Fig. l(c). nmmar et aL
[38] reported a high saturation magnetization (g5.lemu/g) for
chemically prepared CoFe2Oa nanoparticles. Liu et al. ISSI reported
the high saturation rogr€tizatiep (83.6 emu/g) of nano.sized
CoFezOa partides prepared by co-precipitation method and an_
neded at 1300 "C

Tlpical XRD patterns of (CoFezOa)JCLtTl-l?23 composites with
x=0, 1.0 and2.Ow&, are shown in Fig. 2. The diftaction patterns
indicate the dominance of Cu'11-1223 phase as most of the peaks
are well indqed according to tetragonal strucilre of this phase
following the P4lmmm space group. The characeristic (001i peak
of this CuTl-1223 phase appeared at 20-5.Mo and the stoichio-
metry remains unchanged after the addition of these nanoparti-
cles, which may be an evidence that there is no rnriation in
structural chemistry of the host CuTl-1223 compound. Structure of
Cun-Dz3 phase remains preserved even with the existence of
CoFe2Oa nanoparticles, which clearly indicates that these nano_
particles occupy the positions at the intercrlstallite boundaries of
CtrTl-1223 matrix and help in improving the inter_grain weak-
linla. Beside the dominant CuTl-1223 ptrase, few un_indo<ed
peals appeared which are possibly due to presence of some
impurities and some other superconducting pt 

"ses. 
Extremely

small variation in c-axis length was observed, which may possibl!
be due to some strains and change in o4lgen 1O5y contlnts atei
nanopartides addition The slight sffi in the diftaction pealG to
Iower angles, which is due to uniform strain produced in the
materials after the addition of CoFe2Oa nanoparticles. AJso the
slight decrease in the c-axis length and an increase in a-axis length

tance critical temp€rarure IdO). When the resistivity becomes of
]the order of fd ((l-m) then that temperature is considered as
IdO). Mass densities of samples were measured very carefully.
!!ss of each sample uras measurcd by weighing balance
GIW6',20H, Shimadzu) with O.O0l g accuracy and volume was
determined by dipping the sample into watir in calibrated test
lrh ya a micro-pipiL Finally, we measured the mass density
(mass/volume) from the measured mass and volume of the
samples. We repeated these measurements four to five times
and observe almost the same trend.

3. Resrlts end discussion

XRD pattern ofcobalt fenite (CoFe2O4) nanoparticles is shown
in Fig 1(a). The characteristic peaks in foO pinem of CoFe2Oa
nanopartides are in accordance with sandard data values given in
lntemational Center for Diftaction Data (ICDD) rccord. .1i.," pro_
minent peaks are indored with flbic spinel structure and avenge
size ofCoFe2Oa nanoparticles calculated by using Debye_Scherreis
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Wavenumber 1cm'r1
Eg: 4. FTIR absorption sp€ctra of (CoFezOr)JCuTl-1223 composites with (a) x=e
(b) x=05 wA, (c) x= r.0 wU( (d) r=ts wtz end (e) x=2.0 wEr.
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Flg: 5. Resistivity versus temp€EtturE measurements of (CoFe2OlUCuTl-I223
composites: r:0, 05wUi LDwg,h lswg.. and 2.Owd. ln Oi inset 1r; ttre
variation of Tdo) vcrsus x md in the inset (b) the variadon or massive aensity
versus r (La CoFqOa nanoprrtides).

of CoFe2Oa nanopartides The CuO2 planner o)q6en modes also did
not dlange their positions with ttre addition of CoFq2Oa nanoparticles.
The slightrrariation in these modes can be possibly due o stresses and
stnins produced in material after addition of these nanoparticles. The
almost mdranged position of various tn$Een modes with the addition
of these nanopartides showed that the unit cell structure of the host
Cufl-lraa matrix remained unaltered This is another indirect evi_
dence of the occupancy of CoEzOE nanoparticles at the grain-
boundaries. Thereforg these nanoparticles healed up the voids and
improved the inEr€nin coupling
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Flg:- 1 SEM images of (CoFeOr)JCuIl-1223 composites wirb (a) r=0 and (b)
x=LOtttfi.

ar9 due to the slight compression in apical bond length and
relaxation in CuO2 planner bond lengths.

SEM images of (CoFe2Oa)JCuTl-1223 composite samptes are
shourn in Frg 3. Sonre impression of aggtomeration of magnetic
nanopartides harrc been observed in the composite sample with
x=ZOtuV* Similar resulB were already observed by Hafiz and Abd-
Shukor [40] for nanosized NiF2 addition in BirapbosSrzCa2Cu3Ol6a5
zuperconductor samples and Mohammad et al lZZl in studying the
effect of nano-Sn02 inclusion into the Cufl-12)3 

-superconducting

phase on zuperconducing properties.
FTIR is very sensitive tectrnique used to detect a Eace amount of

impurities along with functional groups in the material The FTIR
absorption specta of (CoFq14UCrin-1f,lz3 composites with x=0, 05,
1.O 15 ud 2;Ow0{ in the far infrargd range from 400-200 cm-i are
shorvn in Fig 4. the bands in the range from 400 to 540crn{ are

ry""t"q with the apical ox!,gen atoms and in the nnge from 541 to
600 sn-l are associated wittr Grq planar oqrgen atoms. The bands
in the nnge from 670 to 7fi)qn-r are assoclaea wid, 06 atoms in
the durge resen oir layer [ ta3]. Apical o<54gen moOes of t]e n_
O^-cr(2land Cr(lfO6-Cu(2) are observed arormd 418sn]r and
483 crn-l and GrQ ptanner modes are observed around 533 cnr-r in
pure CussIo5Ba2Ca2Gr3Ole_6 samples. The positions of both the
apical olg6en modes were not alterd sigrrificantly with the addition
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Resistivity versus temperature measurements of (CoFe2O4)r/
g)n-1223 (r=0,05,1.0,15 and 2.0 r,vE[) composites samples with
pariou amounts ofCoFe2Oa nanoparticles are shorrtm in Fig. 5. The
gariation of 1: (0) verns CoFqOa nanoparticles content is shown
in the inset (a) of Fig 5. The values of I. (0) for the samples with
I=O OS,1.0,1.5 and 2.0 wB are amund 66 K 68 K 69 K 78 K and
60 K respectively. These measurements show that the value of
fc(O) is increased after the addition ofCoFe2Oa nanoparticles into
CuTl-1223 superconducting matrix till x=15 r^fl% concentration
and then suppressed on further increase in the amount of
,nanopartides The increase in I" (0) after the inclusion of CoFe2Oa

lanopartides up to x:15 tnEf is due improvement in the inter-
grains connectivity and after certain optimum level of CoFe2Ol

iranopartides addition the agglomeration starts which deterio-

,rates the samples qudity and produces stresses and strains in the
fnaterials 144,451. In ceramic high 7i superconductors, there is
hlways a resistive broadening d,-,e to nvo critical tempentures, one
is the I""M (K) at which Cmper pair formation starts and th€
second is the I. (0) at which the materiats goes into bulk super-
conducting state. The T.o,H (K) depends on the electronic proper-
ties of the material, whereas Td0) depends on the microstnrcture
of the material and carriers density in the CuOz planes. The
jmaterial with weak inter-grain connectivity and voids tends to
,harre lmrrrer IdO), as compared to Otat of a material with well
igonnected and packed grains in spite of their equal fcoNt (K). In
pe present artide the I"o*, (K) is monotonically deaeasing with
the increrse of magnetic CoFe2Oa nanoparticles content, which is

;not surprising hcause magnetic nanoparticles have the ability to
suppress t]le superconductivitlr. The reason behind the increase in
1f.(0) might be the impronement of the inter-grain connectivity,
iwhich is essential o get higher IdO). The main problem is to make

ithe disribution of CoFe2Oa nanoparticles uniform and homoge-

lneous across the grain-boundaries of CuTl-1223 superconducting
lmatrix The non-monotonic variation of the normal state resistiv-
jities with magnetic CoFe2Oa nanopartictes content is most prob-
ably due to the inhomogeneous distribution of these nanoparticles
at the grain-boundaries of the bulk material. The variation of mass
density of (CoFe2oa)rltCuTl-1223 composites with different content
ofCoFe2Oa nanoparticles is shown in the inset (b) ofthe Fig. 5. The

slighfly increasing trend in mass density is observed with
content of these nanoparticles in the matrix which is

carriers across the agglomerated CoFe2Oa nanoparticles present at
grain-boundaries of the host (uTl-1223 superconducting matrix
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Structural and Superconducting properties
of (Al2O3)r/CuTl-1 223 Com posites

INIR,ODUCTION

^!^hetcqo.sT_.dla2Qa2Cusoro-a(CuTl-L22g)phaseof (Cu6.6p.slB3zCa"Cu, *rO^*- o high 
"" 

superson-
oucftlg qTilI is most athactive due to its relatively
larger critical curent density (J), l,;gh superoon-
ducting hansition tcmperaturu !i.i q"l to* *p""_
conducting anisotropy (7: p1-t-a Two main
constituents of the unit cell of'this phase are the
9"0.u1_h.qBa2oa-s charg;e resenroir lai,er (CBL) and
the nCuO2 conducting planes.a'5 The effects of the
substitution of impuritiLs within the unit cell and
the addition of suitable nanostructures (nanoparti_
cles, nans16ds, etc.) on the physical andstnuctural
properties of different superconduct'ng families
were inv_estigatcd.Gro 1he addition of naioparticles
affecfu tle_superconducting properties by 

-creating

surface defects in the mateilaG anil virying thE
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The effects sf aano-frrmina (AI2O, particles inclusion on the strrrctural and
superconducting transpqrt f-roperties of (Cuo.oTlo.a)BazCazCusOro_i aQ"n:1223) mahix were erlored in detail Ditrerent- coi.en:t-atio"t (i.i. l=Al,Iwt:.Eo)-of Al2O3 nanoparticles were added to a CuTl-122g mabir-to
obtain the desired (AborVb"T-r228 nano-supercondu*iot .o-posites. No
:ig,-.ifiq"! 4*gu was obsined in the erystar iuructure 

"od.t"i.nio-"t 
y oi

the host afi1-1229 superconducting phase after the attdiEon "fAlpr-;il;particles. this indicates the occupancy of these nanoparticies at thd inter-granularspaces. The guperggndgcuvity-was.',prr""o"dwith-LcreasingAlro,
nanoparticles contents in the cuTl-Lr%matiix. the supprer"io" oir."-f#
condugling_prop^erties 

1s most probably due to a pair-bri'aking me.n;ils-
caused by the reflection/scattering of carriers acrossihe insulatini nano-A1,g,
particles presgnt at the grain boundaries. The non-monotonic variaUon ofih6
superconducting 

-properties may be due to inhomogeneous distribution oi
AlzUe nanoparticles at the grain boundaries.

Key words z CuTiI-1223 superconductor, Al2Os nanoparticles,
superconducting properties, grain boundaries

number of charge cariers in the CuO2 planes. It has
been obsenred in many supercondu-dting families
that superconrluctivity p]arameteqs vary b; "r"yi";the orygen contents.u-r6 Ihe additioo of 6t"-eot"j
and oxides nangp:$cles into high temperature
superconductor GITSC) mahices plays a vital role
{_increa-srng_thecritical current aeGtv (J") by the
difrerent mgsfoenisms (i.e. flux pinning, inter-grain
connectivity, etc.) occurzing in tLe materials.l#zo 11

!*^b""1reported that low concentrations of nano_
ZnO addition in (Cuo.6Tls.26pbs.2s)-l}Zg enhanced
the. su,percondrr-cting tranJiUon tenperature (?J,
critical current density (JJ ana melting point, wLiie
high -concentrations 

-of 
nano-ZnO eifianced the

secondary phases and grain boundary resistance.
Ihis was possibly dge to large agglo-merations of
lan:-itnO particles.', The microhardness of the
Cu11-1223 supercoadust'ng phase was sierificantlv
rgproved by nano€no2 particles additio;.22It h;
also been obsened that superconducting properties
were improved by nano-Fe2O3 par"ticles-addiUon uf
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to a certain concentration level and then started to
decrease with a higher concentration of nano-FeqO"
particles in the CuTl-1228 supercond,uctor.2s Th6
suppression of superconducting properties was
explaingfl in terms of an enhanced pair-breelring
mechanism due to scattering phenomenon at a
ES!"" concentration of nano-F"rO, particles in the
CuTl-1223 superconductor. the nano--Mg0 particles
$ili$on u_p to 0.6 wilo in the CuTI-12BZ si.percoo-
ducting-p_hase improved the phase formatiod, grain
connectivity, and electricat transport properties] and
reduced the thermal expansion co-6ffic-ient.%' he
improvement in J.-was believed to be due to the
eahanced pinning effects of nanoMgo particles in
the superconducting mahix.26 No chaige observed in
the tehagonal shlrcture of the Cufl-DBa supercon-
dlctifg phase with the addition of nano-Mg0 p"*i-
dgl, th" study of the effects of Al2Os nanola:rticles
addition 

-on the quperconducting pioperties'of yBa2

9orOr slowed that there was no chaoge in th;qqq*{ slmmeky, while the orthoihombicity
slightl-y dereased with the increase of nanoAlzOi
particles content in the matril In an applied m-agl
netic fiel4 J. of ,the superconducting m-ateriA wis
observed to be enhanced significantly by nano-AlzOg
prrtidq rddijon, which can be q4uied by the ertsl
tence of the flux pinning centers.26lhe sribstitution
of nano-Al2os partides did not affect the structural
symmeky of the parent yBa2CusO, system, but the
orygen content was affected and therefore the
superconductirity dtg"d, as it is sensitive to orygen
co-ntent especially in'his system- The effects of naio
$-aO, partides addition in the polycrystalline (Bi,
PD-?ZZ} superconductors als; -iUust"atea 

theiTprovement of transport properties. The volume
pinning force density, onset-temperatnre of dissipa-
tion, activation enerBy and 4 ii-applied -"gdd.field were found 6 5! improieilzz lfre fluctuiuon_
induced conductivity (FIe) analysis demonshat€d
that the three-dimensional faDliona"cti"ity region
h3ls U:gf reduce4 which is possibly due to scattering
of mobile cariers across thi nanoAtzOs partidesE
the grain boundaries of the (gi, mr:ZZbA sopur"oo-
dygF"g matri:cm A small ..oroi of orr*AlrO,
addition in YBa2Cu3O7_6 Cy12B) texhrred b-ulf
superconductor has increased the d, values that nay
be due to improved flux pinning aftjr the inclusion df
these insulafing nanopartic6s.m the shuctural
symmeky of the Y12B superconducting makix was
also not g$ected after the inclusion of-at O, "**particles.m the imgrov.ement of "r" wagmlj lik"ly
due to,enhanced. pinning, effects 6y the insulatin[
"qo-Alr.O, _p@clq acting as effective pinninE
centers in the Y12B superconducring matix. tUE
value ofJ" {eqends upo.n-the size, den-sity of pinnint
gmter-s 9ld flux pinning shength. Ihl v"loes oicl. aIJ:d._H-i6 ygls snhenced due to the presence of
nano-Alzoe particles at the grain founda;es ofMgB2u$"9 as strong pinning ceiters.sl Some amount o?alminum (Al) was doped into the lattice and more
AlzOe nanopartides were present at grain boundaries

i"- tlg bulk qt ligher levels of nano-Al2Os particles
addition in the MgBz matrix.

We studied the effects of nano-Al2Os particles
addition on the superconductivity as welt ai on the
crystal shucture of the CuTl-1228 phase. Ihe mein
motivation and objectives of the addition of AlzOs
nanoparticles__were-to improve the inter-grain con-
necFvity by fitling the pores present in the bulk form
of the CuIl-1223 matrix and heuce to enhance the
superconductin^g properties. We were expecting the
improvement ofinter-grain argak links and g6ai; size
!V_m" cementing efects of Al2Os nanopafocles-ad-
ded at the grain boundaries. The main issue is the
uniform and homogeneous distribution of AIzOs
nanoparticles at the graia boundaries in the CuU-
1223 superconducting matrix Still, this is an open
qurestion as to how can we make the dishibutioi of
&Oa ganoparticles uniform and homogeneous
across the grain boundaries? Ihe agglomerition of
$rOr n_gopgr_ticles at-interstitial ri-"."r degrades
4" q"4i-ty of the gamples, resulting in the suipres-
sion of the superconducting properties. The Lon-
monotonic variation in the superconductivity may be
due to non-unifom and inhomogeneous aisLibuiion
of AlzQs nanoparticles at the grain boundaries. Sut
the_effects of AIzOs nanoparticles addition i" th;CuTl-l?8 supercorrducting mahix can be 

""riltassessed from the inter+omparison of the variatioi
of the-srrperco_nducting properties of the nanoparti-
cles-added and the ggn-added samples. tte pre'sence
of nanoAl2Os particles embedded in the superoon-
ductor mahix was investigated by x-ray Am""rti*(xRD), :pnnTg electron microjcopy isnul, *a
enerEy dispersive x-rays (EDX) spectroscopy. m"
resistirrity versus tenperature, curient verils volt_
age ([V), and Fourier transform infrared fitiD
absorption measurements were carried out on the
samples.

SIIMPLES SYI\IITTESIS AIID EXPERIMEITITAL
DETAILS

_ the lrano-Al2Os particles-added to bntk ceramic
i]uq-{2-B superconductor _composites were sJm-
tlesr_ed by the two-cycle sotid-stite reaction -"tn-od. Initially, Ba(NOJg, Ca(NOJz ,"a C"fCfVl
compounds were us"4 as starting .o-porod" to
ryeq?re the Cus.6Ba2Ca2Cusols_6 [recurior. These
starting 

-compounds were 
-mixed- in appropriate

ratios and ground in an ag;ate mortar 
""ii i,".it" io"

2 h continuously. the -ted material was loaded
into quartz boats and fired in a chamber fur:nace at
860"C for *L h followed by fui:nace cooling to room
temperature. The firing.was com_pleted in-two steps
each with t h intermediate gdnding. Later on, tliisprecursor material was mi=ed with Tl2Os 

"oa 
aif-

ferent wt.V_o of AlzOa nanoparticles of s1;e E nm atthe second 
-stage 

end then ground again for I h
F^e"liAlzos)r/cuTl-1223 (y = o wb.E;, 0.5 wt.%
l.O tlt.Vo and 1.5 wt.Vo)_ superconductor composites.
The pdlehs of the ff''al miterial were made undei
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3.8 tons/cmz p_ressure with the help of a hydraulic
press. The pellets, enclosed in gold capsules, were
sintered at 860'C for 10 min i1 a preh-eated cham-
ber funaace followed by quenching to room temper-
ahrre. -Al-zOs nanoparticles were prep&ed
separately by the co-precipitation method.- -

XRD (D/A[ax mC $igaku with a GuI(, source of
wavelength 1.54056 A) was used for determination
of phase purity and crystal strncture of the.mate-
rial. With Qg U"tp of a cell refinement eomputer
program, cell parameters were detemined. tne
conventional four-probe method was used for
dc-resistivity an_d-fV-measurements with the help ofa commercial Physical Properties Measurement
Syst€m (PPMS|) manufactured by euantum Design.
The dimensions of the slab-shiped s"-pte" ;E";
1.2 x t.0 x 4.0 -ma and four l6w-resistivity con-
tacts were made on trfus semples with silver paint.
The temperature stability was kept at 2 mK d'udnt
these transport measurements. iV measurements
were carried out at 50 K below the zero resistivity
critical temperature, and the criterion ofJ" for thes-e
rv measurements was kept at t pylcm at E0 K in a
zero _external applied magaetic field for all the
samplgs-. The composition and morpholory of the
materials sgjs examined by EDX spectroilopy and
SEM with a JOEL Jed-810. Ihe phonon 

-mode"

related to the vibrations of various oiygen atoms in
the unit cell ofthe CuTl-1223 superconductor matrix
were obsenreil by flITR absorption spectroscopy in
the wave number range of abo-zoti "--, *itn ,
Nicolet 5700 F'IIB spechoneter. the EIm absore
tion spectroscopy was carried out using potassium
bromide (Br) as a background materiit.'

REST'LTS AIID DISCUSSION
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Fig. 1. XHD patem ot atumina (Al2O3) nanoparticles.

20 (Degrees)
Fig. 2. XRD patteTt ot (Az9"V9uTI-1220 composites (a) y = O, (b)
f = 0.5 tul.o/o, and (c) y = 1.0 urt,o/o,
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The XRD pattern of the nano-AlzO.q particles is

q+o1m in Fie. 1. the various crystal- ieatures of
AI, 2O3. nanoparticles, Iike crystal si"rrcto"e, crystal_
Iite size and diftaction pittern, are deteriined
fr-om the IGD spectnrm. dle random orientation of
the crystals, srnaller crystallite size, strains and
struetural faults lead-to the peak broadgning. Ihe
peeks are indexed wi-th the cribic stmcture, aid the
lYerage. size of-efzQe nanoparticles calculated by
Sherret's formula is found to be E nm. XRD analysis
shows cubic structure-?nd crystallinity *ith ;;ft-
site.ly.ry{9xed planes (g 1 1),i2 Z Z), (4 0 0), (E i 1)
3nd 

(  I 1), wtich are completely in accordance with
International Center for biftd*ion DaL GCDD).Ihe typical XRD patterns of the (AlzOrlrrCu;n-nZle
g"perconductor matrix with y = O wt:do, 0.i vrt.Vo,
and 1.0 wt.V-o, are shown i" inig. 2. The'difta*ion
p_atterns indicate the dominan& of the CuTl_1228
phase as most of the peaks are well indexea
acrording to the tetragonal shucture of this p-hase
following the P4lmmm- spaoe group. The charicter_
istic peq\(001) of this Cufl-ri'Zg pL".u appeared at
20 = 5.75" and there is no chante ii-tne #eraU XnOpatterns for nano-Al2Os particles-added ssmples,

which may be evidence that there is no variation in
the shrctural chemish)r and stoichiometry afterqd{$ nano-Al2Os particles. the structure of the
C!II-1223 phase remains presenred even with the
exirtence 9f thg AlzOa nanoparticles, which clearly
indicates that the nanopartiiles occupy positions a:t
the inter-crystallite boundaries of ffe'Cun-iiZg
superconductor matrix3nd }elp ia improving the
inter-grain sgak links. Besides ihe do-ittsnt dufl-
1223 phasg, a few nln-indexed peaks appear which
ge possi!,lV due to t,he presence of oth6i supercon-
ducting phases and iapurities. Therefore, tLe stoi-
chio-metry_of the host itfiil,-1228 

"o-porrrd 
remains

unchlSged after the addition of th'ese nanoparti-
cles. 

-How_ever, 
there is a slight variation of c_axis

l.ength, which may be due to oiygen (Oa) variation or
due to some shesses and stralis, *ni.n can causie
comp_ression and relaxation in the apical bond
length.

Alunlna Nenopailcle8 a
E

CuTLl2rz t 16
A!1-lg ; ca ,l.0tA
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- SEM images of(Al2OsL,/CuTl-1228 samples show
the presence of sphericalirna irregular naio-shapes
amnng the plate-like grains of the host CuTl-1228
phase, which have reduced the inter-sain voids in
Sg U"lk samples,-as shown Fig. B. Ifiese nanopar-
ticles remsi" at the inter-grain boundaries of the
CuTl-1223 superconductoi matrix and heal the
intu-grain voids. Some ofthe nanoparticles present
at the inter-grain boundaries are circled in tfie SEM
ugage! shown in FiS.BLd. In the SEM image,
FfS. 34 the agglomerations of nanoparticles can-be
visualized in large cirdes at some places. EDX
spectnrm shows the mass percentage of different
elglnents in the compositionlfie. a). EUIU ana pOX
indicate that the nano-Al2Os particles just occupy
the interstitial-spaces among* the gre'ins and'db
not enter into the crystal stnrcture (i.i. unit cell) of
the CuTl-1223 phg,se. Similar results were obsenred
by Mellekh et al. 26 for Al2Os nanoparticles-added to
Ba2CusO, phase, and biMohammad et al.n when
gtudVpB Qegffect of nano-SnO2 particles inclusion
into the CuTI-1223 superconducting phase. The
rnees%o of different ele,ments present in-the eompo-
sition determined by the EDX analysis are Usted in

Table I for y = O wt.Vo, 0.5 vtt.Vo, L.0 wt.Vo and 1.6
,rt.Vo ia the CuTl-1223 matrix.

FTIR is a very sensitive tecbnique used to detect a
trace amount of impurities along with functional
g_rgupq in_tE material. EIIR absorption spectra of
6lz-OsL/Cu11-L229 composites with y = 0 wt.Vo, 0.5
vtt.Vo, L.0 wt.Vo- anrd.1.5 wt.Vo, in the infrared range
from 400 cm-r to 200 cm-l, are showu in Fie.-b.
the bands in the range from 400 cm-lto 840 crm-l
are associated with the apical oxygelt atoms, and in
the range from 541 cm-,-to 600 cm-1 are associated
with CuO2 planar oxygqn Btoms.32,g8 the bands ini the range from 670 cm=lto 200 cm-l are associated' with 0-6 atoms in the charge reservoir layer.s In the
pure Cus.5Tls.sBa2Ca2CusOls_6 samples, the apical
orygen modes of t5'pe 11-Oa-Cu(2) and Cu(lrc^_
Cu(2) are observed amund 418 cm-l and EB? 

"-.1-and the CuO2 planner mode is around EgO cm-l.th" 
"plr4 

oxygen modes remain unchanged in the
n,ano-Al2os particles-added samples. tne CuO,
plenner mode is hardened to Egl cm-l for v = 1.5,nt.Vo a4d slightly softened to d75 cm:t and
-SJ6.cm] for y = 0.6 vtt.Vo and l.E vtt.Vo, respec-
tively. lfts ssftening atrd fusrflsning of these -6a",

Fig' 3. SEM micrographs ol (Al2O3)y'CuTt-1223 compositT yp.(a) 1;- Q, 
(b) I = O,5-,1t1..h,(c) y = 1.0 wlo/. and (d) y = 1.5 wt.o/o. (Some of thenanoparticles prgsent at the interghin boundaries aiocircred in tiri Senlr i,i,Zri,rs 

"ierro" 
n"rioi,"rri"ilil; samples and agglomerations olnanoparticles can be visualized in large circles at some places). 

- --''' ""-w-- !
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is most Iikely associated with the stresses and
shains produced in the materials after the addition
of AlzOs nanoparticles, which may affect the dif-
ferent bond length in the unit cell. lhere was no
significant change in peak positions of oxygen
modes after nanoparticles addition, but the shapes
of the F"IIR spectra are slightly different from one
another with respect to the relative intensity for
difrerent samples. Different bond lengths in the unit
cell can be affected due to stresses and strains pro-
duced in the materials by the inclusion of these
nanoparticles as well as due to small variation in
the 06 in the CRL of the unit cell. TTds gives evi-
dence that no decomposition of Al2Os nanoparticles
and no diffiEion of Al in the unit cell of the host
CuTl-1223 matrix have taken place. therefore, the

'lr i ; jl,f l-:'JjJL'rt..'Li
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most suitable place of these nanoparticles in the
Cfi1-L223 matrix is the grain boundaries.

Ihe measurements of resistivity versus tempera-
hrre of (AlzOs/CuTl-1223 (y = 0 vtt.%-o,0.5wt.%o,L.O
wt.Vo and. L.5 wt.%o) composites are shown in Fig. 6.
All these samples have shown a metallic variation
in resistivity from room temperature down to the
onset of superconductivity with zero resistivity
critical temperature {"" (0)} around 86W 741<,
72 K and 65 Ii these measurements show that the
value of 

"" 
(0) is suppressed after the addition of

nano-AlzOg particles into the CuTl-1223 supercon-
ducting matrix. The absolute resistivity in normal
state may strongly depend on porosit5r and grain
boundary scattering. It is assumed that non-mono-
tonic variation in 7" (0) is mainly because of non-
unifom distribution of Al2Os aanoparticles at the
grain-boundaries of the host CuTl-1223 supercon-
ducting matrix. This decreasing behavior of ?"(0)
with Al2Oa nanoparticles addition is either due to
mechanisms related with oxygeq_ yqcancy fisorder,
or due to mobile holes trapping, 1T'or due to lesser
oxygen content in the material.se the possibility of
the Al2Os material dissolved into the matrix of the
CuTl-1223 superconductor cannot be eliminated as
it was synthesized at a higher ft,smperature (860'C)
for an elongated "r,e (24h).

the curent versus voltage (fl4 measurements of
(AlzOsVCuTL'Lzz3 0 = 0 wt.Vo,0.5 vtt.Vo, L.0 wt.Vo
and 1.5 ,at.Vo) composites are shown in Fig. 7. These
fY measurenents were carried out at 50 K below
trhe zero resistivity critical temperatnre for the
samples. The criterion of J. for the IV measure-
ments was kept at L pYlm, at 50 K in the zero
external applied magnetic field for all the samples.
the fV characteristics curves show the suppression
of the critical current (I") with the addition of nano-
AlzOs particles in the CuTl-1223 superconducting
matrix. The variation of J" with different concen-
trations of nano-Al2os particles is shown in the
inset of Fig. 7. This decreasing trend of J" with
increasing AlzOs nanoparticles concentration is
possibly due to the fomation of superconductor-
insulator-superconductor junctions in the compos-
ites. The insulating AlzOs nanoparticles present at

Table L Elemental analysis by EDX of (Al2OsVCluTl-Ung composites with y = O w[Vot O.6 wtlo,l.O wl,.?o, ardl
1.6 wt.4o

! = O wt.Vo y = O.6 wt.Vo gt e 1.O utt.Vo I = 1.6 wt.7o

Elements KeV lllass7o AL%o KeV Msss%o AL?o KeV Nlaas%o At.Vo KeV lrtaesqo At.4o

o-K
Ca-K
Cu-L
Ba-L
1'l-M
AI.K
Total

0.535 20.68
3.695 8.87
0.952 26.93
4.4U 31.83
2.925 11.70

100

0.536 18.78
3.696 9.16
0.955 26.00
4.86 33.55
3.e2L LL.54
1.495 0.96

100

54.65 0.538 20.40
10.64 3.698 7.67
19.05 0.958 27.85
11.37 4.488 30.16
2.63 2.318 tz.M
1.66 1.510 1.28
100 100

57.08 0.540
8.57 3.702
L9.62 0.960
9.83 4.492
2.77 2.3L5
2.t3 L.525
100

20.22 55.96
8.78 9.70
27.8 19.15
30.63 9.88
Lt.Lz 2.4L
L.77 2.90
100 100

58.05
9.94
19.03
10.41
2.57

100

FIg. 4. Typical EDX spectra ol (Al2O3)y'CuTl-1223 composites (a)
y= 0, (b) l=1.Oo/o.
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Fig.7. Cunent versus voltage (t[-measurements of (Al2Oo)y'CuII-
1223 composites wilh y = 0 wt.o/o, b.5 wt.o/o, 1 .O vtLo/o, irnE f .fi urt.Z".(ln the inset J"(A/cmz1 verBus nano-Al2O3 particies oontent is
shown).
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= 1.s
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qnl sup_e_rconducting transport properties of the
CuTl-1223 matrix without- the 

-exteraal 
applied

magnetic field- AII the experimental results arei"ry
consistent and support each other.

CONCLUSION
The effects of nano-Al2os particles addition on

guperconductingperameters as well as on the phase
fomation of CuTl-1228 were investigated. Th;
tetragonal structure of the CuTl-1228 iatrix was
ngt $ecte{ by_the inclusion ofAI2Os nanoparticles,
which pro{ded a clue about the occupancj of thesd
nanoparticles at the grain boundaries. tSs mass/a
of AI and O elements calculated from the EDX
spectnrm confirmed the presence of Al2Os nano-
particles in the Cul'l-1223 matrix. The su-ppression
9f ?" (01 q+d_J" was obsenred \dth increasing con-
lgnts of AlzOa _nanoparticles. The suppressilon of
;l ese su_perconducting properties is mirit proUaUfy
dug to th9 pair-breqlilg 6sg[anis6 caused bV th!
reflection/scattering of-the eariers during tneir
hansport across the insulating nano-Al2Os pirticles
preseqt- 1t the grain boundaries. the irosulating
nano-Al2Os particles forming the superconductorl
lrsulator-superconductor junctions ii tne (AlrOo)J
CuTl-1223 composites has suppressed the 

"irpiri-993$qUg-tv_ parameters. flid quatity of 'the
(A*OrVCqTl-L223 cqmposites samples were grad_
ually deteriorated with increasing contents ofAlzog
nenoparLicles in the CttTl-tZZg matrix fh;
agglomeration of Al2Os nanoparticles at the grain
boirdaries severely suppresies the supercoiduc-
tivity due to the reduction o{ the superconducting
volume fraction and increased insulaiing nature of
the grain boundaries.

140 175 210 215 250 315
T (K}

Fig. 6._Resistiw versus temperature measurements o, (Al2ody'
CuTl-1?23 qmposites with y = 0.0 wt.o/o, 0.5 wt.%, 1 .O wt.%, a;d i.'5
,ti.o/o.

the grain boundaries reduce the activation enerry of
the cariers due to which pair-brealring occors-ind
superconducting-parameteis are supprdssed.e But,
we expect thatAl2Os nanoparticles will act as active
pinning centers in the.external applied magnetic
teld measurements.2Hl The pinriing effeits of
these nanoparticles will be erptor"i bv i"n"ia
measurements of these composites, which are under
w-a{.-E this paper, we havebnly reported the effects
of Al2Os nanoparticles addition on the stnrctural
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suppression of activation energy and superconductivity by the
addition of Al2O3 nanoparticles in CuTl-1223 matrix
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Low anisoropic (Cus5Tls.5)Ba2Ca2CueOro-a (CuTl-1223) high T" superconducting matrix was
synthesized by solid-state reaction and Al2O3 nanoparticles were prepared separately by
co-precipitation method. Al2O3 nanoparticles were added with different concentrations during
the final sintering cycle of CuTt-1223 superconducting matrix to get the required
(Al2o3)r/cuTl-1223, y:0.0, 0.5, 0.7, 1.0, and 1.5wt.7o, composites. The samples were
characterized by X-ray diffraction Q(RD), scanning electron microscopy, energy dispenive
X-ray, and dc-resistivity (p) measurements. The activation energy and superconductivity were
suppressed with increasing concentration of AI2O3 nanoparticles in (CuTl-1223) matrix. The
)(RD analysis showed that the addition of AI2O3 nanoparticles did not affect the crystal
structre of the parent CtTl-1223 superconducting phase. The suppression of activation energy
and superconducting properties is most probably due to wealc flux pinning in the samples. The
possible reason of weak flux pinning is reduction of weak links and enhanced inter-grain
couryling due to the presence of AlzOr nanoparticles at the grain boundaries. The prcsence of
Al2O3 nanoparticles at the grain boundaries possibly reduced the number of flux pinning
centem' which were present in the form of weak links in the pure CaTt-1223 superconducting
matrix. The increase in the values of inter-grain coupling (a) deduced from the fluctuation
induced conductivity analysis with the increased concentration of Al2O3 nanoparticles is a
theoretical evidence of improved inter-grain coupling. @ 2014 Up puitishing LLC.
lhttp://dx.doi.org,/ I 0. I 063/ t.487 9 197 |

I. INTRODUCTION

The selection of the superconducting material for their
applications depends upon the values of superconducting
critical pammeters (ie., critical t€mperature T", critical crn-
rent density J", critical magnetic field ft). CuTl-based super-
conducting family has the second highest values of above
mentioned critical parameters after Hg-based superconduc-
tor."' 'We have selected CaT"l-1223 superconducting matix
due to its ambient synthesis conditions especially pressure
and highest values of critical parameters.H The presence of
inter-grain voids, impurity phases, oxygen vacancies, inho-
mogeneous micro{efects, etc., affects the perfomrance of
these compounds in bulk form due to their granular nature.
One of the most important issues addressed in the literature
is magnetic flux that cantrot be completely expelled but is
contained within magnetic fluxions, whose motion prevents
the lager supercurrent. In polycrystalline bulk samples, the
inter-granular critical curent density is limited by the weak
Iinks caused by grain-boundaries and the inna-granular criti-
cal current is impeded principally by the thermally activared
flux flow at high temperahres and in applied magnetic fields.
To avoid the vortex motions and to enhance the flux pinning
strengtlq it is necessary to introduce artificial pinning centem
in the superconductor apart from those that occur

"E-mail:- mmumuzT5@yahm.com. Telephone:
+92-51-92tO256.

0021 -8979n0,1-,U1 1 s(20y209904/6/$s0.Oo
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naturally.Lra Various techniques such as high energy ion
irradiation,ls chemical doping and additivesl6-r8-'were
reported in the literature to act as artificial pinning centers.
Various kinds of nano-additives including metallic and non-
mgtallis nano-particleslolt'ts'2o and carbon nano-tubesls
have shown positive effects on superconducting properties of
various high temperature superconductor families. These
additives improve the pinning ability by forming composires
or acting as column defects comprised of nano-structures
such as nanodots and nanorods .2143 ?iyr" effect of nano sized
SiC addition on polycrystalline Bi-2223 was reported2a and
was found that a small amounr of SiC (0.15 fi. Zd improved
the critical curent I" and its behavior in magnetic field as a
result of the enhancement in density, grain alignmenq grain
connectivity, and flux pinning in the samples. However,
larger Si-based nano-additive concentrations inhibit the for-
mation of the high T" phase and decrease J". Nano-sized
SiO2 addition shows a negative effect on T" and J" of
SmBa2p_u3O7 materials due to the reaction between SiO2 and
matrix.s Structural analysis shows that SiO2 addition leaves
the Y-123 structure practically intact but influences the
inter-grain regi-o,ns of the (YBa2Cu3O7_j1 _,/(SiOj, com-
posite samples.h The effects of AI2O3 nanoparticles addition
on the superconducting properties of yBa2Cu3O, showed
that there was no change in the strucnrral symmetry. Oxygen
contents were changed in YBa2Cu3O, after nano-Al2o3
addition and therefore, the superconductivity altered as it
is sensitive to oxygen contents especially in this system.

*92-51-9019715. Fax:,
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A signfficant increase of J" was observed in applied magnetic
fiel( after nano.AI2O3 addition in YBa2Cu3O, which ca!
be rendered to the existence of the flux pin"ii g centers.sT

The addition of nano-Al2o3 in polycrystalline @i, Pb)-2223
also showed the improvemenl in transport properties. The
volume pinning force density, onset temperahre of dissipa-
tion" activation ffiff9y, and J" in applied magnetic field were
also improved.2s The exoess conductivity analysis showed
thar the width of thee dinensional (3D) region has been
reduced in nano-Al2O3 added polycrystalline (Bi, Pb)-2223
superconductors samples.D This effect was explained on the
basis of the mobile carriers scasering source caused by
nano-Al2O3 inclusion in (Bi Pb)-2223 superconducting
marrix. The J" values were increased with a slight addition of
alumina nano-particles in YBa2Cu3O7-6 Gl23) texhred
bulk superconductor that may be due to stabilization of the
flux lines lattice by the inclusion of insul*ing alumina
nano-particles.3o No change in tlre structrral symmetry was
observed in Y123 superconducting marrix by the inclusion
of AlzOr nano-prticles.3l the improvement of J" with
nano-alumina particles inclusion was likely rendered to the
insulating nano-pinning centem embedded into Yl23 super-
conducting marix. It was also observed that the size of pin-
ning centers can affect the J" as well as the pinning
mechanism. The experimental results showed that
nano-ahmrina present at the grain boundaries of MgB2
enhanced J" and H;- through strong pinning centers.32 It was

also observed that at higher level of nano-alumina addition"
some amount of Al was doped into the larice of MgB2 and
more AI2O3 nano-particles were present in the bulk of
maredal.

To provide more evidence concerning the effect of
AI2O3 nano-particles inclusion on the superconducting prop-
erties of CuTl -1223 bulk ceramics, a series of samples added
with different amounts of Al2O3 (0-1.5 wt. 7o) werc prepared

by nvo steps solid-state reaction We present our experimen-
tal resuls on the superconducting properties and the changes
in microstructure correlated with nano-sized Al2O3 addition
and the pinning mechanisms. The superconductivity depend-
ence has been studied with a central objective to determine
the dominant source and mechanism of vortex pinning.

II. EXPERIMENTAL DETAILS AND ANALYSIS

(AlzOr)y/CuTl'1223 tg : 9.07o, O 57o, 0.7 Vo, 1.07o, and
1.57a) composites were synthesized by two cycles solid-state
reaction. Ba(NO3)2, Ca(NOe)2, and Cu(CN) compounds
were mixed in appropriate ratios and ground in an agate mor-
tar and pestle for 2 h The mixed material was loaded in
quartz boals and fred in chaurber furnace at 860'C for 24h
followed by firmace cooling to room temperature. The firing
ste,p was repeated twice following t h intemrediate grinding
each time to get Ce5Ba2Ca2Cu3O1s-6 precu$or material.
The nano-particles of Al2O3 were separately prepared by
co-precipitarion method. The precursor material was mixed
with TlzOt and different wt-Vo of Al2O3 nanGparticles of
5nm in size at second 5rage and then ground again for I h to
get (AI2O3)yrcaT-1223 nano-superconductor composites.
The material was then pelletized under 3.8 tons/crn2 prcssure

J. Appl. Phys. 115,203904 (2014)

and the pellets werc enclosed in gold capsules for sintering
at E60"C for l0min followed by quenching to room
temperature.

The strucore and phase purity of the samples were
determined by X-ray diffraction ORD) @Max ItrC Rigaku
with a CuKa source of wavelength 1.540564) specifying the
Cld[l-1223 dominant phase. The cell parameters wsre deter-
mined by cell refinement comput€r prograrn. The composi-
tion and morphology of the marerials were deterrrined by
energy dispersive X-ray (EDX) and scanning electron mi-
croscopy (SEM).Resistivity of the samples was measured by
a commercial Physical Properties Measurement System
(PPMS) manufactued by Quantum Design. The samples
were cut in slab form with dimensions of 1.2 x 1.0 x 4.0
mm3 and low resistance contacts were made on the saurples
with silver painr The temperatue stability was kept 2 mK
duing these measurements. The dc-resistivity measured data
were analyzed with the help of Aslasrasov-Larkin (AL)
Model. Fluctuation induced conductivity (FIC) analysis
gives inforrration about the scattering and superconducting
pairing in cuprates as T app:roaches T"*t (K). The exoess

conductivity is

Lo(r):l@o,17yorr),

where p (T) is the actually measured resistivity, and
pr(T):aT+b is the nomral-state resistivity of the sample

extrapolated to resistivity at 0 K. The fluctuation conductiv-
ity according to AL theory is given as

Ao(T) :69-;, Q)

where A is the fluctuation amplitude, ,1, is dimensional expo-
nent, and e:[T["-r-U is the reduced temperature and

t"d is usually referred to as the mean field critical tempera-

ture.33J4 The exponent ,1 determines the dimensionality of
the superconducting fluctuations and is given as ).:2-D2;
),=12, 1,312 fot three, two, and one dimensional fluctua-
tions, respectively. A cross-over from two dimensional (2D)
to three dimensional (3D) conductiviry occurs at a cross-over
temperatue

ro:r,[,. fgr)'] (3)

The second temr is the inter-layer coupling strength, which
is related to the reduced temperature eby l: el4. In layered
superconductors at very low temperature close to zero resis-
tivity temperanre (. > d, where d is the distance between the
conducting layers of adjacent unit cells (d is approximately
equal to the c-axis lattice parameter of the unit cell).

lr. REsuLTs AND DTSCUSSTON

The typical XRD patterns of (AIzOr)r/CuTl-1223 com-
posites with y:0 and Lswt.qo are shown in Fig. l. The
XRD patterns indicate the dominance of CuTl-1223 phase as

most of the difhaction peaks are well indexed according to

t: .'-,-r-':,-..- ,- -.., -,. .r- -' :.,,
'l :,' :': ,

(1)
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FIG. l. XRD pattcms of (Al2O3NC'rTJ-l?23 composites (a) y:O.OEI
(b)l =l.svo.

tetragonal structure following the P4lmmm space group.
characteristic (001) peak of ClTl-1223 phase appeared
20=5.75' and also there is no change in the overall
panerns of nano-Al2O3 added samples. The unit cell
ters calculated by computer software (crystal) are a=

J. Appl. Phys. r15,203904 (2014)

TABLE I. Elemenral quantirative analysis of CuTl-1223 superconductor
with (a) O.Owt%o and (b) l.50wt- Vo y',J,2O3 added sample as presented in
EDX graptr

(a) 0.0wr 7a Al2O3
nanoparticles

@) l.5wt.7o AI2O3

nanoparticles

Elemens KeV Mass% Atom?o MassTo Atom%o

Y:1.5?o, respectively. The structure of CvTl-1223
remains preserved even with the presence of
nano-particles in the matrix. Therefore, the nano-parti
can Gcupy the positions at the inter-crystallite boundaries
CIT'L-1223 superconducting matrix and help in
the inter-grain weak links. Beside the dominant CuTl-l
phase, few nonindexed peaks may possibly be due to
prcsence of impurities as well as some other
phases. Therefore, the stoichiometry of the host CuTl-l
compound remains unchanged after the addition of
nanoparticles. The slight shift in the diffraction peaks
lower angles is due to the uniform strain produced in
materials after the addition of Al2O3 nanoparticles. Also,

58.05 0.540 20.22 55.96

9.94 3.702 8.7E 9.70

19.03 0.960 nAg 19.15

10.41 4.492 30.63 9.88

2.57 2.315 tt.t2 2.41

1.525 1.77 2.9t)
100.00 lm.m lm.m

slight variation in the c-axis length may be due to variation
ofoxygen (O5), which can change the apical bond length.

The SEM images and EDX spectra of (Al2O3p
ofil-1223 samples with y=0 and l.Swt.Vo are shown in
Fig. 2. The improvement in the grains size after the addition
of nano-Al2O3 is possibly due to the presence of these
nano-particles at the inter-grain boundaries that can heal up
the inter-grain voids in C.rfl-1223 superconductor matrix.
The EDX specm show the mass percentage of different ele-
ments in the composition. The SEM, EDX, and XRD indi-
cate that the nano-Al2o3 particles just occupy the interstitial
spaces amongst the grains and do not enter into the structure
of ClTl-1223-_phase. Similar results were observed by
Mellekh et a1.27 for AI2O3 nano-particles added YBa2Cu3O,
phase and Mohammad et a1.35 in studying the effect oi
nano-SnO2 inclusion into the CuTl-1223 superconducting
phase. The mass perc€ntages of different elements present in
(Al2O3)r/CuTl-1223 composition determined by the EDX
analysis are listed in Table I.

Resistivity vercus temperature measurements of
(AI2O3)r,/CuTl-1223 composites with various amounts of
nano-Al2o3 particles are shown in Fig. 3 and in the inset,

FIG. 2. Typical SEM micrographs and
EDX spectra of (Al2O3)r/CuTl-1223
composites (a) x:O.O%o and O)
x:154o.

OK
CaK
CuL
BaL
TIM
AIK
Total

20.68

t.87
26.93

3l.83
11.70

100.00

053s
3.695

0.952

4.4M
2325

ters catltl{ted_ by computer software (cry.stal) are a: 4.01
c:14.954 for y:9, and a:4.13A, c:15.16A
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FIG. 3. Resiscivity versus temperffie measurements of
CtrTl-123 composites with y = g.q 05, 0.7, l.O and l5 wr 7a. In rhe
arc given thc Anhenius plots of (Al2O3VCuTl-1223 composites

Y:0.0, 05, 0.7, 1.0, and |.S'ttLVo, activation energy, and T"
nano-Al2O3 contents.

there are shown the Arrhenius plos, activation energy,
T. versrs Al2O3 contents. There is a metallic variation in
sistivity from room temperanre down to onset of
ductivity for all these samples with zero resistivity criti
temp€rahre {T" (R:0)} around E6K,741L.79K75K"
64K for y:0.0?o, 05?o, 0.7Vo, l.gVo, and 1.5?o,

tively. Thse measurernents show that the value of Tc (R:
is suprpressed after nano-AI2O3 addition in CuTl-le?3
conducting matrix. The variation of T" (R: 91 s,16
concentrations of nano-Al2O3 particles is shown in the
of Fig. 3. There is non-monotonic variation in T" (R:
with the increase of nano'Al2O3 particles concentration in
composites. It is assurred that this non-monotonic
in T. (R:0) is mainly because of non-unifomr
of Al2O3 nanoparticles at the grain boundaries of the
Cvn-l223 superconducting matix. The overall
of T" @:6; wittr At2O3 nanoprticles addition is either

J. Appl. Phys. 115,2039M (4014)

grain"boundaries of the bulk material. At Iower content of
N2O3 (0.5Vo), there is a chance that nanoparticles are rela-
tively uniformly distributed across the grain-boundaries in
the material, which act as scattering centres for carriers due
to their insulating nature, whereas at higher content the inho-
mogeneous distribution might have favoured the formation of
clusters of Al2O3 nanoparticles and most of the material is
then free of such scattering centres. The possibility of the
Al2O3 material dissolved into rhe matrix of CuTl-1223 super-
conductor cannot be eliminated as it was synthesi?pl at
higher temperature for elongated time (860'C, 24 h). Since
the vortex motion in high T" superconductors is thermally
assisted phenomena, therefore, we can use the Arrhenius Law
to calculate the activation energy required to overcome the
pinning bautrie:,.ata The Arrhenius Law for superconductors
is p: poexp (-UlkBT), where U is the activation energy and

$ is the Boltzmann constant. The Arrhenius plos of
(Al2Or),/Cun-1223 compsites are shown in the inset of
Fig. 3. We used the region close to T" (R:0) to calculate the
activation energy. The plot of activation energy venus
nano-Al2O3 contents is also shown in ttre inset of Fig. 3. It
can be seen from this figure that activation energy has been
decreased with the increase of nano-Al2O3 contents in the
composites. The decrease of the activation energy with the
increase of nano-Al2O3 contents is possibly due to enhanced
insulating nature of inter-granular regions. These insulating
weak links between the superconducting grains cause resis-
tive broadening as the energy dissipation takes place druing
the transport of carriers. The lower values of the activation
energies also show the weak flux pinning in these sarples.

The FIC analysis on the resistivity versus temperatwe
dara of (Al2O3)y/CuTl-1223 compsites are canied out by
using AL model in the mean field regime. The values of criti-
cal exponent (),zo and ,1,3p), cross-over temperature (To),
mean field critical temperature CI"tf), zero temperature co-
herence length along c-axis {6"(0)}, inter-layer coupling (J)
are given in Table tr. The increased values of "d" after
nano-Al2O3 particles addition are a theoretical evidence of
i6glating inter-gmin boundaries in the composites samples.
Moreover, it is also witnessed that ("(0) has been improved
with the increase of '7' values with the nano-Al2O3 particles
addition n CETI-L223 superconducting matrix. The plots of
ln(Aoer) versus ln(e) of (AI2Ojr/CuTl-1223 composite
sarples for (a) Y:07o and (b) y:1$7o are shown in
Figs. 4(a) and 4(b) and in the insets are shown the experi-
srentnlly measured dc-resistivity p(Q-cm) along with a
snaight line extrapolated from the room temperature (300K)
nomral state resistivity to 0K and derivative (dpldT) of

of (AI2Ojy'ClrTl-l 223 composites wirh y : 0.0, O.5, 0.7, 1.0, and I S wt %.

a:p" (0K)
(Ocm) x lOa leo"rop. lzo.rop. f" (o) (A) J:t2€,"(qrfiz

85 90 95 100 105 ,,0 I
r00

to oxygen vacancy disorder or due to mobile hc
trappingHe or due to lesser oxygen content in Cr
planes.4 The main ploblem is to make the disribution
Al2O3 nano,particles uniform and homogeneous across
grain-boundaries of CuTl-1223 superconducting matrix.
can be seen from the rasistivity measurements that there is
clear relationship between the Al2O3 content and normal
resistivity at 300K, which is most probably due to
inhomogeneous disribution of these nanoparticles at

TABLE IL The stperconductivity paramet€rs oboerved from the FIC

Samples

p. (300K)
(Qcm) x l0{ [G) To (K) T.*(K)

Y:0.0
Y:05
Y:0-7
Y: l'0
Y: I.5

.9.650 86

17.9 74

6.105 79

13.33 75

1333 s

tM34
104.38

t0334
101.33

r0r33

tu}3t
lg23t
l0l3l
9E.34

9E.34

7.79

t7.21

5.3r6

t2.E3

12.752

052 1.05

0.48 l.O7

05 t.o2
o.47 t.97
0..18 1.99

3.@ 0.238

4.74t 0.399
4.91 0.429

5.E57 0.609

6.181 0.679

' : r, t.':-

&rf &rf, rrd rro' trrd rnor lrf rxf

(t'- 
-,-r ,, t'l
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mal stale rsistivity !o 0K)

TABLE m. Widths of oitical 3D and 2D flucoation regions observed
0.5,0.7, 1.0, and lSwt%o.

Sarple loT(K)

J. Appl. Phys. 1 15, 2frSg04 (2014')

ln(e)

(b)

(a) y = O (b) y: l.5wtqo. Qn the insets are shown the experimentally meas-
and the straight line extrapolated from the rcom temperaEre..3@K" nor-

fining of the e:rperimental data of (Al2Ojn/CuTl-lati composites with y = Q.q

,tzuT (K) ln a (range in 2D)

6 4€-2
ln(e)

(a)

FIG.4. (a) ad O) ltr (Ar) versus ln(a) plor of (Al2O3)r/CuTl-1223 co
ued dc resistiviry fl$cm), derivarive (dpldT) of dc resistivity versus

ln e (range 3D)

Y:0.0
Y=0.5
t:0.7
Y= 1.0

Y= 1.5

to3.*tM.!
10337-10538

tu2.%:1u334
99.39-t0t33
99.3T10133

-459 < In e

-4.56 < ln e

-458 < ln e

-459 < ln a

-4.60 < In a

dc-resistivity versus temperature. The fitting of
curyes shows the existence of two different fluctuati
regions in these samples. The values of cdtical
(ip) derived from the slopes of sarnple with y:0 re
to be 0.52 and 1.05, which correspond to 3D and 2D AL
tuations, resp€ctively. Also, the values of ,i,p were found
be (0.48, 1.07), (0.5, L02), (0.47, 1.97), and (0.48, l.
with y:Q5, !:0.?, y:1.0, and y:l.Swt.Vo,
tively, for 3D and 2D fluctuations. There is a cross-over
perature (T") at which fluctuations have been changed
2D to 3D in low temperature region. The widths of
fluctuation regions are given in Table Itr. It can be seen
the data that T" has fusen shifted toward lower
with nano-Al2O3 particles addition. On the other hand,
increased values of {6"(0)l and (I) strow that
become more isotropic after nano-Al2O3 particles
The shift of 3D regime to lower temperature indicates
inter-grain boundaries become more insulating due to
T" and To have been decreased. The variation in
pararleters extracted from EIC analysis verifies the
suppression of superconductivity after nano"AlzOr parti
addition n Crffl-1223 superconducting matrix.

]V. CONCLUSTON

A series of (AI2O3)r/ClTl-1223 composires
were successfully synthesizdby solid state reaction

lml/-:121.40
10539-t29.47

t03.34-13t.43

10r33-15451
101.33-15953

-3.91 <lne<-1.67
-3.50<lne<-1.32
-350<lna<-1.21
-3.49<lne<-0.55
-3.49<lne<-0.47

and their reproducibility was confirmed The XRD analysis
showed ttrat the addition of AlzOr nanoparticles did not
affect the crystal structue of the parent Afil-1223 supef,con-
ductor phase. The SEM images of the superconducting ma-
tix showed its granular structure. The suppression of
superconducting properties is most probably due to
pair-breaking mechanism caused by the reflectiory'scattering
ofcarriers across the insulating nano-AI2O3 particles present
at the grain-boundaries ofthe host CuTl-1223 superconduct-
ing mafix. The decrease of T" may also be due to oxygen
vacancy disorder induced by the nano-Al2O3 particles addi-
tion. The decrease of the activation energy with the increase
of nano-Al2o3 contents is possibly due to enhanced insulat-
ing nature of inter-granular regions. These insulating weak
links between the superconducting grains cause resistive
broadening as the energy dissipation takes place during the
transport ofcarriers. The lower values ofthe activation ener-
gies also show the weak flux pinning in these sarnples. The
dc-resistivity dnra ssssl to be fitted very well with 3D and
2D Aslamasov-Larkin equations. The cross-over temperature
(T") is shifted towards lower temperature values with the
enhanced nano-Al2O3 particles concentration. The increase
in ("(0) and J indicates the reduction ofanisotropic nature of
the material after nano-Al2o3 particles addition. The
increased value of c is an evidence of improved insulating
nature of inter-grain boundaries after nano-Al2O3 particles
addition.

-3.91
-3.50
-3.50
-3.49
-3.49
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