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PREFACE 

Among all High Tc superconductors, YBa2Cu3O7-δ is widely studied material because of its superior 

property of low anisotropy and high current carrying capacity.  The existence of Abrikosov vortices in 

the   mixed state in Type-II superconductors form triangular flux-line lattice that remain unpinned in an 

ideal defect free superconductor. In order to achieve high critical current density at high magnetic field 

vortex must be pinned. So the concept of artificial pinning centers was introduced to facilitate efficient 

pinning in type-II superconductors. The artificial pinning centers are inhomogeneities of nano-metric or 

micronized particles that act as potential barrier to pin vortex core by enhancing critical current density. 

The present work aims at studying the various aspects i.e. structural modification, microstructural 

changes, electrical and magnetic transport property in a YBCO composite system. In this thesis 

superconducting samples have been prepared by different routes such as bulk sintered through solid 

state reaction, thick film by diffusion reaction and thin film by pulsed laser deposition. The composite 

material chosen are well known reported pinning centre i.e. ferroelectric BaTiO3 (BTO), Carbon Nano 

Tube (CNT), Y2O3 insulator, Ag metal conductor and amorphous ion track (columnar defect). Further, 

the work focuses on dual defects i.e. combining of Y2O3 and columnar defect in YBCO thick film 

prepared by diffusion reaction as well as combining Ag and columnar defect in pulsed laser deposited 

(PLD) film. The columnar defect has been induced by 200 MeV Ag ions. 

BTO was added to YBCO prepared by solid state route with varying concentration forming 

composites as (1-x) YBCO+ x BTO (x = 0.0, 1.0, 2.5, 5.0 and 10.0 wt. %). Analysis revealed that BTO 

resides at the grain boundary of the YBCO matrix. The DC electrical study showed that the BTO 

inhomogeneities modifies all superconducting parameters Tc-onset, Tc0 marked by broad transition as an 

indication of two phases present in sample with decrease of Tc0. The magneto-resistance data at different 

applied magnetic field (0, 1, 2, 4, 6 and 8 T) show tailing feature in the intergranular region. The 

resistive broadening as well as temperature dependence of activation energy has been studied using 

Ambegaokar–Halperin phase-slip theory. Further, vortex dynamics has been analyzed by varying field 

and temperature. The upper critical field Hc2 values have been determined. The excess conductivity data 

revealed the existence of 2D and 3D fluctuations with critical exponents λ ~ 1 and λ ~ 0.5 following 

Aslamazov and Larkin theory in zero field as well as with 8 T field. 

The (1-x) YBCO+ x CNT (x = 0, 0.5, 1.0, 3.0, 5.0, 7.0 and 10.0 wt. %) composites prepared by 

solid state route were investigated for DC electrical resistivity. High concentration of carbon has been 

shown to exist in grain boundary forming meshy region. The normal state resistivity data showed upturn 

in resistivity followed with double resistive transition before achieving macroscopic phase coherence. 
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Conduction mechanism studies revealed a transition similar to metal to insulator transition for higher 

CNT concentrated (>5 wt. %) samples following (𝑇)𝛼𝑇− behavior. 

The work done on dual defects by combining of Y2O3 (0, 5.0, 10.0 wt. %) and columnar defect 

(with ion fluence  = 510
10

, 110
11

, 5 10
11

 and 5 10
12 

ions/cm
2
) in YBCO thick film reflects 

interesting features. 200 MeV ions form amorphous latent track of radius ~2.54 nm evaluated from the 

deformation caused by crystallographic planes with Poisson’s relation. The track brings about structural 

modification shown by reduced peak intensity, peak broadening and shift of peak that has direct 

correlation with electrical and magnetic transport property. The normal state resistivity in irradiated 

sample showed metallic behavior for pristine YBCO thick film and 5 wt. % Y2O3 added film of YBCO 

with highest fluence used ( = 5 10
12 

ions/cm
2
). However, normal state resistivity in irradiated 10 wt. 

% Y2O3 added YBCO thick film showed a semiconducting rise due to more number of defects. All the 

superconducting aspects bear direct influence with defects or impurities that modifies all parameters i.e. 

Tc, Tcmf, Tc0. and the residual resistivity. The excess conductivity agrees well with AL theory representing 

good fits. The magnetization measurement conducted at 40 K throws light on the current density (Jc) 

and flux pinning (Fp) capacity at different ion fluences. The addition of Y2O3 (5.0, 10.0 wt. %) to YBCO 

records enhanced Jc and Fp values. After swift heavy ion irradiation with  =5 10
12 

ions/cm
2
 on YBCO 

thick film shows better performance of Jc and Fp than un-irradiated YBCO. With dual defects i.e. 

irradiated YBCO/5 wt. % composite film record optimum defect density hence, reveal maximum values 

of Jc and Fp among all the samples under consideration.  Density of defects with exceeding number of 

optimum defects result in overlapping of defects that resulted in degraded magnetic performance with 

lower values of Jc and Fp. 

The synergetic effect of double defects by combining Ag (1 wt. %) and columnar defect (with 

200MeV Ag ion for fluence  = 5 10
11

 and 5 10
12 

ions/cm
2
) in YBCO PLD film is studied. The 

surface morphology has been analyzed with AFM images which shows erosion feature at low fluence 

followed with spiky nature at high fluence. XRD confirmed the reduced peak intensity due to columnar 

defect generated by 200 MeV Ag ions. Further, the Raman spectroscopy technique affirmed the 

presence of an impurity phase at 600 cm
-1

 and also the loss of apical oxygen. The current carrying 

capacity as well as flux pinning has been analyzed at 40 K that shows lower values after irradiation 

impact. This is accounted to overlapping of defects. The defect-defect interaction energy dominates the 

defect-pinning energy hence the Jc decreases. 
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1. INTRODUCTION 

This chapter introduces the exotic superconducting property of perfect diamagnetism giving a brief idea 

on the types of superconductors and recalling its important applications. The chapter deals with 

phenomenological theories: London theory, BCS theory and Ginzburg-Landau theory. A quick review 

on the vortex state with flux flow, flux creep and flux pinning attribute is made. The critical current 

density of superconductors by the Beans Critical state model has been highlighted. The role of 

inhomogeneity, defects and pinning centers in high transition temperature superconductors (HTSCs) are 

discussed. Important aspects of irradiation and its impact on  superconducting materials have been 

discussed. Further, the chapter highlights on the parent compund chosen describing the crystal structure 

of YBa2Cu3O7-δ (YBCO) and focussing on  literature  reviews. The chapter ends with motivation note 

followed with objectives of the work carried out in this thesis.  

 

1.1 BASIC PHENOMENA 

 

     

          

              

              

Fig.1.1 (a) Zero -resistivity and (b) perfect diamagnetisms in HTSCs at temperature below the transition 

temperature (T < Tc). 

Superconductivity marked its beginning with Dutch Physicists Heike Kammerlingh Onnes who 

observed complete disappearance of electrical resistance in mercury at 4.2 K. This fascinating property 

of superconductivity showed the dissipationless flow of electric current in a superconducting wire loop 

[1]. The breakthrough discovery was characterized by zero electrical resistivity ( = 0) and perfect 

diamagnetism termed as Meissner effect [2]. The Meissner effect showed complete expulsion of 

magnetic field from inside the sample below a certain critical temperature called as transition 

temperature (Tc) shown in Fig.1.1. The perfect diamagnetism was marked by negative magnetic 

susceptibility (χ). The induced magnetic field in a conductor was given by  

𝐵 =  𝜇0(𝐻 + 𝑀)                       (eq. 1.1) 

T > Tc T < Tc 

 

 

(a) 
(b) 
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For a superconductor (SC), B = 0 inside the sample; thus 

                                               𝜇0(𝐻 + 𝑀) = 0     

𝐻 = −𝑀     i.e.         𝜒 = −1           (eq.1.2) 

At the critical temperature ~Tc the superconducting materials, undergoes a phase transition from normal 

metallic state to a zero resistance state called as superconducting state.  

 

1.2. PHENOMENOLOGICAL THEORIES  

1.2.1. The London theory 

A simple theory was laid froth by London brothers Fritz and Heniz to explain the Meissner effect in 

1935 [3]. London equations linked the electromagnetic fields with supercurrent flowing around a SC as                         

                 𝐸 = 𝜇0𝐿
2 𝑑𝐽

𝑑𝑡
                                      (eq.1.3)                           

                  𝐵 =  −𝜇0𝐿
2 ∇ × 𝐽                             (eq.1.4) 

Where, the various parameters indicate 

J - Superconducting current density 

E - Electric field  

B - Induced magnetic field within the superconductor, 

 𝜇0 - Permeability in vacuum  

𝐿 - the London penetration depth  

                  ∇2𝐵 = 𝐵
𝐿

⁄                                         (eq.1.5) 

The eq.1.3 describes zero resistivity as the electric field accelerates the superconducting electrons and 

eq.1.4 and 1.5 shows that magnetic field impinging on a superconductor is screened exponentially over 

a characteristic length scale λL. 

1.2.2. Electron-phonon interaction (BCS theory) 

John Bardeen, Leon Cooper, and John Schrieffer (BCS) [4] laid the foundation of the microscopic 

theory of electron phonon coupling.  The model emphasized on the existence of attractive forces 

between conduction electrons at the Fermi surface, forming stable pairs with opposite wave vectors by 

overcoming the Coulombic repulsive force. The attractive force induced by crystal-lattice vibration 

(phonons) could hold the electrons in a pair called as Cooper pair [5].  This theory predicted the 

formation of paired condensate below Bose-Einstein condensation (BEC) temperature known as 

a collective quantum state. This pair condensate explained the superconducting properties of 

conventional superconductors for Tc < 30 K. However, the pairing mechanism via electron phonon 

interaction could not explain the paring in high Tc SCs (Tc > 30 K) which remains an unsolved mystery.  
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1.2.3 The Ginzburg-Landau Theory 

 

     

                     

 

 

Fig.1.2 (a) Variation of free energy (F) with order parameter () above and below Tc (b) variation of 

order parameter with Tc. 

The BCS theory of weak electron phonon interaction provides a description for conventional 

superconductors and limits to lower ~Tc values. The Ginzburg-Landau theory (GL) [6] stood as another 

complementary theory to explain superconductivity holding its validity near the transition temperature.  

The GL theory gained great recognition after the work of Gorkov [7] in 1959. The GL theory postulated 

the existence of a macroscopic quantum wave function (r) which was equivalent to an order 

parameter,   =e
i
, where  is the phase of the superconducting order parameter shown in Fig.1.2. 

The superfluid density ‘ns’ represents the density of superconducting electrons given by ns= / / 
2
 i.e. a 

quantum mechanical density is a square of the complex wave function. Thus, the free energy density 

was expanded with a power series of ψ. 

𝛿𝑓 = 𝐹𝑠 − 𝐹𝑛 =   
2

+ 
4

+ 1 2𝑚∗⁄ (∇ +
𝑖𝑒∗

𝑐
 𝐴)

2
         (eq.1.6) 

At T>Tc  is positive, Fs = 0 as = 0 (i.e. no superconductivity), whereas if  is negative, δf has a 

minimum with   0 i.e. when  changes sign, a minimum with a non -zero value becomes possible. 

 = (−2/)1 2⁄   for  < 0                    (eq.1.7)              

  = 0      for  > 0                                 (eq.1.8) 

 and  are described by smooth functions of T near Tc expanded in a Taylor series of (T-Tc). Here  = 

0(T-Tc),  = constant. GL used a phenomenological approach to describe the transition from the 

normal state to superconducting state on the basis of second order phase transition being analogous to 

(b) (a) 
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the Landau theory of a ferromagnet which is an expansion in powers of the magnetization. The GL 

theory was able to specify correctly how the electromagnetic fields coupled to the system.  

 

1.3. Types of superconductors 

Depending on flux expulsion superconductors were classified into two groups.  

(a) Type I SCs 

(b) Type II SCs 

 

 

 

 

 

 

 

Fig.1.3 (a) Different types superconductors. (b) The critical fields in Type I & Type II upon applied 

field. 

The Type I SCs consisted of metals and pure samples that exhibited complete Meissner effect to certain 

critical field Hc beyond which it loses it superconducting property. Type I SCs undergoes a sharp 

transition from Meissner state to normal state as shown in Fig. 1.3(a).  The electron pairing mechanism 

was understood by BCS theory. The practical applications of Type I superconductors are restricted due 

to lower values of Hc and Tc. In case of Type II SCs an intermediate mixed state existed between normal 

state and diamagnetic state as in case of alloys.  The intermediate state is characterized by flux 

penetration called as the vortex state region. The complete exclusion of flux takes place to lower critical 

field (Hc1) beyond Hc1 magnetic flux enters the sample in the form of quantized vortices called 

Abrikosov vortices (fluxons, fluxoids etc.) and completes at upper critical field (Hc2) [8]. Above Hc2 

superconductivity is destroyed. The schematic diagram shown in Fig.1.3 distinguishes Type I and Type 

II superconductors.  

 

 

(a) (b) 
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1.4. APPLICATIONS OF SUPERCONDUCTORS 

The zero resistance property has been the reason behind exploration of superconductors for innovative 

technology that forms the basis for new commercial products. The tremendous usages of 

superconductors in various fields are enlisted below. 

1. Medical diagnosis 

The compact and less costly HTS Magnet are used in Magnetic Resonance Imaging (MRI) with superior 

imaging capacity. The Magnetic Source Imaging (MSI), Magneto-Encephalography (MEG), and 

Magneto-Cardiology (MCG) are non-harmful diagnosis techniques for brain and heart. 

2. Electric Power 

Superconductors are exploited for a variety of applications for electric power-like transformers, 

underground cables, fault current limiters, generators and synchronous condensers.  Due to the high 

electrical efficiency and power density of superconductors, these wire results in extremely compact, 

powerful devices making the systems efficient, reliable and environmentally friendly. 

3. Transportation  

Superconducting materials have become the core ingredients for motors propulsion and generators due 

to high-performance lightweight is used in ships making it efficient for movement of people by sea. The 

HTSCs motors and generators are much smaller and lighter than the conventional copper-wound 

prototypes and weigh one-third the size of conventional ones and are not noisy. Magnetically levitated 

trains (Maglev) are an example of great achievement in transportation.  

4. Other applications  

Powerful magnets are used for water purification, materials purification, and industrial processing of 

magnetic separation of kaolin clay. Superconducting magnets are used in High-energy physics 

accelerators, Plasma fusion reactors, Nuclear Magnetic Resonance (NMR), Superconducting quantum 

interference device (SQUIDS) etc. which have facilitated scientific research community immensely. 

 

1.5. HIGH TEMPERATURE SUPERCONDUCTORS 

Soon after the discovery of superconductivity in mercury several other materials were noted for 

superconductivity. The highest Tc recorded until 1986 was 23.2 K for Nb3Ge alloy. After 75 years of 

superconductivity the first ceramic SC was discovered with Tc ~35 K in LaBaCuO [9] in 1986 (achieved 

Nobel Prize for superconductivity in Physics in 1987). The mere replacement of Lanthanum 

with Yttrium (YBCO) raised the critical temperature to ~92 K [10]. Then emerged an era of ceramic 

cuprate with Tc above the boiling point of liquid-nitrogen i.e., YBa2Cu3O7, B2S2Can-1CunO2n+1 (Tc~110 

K), TlmBa2Can-1CunO2m+n+2 (Tc~120 K) and HgBa2Can-1CunO2n+2+x (Tc ~ 135 K). The promise of zero-
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resistance for devices operating at liquid-nitrogen temperature (77 K) fuelled worldwide interest in 

power applications. The newly discovered superconductivity in iron based material by Wang and Lee 

opened up an “iron age of superconductivity” [11].  The discovery of zero resistance states in ceramic 

cuprates served as a boon to modern physics with a transition temperature above the boiling point of 

liquid nitrogen. The ceramic cuprates have unique layered structure comprising of several layers i.e., the 

charge conduction layers are coupled by charge reservoir layers. Though, rigorous attempts have been 

made to understand the electronic interaction in HTSCs yet, it could not be successfully and completely 

explained due to extreme electronic complexity [12-16].  

 

1.6. VORTICES AND PINNING IN TYPE II SUPERCONDUCTORS  

1.6.1. Vortex state and the critical fields 

Vortex state or the mixed state in HTSCs has been explored widely in theory and experiments [17-

21]. Vortex dynamics carries information about the vortex motion and its interaction with structural 

defects and non-superconducting secondary phases. In type-II superconductors the mixed state appears 

beyond Hc1 where the magnetic flux penetrates represented by dots in the magnetization vs. field (M-H) 

plot as shown in Fig.1.4 (a). Each flux line carries a quantum of magnetic flux Ф0 = hc/2e = 2.067 x 10
-

15
Wb. The vortex core represents a normal core region with radius equal to the superconducting 

coherence length () (i.e. the distance between the interacting electrons in a Cooper pair) surrounded by 

undamped circulating supercurrent (isc) shown in Fig.1.4 (b). The vortex current flows within a radius of 

‘λL’ called as the London penetration depth where the diameter of vortices is 2–3 nm. The Ginzburg 

Landau ratio (λL/ ) for type-II superconductors exceeds 1, thus large magnetic field coexists near the 

interface.  

     

  (a) 

 

         

 

 

Fig.1.4 (a) Magnetization vs. field curve indicating fluxoids penetrating the sample at Hc1 and 

overlapping vortices at Hc2. (b) Fluxoids representing normal core with circulating supercurrent. 

(b) 
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With external field Hext > Hc1 (first critical field) i.e. beyond the Meissner regime fluxoids movements 

begins penetrating the sample with spacing distance a0  (Ф0/H)
 1/2

 [22,23]. When a0 < λ, vortices 

interaction begins owing to Lorentz forces fL =1/c (j x Ф0) forming triangular vortex lattice that causes 

dissipation and thermal fluctuations in the matrix. When the field strength is increased furthermore, 

more number of vortices is formed that gradually overlap and result in loss of superconductivity at Hc2 

shown in Fig.1.4 (a). The Hc1 and Hc2 values are given by 

Hc1 =
0

4πμ0𝐿
2 ln




                              (eq. 1.9) 

Hc2 =  
0

2πμ0
2                                   (eq.1.10) 

1.6.2. Flux creep and Flux flow  

The Lorentz force (F = B  J) generated with the passage of  current density (J) results in energy 

dissipation due to resistive voltage induced by applied field E =B  V (where, V is the mean velocity of 

the vortices and B is the flux density).  Two regimes of dissipation could be distinguished one with slow 

collective flux motion when the pinning force dominates is known as "flux creep" and the other is faster 

motion when the Lorentz force dominates the pinning force called as "flux   flow” [24-27]. The flux 

creep yields broadening in resistive transition with the magnetic field implication [28]. Brandt et al. [29] 

portrays a clear picture of different regime of flux behavior appearing due to current density (J). At J 

close Jc, the vortices gain thermal fluctuation and measures non-zero resistivity as shown by flux creep 

regime. When J > Jc, the flux lines moves due to Lorentz force and result in energy dissipation due to 

flux flow. The other characteristic regime is the thermally activated flux flow (TAFF) when J << Jc, 

where the temperature is close to ~Tc and suffers thermal fluctuation. 

1.6.3. Flux pinning (Fp) 

The fluxoids move freely in the superconducting matrix by adjusting themself according to the 

applied field strength. However, the lattice defects, including grain boundary create an energy barrier to 

restrict the vortices from moving actively, this is called flux pinning (Fp). The pinning of vortices by 

chemical inhomogeneity or structural defect of certain geometries is an emerging technology of research 

interest. when the collective force due to pinning agents on moving fluxons is greater than Lorentz force 

the flux line lattice are arrested (Fp > FL) and on the other hand, when FL > Fp the flux flow dominates.  

The balance between FL = Fp decide Jc called as the critical current density. Here, FP = Jc × B i.e. 

determined by the collective interaction amongst the pinning centers and quantized vortices called as 

global pinning force density.  
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1.7. PINNING CENTERS 

    

 

 

 Fig.1.5. Representation of 1D, 2D, and 3D artificial pinning centers. 

High Jc demands efficient pinning centers that prevent vortices from moving by the Lorentz force. The 

effectiveness of pinning centers depends upon the dimensionality, density of pinning centers and its 

distribution in the matrix of the film. Matsumoto and Mele [22] have discussed widely on various 

artificial pinning centers (APCs) employed for trapping strongly the quantized moving vortices. The 

various defects mentioned are crystalline defect, microstructural defects, rare earth doping, second-

phase additions, columnar defects etc. Defects were broadly classified into three major heads depending 

upon dimensions shown in Fig.1.5. One-dimensional artificial pinning centers (1D APCs): 1D APCs 

includes linear defects like nanorods [30], and columnar defects created by irradiation [31] etc. Two- 

dimensional artificial pinning centers (2D-APCs): 2D-APCs include grain boundary defects, interfaces, 

anti-phase boundaries [32] and surfaces of large precipitates [33] etc. Three-dimensional artificial 

pinning centers (3D-APCs): The 3D-APCs were described by nanoparticles, impurity doping, secondary 

phases and nanoprecipitates of length scale of coherence length  [34].   

 

1.8. BEAN’S CRITICAL STATE MODEL  

The Bean’s critical state model provides a description for the macroscopic irreversible 

magnetization behavior (hysteresis) for Type-II superconductors varying with external applied magnetic 

field [35]. The flux that enters the superconductor is quantized. According to the Bean’s model, the 

balance between electromagnetic driving forces (Lorentz force) and the pinning force at the site of 

inhomogeneity (e.g. defects such as non- superconducting inclusion, crystal defects etc.) decides the 
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distribution of vortices in a Type-II system. Whenever an external magnetic field is changed, fluxoids 

start to enter or leave the sample surface. But due to flux pinning center the magnetic flux change does 

not follow a reversible path and depend on the past magnetic history of the specimen exhibiting 

hysteresis loop that closes at a very high field in case of bulk HTSCs. Bean’s model linked the 

Maxwell's equations to current and the electric field to form mathematical model of magnetization. The 

current density never exceeded some threshold critical value called as critical current density (Jc) 

determined by pinning force density. The critical current density estimated for a high Tc superconductor 

are given by eqn. 1.11 

𝐽𝐶  =  
20 ∆𝑀(𝐻)

𝑎(1−
𝑎

3𝑏
)

                                      (eq.1.11) 

∆M(H) defines the difference between the upper and lower widths of magnetization loop given as M+ 

and M-.The dimension of the sample is given by the length ‘a’ and breath ‘b’.    

 

1.9. JOSEPHSON EFFECT AND WEAK LINK BEHAVIOR 

The tunneling of cooper pairs between two SCs coupled by a thin layer is termed as Josephson Effect 

and the junction serves as Josephson junction. The weak link may be a thin insulating barrier i.e., 

superconductor–insulator–superconductor junction (S-I-S) or a non-superconducting metal (S-N-S). 

When a zero potential is applied across the junction supercurrent tunnel through the junction given as js 

= jc sin  called as DC Josephson Effect. Here,  is the difference in the phase and jc is the maximum 

supercurrent that flows through the junction. When a dc voltage v is applied across the junction the 

electron pair suffers a potential difference qv and the alternating current jc oscillates with frequency = 

2ev/ћ. The Josephson junctions have gained technological importance in quantum-mechanical circuits 

like superconducting quantum interference device [36], superconducting qubits etc.  

                           

 

 

 Fig.1.6. Josephson junction array in polycrystalline high temperature superconductors.  
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Unlike conventional superconductors the HTSCs are characterized by granularity that poses severe 

hindrance in supercurrent passage through grain boundary (GB). The GBs serves as weak links i.e. 

Josephson junction, in sintered HTSCs ceramics shown in Fig.1.6. The supercurrent across the GBs 

experiences exponential decay depending upon barrier thickness, field strength and coherence length 

that limits the practical usage of high Tc cuprates. 

  

1.10. PSEUDOGAP STATE 

HTSCs are characterized by high transition temperature and existence of the pseudogap (PG) state. 

Experiments highlights the decrease of charge-carrier density at some characteristic temperature T=T* 

[37]. This state is known as a “pseudogap phase”. The decrease of the density of quasiparticles within 

temperature scale Tc < T  T* marked an unusual state, where the properties of the normal state and 

superconducting state coexisted [38-40].  Though the reason behind it remains unclear this state was 

termed as “pseudogap”.  Abrikosov [41] stated ‘PG phase cannot be considered as some new phase 

since it is inseparable from the normal state’. Some researchers believed that the PG state is no way 

related to superconductivity[42-44]. Few authors related  PG to be associated with superconducting 

fluctuations, giving rise to the formation of paired fermions for T<T* [44-46]. Some authors 

emphasized on spin correlation as the possible outcome of  PG region.  

 

1.11. FLUCTUATION CONDUCTIVITY IN HTSC 

The uniqueness of HTSCs is characterized by very short coherence length [47], anisotropy property 

[48,49] and high Tc that greatly influence superconductiong order parameter fluctuations (SCOPF). The 

Cooper pair formation begins much before Tc at T* but undergoes a continues thermodynamic 

fluctuations due to annihilation and creation of electron pairs. According to the GL theory above Tc, free 

energy (F) is minimum when = 0. However, the thermal fluctuations raise the energy by ~ KT and 

the probability falls as e
-F/KT

 which leads to the existence of fluctuation induced effect above Tc given as  

 

(𝛿)2 =  ⁄ [1 + 2𝛽𝐾𝑇 𝑉𝛼2⁄ ]1/2 − 1                   (eq.1.11) 

Here, V is the volume and the other parameters are discussed under GL theory. As one approaches Tc the 

superconducting density increases and macroscopic phase coherence is achieved below Tc0. These 

fluctuations increase highly for shorter coherence length and anisotropic material. The fluctuation 

effects influence magnetic susceptibility [49], magnetoresistance [50] and Hall Effect [51] etc. 

Fluctuation studies give microscopic information on coherence length, dimensionality of conduction and 

its associated crossover temperature etc. [9, 52]. The two parameters  and anisotropy that influence 
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fluctuation conductivity is highly correlated with structural deformities, chemical substitution [52,53] 

and composite formation [52]. Superconducting order parametr fluctuation analysis is one of the 

important aspects of the thesis under inhomogeneity addition and irradiation effect. The conductivity in 

SCs varies from normal conductor that give rise to excess conductivity or paraconductivity as shown in 

Fig.1.7.  

 

 

 

Fig.1.7. Resistive transition showing the excess conductivity region in a superconductor. 

 

Fluctuation conductivity study examines the possibility of formation of paired fermions at temperatures 

above Tc [54].  Importance of fluctuation conductivity lies in understanding the unusual decrease of 

normal charge carrier density below a characteristic temperature called pseudogap temperature (T*).  As 

the temperature decreases below  T*,  the  formation  of non-interacting strongly bound bosons exhibit a 

transition  from  a  local-pair  regime,  which  is  described  by  the theory of Bose-Einstein 

condensation (BEC), to a fluctuation of Cooper-pair  regime,  shown by  the  Bardeen-Cooper-Schrieffer 

theory (BCS) [55].  

 

1.12. IRRADIATION 

The impact of energetic particles such as electrons,  proton and ions with matter have aroused interest in 

the scientific community to tailor material property. Besides point defect creation, ion implantation and 

track formation have played a vital role in materials like semiconductors, polymers, metallic system and 

high temperature superconductors etc., depending upon the ion energy, charge, fluence, current and ion 

species. The ion matter interaction process is shown in Fig.1.8. When  energetic ion beams or the swift 

heavy ion (SHI) traverses through the target material it loses energy mainly by two processes (i) elastic 

collision with the nuclei known as nuclear energy loss Sn = (dE/dx)n or (ii) inelastic collision with the 
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electron leading to exciting or ionizing the atoms known as electronic energy loss Se = (dE/dx)e. At low 

energies (KeV/amu order) atomic displacement by elastic collisions are significant, whereas for high 

energies (MeV/amu order) inelastic collisions dominates the irradiation process. 

  

 

 

Fig.1.8. Different types of energy loss in ion matter interaction process. 

Ion irradiation is a microstructural engineering technique to introduce structural modification on films 

by regulating external parameters of the incident ion i.e. ion mass, energy, fluence, and incident angle. 

Swift Heavy Ion (SHI) has emerged as a useful tool for creating a long, narrow disordered zone along 

its trajectory. The damage induced varies from point defects to extended defects i.e. a continuous 

amorphized zone called as the latent track. These tracks play a crucial role in superconductivity 

especially in HTSCs films. Columnar defect creation in a controlled manner by SHI in HTSCs materials 

can improve current carrying properties to be used for potential applications. Under external magnetic 

field, discrete bundles of magnetic flux penetrate the material that limits the flow of charge carriers. 

These columnar tracks introduced by SHI can be useful in capturing the vortex motion in HTSCs since 

the vortex bundles preferably orient themselves at the defect site to lower its energy. The superiority of 

1D linear defect over secondary phase or nanoparticles is its flux pinning property across the entire 

length rather than occasional random pinning. Moreover, the cuprates possess a laminar structure due to 

which it pins the vortices in the form of pancakes and hence irradiation can be quite helpful in pinning if 

the diameter of the defect can be controlled of the order of coherence length [56].Thus, tuning of SHI 

especially ion species, charge state, energy and defect level can lead to material modification that will 

be the focused in chapter 4, 5 and 6.  
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1.13. Literature Survey and Parent Material Chosen 

The HTSCs  cuprate compounds (Tc > 77 K) namely yttrium, bismuth, thallium and mercury based 

compounds bears the advantage of being operated at less costly refrigeration scheme i.e. at the boiling 

point of readily available liquid nitrogen than the costly liquid helium. The YBa2Cu3O7-δ compound is a 

well-studied material known for lower anisotropy property, high critical current density (Jc) and easily 

reproducible phase over other compounds [57]. The limitation of this material is its hygroscopic nature 

and oxygen stoichiometric. The issues could be sorted out by preserving the samples in vacuum jar with 

silica gel kept inside and oxygen deficiencies can be removed by oxygen annealing. The material 

synthesis for the pure phase in case of bismuth layered compound is quite difficult.  Since, the highest Tc 

~110 K recorded for Bi2Sr2Ca2Cu3Ox phase include intergrowth of the Bi2212 phase [58,59]. However, 

for stable Bi phase Lead was added for Tc ~110 K but, this limits its usage due to unfriendly toxic of 

Lead. Bi2212 phase could be easily prepared with some impurity phase without Lead addition but with 

Tc~80 K i.e., lower than YBCO [60].The thallium-based HTSCs i.e. Tl2Ba2Ca2Cu3Ox (~125 K) and 

mercury based HTSC phase HgBa2Can-1CunO2n+2+x phase (~135 K) existed in different phases like that 

of Bismuth materials. The major hindrances of these materials were its highly toxic nature. Hence, 

handling of these compounds demands special care and great precaution. 

Considering the above mentioned factors of non-eco-friendly nature and health hazard issues of 

cuprates, we choose YBa2Cu3O7-δ, a superior rare-earth layered superconductor with higher Jc as our 

parent material. The upcoming section will deal with crystal structure of YBa2Cu3O7-δ followed with 

literature reviews pertaining to YBa2Cu3O7-δ composites and irradiation impact. 

1.3.1. Crystal Structure of Yttrium Barium Copper Oxide  

In 1987 at the University of Houston Paul Chu discovered the first ceramic material with a transition 

temperature greater than 77 K. The ceramic compound synthesized was YBa2Cu3O7- (YBCO) or Y123 

bearing orthorhombic structure with superconducting transition ~ 92 K. Bednorz and Muller [15] in 

1986 referred these HTSCs as “metallic oxygen deficient … perovskite-like mixed valence copper 

compounds”. The structure was described as a stacking of three perovskite entities, namely BaCuO3, 

YCuO2 and BaCuO2. The last two units describe the missing oxygen or vacancy hence called as oxygen 

deficit compounds. The unit cell of YBCO can also be recognized as “bookcase” structure [9] or layered 

structure stacked with   seven planes as shown in Fig.1.9. The layer comprises of two outer chain layers 

of CuO, within the chains lies two BaO planes with Ba as the center atom. Between the BaO planes 

there lies the two conduction CuO2 planes separated by an Yttrium (Y) layer. The CuO2 planes form the 

basic building block of all cuprates marked by quasi two dimensionality electronic nature referred to as 

the charge conducting plane. The chains of CuO supply charge to the CuO2 planes and act as a charge 

reservoir layer or a hole donating layer. The Y layer promotes anisotropy property due to motion of 
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charge-carriers. The tunneling experiments reflect the existence of strong Josephson coupling between 

the CuO2 planes in each unit cell [61,62]. The structure of YBCO can be highlighted as the charge 

conducting layer sandwiched between charge reservoir layers shown in Fig.1.9. The fulfillment of 

oxygen on the copper oxide chains site and the conduction in CuO2 plane contribute largely to 

superconducting properties. 

 

Fig.1.9. Structure of YBa2Cu3O7-δ showing orthorhombic phase with different layers of CuO chains and 

CuO2 planes. 

1.13.2. Oxygen Ordering in YBa2Cu3O7-δ 

The oxygen atoms in superconducting YBa2Cu3O7-δ unit cell occupy four different positions [63,64]. 

The CuO2 chains comprises of O(1) placed between Cu(1) atoms and noted for the highest mobility of 

all the oxygen atoms [64]. The oxygen content of O(1) site depends on the growth condition i.e. oxygen 

partial pressure or vacuum and particularly on the growth temperature [65,66]. However, the oxygen of 

CuO2 plane O(2) and O(3) are always filled [67]. Between Cu(1) and Cu(2) atoms the fourth oxygen 

O(4) form the bridge and called the apex or bridge oxygen site or the apical oxygen. The copper chain 

Cu(1) forms  square planar coordination, whereas the plane copper Cu(2) and Cu(3) exhibit square 

pyramidal coordination with O atoms. YBa2Cu3O7-δ exhibit variable oxygen content that drastically 

changes the superconducting properties. The δ-value in the formula acts as a regulating factor for 

structural and electrical properties of YBCO. Structural phase transition occurs as δ varies from 1 to 0. 

When the oxygen content ranges within 6 to 6.5 a phase transition from tetragonal insulator to 
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semiconductor occurs; for δ  0.65 a transition from tetragonal to orthorhombic phase occurs with lower 

values of Tc, over δ  0.2 the superconductive properties appear and for δ = 0 the structure is completely 

orthorhombic-superconductive at ~90 K. For 1.0 ≥ δ > 0 oxygen vacancies confine to the O(1) sites in 

the copper oxide chains [68] and hence it is necessary to control δ-value within a narrow range 0.2 to 0 

in order to obtain higher Tc samples.  

1.13.3. Literature review pertaining to composites of YBCO 

Reviews on REBa2Cu3O7−δ (RE = Y, Sm, Nd, etc) coated conductors indicated its valuable future 

practical applications [69,70]. However, the randomly oriented grains in polycrystalline bulk material 

pose complexity in conduction process. The inter-grain boundaries behave as weak link junctions hence; 

a percolative type of approach has been used to analyze both superconducting and normal state 

properties [71-73]. The intrinsic defects like mismatched grains, voids, cracks, grain growth and 

secondary phases etc., control the granularity in HTSCs [74]. The chemical additives i.e. nano 

inclusions, secondary phases of ferroelectric embedding’s and magnetic inclusions play a key role in 

modifying the granularity by filling the voids and cracks.  The difficulty arising due to granularity could 

be overcome by composite formation with some metals like Au, Ag, Al etc., and voids problem may be 

sorted out by additions of non-superconducting phases like BaZrO3 (BZO), BaTiO3 (BTO) and Carbon 

Nanotube (CNT) that modify electrical, magnetic and mechanical properties [75-78]. Besides, filling the 

inter-granular spaces the non-superconducting inclusions of nanoparticles serves the purpose of artificial 

pinning centers. These particles slow down the vortex motion acting as potential pinning sites for 

magnetic flux lines.  

Major highlights of superconductors were its pinning properties, for which rigorous work was 

carried out soon after its discovery in 1986. Superconductors were embedded with non-SCs perovskite 

structure like BZO [79,80], BTO [81] BaSnO3 nanorods [82], BaIrO3 [83], BaHfO3 [84], magnetic 

impurity [60] as well as carbon based compound to modify inter and intra-granular effect. The 

successful incorporation of nanosized particle proved to be a fruitful event in enhancing critical current 

density (Jc) that gained prominence in the realm of material science. Gutierrez et al. [79] have shown a 

strong isotropic flux pinning in YBCO/BZO (10 mol. %) nanocomposite films grown by metal–organic 

solution. BZO formed a dense array of randomly oriented nanodots in the nanocomposite film. This 

group have reported an enhanced critical current density values as well as a 500 % increment of pinning 

force for YBCO/BZO (10 mol. %) at temperature 65 K when compared with the NbTi at 4.2 K. Liu et 

al. [85] have studied the effect of BZO on Jc (1.5 vol. %) doped YBCO film deposited by pulsed laser 

deposition (PLD) technique grown on SrTiO3 substrate with Y2O3 nanoisland decorated and compared 

its value with YBCO, YBCO/ Y2O3, YBCO/ BZO and YBCO/Y2O3/BZO. The Jc revealed a power law 

manifestation with less dependency in case of Y2O3, BZO and Y2O3+ BZO added YBCO films than 
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YBCO film. Haugan et al. [86] have reported the introduction of nanometric second phase YBa2CuO5 

(Y211) into YBCO as alternating multilayer films deposited by PLD technique. The dispersed 

secondary nanoparticles of Y211 (size ~8 nm) showed an increased Jc values by a factor of two to three 

at high magnetic fields at 77 K. 4 wt. % BTO insertion to bulk YBCO has been noted for increased 

pinning force density in a polycrystalline sample from 0.71 GN/m
2
 to 1.41 GN/m

2
 at 4 K and 0.33 

MN/m
2
 to 0.97 MN/m

2
 at 77 K in bulk polycrystalline [87]. The perovskite ferroelectric BTO possesses 

similar crystal structure with that of oxygen deficient perovskite YBCO with a lattice mismatch of about 

~ 2-3 % in ab planes. BTO inhomogeneity in the matrix of YBCO poses stress and act as pinning 

centers [81,88,89]. Jha et al. [90] stated that lattice mismatch between YBCO and BTO introduced more 

defects that improved flux pinning properties in laser ablated films. Our group has reported [91] an 

enhancement of critical current density and flux pinning in PLD composite YBCO/BTO (1wt. %) thin 

films. The bulk YBCO/BTO composite system has been investigated for pining efficiency as well as 

fluctuation effects [92,93].  

Among all carbon based precursor’s compounds, carbon nanotubes (CNTs) are exceptionally 

fascinating because of its nanometeric diameter when compared to the other ordinary carbon 

compounds [94]. Huang et al. [95] carried out magneto-optical investigations on Bi-2212 embedded 

with CNT. There studies revealed an enhancement in transport current density with CNT insertion, 

highlighting that CNT functions as columnar defect produced by heavy-ion irradiation. Dadras et al. 

[96] have reported a 10 times improvement of Jc for bulk YBCO/CNT (0.7 wt. %) composite sample.  

The uniqueness of CNT is its diameters that coincide with the superconducting coherence length, hence 

looked forward to act as active pinning centers in HTSC materials [97,98]. Enhanced impact has also 

been observed in carbon doped MgB2 films reported for enhanced vortex pinning marked by dramatic 

rise of residual resistivity [99].  Kim et al. [100] have doped multiwalled short CNT to MgB2 samples 

and sintered it at high temperatures ~ 900 - 1000 °C. These doped samples exhibited excellent Jc ~ 10
4
 

A/cm
2
 at 5 K in fields up to 8 T.  

The precipitates of Y2O3 were identified for enhanced pinning properties long ago by Selinder 

et al. [101] in YBCO sputtered films that showed semi-coherent incorporation of Y2O3 in the YBCO 

film without perturbing the structure substantially [101]. Further, they reported a 3.5 times increment in 

critical current density at 77 K with Y2O3 inclusion. Wanmin et al. [102] investigated for the optimal 

amount of Y2O3 (10wt.%) addition in YBCO melt textured samples for achieving high magnetic 

levitation force which could reduce the microcracks to a moderate degree and improve the flux pinning. 

Lei et al. [103] added Y2O3 (15 mol. %) nanoparticles to YBCO films and measured its critical current 

by the electrical transport method at 77 K, 1 T and reported an improvement of flux pinning for all 

magnetic field orientations. High resolution transmission electron microscopy analysis on the above 
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composite film showed dispersed nanoparticles in YBCO matrix with some lattice distortions of 

nanosized. Verbist et al. [104] identified nanosized Y2O3 precipitates to orient along (001) direction near 

to the YBCO surface in the bulk and on the interface of YBCO film/substrate.  A variety of work has 

been concentrated on YBCO/Y2O3 composite thin films leading to high Jc [105-107].  

Silver (Ag) is another well-known composite agent with experimental evidences for its 

uniqueness shown by Kalyanaraman et al. for YBCO/Ag PLD film [108]. With 15 wt. % of Ag addition 

to YBCO an increment of Jc by four times was observed for the best films grown on MgO substrate 

[108]. This work reports the advantages of Ag such as non-reactivity with YBCO, lowering of the 

processing temperature, residing on the grain boundary that fills cracks and voids. Rani et al. work on 

bulk YBCO/Ag composites have shown enhancing intergranular coupling by reducing weak link effect 

with an estimated upper critical field Hc2 ~190 T for silver added samples 10 wt.% and 20 wt.% 

[109,110]. Further, Ag modifies the superconducting properties by increasing the thermal conductivity, 

lowering normal state resistivity with upgrading the mechanical and ductile nature of YBCO leading to 

enhanced critical current density [111,112].  

1.13.4. Literature review pertaining to irradiation 

The controlled defects produced by a collision cascade obtained by fast-moving neutrons, point defects 

created by low energy ion impact [113] and columnar defects [114] generated by swift heavy ion (SHI) 

resulted in significant enhancement of parent material property. Though, columnar defects creation 

needs an advanced mechanism these are highly suitable for enhancement of Jc [115,116] and shifting of 

the irreversibility line to higher field side [117].  Trappeniers et al. [118] studied columnar defects due 

to Kr ions in single crystals of YxTm(1-x)Ba2Cu3O7 which considerably enhanced Jc, Fp and irreversibility 

field. 0.86 GeV Pb
+
 ions produced continuous columnar defects that showed high Jc values when the 

field direction coincided with the track direction in YBCO films. [119]. Civale et al. [120] and Budhani 

et al. [121] have shown a significant rise in Fp in YBCO and Tl2Ba2Ca2Cu3O10 films respectively by 

heavy-ion-irradiation. 

Studies on heavy ion irradiation have focused on the formation of columnar defects within 

electronic stopping range with energy above 100 MeV [122-125]. Creation of 1D columnar defect has 

been widely reported to be an efficient way of flux pinning. The progressive work on ion irradiation also 

focuses on nuclear stopping regime (< 5MeV) creating point defects by elastic collision [126-128]. A 4-

fold enhancement in Jc for YBCO films was reported with 3-MeV Au

ions [129].  
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1.14. MOTIVATION 

The Yttrium based superconductor is our chosen material because of its high transition temperature, 

lower anisotropy and higher critical density. To understand the role of non- superconducting secondary 

phases and inhomogeneities when coupled with YBCO as defects, is an ongoing research quest of the 

thesis. Many works have been reported for the effective usage of nanoparticles inclusions to modify 

current carrying capacity.  The length scale of inhomogeneities plays a vital role in regulating almost all 

superconducting properties of YBCO. Hence, we are motivated to choose the inhomogeneities of length 

scale close to nanometric order. Reviews indicate BTO to act as flux pinning centers that enhances the 

critical current density of YBCO. However, its magneto-resistivity property with varying BTO content 

is yet not been focused in the literature which is of immense importance in understanding the vortex 

dynamics.  

Another important material i.e., CNT is yet not studied rigorously as a composite material with 

YBCO. Literature does not provide any detailed report of its DC electrical studies with varing CNT wt. 

% but reported for pinning attributes with many compounds. The YBCO/CNT composite is interesting 

because of carbon structure versatility that controls the conduction process.  

The non-superconducting nanoparticle of Y2O3 has been investigated thoroughly in bulk as well 

as thin films with YBCO studying all its properties and has achieved great recognition as artificial 

pining agent. This material raises our interest to be added with YBCO and combine its effects with 

columnar defects generated by irradiation.  Critical current density measurement was the prime focus 

using solely single defect entities like, Y2O3, BZO, Al2O3, Ag, point defects and columnar defects. The 

present work aims at combining columnar defects and Y2O3 particles to enhance current density and 

flux pinning attributes. The idea behind irradiation work is to create and stabilize optimum defects 

levels for enhanced pinning using dual defects i.e. columnar defect and Y2O3 inclusion and study its 

impact on electrical and magnetic transport property.   

The work on dual defects has been extended for YBCO/Ag PLD film irradiated with 200 MeV 

Ag ions analyzing its current density and flux pinning. Since, literature does not provide sufficient 

studies on dual impact of defects created by ion irradiation and Y2O3 on transport property. Hence, our 

work includes a systematic study on SHI irradiated (1-x) YBCO/ xY2O3 (x = 0, 5.0, 10.0 wt. %) 

composite thick films with different ion fluences analyzing structural disorder, resistivity and 

fluctuation conductivity. Excess conductivity in irradiated HTSC samples are emphasized with 

inhomogeneity length scale ~, since very few works have been devoted for fluctuation conductivity.  

To analyze the current carrying capacity and vortex pinning, emphasis on magnetic transport study in 

YBCO thick films are reported for irradiated samples. In our study the 3D APCS- Y2O3 were added to 
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YBCO matrix to encourage random pinning by varying the wt. % by 5 and 10 and then the thick films 

were subjected to SHI interaction for columnar defect creation.  

 

1.15. Objective of the thesis work  

The objective of the work is to study the electrical and magnetic transport property on YBCO 

composite material with and without irradiation effect.  The composite material chosen are artificial 

pinning agents. The critical current density of the thick films with dual defects is investigated. The 

samples under investigation are highlighted below. 

(i) Superconducting bulk YBCO phase with Tc ~ 92 K 

(ii) (1-x) YBCO/ x BTO bulk composites with x = 0, 1.0, 2.5, 5.0, 10.0 wt. %  

(iii) (1-x) YBCO/ x CNT bulk composites with x= 0, 0.1, 0.5, 1.0, 3.0, 5.0, 7.0, 10.0 wt. %  

(iv) YBCO composite thick film prepared by diffusion reaction (1-x) YBCO/xY2O3 (x = 0, 5.0, 10.0 wt. 

%) irradiated with 200 MeV Ag ions  

(v) PLD thin films of YBCO/Ag (1 wt. %) composite 

All the samples were characterized by X-ray diffraction technique followed with surface morphology 

analysis by Scanning electron Microscopy. The electrical properties were studied by four probe 

technique and magnetization measurements on irradiated samples were conducted by Vibrating Sample 

Magnetometer for current density measurement. AFM, Raman and Rutherford backscattering analysis 

and has been performed on SHI irradiated YBCO/Ag thin film. 

 

1.16. The outlook of the whole thesis  

1. Parent compound chosen –YBCO bulk and YBCO thick and thin film 

2. Effect of BTO, CNT to superconducting properties 

3. Impact of columnar defects on Y2O3 and Ag to superconducting properties 

4 Phase analysis and microstructural outlook 

5. Study of DC resistivity (with and without magnetic field) 

6. Magnetic Study (M-H at constant temperature) 
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2.1. Introduction 

This chapter is concerned with sample preparation and characterization techniques. The synthesis of 

bulk sintered, thick and thin films have been discussed in this chapter. YBa2Cu3O7-δ (YBCO), BaTiO3 

(BTO), Carbon Nano Tube (CNT), composite thick films by diffusion reaction and thin film by pulsed 

laser deposition of YBCO have been prepared. An idea about swift heavy ions generation is also laid 

froth. Phase formation, surface analysis, elemental analysis and different characterization techniques are 

mentioned briefly. Highlights on the measurements and characterizations tools include four probe DC 

resistivity measurement, magneto-resistivity measurements, M-H measurement for critical current 

density with Vibrating sample magnetometer (VSM), magnetization vs. temperature measurement at 

Zero field cooling and field cooling.  Phase formation and surface modification has been discussed with 

the help of X-Ray diffraction (XRD), Vibrational spectroscopy by Raman technique, Scanning electron 

microscopy (SEM), Rutherford back scattering (RBS) and Atomic force microscope (AFM). 

 

2.2. Sample preparation technique 

2.2.1. Preparation of bulk YBa2Cu3O7-δ powder 

The solid state reaction route is widely used for YBa2Cu3O7-δ (YBCO) sample preparation. 

Stoichiometric amount of Y2O3 (Alfa Aesar 99.9 %), BaCO3 (Alfa Aesar 99.9 %), and CuO (Alfa Aesar 

99.9 %) were weighed with cationic ratio 1:2:3 and grinded thoroughly in an agate mortar using pestle. 

The grinded powder was placed in an alumina crucible and calcined in a programmable furnace at 850 

C for 48 hrs with four intermediate grindings. Finally the powder was pelletized and sintered at 920 C 

for 12 hrs followed by oxygen annealing at 500
0
 C for 12 hrs. Oxygen annealing plays a crucial role in 

maintaining the stoichiometry close to seven by filling the oxygen deficit centers. The sintered pellet 

was characterized for structural and superconducting transition. The balanced chemical equation is 

given by                              

 ½ Y2O3 + 2 BaCO3 +3 CuO + ½ O2 → YBa2Cu3O7-δ + 2 CO2        (eq.2.1) 

 

2.2.2. Preparation of BaTiO3 powder 

BaTiO3 (BTO) powder has been synthesized through chemical route using solgel technique. Barium 

acetate [Ba(CH3COO)2] and Titanium isopropoxide [(CH3)2CHO]4Ti were used as precursors. Barium 

acetate was added with acetic acid, the solution was heated up to 80 C where Titanium isopropoxide is 

added drop wise to the solution. The dried powder was grinded and calcined at 1250° C for 2 hrs at a 

heating rate of 5° C/min in a furnace. The BTO calcined powder was regrinded to obtain the precursor 

powder to be added to YBCO.  
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2.2.3. Preparation of Carbon Nanotube powder 

The Carbon Nanotube (CNT) powder was prepared by single step pyrolysis technique discussed in 

article [1,2]. A brief review of preparation technique involve mixing of 18 mg of catalyst ferrocene with 

2 ml of carbon source material in a quartz tube with diameter 1.0 cm and length 70 cm, closed at one 

end. The open end of the tube was connected with a rubber bladder for collection of residual reacted 

gases. The quartz tube was heated up to 700 C for 30 min followed with cooling to room temperature. 

The black materials collected from the quartz tube were purified using standard oxidation and acid bath 

treatment method [3]. Thus, purified CNTs were obtained. 

2.2.4. Preparation of YBCO/BTO and YBCO/CNT composite 

The YBCO powder were thoroughly grounded and mixed with BTO and CNT separately by varying the 

weight percentage as (1-x) YBCO/ x BTO (x = 0, 1.0, 2.5, 5.0 and 10.0 wt. %) and (1-x) YBCO + x 

CNT (x = 0, 0.1.0,0.5,1.0, 3.0, 5.0, 7.0 and 10.0 wt. %) before the final stage of sintering.  The grinded 

powder were pressed into pellets and fired at 920 C for 12 hrs followed with cooling at 500 C where 

the samples were maintained at continuous flow of oxygen for 12 hrs. Then, the samples were cooled to 

room temperature and preserved in a desiccator to avoid atmospheric moisture degrading the samples 

which was used for characterization. 

2.2.5. Preparation of YBCO thick film by diffusion reaction 

YBCO superconducting thick films were synthesized by diffusion reaction between Y2BaCuO5 (Y211) 

substrate with an over-layer of Ba3Cu5O8 on the top the substrate shown in Fig.2.1 [4-6].  

 

 

 

 

Fig.2.1. Schematic representation of thick films (a) substrate (Y211) with overlayer of Ba3Cu5O8 before 

heating. (b) After heat treatment Ba3Cu5O8 diffuses to Y211 phase giving YBCO thick film standing on 

Y211 substrate. 
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The advantageous aspects of YBCO thick film preparation using diffusion reaction technique are laid 

forth. 

i. The diffusion reaction between the substrate and overlayer results in the formation of more 

homogenous dense layer than conventional technique. 

ii. Superconducting thick film produced over the Y211 phase through diffusion process leads to good 

adhesion of film to substrate. 

The various steps involved in thick film preparation are as follows 

1. Substrate preparation  

2. Slurry preparation 

3. Coating the substrate with slurry by doctor’s blade method 

4. Sintering and annealing 

2.2.5.1 Substrate preparation  

Y2BaCuO5 is a promising inert substrate used successfully for both thick and thin film preparation [4, 7-

9] as it is a decomposition product of YBCO. The Y211 substrates are used widely because of the 

following reasons: 

i. The substrate does not react vigorously with the over-layer during high sintering temperature. 

ii. Y211 phase matches well with thermal expansion coefficient of the superconducting phase. 

iii. The dielectric constant is low. 

iv. The substrate does not show any phase transition below the superconducting temperature which is 

the area of our interest. 

v. The substrate is self-standing and cost effective. 

The substrate preparation is similar to the bulk YBCO sinters. The precursors Y2O3 (Alfa Aesar 99.9 

%), BaCO3 (Alfa Aesar 99.9 %), and CuO (Alfa Aesar 99.9 %), were weighed with cationic ratio 2:1:1 

and grounded in a mortar and pestle. The grinded powder was transferred to alumina crucible and 

calcined at 870 C for 30 hrs with 3 intermediate grindings. The calcined powder was pressed into 

pellets of thickness 1mm and diameter 10 mm that were sintered at 920 C for 12hrs. Different 

temperatures were used for calcination ranging from 900 C to 1000 C. However, samples sintered at 

930 C had a density 5.2 gm/cm
3
 where which suitably used for diffusion process enabling reduction in 

porosity. The balanced equation is given as 

 

              Y2O3 + BaCO3 + CuO   →   Y2BaCuO5 (green phase) + CO2             (eq.2.2) 
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2.2.5.2. Slurry preparation 

For slurry preparation BaCO3 and CuO powders were weighed in stoichiometric ratio 3:5 and mixed 

thoroughly. The powder was calcined at 850 C for 30 hrs with three intermediate grindings. Thus, the 

Ba3Cu5O8 powder obtained was finely grounded. The balanced equation is given as 

3 BaCO3 + 5 CuO   →   Ba3Cu5O8 + 3CO2                        (eq. 3.3) 

A slurry was prepared by mixing polyethylene glycol with Ba3Cu5O8 powder such that a thick viscous 

paste was achieved.  

2.2.5.3. Coating the substrate with slurry and sintering 

Doctor blade technique is employed to deposit the paste to the substrate [10,11]. The paste was 

deposited on the substrate using a mask and then removing the excess material by a fine blade (doctor 

blade). Thus Ba3Cu5O8 layer is deposited over the insulating Y211 phase. The films were initially dried 

at 200
0
 C for 2hrs to evaporate the organic base.  Then the samples were ready for final stage sintering. 

The samples were sintered in 930 C for 12 hrs followed by oxygen annealing at 500 C for 12 hrs for 

oxygen uptake. Finally, the samples were cooled to room temperature and stored in in desiccator for 

further characterization. The schematic representation of thick film is shown in Fig.2.1.  

2.2.5.4. Preparation of YBCO/Y2O3 composite thick film by diffusion  

For composite thick film preparation the Ba3Cu5O8 powder was mixed well with Y2O3 (5.0, 10.0 wt. %) 

by varying the weight percentage as (1-x) Ba3Cu5O8/ x Y2O3 (x = 5.0, 10.0 wt. %). A thick paste was 

prepared with the organic solvent separately for 5 wt. % and 10 wt. % and coated onto the Y211 

substrate that was followed for drying and final stage sintering. The samples obtained were ready to be 

used for ion irradiation. 

2.2.6. Importance of oxygen annealing 

Oxygen annealing is an important step to have optimal oxygen content in the chains of YBCO crystal.  

Oxygen content varies as 7-δ. δ factors decides the transition temperature in case of oxygen dependent 

YBCO that changes the property from insulator (YBa2Cu3O6) to superconductor (YBa2Cu3O7).  Thus, 

all the sample both pure and composite samples were placed in a tubular furnace in oxygen flow at 500 

C for 12 hrs. This enables optimum oxygen uptake by the crystal to achieve high Tc is easily. 

2.2.7. Preparation of YBCO/Ag composite PLD thin film 

YBCO powder was prepared by solid state reaction route discussed above in section 2.2.1. 1 wt. % Ag 

powders was mixed well with YBCO, pelletized and sintered at 920 °C followed by oxygen annealing at 

500 C which served as the target. YBCO/Ag films were deposited on (l00) oriented LaAlO3 (LAO) 

single crystal substrates by the pulsed laser deposition (PLD). The growth conditions of thin film are 

summarized below in Table 2.1. 
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Table 2.1. Growth condition for PLD film. 

 

 

 

 

 

 

 

 

 

 

2.3. Irradiation by swift heavy ion using 15 UD Tandem pelletron 

The superconducting thick films of YBCO and YBCO/Y2O3 composite were subjected to irradiation 

with the 15 UD Tandem pelletron at Inter University Accelerator Centre (IUAC), New Delhi. This 

pelletron is used for various research activities in different fields such as materials science, nuclear 

physics, atomic and molecular physics and biological sciences. Some of the available ions species that 

could be accessed varies from light ion to heavy ions such as  
1
H, 

2
He, 

6
Li, 

12,13
C, 

14
N, 

16,18
O, 

28
Si, 

31
P, 

46, 

48,50
Ti, 

56,57
Fe, 

107,200
Ag etc. with varying energy. 

2.3.1. Working principle of accelerators 

The 15UD Tandem pelletron facilitates the usage of DC as well pulsed ion beam, as per requirement of 

the experiment [12,13]. The main pelletron stands 50 m tall, within the tower lies the accelerator tank of 

26.5 m height and 5.5 m diameter shown in Fig.2.2(a) completely filled with inert gas SF6 at pressure of  

6-7 atm. for insulation from strong electric field. The negative ions are produced at the top end of tank 

from a multi cathode source of negative ions by cesium sputtering technique. Fig. 2.2(b) shows the 

schematic diagram of accelerator machine installed within an accelerator tank. The injector magnet 

injects the negative ions into the tank. The magnet bends the negative ion beam to 90. A very high 

voltage of ~15 MV is generated in the middle of the tank called as high voltage terminal with respect to 

ground. Thus, the ions traversing from the top of the column get accelerated towards the positive 

terminal. Inside the terminal the negative ions pass through the foil stripper or gas stripper where the 

electrons are striped and result in production of positive ions. These positive ions are repelled by the 

positive terminal towards the ground. The energy gained by the positive ion is given by E = V(q+1) 

MeV, here E  is the energy of the emerging ions from the tank, q is the charge state of the ions and V is 

Laser KrF excimer laser ( λ= 248 nm) 

Target YBCO + Ag (1wt. % ) pellet 

substrate (100)-oriented LaAlO3 (LAO) 

Target substrate distance 5 cm 

Repetition frequency 10 Hz 

Thickness ~100  nm 

Laser energy 220 mJ 

Substrate temperature 820 °C 

Oxygen pressure 53.328 Pa 
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the terminal voltage.  15 UD tandem pelletron comprises of thirty 1 MV module on either side of high 

terminal voltage. Hence, the tandem is named as 15 UD. UD stands for double unit. The same terminal 

potential is used twice to accelerate the ions. The portion above the high terminal voltage is low energy 

section and the portion below the terminal is the high energy section.  The analyzing magnet called the 

switching magnet bends the positive ions to different beam lines. Hence, ion matter interaction occurs at 

different beam lines where the ion loses its energy in the target material.  IUAC, New Delhi has seven 

beam lines used for different purposes. We have used the material science beam line.  The huge tandem 

for ion production is automated and controlled from control room.  

 

               

 

 

 

 

Fig.2.2 (a) Schematic diagram of the principle of acceleration of ions in a pelletron. (b)15 UD tandem 

accelerator situated at IUAC New Delhi. 

2.3.2. The Target ladder for irradiation with ion beam 

The target ladder consists of stainless steel cylindrical rod of length 1m with a solid rectangular block 

made of copper at one end. The samples are attached on the four sides of copper block. The ladder is 

positioned perpendicular to the ion beam path and could be adjusted up and down by linear movement. 

The ladder is also provided with a provision of 360 rotation fitted within a chamber. After the ladder 

has been loaded inside the beam line chamber it is been evacuated using high vacuum pumping system. 

 (a) (b) 



Chapter 2 Experimental Techniques 

 

31 

 

The whole beam line chamber is always maintained at high vacuum level 10
-6

 to 10
-9

 torr. Hence, great 

care has to be taken while loading the ladder within the chamber. 

2.3.3. Irradiation technique 

After the sample is loaded and achieved the desired vacuum the system is ready for irradiation. The 

samples are scanned by magnetic scanner over an area 11 cm
2
. The scanning area can be varied as 

required for the experiments. The current and energy is controlled through the control room. 

  

2.4. Characterization techniques of the samples 

The bulk sintered pressed pellets of YBCO and its composite were investigated by the following 

techniques. 

1.  Powder X-ray diffraction (XRD) 

2. Raman spectroscopy 

3. Rutherford backscattering (RBS) 

4. Scanning electron microscopy (SEM) 

5. Atomic force microscope (AFM) 

6. DC four probe resistivity measurement at varying temperatures down to 10 K 

7. DC four probe magneto-resistivity measurement at varying temperatures down to 10 K 

8. Critical current density (Jc) measurement from M-H loop using Vibrating sample magnetometer 

(VSM) 

We shall now discuss the working principle of the characterization tools. 

2.4.1. X-ray diffraction  

X-ray diffraction (XRD) is a powerful tool to investigate the crystal structure of materials. Since, all the 

physical properties (i.e. electrical, optical, magnetic etc.) depend largely on the atomic arrangements of 

materials it’s a handy tool for phase identification as well as impurity chemical species detection. 

Diffraction patterns are observed when X-Ray of wavelength (λ) interacts with the atomic arrangement 

of atoms comparable with the interplanar spacing (d) of crystals, satisfying the Bragg condition 

                      2𝑑𝑠𝑖𝑛 = 𝑛                                        (eq.3.4) 

The scattered X-rays from the planes interfere constructively only when the path difference is an 

integral multiple of the X-ray wavelength (Fig.2.3).  Here ‘n’ is the order of diffraction, ‘d’ is the 

interplanar distance for the set of parallel planes with Miller index (hkl) that gives a diffraction peak at a 

particular Bragg angle given as 1/d
2
 = (h

2
/a

2
 + k

2
 /b

2
 + l

2
/c

2
) for orthorhombic system , and θ is the 

glancing angle called as the Bragg angle of diffraction [14,15]. X-ray powder diffraction pattern yields 

the following information 

(i) Phase confirmation and quality of the synthesized samples,  
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(ii) The interplanar spacing ‘d’ of the system under investigation 

(iii) The intensities of the reflections,  

(iv) The lattice type and unit cell dimensions. 

The pellets were characterized for phase identification using CuKα from Advanced D-8 X-ray 

diffractometer (acquired from Bruker AXS, Germany) radiation having wavelength of 1.5418 Å.  The 

samples were scanned within a range 20- 60
0
 degree using a step size of 2 per min.  

 

 

     

(b)            

 

 

Fig.2.3 (a) Schematic view of an X-ray powder diffractometer. (b) Reflection of X-rays from two 

planes of atoms in a solid. 

2.4.2. Raman spectroscopy 

         

             
 

    (b) 

        

 

Fig.2.4 (a) The schematic diagram of Raman experiment. (b) The scattered radiation in Raman 

technique. 

(a) 

(a) 
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Raman spectroscopy is an inelastic light scattering phenomenon to observe molecular vibration by the 

illumination of laser light on a spot of sample [16]. Some visible laser light like Kr+ and Ar+ etc.  

interacts with the molecule and stimulates the molecules to high-energy " virtual" states. Majority of 

scattered radiation has the same frequency as that of incident one known as Rayleigh scattering. A very 

small portion of scattered radiation has different frequency than the incident one, which determines the 

rotational, vibrational as well as the symmetry of the atom in a molecule known as stokes (higher 

vibrational energy state) and anti-stokes Raman lines (lower vibrational energy state) shown in Fig.2.4. 

2.4.3. Rutherford backscattering Spectrometry  

Rutherford Backscattering Spectrometry (RBS) is a widely used technique to detect the elemental 

composition and depth profiling for the near surface layer analysis of solids using alpha particles 

constituting of helium with 2+ charge[17]. The tool is highly sensitive for detection of heavy elements 

and less sensitive to lighter ones.  The sample under investigation or target is bombarded with charged 

alpha ions with energy in the MeV range. The backscattered particles from the sample are recorded by a 

detector where it generates an electrical signal which is amplified. The basic components of RBS unit 

are the helium ion source, an accelerator to generate high energy alpha particles and a detector to 

measure the backscattered particles. 

2.4.4. Scanning electron microscopy  

Scanning electron microscope (SEM) uses focused highly energetic electrons beam for imaging the 

sample topography by scanning the sample surface. Importance of electrons in microscopy technique is 

recognized for its inherent higher resolution nature due to shorter wavelength than the optical ones 

which uses light source. When the energetic electrons strike the sample it interacts with atoms close to 

sample surface and produces signals in form of the emission of electrons, photons, secondary electrons, 

X-rays and back-scattered electron etc. These signal are detected by the detectors which contain various 

information about the sample's surface topography, composition etc. To analyze information on surface 

topography i.e. shape and size of grain the secondary electrons are collected by the detector and the 

signals are converted to images.  The X-rays emitted during interaction process were used to identify 

the chemical composition named as Energy Dispersive X-Ray Spectrometry (EDX). Fig.2.5. shows the 

schematic diagram of SEM set up with electrons sample interaction process. The electrons are emitted 

thermionically from a Tungsten filament. A strong electric force exists between the electrons emitting 

from the filament and the anode plate which causes the electrons to be accelerated towards the anode 

plate. This electron beam is scanned back and forth over the sample surface using electromagnetic 

lenses. The electrons that are reflected, emitted from the specimen are used to resolve an image on a 

cathode ray tube or computer monitor [18-20]. All the samples were characterized with SEM (JSM-
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6480 scanning microscope JEOL) using magnification varying between 1000X to 5000X for different 

area of the sample. 

 

 

 

 

 

Fig.2.5 (a) Schematic diagram of SEM setup. (b) Electron beam interaction process with the sample. 

 

2.4.5. Atomic force microscope  

 Atomic force microscope (AFM) is a surface imaging technique with a very high resolution of 

nanometric order [21]. This technique uses a very sharp tip (probe) with a cantilever that scans the 

surface. The tip is held in close proximity to the sample either in contact mode or non-contact mode. 

The vertical deflection due to force acting between the tip and sample is detected by a focused laser 

beam striking the cantilever. The reflected laser signal is captured by a photo-detector to produce an 

image. In a contact mode the tip drags across the sample and forms the sample topography, but suffers 

from the demerit of damage of the sample and the tip giving artifacts data. In non-contact and tapping 

mode the scanning tip is oscillated by piezoelectric scanner. However, the resolution in non-contact 

mode is lower than the tapping mode where the tip taps the sample yielding higher resolution hence 

widely used for topographical imaging. The schematic diagram of AFM is shown in Fig.2.6. 

 

(a) (b) 
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Fig.2.6. Schematic diagram of AFM setup 

 

2.4.6. DC four probe resistivity measurement (R-T measurement) 

The electrical resistivity (ρ) for rectangular block (shown in Fig.2.7) is given by 

 = 𝑅 × 𝐴
𝐿⁄                          (eq.2.5) 

where,   

       R- Electrical resistance of the material () 

 L - Length of the piece of material (cm) 

A- Cross-sectional area of the specimen (w t –width x thickness) (cm
2
) 

 

 

 

 

Fig.2.7. Rectangular block of sample with dimensions marked.  

 

For a known constant current (I) flowing in the material we measure the potential drop (V) which gives 

the resistance (R) of the sample given by ohm law as R = V / I. One can use two or four probe methods 

http://en.wikipedia.org/wiki/Electrical_resistance
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for resistivity method depending on the type of probing material. Two test probes are sufficient to yield 

a good data for highly resistive materials such as multiferroic materials. However, four probe method is 

opted for accuracy and precision as the resistance of superconductors vanishes beyond certain critical 

temperature.  

Superiority of four probe over two probe resistivity 

In case of two probe method shown in Fig.2.8(a) the voltmeter is directly connected to the wires through 

which current is flowing where V= (2r + R) I, ‘r’ represents leads resistance  and hence are applicable 

for high resistance sample of the order 10
6
 . The four probe system has separate current and voltage 

leads as shown in Fig.2.8 (b). One set of probe carry current into and out of the sample and the other 

pair measures the voltage separated by a distance ‘L’. Hence, the lead resistance is eliminated in case of 

four probe technique. The contact to rectangular samples with current and voltage leads are achieved by 

means silver paste such that the contact resistance is lower than 1. Since our chosen material is a high 

Tc superconductor the electrical resistivity measurement is done via four probe method in a closed cycle 

refrigeration system using constant current source, nanovoltmeter and a temperature controller. The 

compressor is capable of compressing the helium gas upto 10 K.  

 

 

         

 

(b)                    

 

   

Fig.2.8. Schematic diagrams for 2 and 4 probe method. 

 

2.4.6.1. The components of RT set up 

 Current source 

The Current source (Keithley 6221 AC/ DC) provide high resolution, fast output settling, low noise and 

high impedance output over a wide range of compliance settings [22]. For resistivity measurement we 

have supplied 1 mA constant current to the rectangular samples with dimension 532 mm
3
.  

(a) 
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 Digital Nanovoltmeter 

The Nanovoltmeter (Keithley, Model 2182A) is the most suitable for Model 6221 current source for 

measuring resistance and creating I-V curves. The Model 2182A when combined with Model 6221 

current source performs resistance measurement with low noise, low voltage measurements, low current 

sourcing ranges and less power dissipation [22]. Hence, the combination of these two models plays 

important role in studying electrical characteristics of highly conductive materials like metals and 

superconductors both high and low temperature [22].          

 Digital Temperature controller 

Temperature controller (Lakeshore, Model 332) provides high resolution temperature measurement with 

easy operation and unmatched reliability. The Model 332 automatically scales excitation current and 

other negative temperature coefficient resistors (silicon diode) to as low as 500 mK [23]. For flexibility 

while using cryo-cooler it provide 50 W and 10 W heater output. Both the heater and the temperature 

sensor are located close to sample holder in the cold head. The temperature could be effectively 

controlled from 10 K to room temperature. 

 Closed cycle Helium refrigerator 

Janis Model closed cycle refrigeration (CCR) system is used for cooling the sample chamber to 

temperature ~10 K. The CCR system uses a closed loop of helium gas instead of refrigerant (liquid 

helium or liquid nitrogen).  Using the principle of Gifford- McMahon thermodynamic cycle helium the 

gas is compressed and expanded [24]. The cold head uses helium gas from a helium compressor to 

produce the cold temperature. A heater and silicon diode sensor are fitted closer to the sample holder 

that precisely controls the sample temperature. 

 Data acquisition 

The constant current source, the nanovoltmeter and the temperature controller were interfaced with 

GPIB IEEE-488 to a computer for automatic resistivity data measurement varying with temperature. 

The data collected was computer automated developed with Lab view software.  The data were 

collected during the heating cycles by applying 1 mA current and noting the potential difference. 

Fig.2.9. shows resistivity measurement arrangement in our laboratory without magnetic field. The data 

can be collected in presence of magnetic field by applying external magnetic field by means of 

electromagnet or superconducting magnet. The Magneto-resistance has been conducted at UGC-DAE-

CRS, Indore with specifications mentioned as 

• Temperature range of 1.4 - 310 K 

• DC resistivity precision one part in 10
6
 

• Magnetic field up to 10 Tesla. 
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• Automatic data collection and online output on computer monitor 

• Sixteen samples at a time (scanning arrangement) 

 

 

Fig.2.9. Resistivity measurement set up at our laboratory without magnetic field. 

 

2.4.7. Critical current density measurement 

The vibrating sample magnetometer (VSM) is a device used to measure magnetic properties. Below Tc 

superconductors behave as diamagnets so VSM is employed to measure magnetic attributes especially 

hysteresis behavior used for critical current density measurements.  In VSM the sample is placed in a 

uniform magnetic field which is vibrated sinusoidally through a piezoelectric material kept in the 

proximity of two pickup coils as indicated in Fig.2.10 (a). The VSM operates on the principle of 

Faraday’s law of induction according to which a changing magnetic field produces an electric field i.e. 

electromotive force is induced in a conductor by a time-varying magnetic flux [25]. The method is 

based on the Maxwell equation:  

∇ × 𝐸 = − 𝜕𝐵
𝜕𝑇⁄             (eq.2.6) 

The electromotive force generated in the pick-up coils is proportional to the magnetization of the sample 

which depends on the orientation of the magnetic moment relative to the coils. Fig.2.10.(b) shows the 

VSM image that produces 14 Tesla (T) magnetic field of UGC-DAE-CSR, Indore generated by means 

of superconducting magnet cooled with liquid He.          

http://en.wikipedia.org/wiki/Piezoelectric
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(b) 

       

 

Fig.2.10 (a) Schematic representation of a VSM. (b)VSM of 14 T arrangement at UGC-DAE-CSR, 

Indore. 

Magnetization was measured as function of field (M-H curves) for irradiated thick films samples at 

constant temperature 40 K and 60 K. The M-H loops were used for Jc estimation using Bean’s critical 

state model. Beside magnetization measurement at constant temperature, VSM was used to carry out 

magnetization vs. temperature (M-T) measurement at zero field cooling (ZFC) as well as field cooling 

(FC). 
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Part 1.Transport property studies in (1-x) YBa2Cu3O7- + x BaTiO3 superconductors 

 

3.1.1. Introduction 

In this section attempts have been made to establish the thermal effects on the pairing mechanism in (1-

x) YBCO + x BaTiO3 (BTO) bulk composite. The fluctuation conductivity has been analyzed using the 

logarithm of the excess conductivity by identifying the Gaussian and critical regimes at zero-field and 8 

Tesla field.  The critical exponents were correlated with their respective dimensionality using the AL 

model and the critical fluctuations were interpreted by 3D-XY model.  We have analyzed the upper 

critical field and the activation energy of polycrystalline (1-x) YBCO + x BTO samples under magnetic 

field implication (0, 1, 2, 4, 6, 8 Tesla (T)). Further, we have investigated the vortex dynamics by 

analyzing the resistive transitions in presence of magnetic fields. We have estimated temperature 

independent activation energy (U0) and obtained its field dependence with the slopes of Arrhenius plot. 

The magneto-resistance data is well fitted with Ambegaokar-Halperin (AH) model to analyze 

temperature dependence of U0.  Additional information on pseudogap regime and its correlation with 

BTO inhomogeneity is highlighted. The principal aim of the study is closely associated with the 

inclusions of ferroelectric materials that change the chemical ambient of the reservoir layer and to see 

how the superconducting properties (vortex dynamics) changes. 

 

3.1.2. Experimental and characterization tools 

Synthesis of (1-x) YBa2Cu3O7− δ + x BTO composites 

The synthesis of composite material consisting of (1-x) YBCO + x BTO (x = 0.0, 1.0, 2.5, 5.0 and 10.0 

wt. %) has been described chapter 2 (section 2.2.4). All the samples were characterized by XRD and 

SEM technique. DC electrical resistivity measurement was done by four probe setup connected by a 

Nanovoltmeter (Keithley-2182) and constant current source (Keithley-2400). Low temperature was 

achieved by liquid helium. Data acquisition was carried out by a computer controlled program. To 

generate high magnetic field upto 8 T for resistivity measurement a superconducting magnetic system 

was used. The experiment was performed at UGC- DAE-CSR, Indore.  

 

3.1.3. Result and Discussion 

3.1.3.1. Phase formation of YBa2Cu3O7−δ- BTO composite system 

Fig.3.1.1. shows the diffraction pattern of BTO and (1-x) YBCO + x BTO composites (x = 0, 1, 2.5, 5, 

10.0 wt. %). Well defined peaks are observed. The pristine BTO phases are well shown in the 

diffraction pattern.  The peaks are indexed using Xpert Highscore software and the phases are confirmed 
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to be orthorhombic with a space group Pmmm. The pristine YBCO marks the presence of (00l) planes i.e. 

(003), (004), (005), (006) and (007). The non (00l) planes also appears in the diffraction pattern with 

high intensity peak lying at 2θ ~32°. The diffraction data matches well with JCPDS file no- 39-0486.  

The composite sample shows BTO phases in the matrix of YBCO marked as ().  Small humps of BTO 

are seen to appear along with YBCO which increases with concentration of BTO. The overall intensity 

decreases for 10 wt. % BTO added samples with the rise of impurity humps.  

 

 

 

 

Fig.3.1.1 XRD Pattern of (a) BTO (b) (1-x) YBCO + x BTO composites (x = 0, 1, 2.5, 5 and 10 wt. %). 

Secondary phases are marked by symbol () for BTO. 

(a) 

(b) 
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3.1.3.2. Morphological outlook of BTO added YBCO composite system 

 

 

  

Fig.3.1.2. SEM micrographs for (a) BTO powders, (b)-(e) (1-x) YBCO/ x BTO composites (x = 0.0, 

1.0, 2.5, 5.0 wt. % marked as b, c, d, e respectively). 

The surface morphology of (1-x) YBCO + x BTO (x = 0, 1, 2.5, 5 wt. %) samples are shown in 

Fig.3.1.2. The BTO particle size ranges from 100-400 nm. The YBCO sample exhibits well defined 

a 
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elongated rod like structure with randomly oriented grains in all directions with varying length. The 

granularity of the polycrystalline samples is well exhibited.  With the increase in BTO concentration the 

microstructure changes are observed. The cubical BTO occupies the spaces between the elongated 

grains, which is evident from the images (d) and (e) leading to the increase in grain connectivity and 

filling up of cracks and voids. In the compositions of 2.5 and 5 wt. % extra deposition of BTO is 

observed that gives supporting evidence that BTO sticks to the grain boundaries. The modification in 

morphology and chemical environment has a dramatic change in the transport property that will be 

studied in the next section. 

3.1.3.3. Electrical properties in YBCO-BTO composite 

3.1.3.3.1. Temperature dependent resistivity (at zero magnetic field) 

The temperature dependence of resistivity is shown in Fig.3.1.3. The plot reveals the following feature: 

(i) the metallicity increases with the increase of BTO concentration. (ii) The room temperature 

resistivity value (i.e. ρ300K ) for 10 wt. %  BTO added YBCO sample is nearly 10 times greater than  the 

pristine YBCO. (iii) The ratio of ρ300K/ ρ100K is greater than ~2 for pristine and ~3 for 1 wt. % BTO 

addition. For higher concentrations of BTO the ratio falls to ~1.8.  (iv) The graph exhibits two different 

regimes: one corresponding to the normal state behavior (above 2Tc) that follows the relation ρn (T) = ρ0 

+ T [1].   The slope (dρ/dT = )  is estimated from the linear fitting of resistivity within temperature 

scale150 to 250 K and the extrapolation to 0 K gives the  residual resistivity (ρ0 ). The other regime is a 

non-ohmic region characterized by non-linearity and is dominated by accelerated cooper pair’s 

contribution. (v) The normal state resistivity goes on increasing with addition of BTO to YBCO matrix 

(see Table 3.1.1).  

The non- linear region (i.e. T<Tc) is further analyzed taking into account the derivative plot of 

resistivity as shown in Fig.3.1.4. The outlook of the plot reveals a sharp peak for pristine YBCO 

followed by a smooth fall. The peak position gives the critical transition temperature called as ~Tc or 

mean field Tc (~Tcmf) or pairing transition [2].  But, the BTO added systems are marked by blunt peak 

followed by a hump like region that broadens with the increase of non- superconducting secondary BTO 

inclusions before attaining zero resistance state at temperature Tc0. Tc0 is also defined as the onset of 

global superconductivity in the sample. The Tc values show a marginal decrease for BTO added YBCO 

compounds.  The Tc values are associated with the intragranular contributions, whereas the Tc0 values 

are linked with intergranular macroscopic phase coherence. The ferroelectric BTO affects the 

intergranular percolation of cooper pairs in YBCO matrix. The derivative plot gives an indication that 

the samples consist of two phases i.e. superconducting phase + ferroelectric phase, which increases the 

transition width (ΔT) when the concentration of BTO is increased. This can be related to the 

morphological fact that BTO resides between the grains and increases the grain boundary resistance.  
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BTO adds to both intra as well as intergranular modifications. However, Tc0 is significantly reduced as 

the grains are packed by non- superconducting BTO inclusions.  

 

Fig.3.1.3. Temperature dependence of the resistivity for (1-x) YBCO + x BTO composites (x = 0, 1, 2.5, 

5 and 10 wt. %). The linear fitting of the resistivity in the temperature range 150–250 K, extrapolated to 

0 K gives resistivity slope (dρ/dT) and residual resistivity (ρ0). 

 

Fig.3.1.4. Temperature derivative of resistivity for (1-x)YBCO + x BTO composites  labelled  as a, b, c, 

d, e for different concentration x = 0, 1, 2.5, 5 and 10 wt.%. 
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Table 3.1.1. Superconducting parameters associated with resistivity for different concentration of BTO 

wt.%  added. 

BTO 

(wt.%) 

ρ300(µohm-cm) dρ/dT(µohm-

cm K
-1

) 

ρ0(µohm-cm)    ρ100(µohm-cm) c(A) J 

0.0 1209.72 3.31 257.35 537.77 1.7058 0.0853 

1.0 3199.54 7.78 924.72 1062.66 1.7877 0.0937 

2.5 4219.89 9.95 1346.63 1922.29 2.4603 0.1774 

5.0 3733.74 8.48 1180.35 2227.24 1.7317 0.0879 

10.0 9039.00 16.04 4209.31 5644.43 1.7322 0.0879 

 

3.1.3.3.2. Method of Analysis 

The fluctuation conductivity is revealed to be less than the normal state conductivity by a factor ~ 

 1 𝑙(0)𝐾𝐹
2⁄ .This term turns out to be insignificant (of the order of ~10

-5
) for conventional 

superconductors [3], but for the high Tc materials characterized by small coherence are no longer 

insignificant. Hence, the fluctuation effect holds its ignition because of high transition temperatures, 

large anisotropy and small coherence length [4] for Type II superconductors. The fluctuation 

phenomena called as excess conductivity or paraconductivity have been extensively studied, since their 

discovery in different composites [5-8]. Different models were proposed to explain the high magnitude 

of fluctuation effects in these HTSCs. The most discussed models are Aslamazov and Larkin (AL) [9], 

Maki and Thompson (MT), Lawrence and Doniach model (LD) [10]. Although, above Tc electron 

pairing is not favored because of the high associated energy, there are always pairing fluctuations i.e. 

creation and annihilation.  Just above Tc, data was interpreted in terms of Gaussian fluctuations of the 

order parameter [11]. But, closer to Tc the excess conductivity plot was discussed by critical fluctuations 

indicating 3D XY fluctuations by universality class [12].   

Excess conductivity () above Tc represents a power law function of reduced temperature ( = 

1−T/Tc).  The thermodynamic fluctuations given by AL model [12] are  

                                             ∆ = 𝐴−                                          (eq. 3.1) 

 where, ∆σ is defined by   

                                        = (1/m-1/n) = σm - σn                        (eq.3.2)                                                                           

 

Here, ρm denotes the measured resistivity and ρn represents the extrapolated normal state resistivity (ρ0 

+αT). A is a temperature-dependent parameter and λ is the critical exponent. The fluctuation 

conductivity for three dimension (3D), two dimension (2D) and one dimension (1D) are given as 
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σAl
3D =

e2

32ђ 
 

1

√ϵ
                                                      (eq. 3.3) 

σAl
2D =

e2

16ђ d
 
1


                                                       (eq.3.4) 

σAl
1D =

e2

16 ђS
 

1

3 2⁄
                                                  (eq. 3.5) 

Here, d << is the thickness of the film and S << is the cross-sectional area of the wire. For 0D case 

the conductivity is related as  ~ -2
.  The dimensionality can be easily obtained by fitting straight lines 

in a logarithmic plot of excess conductivity and reduced temperature with slope value −1/2 (for 3D),  −1 

(2D), −3/2 (for 1D) and −2 (for 0D) . ‘d’ is the effective separation between CuO2 layers and  is the 

zero-temperature coherence length or Ginzburg–Landau (GL) correlation. The critical exponent () is 

associated with dimensionality (D) through the expression  

                                              = 2 − 𝐷/2                                                   (eq.3.6)                                                

These relations are based on GL theory and are valid only for mean field temperature region (1.01 Tc to 

1.1Tc).  Lawrence and Doniach introduced the concept of interlayer coupling in the temperature scale 

close to the critical temperature via Josephson coupling(J) [10] given by (𝐽 = (2
𝑐

/𝑑)2. The 

Fluctuation conductivity expressed by LD model is given as ∆σ =
e2

16ђ d
 
1


 {1 + [(

2𝑐(0)

𝑑
]

2

} −1/2. The 

above equation reduces to the AL equation with the approximations  
𝑐

(𝜀) ≪ 𝑑 𝑎𝑛𝑑 
𝑐

(𝜀) ≫ 𝑑  for 2D 

and 3D regions, respectively. The expression for crossover temperature between 2D and 3D according 

to LD model [10] is given as 

  𝑇𝐿𝐷 = 𝑇𝑐{1 + [(2𝑐(0)/𝑑]2}                              (eq.3.7) 

 

3.1.3.3.3. Excess conductivity at zero field studies  

Fig.3.1.5 shows the excess conductivity plot of ∆σ as function of ε. Three distinct regimes are observed 

in the inset: critical fluctuations, mean-field region or the Gaussian fluctuations and the short wave 

fluctuation region. 

3.1.3.3.4. Gaussian Fluctuations 

 In the mean-field region we represent two linear fits, one with slope value -1.0 and the other with value 

-0.5. The whole plot is dominated by 3D and 2D regime. The first exponent value is close to -1 and lies 

in the normal region at log ε (− 0.7 ≥ log ε ≥ − 1.1) in the pristine sample. This indicates that the order 

parameter dimensionalities (OPD) are 2D. The second exponent lies within a range of log ε (− 1.1 ≥ log 

ε ≥ − 2) and its values are close to -0.5, which signifies that the OPD are 3D. TLD (dimensionality 

crossover occurs from 3D to 2D) values are higher than the Tc values as observed from the Table 3.1.2. 

It reveals that the activated Cooper pairs produced within the grains are formed at comparatively higher 
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temperatures but disturbances caused in the intragranular region lowers Tc value. We infer that this 3D 

Gaussian regime, determines the spatial limit for the obtainment of long range order of the 

superconductivity in the bulk material. When the temperature is reduced, first the superconductivity is 

established in the CuO2 planes, as 2D regime, and crosses up to a well-defined 3D regime. However, 

with the increase of BTO concentration upto 2.5 wt. % TLD values increases to 107.21 K and then TLD 

decreases for higher concentration. The 2D regime increases with BTO concentration upto 5 wt. % i.e. 

confinement of cooper pairs in planes increases. The 3D regime also increases for BTO concentration 

upto 2.5 wt. %. The cross over temperature TLD yields microscopic parameter called c axis coherence 

length (c) and interlayer coupling strength (J) shown in Table 3.1.1. c increases with addition of BTO 

concentration up to 2.5 wt.% and then decreases for higher concentration. 

 

Fig.3.1.5. Log–log plot of excess conductivity as a function of reduced temperature ε for (1-x) YBCO + 

x BTO composites in zero magnetic field. 

3.1.3.3.5. Critical Fluctuations 

Closer to Tc, a critical region is observed in Fig.3.1.5. This regime, which is labeled as λcr is described 

by the 3D-XY model, and corresponds to genuine critical fluctuations. The critical exponent for this 

type of conductivity fluctuation is given by [12, 13]  

𝑐𝑟 =   (2 + 𝑧 − 𝐷 − 𝜇)                       (eq.3.8) 

Where ‘ν’ is the critical exponent for the coherence length, ‘z’ is the dynamical exponent, ‘D’ is the 

dimensionality and ‘μ’ is exponent for the order-parameter correlation function. According to 

renormalization group calculations, ν = 0.67 and μ = 0.03 are expected and z = 0.32 being predicted by 

the theory of dynamical critical scaling [14]. Using these values with D = 3 yields λcr= 0.33 which is 



Chapter 3 Electrical transport study in YBCO composite system 

 

49 

called the 3DXY-E because of the model-E dynamics [15].  The critical fluctuation and 3D fluctuation 

regions intersect at the so-called Ginzburg temperature (TG). Still closer to the so-called Ginzburg 

temperature TG, a critical scaling regime beyond 3D-XY is observed, labeled by the exponent λcr = 0.16. 

This result is similar to that obtained by many researchers [16-18]. The regime beyond 3D XY with λcr = 

0.17 was first observed in YBCO single crystal [19]. This exponent is known to characterize the critical 

resistive transition in classical granular arrays formed by metallic superconducting particles embedded 

in a poorly conducting matrix. The 3D- XY model describes the critical behavior of a neutral superfluid 

with a two-component scalar order parameter, such as liquid 
4
He [20]. 

3.1.3.3.6. Short wavelength fluctuations 

 The GL theory breaks down for higher values of , because  no longer remains a small parameter 

where short wavelength fluctuations start to play a dominant role [21]. The excess conductivity varies 

sharply as  -3
 indicating the presence of short wave fluctuations. T2D-SW  is the crossover temperature 

from 2D to SWF as indicated in Table 3.1.2.  Short-wavelength   fluctuations (SWF)   effects   appear   

when   the characteristic wavelength of the order parameter becomes of the order of coherence length. 

Assuming that the fluctuation effects may add to the vortex motion contribution at high fields, we have 

analyzed fluctuation conductivity data at 8 T in the next section. 

 

Table 3.1.2. Various temperatures (zero resistance, mean field, Ginzburg, Lawrence–Doniach and 2D 

SWF crossover temperature) in zero magnetic field. 

BTO(wt.%) Tc0 (K) Tc (K) TG (K) TLD (K) T2D-SW (K) 

0.0 90.17 92.12 94.32 99.98 109.169 

1.0 85.21 91.56 93.54 100.14 107.459 

2.5 85.72 91.05 93.96 107.21 118.563 

5.0 87.47 91.44 94.76 99.48 110.851 

10.0 84.66 89.56 92.02 97.44 103.143 

 

3.1.3.4. Magneto-resistivity at 8T 

According to the AL model, the fluctuation magneto-conductivity diverges as a power law as  

∆(𝑇, 𝐻) = (𝑇, 𝐻) − 𝜎𝑛(𝑇, 0) = 𝐴−                  
          

(eq. 3.9) 

where ∆(𝑇, 𝐻) is the modified conductivity due to magnetic field and 𝜎𝑛(𝑇, 0) is due zero field and 

 = (𝑇 − 𝑇𝑐(𝐵))/𝑇𝑐(𝐵) represents the reduced temperature and is field dependent. Determination of the 

measured conductivity and the normal state conductivity was done in similar manner by measuring 

resistivity as a function of temperature under the application of 8 T. The resistivity data shows a 

remarkable broadening in the presence of magnetic field when compared with zero field resistivity that 
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shows a sudden drop to zero shown in Fig.3.1.6. This shows an increase of transition width. Broadening 

of resistive transition under magnetic field was first shown quantitatively by Tinkham [22]. This feature 

has been explained successfully by several authors based on the Ambegaokar –Halperin (AH) phase-slip 

theory [23, 24] which will be discussed under field dependence of activation energy in section 3.1.7.  

 

Fig.3.1.6. Resistivity versus temperature plots of (1-x) YBCO + x BTO (x = 0, 1, 2.5, 5 and 10 wt. %) 

composite samples at 8 T field. 

 

Fig.3.1.7. Temperature derivative of resistivity for (1-x) YBCO + x BTO composites (x = 0, 1, 2.5, 5 

and 10 wt. %) in 8 T magnetic field. Arrow head indicates the rise of BTO concentration. 



Chapter 3 Electrical transport study in YBCO composite system 

 

51 

Fig.3.1.7 shows the temperature derivative of resistivity (𝑑 𝑑𝑇⁄ ) vs temperature plot measured at 8 T. 

The field impact has insignificant effect on Tc but Tc0 ( = 0 ) varies significantly moving towards the 

lower temperature zone with tailing effect. The 𝑑 𝑑𝑇⁄  plot shows a prominent peak indicating bulk 

transition Tc and a secondary small hump at lower temperature side for10 wt. % of BTO composite. The 

secondary hump is a characteristic feature of intergrain connectivity via weak links that achieves phase 

coherence towards lower temperature [25, 26]. Under magnetic field, resistive transition is suggested to 

take place in two steps : first due to percolative nature between individual grains i.e. within intragranular 

matrix representing the bulk superconducting transition Tc  and second between superconducting grains 

via grain boundary junctions showing a long transition tail due to the intergranular couplings [27,28]. 

The 𝑑 𝑑𝑇⁄  provides unique information on Tc as well as inhomogeneity induced modifications such as 

two stage transitions i.e. tailing effect. Tc and Tc0 estimated at 8 T field are given in Table 3.1.3. 

 

 

Fig.3.1.8. Log–log plot of excess conductivity as a function of reduced temperature   = (𝑇 −

𝑇𝑐(𝐵))/𝑇𝑐(𝐵) for YBCO + x BTO composites (x = 0, 1, 2.5, 5 and 10 wt. %) in 8 T magnetic field. 

 

Fig.3.1.8 shows the excess conductivity plot  as a function of reduced temperature () at 8 T field. 

Close to Tc the conductivity fluctuation analysis reveals the occurrence of two fluctuation regimes 

characterized by the critical exponents 1 (3D) ~ 0.50 and 2 (2D) ~1. This is attributed to two and 

three-dimensional Gaussian fluctuations respectively. The plot is dominated by 2 exponents giving a 
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clue that superconductivity is confined to 2D planes due to field effect for wide range of temperature. 

Then the superconducting nature spreads to 3D on further lowering the temperature. Mohanta et al. have 

highlighted the presence of 2D-3D regime at 8 T magnetic field in YBCO/BaZrO3 composites [29]. The 

shift of TLD towards lower temperature zone i.e. below Tc at 8 T has different behavior from zero field. It 

has been described by Jurelo et al. [17] that 3D-XY scaling behavior was unaffected by the fields up to 

50 mT. However, in the present study we have applied a field beyond 50 mT. We observe a critical 

region beyond 3D with cr = 0.16 beside this we also observe the short wavelength fluctuation region.  

The various crossover temperatures are presented in Table 3.1.3.Within the framework of 

superconducting glass model, Sergeenkov et al.  have predicted a crossover between 2D and 3D in 

presence of field [30, 31]. However, a higher order of critical exponent λcr ~3 has been observed below 

Tc in Bi2212 samples which are accounted to granularity of the HTSC system [32, 33]. In thermo 

electrical power studies with field application by Sergeenkov et al., suggested a 2D Gaussian fluctuation 

above Tc in Bi2212 samples which were interpreted in terms of Josephson effects [34-36]. 

 

Table 3.1.3.  Various temperatures (zero resistance, mean field, Ginzburg, Lawrence–Doniach and 2D 

SWF crossover temperature) at 8 T field application. 

BTO (wt.%.) Tc0(K) Tc(K) TLD(K) c(A) J 

0 71.26 89.06 92.19 1.0948 0.0351 

1.0 48.33 85.52 89.42 1.2471 0.0456 

2.5 49.33 82.71 86.50 1.2501 0.0458 

5.0 56.31 86.19 90.28 1.2721 0.0474 

10.0 48.08 86.10 88.56 0.9871 0.0285 

 

3.1.3.5. The approach to zero-resistance state 

At Tc0 the electrical resistivity vanishes and the phase of the order parameter acquires long range order 

i.e. superconductivity between the grains of the system. This critical temperature characterizes the 

phase-locking coherent transition. The onset of global resistivity decreases with addition of BTO 

indicating that BTO adheres to grain boundary forming weak links. The finite tailing is observed in the 

superconducting transition for all the (1-x) YBCO + x BTO composites samples before the resistance 

attains zero value. Finite tailing suggests that superconducting grains are progressively coupled to each 

other via weak links by Josephson tunneling across the grain boundary. It is thus suggested that the 

BTO, probably acts as a weak link, which causes the global resistivity transition temperature to decrease 

with addition of extra BTO phase. 

 



Chapter 3 Electrical transport study in YBCO composite system 

 

53 

3.1.3.6. Magneto-transport measurements 

Fig.3.1.9 (a) shows the resistive transition of (1-x) YBCO + x BTO in a DC magnetic field with field 

(H) = 0, 1, 2, 4, 6 and 8 T. The Fig.3.1.9 (a) shows a sharp transition for zero field that broadens 

remarkably with magnetic field implication. The resistive transition broadens due to the appreciable 

thermal energy generated by the vortex motion. The transition proceeds in two stages. In the first stage 

the grains become superconducting that shows a sudden drop. The second stage is marked by slow 

resistive decay where superconductivity survives by Josephson coherence across the intergrain 

boundary shown by tailing region before achieving zero resistance state. The magnetic field affects the 

intergranular region, giving it a branching effect close to the transition temperature (Tc). One   

distinguishes two   regimes of energy dissipation induced by flux motion “flux creep" when the pinning 

force dominates (U0 >> KBT) and   "flux   flow" when    the Lorentz force dominates (U0 ~ KBT) [37-40]. 

The thermal activation of the flux-line over the energy barrier U0 of the pinning center explains the main 

mechanism of broadening by flux creep [41]. U0 is the activation energy or the potential barrier height 

that measures flux pinning strength of superconductors. U0 is a temperature and field dependent 

parameter given as U0 (B, T) = U0 (B) U0 (T), hence one should consider both attributes for meaningful 

estimation. The flux creep regime describes the exponential-like curvature near-zero resistance, while    

the flux flow regime appears near the onset of  field-induced broadening where U0 ~ KBT. This 

broadening was explained successfully by several authors [23,24] based on Ambegaokar–Halperin (AH) 

phase-slip theory [42]. The AH theory explained the magneto-resistance versus temperature for a 

polycrystalline high-Tc superconducting material assuming phase slip in Josephson junctions in an array 

of weak links. The AH theory was able to account for the observed dissipation in granular 

superconductors, giving a physical   insight   into the role played by the microstructure of the sample. 

Liu et al. [43] have analyzed broadening in YBCO crystals and Er doped melt-textured-grown YBCO 

crystal with thermally assisted flux motion theory. 

The tail part of the resistive transition approaching to Tc0 is extremely sensitive to magnetic 

field and is associated with intergranular effect. This suggests that the magnetic field generates thermal 

fluctuations and causes pair fluctuation before achieving phase coherence across the superconducting 

islands or grains. However, above Tc magnetic field does not affect the sample and retrace the same path 

as for zero field. The onset of Tc remains unaffected by field impact. However, the onset of global 

resistivity is hampered drastically by dissipative vortex motion. Fig.3.1.9 (b) shows Tc0 as a function of 

increasing field. The decrease in Tc0 is fitted with power law behavior as ~Tc0 α H
-β

. β for the pristine 

sample records 0.05 ± 0.001, but for BTO added samples β holds a constant value ~0.12 ± 0.001. 10 wt. 

% BTO insertions to YBCO have insignificant influence on the onset of superconductivity, but Tc0 is 

significantly reduced due to the underlying ferroelectric BTO phase.  
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Fig.3.1.9 (a) Temperature    dependence   of the electrical   resistivity of YBCO composites in    

selected   magnetic field 0, 1, 2, 4, 6, 8 T. (b) Variation of Tc0 upon BTO concentration and magnetic 

field. Tc0 decreases monotonically with field. Downward arrow indicates concentration rise of BTO 

phase. 

 

3.1.3.7. Field dependence of activation energy  

The vortex creep activation energy for the low-resistance regime at different field with varying BTO 

concentration was extracted using standard technique by plotting ln vs 1/T shown in Fig.3.1.10. In the 

low current limit, the resistivity obeys  

(𝐵, 𝑇) = 0exp [−𝑈0/𝐾𝐵𝑇]                        (eq.3.10) 

where,  is a field independent residual resistivity, KB is the Boltzmann constant, U0 follows a straight 

line in the Arrhenius plot. We extract simple constant values of the U0 by evaluating the slope in the low 
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resistivity regime (0 < ρ < 1 μΩcm). The activation energy vanishes close to the critical temperature Tc, 

where the condensation energy goes to zero. The resistive transition in the Arrhenius plots appears 

curved. This curvature was first explained by Palstra et al.  [44]. Palstra et al. have studied dissipative 

flux motion within the frame-work of flux creep below Tc in single crystal and obtained its field 

dependence from the slope of Arrhernius plot. The U0 values extracted fall within a very small range of 

temperature scale where it is fairly temperature independent giving a constant value. In Fig.3.1.11 we 

have shown the field dependence of the activation   energy U0. The inset shows the fitted data for 5 wt. 

% BTO added YBCO following H
-0.5.  This suggests power law dependence as 𝑈0(𝐻)𝛼 𝐻−𝜏, with 

exponent’s  0.5 ±.13. Power law dependency holds its validity even after the addition of 10 wt. % 

BTO inhomogeneities, but with decreased energy values. This may imply an easier movement due to 

the vortex decoupling across the superconducting grains.  

 

 

 

Fig.3.1.10. Arrhenius plots of YBCO with BTO addition (a) Pristine YBCO (b) 1 wt. % BTO (c) 5 wt. 

% BTO (d) 10 wt. % BTO. The arrow marks the field. 
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In a mixed state of HTSCs the flux lines are pinned up by various interactions process e.g., 

impurities, stress, extended defects and secondary phases etc. The theory of flux creep by Anderson and 

Kim [45,46] treated  these flux lines as extended elastic object  that   may  be  thermally    activated   

over  the  pinning    energy  barrier,   even   if the  Lorentz   force  exerted   on  the  flux line    by   the  

current   is  smaller than the  pinning force. Thus, our observation reveals that the flux lines are 

thermally activated and overcome the pinning energy barrier of BTO in the matrix of YBCO allowing 

easy flux motion.  In the next section we shall study the temperature dependence of U0. We have used 

AH model to find its temperature dependence [42]. 

 

 

Fig.3.1.11. Magnetic   field   dependence of the activation energy U0 in YBCO with varying BTO 

concentration. The inset shows power law decay ~ U0 α H
- 

for 5 wt. % BTO. 

3.1.3.8. Temperature dependence of activation energy 

Fig.3.1.12. shows magneto-resistance data for YBCO pristine and 5 wt. % BTO added composite 

sample as a function of temperature under applied magnetic field, truncated at the point of onset of 

broadening. AH model [42] treats the magneto-resistance data without distinction between flux flow and 

flux creep to polycrystalline bulk YBCO consisting of Josephson weak links given by 

 = 𝑛[𝐼0(/2)−2                             (eq. 3.11)
 

 = 𝑈0 𝐾𝐵⁄ 𝑇 = 𝐴(1 − 𝑡)𝑞                 (eq. 3.12) 

Here, ρn is defined as the average normal resistivity of the junctions; I0 is the modified Bessel function.  

is the normalized barrier height for thermal phase slippage related as ~ U0/ KBT. For T close to Tc two 

temperature dependence of U0 have been proposed: q =2 [47] and q =3/2 [48]. The observed resistive 

broadening for granular weakly coupled grains are fitted with AH model for virgin sample and for 
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inhomogeneity induced in YBCO matrix with 5 wt. % BTO using eqn. 3.11 and 3.12. The resistive 

broadening of ceramic polycrystalline pellets fits well to the theoretical value with q ~ 1.5 ± 0.3 for 

pristine YBCO and ~ 2 ± 0.4 for 5 wt. % BTO inserted YBCO. The AH model defines as I1h/eKBTc 

where I1 is critical current without thermal fluctuations in a single junction. Wright et al. [49] have 

shown the U0 dependency on the microstructure (i.e. size, orientation and intergranular weak link). The 

AH model for 5 wt. % could not be well fitted for the tailing region. It may be due to the inhomogeneity 

induced broadening giving rise to additional thermal fluctuations. 

 

Fig.3.1.12. Magneto-resistance data fitted with AH model. Solid black lines shows the fits and symbols 

are the experimental data points for pristine and 5 wt. % BTO inclusions to YBCO.  

3.1.3.9. Hc2 determination 

Fig.3.1.13 shows the vortex glass transition boundary H (Tg) and the critical field at H (T10%), H (T50%) 

and H (T90%). Tg is the vortex glass transition temperature extracted using a derivative of T/ln(T,H) α 

(T-Tg) relation as used by Fisher et al. [50,51] and Zang et al. [52,53]. Fisher et al. [50,51] theory 

claimed a second-order phase transition  from vortex liquid phase (non-vanishing resistance) to a vortex 

glass phase (zero resistance) at glass-melting temperature (Tg) for bulk disordered superconductors. The 

upper critical field (Hc2) was calculated from the slope of the linear part for 10% of n points employing 

the standard theory of Werthamer-Helfand-Hohenberg (WHH) [54] given as                                                                                                                    

𝐻𝑐2(0) = −0.693 (𝑑𝐻𝑐2 𝑑𝑇⁄ )𝑇𝑐                 (eq. 3.13) 

Hc2 (0) for YBCO records ~73 T that decreases with increasing BTO inclusions i.e. ~ 60 T for 10 wt. % 

BTO. The diminishing value of (dHc2/dT) Tc and Hc2(0) with inhomogeneity BTO indicate the vortex 

decoupling across a grain boundary. The H(Tg) and H(T10%)  reflects upward concave curvature obeying 
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~ (Tc-T)
3/2 ±0.3

 power law behavior, however  H(T90%) and H(T50%) shows a steep rise. Several studies 

have been made earlier on single crystals and epitaxial thin films of YBCO that calculated Hc2(0) 

[55,56]. Single crystals of YBCO revealed high Hc2(0) values ~120 T and ~250 T along the 

perpendicular and parallel directions to the Cu-O2 planes respectively [57]. The calculated Hc2(0) values 

closely match with other reported values on bulk YBCO polycrystalline [58, 59]. The vortex glass 

transition boundary yields an upper critical field ~ 64 T for YBCO. 

  

Fig.3.1.13. Temperature dependence of the upper critical magnetic field. Solid fills and hollow symbols 

represents 5 wt.% and 10 wt.% BTO added to YBCO respectively. T90% ,T50%  and T10%  are points  where 

electrical resistivity drops to 90% of  n, 50% of  n  and 10% of  n. n  is the normal state resistivity. 

The inset represent upper critical field for pure YBCO where Tg represents the vortex glass transition 

boundary. 

3.1.10. Properties in the normal state (T >100 K) 

Another interesting aspect above 100 K in cuprates is the fluctuating cooper pairs that exist in HTSC 

above Tc i.e. around ~2Tc [60].  The nucleation of the superconducting state occurs in the temperature 

interval range 𝑇𝑐 < 𝑇 < 𝑇∗. The pseudogap region exhibits the properties of both normal state as well 

as superconducting state. T* is the Pseudogap temperature that appears as a deviation in linearity in the 

resistivity plot where [(𝑇) − (0)]/𝑇 ≠ 1 within the temperature scale 150-300 K. Since, defects 

are well- known to participate actively in pair breaking mechanism, we shall study its impact with BTO 

inclusions. As BTO raises the normal state resistivity as well as weak link resistivity so the grain 

boundary effect (𝑔𝑏) is also subtracted  [(𝑇) − (0) − 𝑔𝑏] /𝑇 ≠ 1 for 𝑇∗ calculation.  The grain 
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boundary effect is estimated using the work of Diaz et al. [43]. The percolation current conduction 

model relates the resistivity [61] as                             

 = 1 𝛼[ 𝜌𝑎𝑏 + 𝜌𝑤𝑙]⁄                           (eq. 3.14) 

Here, 𝜌𝑎𝑏 is the intragrain resistivity in the ab plane and has a constant value for single crystal. 𝜌𝑤𝑙 is 

the average weak link resistivity or the grain boundary resistivity given as 𝜌𝑔𝑏 across the grain 

boundaries and is temperature independent. The factor 𝛼 = 𝑓 × 𝛼𝑠𝑡𝑟 where, f is the path lengthening 

factor arising due to blocking of the current across the disoriented surface of anisotropic grains and αstr 

is due to the voids and microcracks. The derivative of eq.3.14 gives 

𝑑𝜌 𝑑𝑇⁄ = (1/𝛼)(𝑑𝜌𝑎𝑏 𝑑𝑇⁄ )                     (eq. 3.15) 

The 𝑑𝜌𝑎𝑏 𝑑𝑇⁄  value measured for single crystal is taken to be 0.5 μΩ cm K
−1

 [62]. 𝜌𝑤𝑙  is determined 

assuming intragranular resistivity 𝜌𝑎𝑏to have a negligible intercept at 0 K. 

𝜌0 = (1/𝛼)𝜌𝑤𝑙                                                (eq. 3.16) 

  

Fig.3.1.14. Variation of T* with BTO inclusions.  Arrow mark shows the shift in T*. 

 

Fig.3.1.14 shows 𝑇∗ as a function of temperature. The estimated T* values are ~ 160, 148, 146, 141, 135 

K for BTO incorporation of 0 wt. %, 1 wt. %, 2.5 wt. %, 5 wt. % and 10 wt. %. We observed an overall 

shift of T* towards lower temperature zone with BTO insertion. The decrease of the pseudogap region 

could be explained by the fact that defects prevent the coupling of fluctuating Cooper pairs hence, 

lengthens the region of linear behavior.  Our data reported is comparable with the optimally doped 

YBCO films (T* ~ 160 K) [63]. 
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3.1.4. Conclusions 

This section presents reports on the experimental findings by embedding ferroelectric BTO particles 

(<500nm) for YBCO composite formation and highlights the existence of superconductivity even after 

addition of 10 wt. % of non- superconducting BTO phase.   Addition of BTO accounts for rise of 

normal state as well as residual resistivity with slight shift of Tc towards lower temperature zones. The 

decrease of Tc0 could be correlated with BTO residing in the grain boundary that forms weak link or 

Josephson junction that result in progressive coupling of grains. The excess conductivity data at zero 

field revealed a dimensional cross over from 2D to 3D fluctuation as the temperature is lowered. The 

TLD values initially increases up to 2.5 wt. % giving a clue of enhanced sample quality but beyond 5 wt. 

% a decrease is observed. However, excess conductivity data at 8 T reveal a decreasing TLD values as an 

indication of field induced thermal fluctuation. The broadening induced tailing effect gives an 

understanding of thermal fluctuation arising with field implication. The analysis on vortex dynamics 

suggests a power law dependency of activation energy on field and temperature.  The BTO particles 

result in lowering of Hc2 and T* values. 
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Part 2: Resistive transition in YBCO/CNT composite 

3.2.1. Introduction 

In this section we have studied the temperature dependence of resistivity on a series of polycrystalline 

samples (1-x) YBCO + x CNT(x = 0, 0.1, 0.5,1.0, 3.0, 5.0, 7.0, 10.0 wt. %) prepared by solid-state 

route. We have reported the effects of CNT beyond 1 wt. % on YBCO by studying its resistive 

transition, X-ray diffraction, Elemental analysis. Greater emphasis has been focused on the conduction 

mechanism. 

 

3.2.2. Experimental Technique 

The synthesis technique of YBCO, CNT and a set of polycrystalline (1-x) YBCO + x CNT (x = 0, 0.1, 

0.5, 1.0, 3.0, 5.0, 7.0 and 10.0 wt. %) composite sample preparation were discussed in chapter 2. The 

phase identification was carried out using X-ray diffractometer with Cu K radiation. DC electrical 

resistivity measurement was done by four probe set up with a Nanovoltmeter (Keithley-2182) supplied 

with constant current source (Keithley-6221). Low temperature was achieved by cryo-cooler. Data 

acquisition was carried out with the computer controlled program. The surface morphology of the 

pressed pellets was investigated by scanning electron microscope (Model No. JSM-6480 LV, Make 

JEOL) attached with the elemental analysis characterization tool.  

 

3.2.3 Result and discussion 

3.2.3.1 Phase identification 

Fig.3.2.1 shows the diffraction pattern of the composite samples of (1-x) YBCO + x CNT(x = 0, 1, 3, 5 

7, 10 wt. %) that matches with JCPDS file no- 39-0486 using the Xpert Highscore software. Appearance 

of preferred orientation (00l) are shown with peaks indexed at (003), (004), (005), (006) and (007) in the 

XRD pattern of YBCO with highest intensity peak appearing at ~32. The major peak of CNT 

corresponding to (002) plane at 2θ =26.4◦ are not shown up in composite material. However, a small 

hump is detected above 1wt. % CNT insertion at 2 ~27.71. This secondary peak grows with the parent 

superconducting phase. Analysis of the peak reveals that the hump corresponds to carbonate phase. It 

may be inferred that CNT serves as a carbon source to YBCO. Some carbon content is lost while 

annealing the samples at 500 C in an oxygen atmosphere as CO2. However, with the increase of CNT 

content, broadening in the XRD peaks is shown with decreased peak intensity. Further, the peak at ~32 

undergoes modification indicating that carbon goes to the lattice site. Karen et al. [1] and Gotor et al. [2] 

have carried out refinement studies for YBCO grown in CO2 atmosphere which indicate that carbonate 

groups lies in the chain copper site. Yamamoto et al. [3] have analyzed that 60 % of carbon was 
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substituted to Cu at the chain site in the form of CO3
2+

 whereas the left over carbon remained at the 

grain boundary as carbonate impurities. These structural modification bears direct correlation with their 

transport properties and hence, the upcoming section will highlight its resistive transition in details.  

 

 

Fig.3.2.1. XRD pattern of YBCO / x CNT composite (x = 0, 1, 3, 5 and 10 wt. %). The symbol 

() indicate a carbonate phase. 

3.2.3.2 Morphological outlook 

The micrographs of YBCO pristine and (1- x) YBCO + x CNT samples are shown in Fig.3.2.2. The 

pristine YBCO shows elongated rod like grains randomly oriented in all directions. The microstructural 

changes observed after CNT addition restores rod like structure with a patchy network appearing across 

the grain boundaries. The mesh network content covers the grain as well as grain boundaries that 

increases with the concentration of the CNT; however the inter-grain connectivity remains packed. The 

enrichment of the inter-granular links plays an effective role in current conduction mechanism. The 

energy dispersive x-ray diffraction showed that the grain boundary is composed of barium, oxygen and 

carbon that agree with the data of Zang et al. [4] for YBa2CuO6+x sample annealed in CO2 atmosphere. 

The carbon content rises in the pathway between grains after CNT addition. This localization of carbon 

at the grain boundary is consistent with other reported data [3,4].  
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Fig.3.2.2. SEM micrographs of (1-x) YBCO + x CNT, x = 0, 3, 5 and 10 wt. % respectively. 

3.2.3.3. Electrical properties 

Fig.3.2.3 shows the temperature dependence of normalized resistivity as a function of CNT 

concentration at temperature 273 K (/273). The pristine YBCO record metallic linearity above the 

onset of transition temperature (Tc-onset) where the superconducting state sets in and shows zero resistive 

state at Tc0 as the sample is cooled. The tabulated data of Tc-onset in table 3.2.1 reveals interesting feature: 

converging Tc-onset is shown for low CNT (<1 wt. %) inserted samples whereas, higher concentrations of 

the CNT marks a diverging values shown in Fig.3.2.3. The Tc-onset first decreases for low CNT (<1 wt. 

%) and increases slightly above 1% CNT.  For converging Tc-onset samples a sharp fall in resistivity is 

identified, whereas the diverging ones are marked by broad transitions with a kink below Tc-onset showing 

double transition. The broad transition region has been investigated further using a temperature 

derivative data of resistivity shown in Fig.3.2.4. Careful observation reveals a single peak for 

converging Tc-onset samples and double peak for diverging samples marked as Tc1 and Tc2 in table 3.2.1. 

a b 

c 
d 
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At Tc1 superconductivity is attained in the grains, but the grain boundaries with CNT inserted still 

remains in the normal state.  

 

Fig.3.2.3. Temperature dependence of normalized resistivity /273 for YBCO and its composites with 

CNT variation (x = 0, 0.1, 0.5, 1, 3, 5, 7 and 10 wt. %). The two arrows indicate the variation of Tc onset 

with increasing CNT concentration in the sample. The inset shows the temperature dependence of 

normalized resistivity (/273) of CNT in the sample. Arrow indicates the rise of CNT from 0 to 10 wt. 

%. 

However, at Tc2 the grain boundary with CNT incorporation becomes superconducting and lengthens the 

zero resistance state. The Josephson coupling by tunneling mechanism across the grain boundaries leads 

to zero resistance state enabling the supercurrent to persist throughout the sample. The zero resistance 

state achieved at lower temperatures after inhomogeneity insertion is explained by proximity effect 

[5].Table 3.2.1 gives quantitative insight for the shift of Tc1, Tc2 and Tc0 with CNT inhomogeneities 

assertion. The low CNT content (<1 wt. %) marks the decay of Tc1 by ~2 K, but for CNT > 1 wt. % 

shows a marginal decay of ~1 K. The Tc2 decays at a much faster rate than Tc1. The double resistive 

transition has been well established as a general property of polycrystalline electron doped 

superconducting cuprates for Sm2-xCexCuO4-y [5], Nd2-xCexCuO4-y [6] and Nd1.85 Ce0.15CuO4-y[7] 

explained by the fact of granularity and coupling of the superconducting grains [5]. The large 

degradation of Tc0 values gives a clear sign of inter-granular modification induced by mesoscopic 

additives in the grain boundary. Additives raise the residual resistivity and modify weak link behavior. 

At temperatures below Tc0, a long range phase coherence of the zero resistance state is achieved by 

percolation conduction-like process that controls the activation of weak links between grains.  
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Fig.3.2.4. The derivative plot for YBCO/CNT (x = 0.0, 0.1, 0.5, 1, 3, 5, 7 and 10 wt. %) composite 

material where the single peak position marks Tc for low CNT content where as high CNT content 

records double peak Tc1 and Tc2.  

Table  3.2.1. Superconducting parameters associated with resistivity in YBCO/CNT composite system 

CNT (conc.) Tc0 (K) Tc1 (K) Tc2 (K) 

0 90.41 92.04 - 

0.1 86.89 90.02 - 

0.5 83.54 87.25 - 

1.0 82.80 85.51 - 

3.0 69.48 83.84 74.25 

5.0 55.83 73.29 61.18 

7.0 51.33 74.08 60.32 

10.0 47.73 75.23 58.84 

 

Above Tc-onset the normal state resistivity reflects considerably different attribute with CNT addition. The 

transition can be characterized by the linear metallic behavior for lower CNT( < 3CNT) content sample. 

Above 3 wt. % CNT a rise of semiconducting trend or upward turn i.e., negative temperature coefficient 

within temperature 100-273 K for CNT addition is shown in Fig.3.2.3. The inset displays the resistivity 

dependence on temperature for YBCO-CNT composite sample by subtracting the best polynomial fit for 

pure resistivity YBCO with that of the composite sample.  The normal state of the composite samples 

upto 3 wt. % CNT can be pictured by the formula  = 0 + AT
n
. Here, 0 represent the residual 

resistivity independent of temperature and the grain boundary gb
n 

reflects the role of the CNT in 
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the YBCO matrix which raises the resistance. However, beyond 5 wt. % a deviation from  = 0 + AT
n 

occurs. Addition of 10 wt. % CNT does not destroy the superconducting ordering completely, but an 

increased non-metallic feature with a highly reduced Tc0 is noted. Uchiyama et al. [8] have studied the 

carbonate effects in single crystalline YBCO which suggest that carbon inhibits the oxygen diffusion as 

in case of polycrystalline samples and effects the metallicity causing great impact on the CuO chain 

layer. 

 

 

Fig.3.2.5. Variation of T* in YBCO/CNT (x = 0, 0.1, 0.5, 1, 3, 5, 7and 10.wt. %). Arrow marks shows 

the shift in T* to lower temperature.
 

 

Superconductivity becomes apparent at Tc, but the fermion paring (Cooper pairing) begins much before 

Tc (i.e., around ~2Tc). T* known as pseudogap temperature has been estimated and discussed in section 

3.1.11. Fig.3.2.5 shows the shift of T* towards lower temperature zone with increasing CNT wt. %. The 

quantitative T * values recorded are 159, 139.27, 128.21, 122.35, 98.44, 84.60, 86.63, 90.84 K for x = 0, 

0.1 0.5,1,3,5,7,10 wt. % CNT addition. The lower values of T* on CNT introduction is a clear indication 

of decreased supply of carrier concentration induced by carbon mainly due to Cu chain site [8].Thus, the 

prevention of formation of fluctuating Cooper pairs lengthens the region of linear behavior.  Our 

reported data is comparable with the optimally doped YBCO films (T*~ 160 K) [9]. 
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Fig. 3.2.6. Fitting of resistivity data above 100 K for YBCO and with CNT variation (x =   0.5, 1, 5, 7 

and 10 wt. %). 

The conduction mechanism is studied for a disordered matrix of YBCO-CNT using weak 

localization theory [10]. According to the weak localization theory at temperature (T > 100 K) the 

temperature dependence of resistivity follows T
1/2 

given by(T) = (0)+AT+BT
1/2

 shown in Fig.3.2.6. 

Here, (0) defines the residual resistivity, the second term relates to the metallic behavior as seen in the 

normal state and T
1/2 

 gives the localization term. The theoretical equation fits well upto x =3 CNT 

however, for x= 5 CNT the data is fitted with log  vs T
-0.42

 shown in Fig.3.2.6.This behavior of 

resistivity is compared with the tunneling mechanism of activated charge carrier across the  grain 

boundaries in a granular metal [11]. For x= 7 and 10 wt. % CNT the resistivity data are interpreted in 

terms of metal insulator transition boundary fitted well with T-v 
 as proposed by Macmillan[12] 

and Larkin et al. [13] . The value of the exponent ‘v’ holds validity between 0.33-1. The metallic side of 

transition is given by v < 0.33 [14] and for v >1 falls on insulating side of metal insulating transition 

[15]. The fitted data reveal v = 0.62 and 0.68 for 7 and 10 wt. % added CNT. The fitted value lies 
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midway between the predicted values of v. It gives a clear indication that 10 wt. % CNT lies well below 

insulating threshold value. The conduction mechanism suggests that carbon acts as barrier for oxygen 

diffusion mechanism where the conduction proceeds from metallic to insulating transition.  

The fluctuation induced ordering in localized charge carriers are studied carefully by analyzing 

resistivity (T) plots shown in Fig.3.2.7. Section 3.1.3.2 discussed extensively on the theory of excess 

conductivity giving details of all the critical exponents correlated with dimension of fluctuation. The 

excess conductivity plot is shown in Fig.3.2.7 (a) upto 1 wt. % CNT (b) beyond 1 wt. % CNT 

representing two linear fits one with slope value0.5 for 3D fit and the other with slope 1 for 2D fit. The 

fits matches well for theoretically predicted values close to 1 and 0.5. In HTSCs the CuO2 conducting 

planes are coupled to charge reservoir layers. The 2D fit reflects the localization of cooper pairs in CuO2 

conduction plane at Tc onset temperature range [16]. The 3D nature highlights the intra cell coupling of 

CuO2 layer where the charge carrier’s tunnels through the resistive reservoir layer by charge transfer 

process at temperatures lower than Tconset.  As the temperature is lowered a crossover occurs from 2D 

regime to 3D region denoted by TLD. The TLD values are shifted towards lower temperature zone with 

CNT insertion tabulated in Table 3.2.2. The shift indicates that fluctuation conductivity depends largely 

on inter-granular modification induced by CNT inhomogeneities. TLD values lies close to the transition 

temperature (Tc1) in case of low CNT content. For samples with double peaks TLD lies close to Tc2. The 

coherence length (c) calculated using eq. 3.7 with d = 11.68 Å showed a continuous increment till 5 wt. 

% and decreased beyond that. The coupling energy attained a maximum value for 5 wt. % added CNT.  

 

 

  

Fig.3.2.7. ln () vs. ln () plot of YBCO/CNT (a) 0%, 0.1%, 0.5 %, 1 % (b) 3%, 5%, 7 %, 10% CNT 

concentration. 2D and 3D fitted regions are shown by straight lines marked with D and 3D. TLD refers 

to the crossover temperature i.e. the intersection point. 
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Table  3.2.2. The parameters extracted from Excess conductivity analysis in YBCO/CNT composite. 

CNT (conc.) TLD (K) c(A)     (J) 

0 99.98 1.705 0.085 

0.1 93.15 1.088 0.034 

0.5 93.84 1.604 0.075 

1.0 92.82 1.707 0.085 

3.0 87.38 2.455 0.176 

5.0 83.50 3.527 0.364 

7.0 78.34 3.191 0.298 

10.0 75.19 3.115 0.284 

 

3.2.4. Conclusions 

In this study, we have focused on the resistive transition of YBCO/CNT composite. The carbon based 

compound has been observed to modify the conduction mechanism in YBCO matrix marked by double 

peaks. A transition from metallic to insulating behavior is reflected with the increasing weight 

percentage of CNT. A mesh around the grain boundary is evident from surface morphology. The 

inhomogeneity introduced by CNT has close association with fluctuation conductivity where the TLD 

values are observed to decrease continuously. 
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4.1. Introduction 

This section aims at studying the effect of swift heavy ion (SHI) irradiation on DC electrical and 

magnetic transport property in YBCO/Y2O3 composite thick films. We shall focus on the combined 

effect of Y2O3 inclusions and columnar tracks on YBCO thick film prepared by diffusion reaction 

technique. In order to tailor the superconducting properties we have used 5 wt. % and 10 wt. % of Y2O3 

as a composite material to be mixed with YBCO matrix and irradiate it with 200 MeV of Ag ions.  

Since, 10 wt. % Y2O3 additions to YBCO have shown high levitation properties [1] so, we have chosen a 

lower concentration 5 wt. % and optimum concentration 10 wt. % of Y2O3. We have systematically 

studied electrical transport property for irradiated YBCO, 5 wt. % and 10 wt. % Y2O3 added YBCO 

film. Extensive studies have been carried in the past on excess conductivity to investigate the interplay 

between superconducting order parameter and the inhomogeneities in single crystal, polycrystals, bulk 

and thin films in YBCO [2-5]. However, very few works have been reported for fluctuation conductivity 

in irradiated HTSC samples [6]. Hence, this section of our work includes the impact of ion irradiation 

on structural disorder, resistivity, fluctuation conductivity and pseudogap temperature. 

4.1.1. Role of Y2O3 in YBCO 

The non- superconducting inclusions of Y2O3 are well-known artificial pinning agent that generates 

pinning sites in the matrix [7]. Nanoparticles of Y2BaCuO5 (Y211) [8] and Y2O3 [9] have shown 

improvements in current density Jc when added with YBCO.  Hence, Y2O3 has fuelled our interest to be 

added in the matrix of YBCO as a pinning center.  

4.1.2. Role of 200 MeV Ag ions in YBCO 

200 MeV Ag ions play the role of creating 1D columnar defect in YBCO matrix depending on its 

projection range in the film. 1D columnar defect created through irradiation process result in amorphous 

tracks of 5-7 nm diameters that serve as strong pinning agents when the track diameter is comparable to 

dimension of vortex core [10-12]. 

 

4.2. Experimental procedure 

The preparation technique of YBCO thick film and its composite with Y2O3 content varied as 5 wt. % 

and 10 wt. % has been discussed in chapter 2. The films with dimension 5  7 mm
2
 were irradiated with 

200 MeV 
107

Ag
+15

 ions. The irradiation process was carried out at the Inter University Accelerator 

Centre (IUAC), New Delhi with 15 MV tandem pelletron facilities. The ion beam was magnetically 

scanned over an area of 11 cm
2
 covering the entire sample. The irradiation fluence (Φ) used were 

510
10

, 110
11

, 310
11

, 510
11

, 710
11

, 110
12

 and 510
12

 ions/cm
2
. Fig.4.1 (a) shows the simulated 

TRIM data for 200 MeV Ag ions that yielded an electronic energy loss (Se ~ 25.18 KeV nm
-1

), nuclear 
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energy loss (Sn ~ 0.071 KeV nm
-1

) and the threshold value (Sth ~ 20 KeV nm
-1

). Fig.4.1 (b) shows the 

simulated projection range of 200 MeV Ag ion as ~ 12.66 μm, hence most of the Ag ions are expected 

to fully penetrate the superconducting film. A low beam current (0.1- 0.3 pnA) was maintained 

throughout the experiment. After irradiation, the samples were investigated for electrical and magnetic 

transport property. The phase identification was carried out with XRD and surface topology was 

analyzed by SEM. The temperature dependent electrical resistivity (T) was performed by DC four-

probe technique. The temperature was varied from room temperature to 10 K with temperature 

controller (Lakeshore 332). A constant current of 1 mA was applied to the sample with Kiethley Current 

source (Model 6221) and the voltage was recorded with Keithely Nanovoltmeter (Model 2182A). The 

data were collected by the computer controlled acquisition system.  

      

 

Fig.4.1 (a) TRIM simulated data for Ag ions in YBCO matrix showing Se and nuclear energy loss Sn. 

(b) The Projection range of 200 MeV Ag ions in YBCO films (~12.66 m). 

 

4.3. Result and discussion 

4.3.1. X- Ray Diffraction analysis for pristine and irradiated YBCO thick film 

Fig.4.2 shows the XRD pattern of YBCO pristine and irradiated films. Indexing of the pattern reveals 

that the films are orthorhombic in structure with space group Pmmm matching with YBCO structure 

having JCPDS File No. 39-0486. A well grown film with the axis of orientation along the c axis is 

highlighted. Less intense peaks of non c axis are also seen in the pattern. Since, our focus lies in 

studying irradiation effects on films, we shall have a closer look on the peaks emphasizing on peak 

position, full width half maxima (FWHM), peak intensity and irradiation induced strain. Fig.4.3 shows 

magnified (003) and (006) peak. A non-monotonic decrease in intensity as a function of ion fluence is 

clearly shown in the plot. The peak intensity first decreases at  = 510
10

 and 110
11

 ions/cm
2
. 

(a) (b) 
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However, for  = 310
11

 ions/cm
2
 peak intensity rises and on further application of high dose beyond 3 

10
11

 ions/cm
2
 the intensity decreases monotonically. The non-monotonic decrease of intensity is 

observed for all peaks.  

  

 

Fig.4.2. XRD pattern of YBCO thick film irradiated with 200 MeV Ag
+15

 ions with varying ion doses of 

510
10

 ions/cm
2
 to a fluence of 510

12
 ions/cm

2
. 

 

The FWHM increases as function of  and peak position shifts to the lower angle side. 

Fig.4.4(a) gives a vivid picture of the rise in FWHM with the impact of SHI. FWHM remains almost 

constant (~0.21) up to a fluence of 710
11

 ions/cm
2
. The change in FWHM beyond 110

11
 ions/cm

2
 is 

quite noticeable (~0.33). It is worth mentioning that no new peak arises when the films are subjected to 

ion matter interaction. To understand the modifications created by SHI, TRIM simulation is done as 

shown in Fig.4.1. The various parameters Se, Sn, Sth obtained throw light on the damage process. Since, 

Se > Sn (350 times) the modification has been dominated by electronic energy loss. With Se > Sth 

condition amorphized ion tracks are expected to grow in the films. For HTSCs, inelastic collision is 

favorable for producing tracks in the materials when Se is greater than the threshold value (Sth). The 

Coulomb explosion model [13] and Thermal spike model [14] explained the formation of cylindrical 

amorphized tracks along the ion path.  According to Coulomb explosion model the damage mechanism 

is driven by the coulomb interaction between incident ions and the target electrons.  The incident ions 

excite the target electrons, leaving behind a track or long cylinder of positive charges that explodes 

radially creating distortion due to the conversion of electrostatic energy to coherent radial atomic 
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movements, before being neutralized by other neighboring electrons. Thus the radial cylindrical shock 

wave results in track formation [13]. According to thermal spike model the kinetic energy transferred by 

the ejected electrons after electronic excitation to the lattice by electron–phonon interaction raises the 

local temperature of the lattice above the boiling point of the material. The temperature in the plane 

decays as the heat spreads radially and melts within a certain radius along the ion path. The raised 

temperature followed by rapid quenching (10
13

-10
14

 K/s) results in an amorphous ion track as the melt 

solidifies [14]. In the case of YBCO, if the electronic stopping power exceeded 8 MeV/micron, the 

whole energy incident to the material would be converted into electronic excitation. 

 

 

Fig.4.3. Lorentzian fitting of (003) and (006) plane plotted by varying ions fluence (ions/cm
2
). 

 

 

Fig.4.4 (a) FWHM of (00l) peaks with irradiation. (b) A fit to poisson’s equation for crystallographic 

plane (006). 

(b) (a) 
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  The 200 MeV Ag ions are known to bring about structural modification i.e. columnar defects 

with track dimension of the of the order of coherence length (). With the increase of irradiation dose, 

the number of latent tracks increases, that add amorphization to crystalline film. Since, these tracks lie 

embedded in the film, hence from the fall of intensity we determine the damage cross section from 

crystallographic plane given by eq. 4.1 

𝐼() =  𝐼0𝑒𝑥𝑝(−)  (eq. 4.1) 

I() denotes the integral intensity as a function of , I0 represents the integral intensity of pre-irradiated 

film and   designate the cross sectional area. The (006) plane is fitted with  eq. 4.1 shown in Fig.4.4(b), 

the linear region beyond 110
11

 ions/cm
2 

yield a cross section of 20.3 nm
2
, where the track radius is 

calculated to be ~2.54 nm. The latent tracks are highly amorphized zones filled with disordered 

material.  Creation of tracks by SHI has an impact on its neighborhood crystalline areas causing strain. 

Greater the damage cross sectional area, greater is the influence of strain in the neighborhood crystalline 

zones in the film. 

Structural modification studied by XRD enlightens the changes induced by SHI. The defects 

induced by 200 MeV Ag ions are predominately due to electronic energy loss Se. Iwase et al. [15] have 

shown an evolution of track ~5 nm in EBCO cuprate superconductors.  Biswal et al. [16] have reported 

a track radius ~1.9 nm in YBCO PLD film irradiated with 200 MeV Ag ions that induced strain over the 

cross sectional area ~37.9 nm
2
 in the film matrix and laid froth the idea of evolution of secondary 

electrons that generated point defects along the ion track. The group further emphasized that nearly 75% 

of incident energy was confined to 5 nm area i.e. the track dimension and the rest amount of energy was 

deposited outside the track within a range of 97 nm creating a halo of point defects around the track 

which was accounted for rapid decrease in peak intensity at low fluence (510
10

 ions/cm
2
). Moreover, 

the point defects generated by secondary electrons causes oxygen disordering in the basal plane of 

YBCO through the electron capture process [16,17]. The peak position (2) as well as peak intensity is 

highly dependable on oxygen content and disorder introduced in the crystalline matrix [18,19]. The 

calculated value of track radius ~2.54 nm from the XRD data is a comparable figure with the work of 

Biswal et al. [16]. Hence, we can attribute the shift in peak position to the disorder caused in the CuO 

chains and planes. Damage cross section calculation shows that only ~3 % of the film is damaged at  = 

510
10

 ions/cm
2
. With increasing  the thick films are gradually with filled tracks. For  = 110

11
, 

510
11

 and 510
12 

ions/cm
2
 damage zones introduced are ~ 6 %, ~30 % and ~ 60 % respectively. Hence, 

we record an overall decrease of intensity with the invading ion tracks generation. The damage induced 

due to SHI has great impact on electrical transport property which will be discussed. 
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4.3.2. Structural analysis for 5 wt. % and10 wt. % Y2O3 added YBCO thick film 

Fig.4.5 shows the diffraction pattern of 5 wt. % and 10 wt. % Y2O3 added YBCO composite thick films. 

The phases were confirmed to be orthorhombic at room temperature with a space group Pmmm. We 

observe all the peaks matching with the pristine YBCO phase with additional peaks appearing at an 

angle just below ~30. The secondary phase identified are () BaCuO2, (♦) Y2O3 and () Y211 at 27.8 , 

29.5, and 30.15 respectively. The secondary peaks are sustained after ion irradiation. The structural 

changes achieved by 200 MeV Ag ion impact i.e. columnar defects, showed decreased peak intensity 

with peak shifting to lower values of 2 and an increase of FWHM after ion irradiation. The plane 

possessing (00l) miller indices showed reduced peak intensity when considering the highest fluence 

510
12 

ions/cm
2
. The structural deformity discussed in the previous section estimated a track radius ~ 

2.54 nm formed along the ion path from the crystallographic planes for YBCO thick film [20]. 

Considering the damage cross-section of radius ~ 2.54 nm, we successfully explain the decreases of 

peak intensity to be associated with columnar defects resulting in amorphization in the film as fluence 

increases. To explore more on columnar defected system DC electrical resistivity study is laid forth in 

the upcoming section. 

 

 

Fig.4.5.  XRD pattern of ( a)  5 wt.% Y2O3 added film (b) irradiated film with Ф =  510
11 

(c) 510
12 

ions/cm
2
 (d) 10 wt.% Y2O3  added YBCO thick film (e)  irradiated film with Ф =  510

11 
, (f) 510

12 

ions/cm
2
. Symbol marks the secondary phase as () BaCuO2 (♦) Y2O3 () Y2BaCuO7-δ Y211due to 

addition of Y2O3.  
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4.3.3. Surface morphology 

   

Fig.4.6 (a) Cross-sectional view of the cut film. (b) Top view of the film measuring the thickness.  

 

Fig.4.6 (a) shows the SEM image of a cross section of the cut film. The thickness of the cut film has 

been measured by placing the sample in the holder and then rotating it by 5 shown in Fig.4.6 (b). This 

gives a distinction between the substrate and film. The measured thickness scale ranges within 10 μm. 

Well-distributed, densely packed randomly oriented grains are shown in Fig.4.7 that varies from 5 to 15 

μm. The microstructure reveals elongated rod-like structure in pristine YBCO. However, the composite 

and irradiated samples show rounded structures with sharp grain boundaries. Rangel et al. [21] have 

reported similar results of rounding of grain boundaries after electron irradiation on YBCO/Ag thick 

film. Major microstructural changes could not be pointed out since the changes involved by columnar 

defects are in nanometric order, whereas our analysis technique scale is 5m, hence, this aspect lies 

within the scope of future work. Though significant changes are not highlighted, but defects induced by 

microscopic, mesoscopic inhomogeneity’s modifies grain boundaries of the granular system that act as 

Josephson junctions for carrying current in the matrix of YBCO and hence the transport property will be 

studied in details in the forthcoming section. 

 

 

a b 
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Fig.4.7 SEM images of (a) pristine YBCO (b) pristine YBCO/5 wt.% Y2O3 (c) pristine YBCO /10 wt.% 

Y2O3 (d)-(f) samples irradiated with 200 MeV Ag ions with dose  5 10
12 

ions/cm
2
 for YBCO and 

YBCO composite (5 wt.% and 10 wt.%). 

 

4.3.4. Electrical transport property of YBCO thick film 

Two different regimes are identified in the Fig.4.8, one corresponding to the normal state that shows a 

metallic behavior (above 2Tc) and the other is the non-linear region below the onset of transition 

temperature. The normal state resistivity is found to be linear and fits in relation ρn (T) = ρ0 + T. ρ0 and 

a 

a b 

c 

f 

d 

e 



Chapter 4 Electrical transport study in irradiated YBCO composite thick films 

 

80 
 

  are obtained from the linear fitting of resistivity in the temperature range 150-250 K. The other 

region is characterized by non-linearity. The plot reveals distinct features (i) A systematic rise of room 

temperature resistivity in the films as a function of . (ii) Onset of superconducting transition (Tc-onest) 

that does not vary much with ion fluence and hovers around 94-96 K. (iii) Tcmf – mean field transition 

temperature taken as the peak position of the derivative plot of resistivity shows a non-monotonic 

decreasing function of . At the first impact of Ag ions with  = 5 10
10 

ions/cm
2
, Tcmf lowers by 1 K 

and then increases for 110
11

 and 310
11

 ions/cm
2
 (~90 K) and at higher doses Tcmf decreases 

marginally. (iv) The onset of global superconductivity or the zero resistance state marked by Tc0 in the 

plot is significantly affected. Irradiation has a major role to play in lowering Tc0 values from ~88 K of 

the pristine to ~76 K for highest fluence of 510
12

 ions/cm
2
. (v) Broadening in the superconducting 

transition is noticeable upon irradiation i.e. the transition width increases. Indication of grain boundary 

damage is revealed due to the columnar defect creation in the sample. Nucleation of superconducting 

state begins within superconducting grains (intragranular regions) which are extended to grain 

boundaries. The intergranular coupling of grain across grain boundaries occurs through Josephson 

tunneling and a superconducting pathway is generated in the entire sample, but due to structural 

deformities the macroscopic phase coherence is delayed, hence Tc0 decreases. Table 4.1 displays the 

values of Tc-onest, Tcmf and Tc0.  

 

Fig.4.8. Illustrates dependency of resistivity on temperature for pristine and irradiated YBCO thick 

films with varying ion doses (ions/cm
2
).  Tc-onset marks the onset of superconductivity, Tcmf denotes mean 

field transition temperature and Tc0 describes the zero resistance stage. 
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The increase in 0 implies defects appearing in CuO2 plane i.e. oxygen atom are displaced into 

interstitial position [22]. The change in slope 𝛼 = 𝑑𝜌 𝑑𝑇⁄  fitted in the linear region indicates the change 

in carrier concentration [23,24]. The increase in  is due to oxygen disordering in chains and planes, 

however its effects are pronounced at low ion fluence [22]. The overall decrease in Tc is accounted for 

columnar defects induced by oxygen disordering in the plane that serves as scattering centers. Though 

the defect percentage increases with  but lies within the percolating threshold limit i.e. ~ 60 % in the 

two dimensions, hence drastic decrease in Tc is not observed. Broadening of phase transition and 

widespread variation in Tc0 was explained by Hensel et al. through stress model [25]. The stress model 

stated that the underlying insulating tracks in the conducting matrix act as constrained for volume 

expansion causing stress around the tracks being responsible for broadening and decrease of Tc0. The 

slight shift in Tcmf and significant broadening at high fluence in YBCO films are recorded by different 

author’s [22,26] matches well with our data.  

Table 4.1 Superconducting parameters associated with resistivity for different ion doses. 

Irradiation 

dose(ions/cm
2
) 

Tc0 (K) Tcmf (K) Tc-onset (K) Slope  ρ0 (Ωcm) 

0 88.87 91.64 94.52 0.219 319.89 

510
10

 77.23 89.57 96.79 0.345 367.55 

110
11

 76.29 90.36 96.87 0.412 413.40 

310
11

 81.37 90.70 94.51 0.594 424.37 

510
11

 76.20 89.44 96.01 0.280 558.16 

110
12

 76.50 89.33 93.53 0.668 699.90 

510
12

 74.00 88.86 94.37 0.50 795.99 

 

4.3.5. Properties in the normal state (T >100 K) 

Deviation from linearity occurs in the resistivity vs. temperature plot at some elevated temperature T* 

where the pseudogap regime begins. Pseudogap region exists between Tc < T < T* marked by a 

decrease of the density of quasiparticle states at the Fermi level [27–29] and coexistence of 

superconducting and normal phase [30–32]. The nearly antiferromagnetic fermi liquid model explains 

the linear dependency of resistivity above T* by the stability of the Fermi surface of the normal-carrier 

scattering intensity [33]. At T* fermions couple into pairs forming bosons which condense at Tc. Phase 

coherence of the condensed bosons result in global superconductivity at Tc0. T* is obtained from the 

temperature dependent resistivity plot as discussed in chapter 3.1.10. The shift of T* towards higher 

temperature zone indicated that the formation of local pairs are activated upon irradiation. The fluence 
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 = 3  10
11

 ions/cm
2
 records the lowest value of T* but the next immediate fluence  = 5  10

11
 

ions/cm
2
 records the highest value in irradiated samples shown in Fig.4.9. 

 

Fig.4.9. Variation of T* with ion fluence in YBCO thick film irradiated with 200 MeV Ag
+15

 ions with 

varying ion doses of 510
10

 ions/cm
2 
to a fluence of 510

12 
ions/cm

2
. Arrow marks show the shift in T*. 

4.3.6. Excess conductivity studies in ion irradiated YBCO pristine samples 

The theoretical outlook of excess conductivity and its origin has been discussed in chapter 3. In the 

cuprates, superconductivity occurs in the CuO2 planes separated by charge reservoir layers. The 

confinement of localized pairs having incoherent phase moves in a plane is revealed by the 2D fit with λ 

~ 1 below T*. The 3D superconducting state is achieved by coupling of charge carriers along the c 

direction, however; the main pairing mechanism occurs in between the CuO2 planes. The long-range 

phase coherence region is fitted with λ ~ 0.5 at Tc-onset regime marked by 3D flow charge carriers shown 

in Fig. 4.10. As the temperature is lowered from room temperature to lower temperature, the transition 

from 2D to 3D occurs around transition temperature. The exact fitted values of the linear region and its 

associated parameters are tabulated in Table 4.2. The transition from 2D flow to 3D flow is marked by 

TLD called as the Lawrence-Doniac crossover temperature. The analysis revealed an expansion of 3D 

regime over a wide temperature range where the cross over temperature TLD initially shifts to lower 

temperature zone upto fluence (~3 10
11

 ions/cm
2
) then on a further increment of ion doses TLD shifts to 

higher temperature zone. With the influx of 200 MeV Ag ions, both c and coupling strength J are 

enhanced. Banerjee et al. [34] studied fluctuation conductivity in Pb doped Bi-2223 superconductors 
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irradiated with 100 MeV oxygen ions. Their studies revealed that with increasing , a dimensional 

crossover from 2D to 3D occurred which was accompanied by a decrease of c(0)  and J between CuO2 

planes. However, in our case for YBCO thick films c(0) and J increases with . The TLD values shifted 

to higher temperature zone i.e. the onset of 3D electronic state is enhanced. Khurram et al.  [35] have 

reported a shift of crossover temperature 3D- 2D to higher temperature zone in irradiated thin films of 

Cu1-xTlxBa2Ca1Cu2O8-d. Since no loss of oxygen occurs as a function of  only oxygen reordering takes 

in the basal plane, this affects the pairing mechanism of fermions causing localization in 2D character of 

quasiparticles. Table 4.2 shows the various cross over temperature and its associated exponent values. 

The variation in TLD with  indicates that intragranular region being modified by the invading ion 

tracks. Excess conductivity is an inherent intragranular property, hence highly influenced by 

inhomogeneity produced by APCs. The TLD values are higher than the Tcmf for pristine as well as 

irradiated samples. The TLD values for  = 5 10
10

 and 510
12

 are ~107 K, 112 K, but Tcmf recorded 

were ~88 K and ~89 K respectively. The thermodynamically activated cooper pairs are generated within 

the grains at a comparatively higher temperature, however due to intragranular structural deformities of 

columnar track and its associated stressed region Tcmf records lower value. The conductivity 

dimensionality switches from 2D to 3D to a higher temperature zone as a function of . The 3D motion 

is endured regardless of the insulating tracks. 

 

Fig.4.10. Log–log plot of excess conductivity as a function of reduced temperature  = (T -Tc) /Tc for 

YBCO thick films as function of Ag irradiation with  in ions/cm
2
. 
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Table 4.2 The parameters extracted from Fluctuation-induced conductivity analysis of YBCO pristine 

and irradiated samples. The exponent values are represented as λ2D for 2D, λ3D for 3D. 

Fluence() 

ions/cm
2
 

λ2D λ3D TLD (K) T* (K) c(Å) J 

0 1.00 0.51 102.16 157.57 1.978 0.114 

5x10
10

 1.15 0.59 107.07 187.28 2.581 0.195 

1x10
11

 1.03 0.57 102.95 184.87 2.179 0.139 

3x10
11

 1.14 0.51 99.735 146.70 1.843 0.099 

5x10
11 

1.07 0.57 103.51 193.51 2.316 0.157 

1x10
12

 0.96 0.54 106.18 169.41 2.536 0.188 

5x10
12

 0.98 0.57 112.39 167.44 3.005 0.264 

 

4.3.7. Electrical transport property of 5 wt. % and 10 wt. % Y2O3 added YBCO 

 

 

Fig.4.11. Temperature dependence of the electrical resistivity for (a) 5 wt. %  (b) 10 wt. %  Y2O3 

composite YBCO samples at different ion fluences denoted as a- unirradiated, b- irradiated with 510
10

, 

c- 510
11

, d- 110
12

, e- 510
12

 ions/cm
2
.  The parameters Tc-onset, Tcmf and Tc0 is marked by arrow heads  

 

Fig.4.11 shows the temperature dependent resistivity plot for irradiated YBCO composite thick film 

with varying concentration of Y2O3 inhomogeneities as 5 wt. % and 10 wt. %. When the density of 

defect lies below a certain threshold limit as in case of irradiated 5 wt. % Y2O3 added YBCO films the 

resistivity plot shows a linear behavior above Tc-onset followed by non-linear regime below Tc-onset as 

shown in Fig. 4.12(a). However, when the defect density increases beyond some threshold limits as in 

case of irradiated 10 wt. % Y2O3 added YBCO film above  ≥ 510
11

 ions/cm
2 

the resistivity data 
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records shooting up of resistance or upturn in resistance above Tc-onset shown in Fig. 4.1.12(b). The Fig. 

4.1.12(b) illustrates a signature of semiconducting behaviour above Tc-onset, but below Tc-onset a fall in 

resistance can be seen. This has been attributed to the rise of the defect percentage in the YBCO matrix 

consisting of dual defects with concentration double of 5 wt. % Y2O3 as well as ~ 60 %  of 

superconducting damage zones due to amorphous columnar track. Analysis of ion irradiated samples for 

both compositions reveals: an increase of slope value, rise of ρ0, monotonic decrease of Tcmf   and drastic 

decrease of Tc0 as a function of . The reason behind this scenario is well discussed in section 4.3.3 for 

irradiated YBCO sample. 

With the concentration increase of non-superconducting inclusions (Y2O3 and columnar defect) 

Tcmf   values lowers. The YBCO pristine thick film records Tcmf ~ 92 K [20], whereas 5 wt. % and 10 wt. 

% added Y2O3 films shows Tcmf   ~ 89 K and ~ 87 K respectively i.e. a decay of 2 K has been noted.  The 

5 wt. % added Y2O3 films when irradiated does not show drastic change, however records a lower value 

of Tcmf and Tc0 tabulated in Table 4.3. The irradiated  10 wt. % added Y2O3 films at  ≥ 510
11

 and 

510
12 

ions/cm
2
 shows superconducting transition at much lower temperature i.e. ~74 K and ~64 K with  

diminished Tc0 marked at ~ 62 K and ~ 47 K respectively. A sign of high defect density in 10 wt. % 

added Y2O3 films for  ≥ 510
12

 ions/cm
2 

from the resistivity data can be highlighted.  Moreover, 

upturns in resistivity for superconductors were reported under the substitution [36,37], composite 

formation [38] and irradiation [39] studies. The variations of superconducting parameters under ion 

irradiation are similar to that of YBCO substituted at different sites [40,41]. The damage that incurred 

during ion irradiation influenced almost all the superconducting parameters and the effect is quite 

noticeable due to synergetic defects of 10 wt. % Y2O3 inclusions and columnar defects.  

4.3.8. T* estimation for 5 wt. % and 10 wt. % Y2O3 added irradiated YBCO film 

The deviation from linear behavior in the ρ vs. T plot is marked by T* extracted in a similar manner 

discussed in chapter 3 shown in Fig.4.12.  Irradiation impact shows different T* behavior for 5 wt. % 

and 10 wt. % Y2O3 added YBCO films. Low defect density sample (i.e. irradiated 5 wt. % samples) 

marks an increment of T* values, whereas T* values decreases for high defect samples (i.e. irradiated 10 

wt. % samples). The enhanced values of T* may be accounted to the optimal defect density present due 

to irradiation in 5 wt. Y2O3 % samples.  However, in case of 10 wt.% Y2O3 irradiated films, overlapping 

of large number of defects leads to scattering centers, hence T* shifts to lower temperature zone. The 

data show a decreased value of T* when compared with other published articles for an optimally doped 

YBCO film [42] and single crystal [43]. Noteworthy difference lies for Ф > 510
11  

 ions/cm
2
 in 10 wt. 

% Y2O3 added sample where T* decreases significantly showing a highly resistive state (Table 4.3). T* 

is a carrier concentration correlated parameter [44,45]. 
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Fig.4.12. Variation  of T* with ion fluence in YBCO composite thick film irradiated with 200 MeV 

Ag
+15

 ions with varying ion doses for (a) 5 wt. %  (b) 10 wt. %  Y2O3. The samples are denoted as (a) 

unirradiated, (b) irradiated with 510
10

, (c) 510
11

, (d) 510
12

, (e) 510
12

 ions/cm
2
. Arrow marks show 

the shift in T*. 

Table 4.3 Resistive properties of the samples at different temperature. Mean field transition temperature 

Tcmf, zero resistivity temperature Tc0, onset of superconducting transition Tc-onset, residual resistivity ρ0,  

pseudogap temperature T*. 

Ion dose  

(ions/cm
2
) 

Tc0 

(K) 

Tcmf 

(K) 

Tc-onset 

(K) 
0 

(Ωcm) 

T* (K)    Tc0  

  (K) 

Tcmf 

(K) 

Tc-onset 

(K) 

ρ0 

(Ωcm) 

T* (K) 

  5 wt.%      10 wt.%   

0 84.24 88.96 90.61 251.20 142.52   75.88 84.57 87.87 374.98 143.12 

510
10

 82.13 87.81 89.64 407.66 161.90   71.22 80.96 83.20 495.61 140.90 

510
11

 79.22 86.77 88.64 557.44 163.77   65.48 79.31 82.43 696.89 126.87 

110
12

 78.09 85.18 88.36 676.28 160.61   62.07 74.14 76.38 835.58 118.61 

510
12

 76.87 84.37 86.27 855.10   158.65   47.59 64.95 65.06 916.66 98.32 

 

4.3.9. Excess conductivity studies in ion irradiated YBCO/5 wt. % Y2O3 samples 

The excess conductivity data has been obtained in a similar manner as described in chapter 3 using AL 

theory. Important conclusions have been drawn from excess conductivity plot shown in Fig.4.13 (i) the 

mean field region consisting of 3D-2D Gaussian fluctuation regime broadens on irradiation. (ii) The 

Columnar defects shift the TLD values to lower temperature zone. The critical region and zero 

dimensional regions are not shown in the graph to have a clean look; however, the fitted exponent 

values are tabulated in the Table 4.4. Irradiation adds columnar defects discussed earlier affecting 



Chapter 4 Electrical transport study in irradiated YBCO composite thick films 

 

87 
 

superconducting zone by creating amphophized zones. For  = 110
11

 ions/cm
2
 when the damage level 

is lower than  = 510
12

 ions/cm
2
 the  2D region broadens over a wide temperature range of ~ 26 K 

indicating  charge carriers confinement to CuO2 planes over a broad range of temperature scale.   

 

Fig 4.13.  Log  vs Log  plot. Three distinct regimes can be seen in the plot the critical region, mean 

field region consisting of 3D, 2D fits and the region below 2D represents zero dimensional fluctuations 

with exponent value ~ -2.   

At temperature T > Tc log-log plot shows a curve, bend downwards following fluctuation of the 

order of  ~ -2 representing a zero dimensional region. This region lies below T* where the pairing of 

electrons is stimulated and can be considered as  local as they do not interact with each other owing to 

the shorter coherence length of HTSCs termed as zero-dimensional 0D state. T0D shifts to higher 

temperature zone as function of . T0D corresponds to the crossover temperatures obtained from the 

intersection of linear fits between 0D and 2D region. This gives an indication of the early setup of 

localized pair formation due to optimum defect level induced by ion irradiation. The increment of c and 

J may account for reordering of spins of Cu atoms in the planes due to the increase in their c-axis length 

on irradiation and oxygen reordering in the CuO chains. Fig.4.14 shows the shift of TLD, Tcr, Tcmf and Tc0 

with ion influx giving an insight of variation of cross-over temperature. This further, helps us to predict 

the microscopic event that occurs at different temperature scales before achieving macroscopic phase 

coherence through percolation conduction at Tc. 
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Fig.4.14. Variation of TLD, Tcr, Tcmf  and Tc0 with ion influx. 

The critical region was first reported by Costa et al. and related it to weakly 1st order pairing 

transition [46]. The 3D XY model describes the critical behavior of a neutral superfluid with a two-

component scalar order parameter, such as liquid 
4
He [47]. The obtained Tcr values lies in the inter-

granular regime marked by progressive coupling of grains via Josephson junction. Tcr corresponds to the 

crossover temperatures obtained from the intersection of linear fits 3D and critical region. The critical 

crossover temperature was found to shift to lower temperature zone with defect introduction. However, 

we did not see critical regime for  = 1 10
11

, 5 10
11

 ions/cm
2
 in the excess conductivity plot. The 

researchers have shown the existence 3D-XY scaling even under weak to moderate magnetic fields [49]. 

Table 4.4 shows the various crossover temperature and its associated exponent values. The various cross 

over temperatures are TLD, T0D and Tcr. The observed TLD values are greater than Tcmf for all the samples. 

c and J matched well with reported data [48]. Both the intrinsic parameters are found to increase as a 

function of . 

Table  4.4. The parameters extracted from the fluctuation induced conductivity analysis of YBCO/5 wt. 

% Y2O3 pristine and irradiated samples. The exponent values are represented as λ2D for 2D, λ3D for 3D. 

Fluence() 

ions/cm
2
 

λ3D λ2D TLD (K) T* (K) c(Å) J λcr Tcr (K) λ0D T0D (K) 

0 0.52 1.10 100.58 142.52 2.11 0.13 0.16 92.21 1.96 109.62 

510
10

 0.48 1.06 98.98 161.90 2.08 0.12 - 89.39 2.09 124.35 

510
11 0.49 0.98 102.42 163.77 2.48 0.18 - 88.89 2.11 129.19 

110
12

 0.52 1.01 99.06 160.61 2.27 0.15 0.33 86.90 2.08 134.34 

510
12

 0.47 1.10 97.54 158.65 2.45 0.17 0.33 85.58 2.10 136.54 
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Fig.4.15 shows the temperature dependence of DC magnetization (M–T) at H = 500 Oe. The onset of 

diamagnetic state or Tc-onset ∼ Tc is shown in the plot. The pristine composite (5 wt. % Y2O3) sample 

records Tc ∼88.04 K. The Tc recorded by M–T plot complements to the transition temperature obtained 

from resistivity data. The Tc values noted for irradiated samples from M–T data are ∼86 K and ∼84 K 

for Φ = 5×10
11

 ions/cm
2
 and 5×10

12
 ions/cm

2
 respectively. The plot also mark the irreversibility 

temperature (Tirr) where the zero-field-cooled (ZFC) and field cooled (FC) curves begins to separate. 

The Tirr values decrease as a function of ion doses. 

 

 

 

Fig.4.15. M-T graphs at varying ion doses (a) Unirradiated (b) 510
11

ions/cm
2
 (c) 510

12
 ions/cm

2
. Two 

arrowheads are marked one representing transition temperature and another irreversibility temperature 

(Tirr). 
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4.3.10. Excess conductivity studies in ion irradiated YBCO/10 wt. % Y2O3 samples 

Fig.4.16. shows three distinct regimes corresponding to linear fits (i) near T* region, zero dimensional 

fit, (ii) above Tcmf, 2D fit and (iii) Near Tcmf, the 3D fit. The fitted exponent values are tabulated for all 

the samples in Table 4.5.  Important conclusions have been drawn from the plots (i) > 510
11

 

ions/cm
2
 records enhanced 0D region with lower T0D values that can be a consequence of defect 

overlapping accounting for the expansion of 0D region, where the paired charge carriers remain 

localized over broad temperature scale window. (ii) TLD shifts to lower temperature zone for = 510
12

 

ions/cm
2
 ~ 67 K which is indicative of superconducting order parameter being affected due to the 

introduction of columnar defects. Excess conductivity studies on irradiated thin films of Cu1-

xTlxBa2Ca1Cu2O8-reported a shift of TLD to higher temperature zone [35]. (iii) An expanded 2D region 

for = 1x10
12 

ions/cm
2
 is clearly shown indicating that the charge carriers confine to CuO2 planes over 

a broad temperature range. The importance of this study reveals that embedding of dual structural 

disorder in the YBCO matrix increases the number of grain boundaries and decreases the grain 

boundary coherence. Furthermore, with the increase in irradiation doses structural deformity increases, 

that has a direct influence on the intergranular grain boundary. As mentioned above grain boundary is 

affected more than the grain itself, hence the weak link effect adds to minor dimensional changes in the 

transport property [50]. This gives an appealing envision that the dynamics of fluctuation are highly 

microstructural oriented depending on inter as well as intra-granular inhomogeneities. Table 4.5 shows 

the various crossover temperature and its associated exponent values. Quantitative analysis reveals TLD 

values to be higher than the observed Tcmf for all the samples. A distortion in the CuO2 plane via ion 

irradiation affects the pairing mechanism and hence, the fluctuation induced conductivity varies [51]. 

 

Table 4.5 Parameters are extracted from Fluctuation-induced conductivity analysis of YBCO composite 

irradiated samples. The exponent values are represented as λ2D for 2D, λ3D for 3D and λ0D for 0D. 

Fluence() 

ions/cm
2
 

λ3D λ2D TLD (K) T* (K) c(Å) J λ0D T0D (K) 

0 0.50 1.01 89.54 143.12 0.24 1.41 2.18 103.70 

510
10

 0.51 0.98 87.24 140.90 0.27 1.62 2.06 111.46 

510
11 0.5 1.01 85.63 126.87 0.28 1.64 2.12 101.72 

110
12

 0.52 0.98 75.07 118.61 0.12 0.65 1.90 92.66 

510
12

 0.52 1.09 65.74 98.32 0.11 0.64 2.11 83.10 
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Fig.4.16. Log- Log plot of (a) YBCO/ 10 wt. % composite pristine thick film irradiated with varying ion 

fluence. Sample with different ion fluences are denoted as (b) 5x10
10

(c) 1x10
11

(d) 5x10
12

(e) 5x10
12

 

ions/cm
2
.  
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4.4. Conclusions 

In this work we have studied the impact of 200 MeV Ag ion irradiated thick films of YBCO and Y2O3 

(5 wt. % and 10 wt. %) composite films. The samples were subjected to SHI irradiation with varying ion 

doses and a systematic analysis is done for structural defects, microstructure modification and electrical 

properties for all the samples. The Poisson’s relation gives the track dimension ~2.54 nm. The shift in 

peak is attributed to oxygen disorder in the lattice. The resistivity graph shows an increase in residual 

resistivity with no sign of semiconducting nature, even for high dose 510
12

 ions/cm
2
 for pristine 

sample. The columnar defects play a vital role in regulating superconducting and normal state 

properties. Defects introduced due to ion irradiation decrease the XRD peak intensity, raises ρ0, lowers 

Tc0, and shifts the T* and Tirr values towards lower temperature zones. The Tcmf value does not vary 

drastically. However, a widespread value of Tc0 and broadening is explained by stress model. 

Fluctuation conductivity studies reveal (i) above Tc, the regime fits well to Gaussian fit and (ii) closer to 

Tc, the conductivity follows 3D XY E scaling. The broadening of 2D region upon ion irradiation could 

be attributed to structural deformities that bear a direct correlation with the various crossover 

temperatures TLD, Tcr, T0D.  
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5.1 Introduction  

The present chapter reports the flux pinning and critical current density attributes (Jc) in irradiated 

YBCO composite (5 wt. % and 10 wt. % of Y2O3) thick films and compare its result with pristine un-

irradiated thick films. We have used 200 MeV Ag ions, since the swift heavy ion creates amorphized 

columnar latent track whose radius is comparable to the vortex core (5-7 nm).  These columnar tracks 

are known as linear or 1D defect capable of trapping fluxoids motion and hence, affect pinning 

mechanism. Critical current density has been estimated by Bean’s critical state model using isothermal 

magnetization measurement. Our work focus on vortex pinning emphasizing on the role of dual defects 

i.e. inhomogeneity inclusions and structural disorder. To make this chapter self-contained attempt has 

been made to explain Jc and the pinning mechanism in composite samples. 

 

5.2. Experimental details 

The preparation technique of superconducting YBCO composite thick films with varying wt. % of Y2O3  

(0, 5.0 and 10.0) has been described in chapter 2. The effect of irradiation i.e. 200 MeV Ag ions on thick 

films is discussed in chapter 4 emphasizing on structural and resistivity data.  The irradiated samples 

with dimension 531 mm
3
 were used for magnetic studies (M-H measurement) using a physical 

property measurement system (PPMS) at UGC-DAE-CSR, Indore.  

 

5.3. Jc and Fp in YBCO irradiated samples 

 To study the effectiveness of ion irradiation on YBCO thick film isothermal magnetization 

measurement was performed at 40 K. The magnetization vs. field (M–H) loops for three samples are 

shown in Fig.5.1 corresponding to (a) pristine YBCO (b) irradiated at  = 510
11

 and (c) irradiated at  

=510
12

 ions/ cm
2
. The magnetization loops are visualized with a peak that decays exponentially in 

lower fields marked by saturation at higher field. Nevertheless, the hysteresis loop broadens for ion 

irradiated samples. A tangent drawn to the peak gives information on lower critical field Hc1. The Hc1 

values recorded are ~ 0.23 T, ~ 0.16 T and ~ 0.11 T respectively, for pristine and irradiated ones with 

increasing fluence. The Hc1 value decreases with ion influx. Below Hc1 lies the Meissner state and above 

it lies the vortex state. The magnetic loops remain open under the highest field reversal process upto 5 

T.  The ion irradiation at  = 5  10
12

 ions/cm
2 

results in significant broadening of the loop, but for an 

intermediate ion dose  = 5  10
11

 ions/cm
2
 the impact could not be visualized notably. The pinning 

properties induced by the silver ion irradiation account for broadening of the loop. The evolution of 

columnar defects plays a key role in pinning mechanism which will be discussed in the upcoming 

section.  Jc is evaluated from magnetization width using Bean’s critical state model [1] as  
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𝐽𝑐 =  
20 ∆𝑀

𝑎(1−
𝑎

3𝑏
)
                    (eq. 5.1) 

Here, a, b are the dimensions of the samples (thickness and width) where a < b, ΔM is the width of 

magnetization loop.  

 

Fig.5.1. M-H loop of YBCO and YBCO thick film irradiated with 200 MeV silver ions at different 

fluence.  

 

Fig.5.2 (a)The critical current density at 40 K. (b) Pinning force dependence at 40 K at various . The 

samples are identified as (a) pristine YBCO (b) irradiated at  = 5  10
11

 ions/cm
2
 (c) irradiated at 5  

10
12

 ions/cm
2
.  

The plot in Fig.5.2 (a) shows the dependency of critical current density on applied magnetic field. The 

pristine unirradiated YBCO records a maximum value of Jc ~1.02  10
5
 A/cm

2
 at 0.1 T. However, after 

(a) (b) 
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an irradiation dose at  = 510
12

 ions/ cm
2 
the enhanced value of Jc recorded is ~2.5  10

5
 A/cm

2
 at 0.1 

T. An increment of Jc by ~ 1.5 times is observed after columnar defects addition to YBCO thick films. 

Moreover, the shape of Jc plot reveals decay with field implication characterized with two different 

regimes: (i) a peak appearance at low field and (ii) a power law decay region.  Two distinguished 

current contributions are noted, first due to field-induced effect or peak effect that represents the 

intragrain current and second due to background effect due to intergrain current density, which will be 

discussed in section 5.6.  The decay of Jc in the lower field regime could be well fitted with a power law 

behavior as Jc H
-
.
  
The Jc vs H curves further help to analyze the effectiveness of pinning mechanism. 

The slow, gradual decay in current density can be visualized by the diminishing feature of M-H loops 

beyond 1 T field, but the loops do not closes.  The flux pinning attribute could be achieved by plotting 

Fp = Jc  H vs H as shown in Fig.5.2 (b).  The Fp value of pristine sample at 0.1 T is 1.310
8
 N/m

3
,
 

whereas for an irradiated sample at  = 5  10
12

 ions/cm
2
 gives an enhanced value ~ 2.7 10

8
 N/m

3
. The 

Jc and Fp values are tabulated for 0.1 T and 1 T is shown in Table 5.1. Thus the maximum values of Jc 

and Fp for pristine YBCO thick films are ∼1.06 × 10
5 
A/cm

2
 and ∼1.3 × 10

8 
N/m

3
 respectively at 40 K. 

 

5.4. Jc and Fp in irradiated YBCO+ Y2O3 (5 wt. %) composite thick film 

 

Fig.5.3 Hysteresis loops of YBCO/5wt. %  as function of SHI (a) at 40 K (b) at 60 K. Samples are 

identified as a- unirradiated, b- irradiated at 510
11

 ions/cm
2
 and c- 510

12
 ions/cm

2 
respectively both 

for 40 K and 60 K measurements. The arrow marks represent the direction of field.  

Fig.5.3 shows the isothermal M-H loops conducted at 40 K and 60 K respectively, for composite 

samples denoted as (a) pristine YBCO/Y2O3 (b) irradiated at Φ = 5 × 10
11

 and (c) irradiated at Φ = 5 × 

10
12

 ions/cm
2
. With the introduction ion induced defects, the magnetization width broadens as a function 

of , attributing to pinning properties. However, the irradiated YBCO composite measures greater ∆𝑀 
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values than the irradiated YBCO, indicative of modification induced by tuning of ion doses as well as 

ion energy by generating optimum defect density. For clarity, we have enlarged the region of maximum 

change of magnetic moment. In comparison to 40 K loops the M–H hysteresis loops conducted at 60 K 

are narrower since, the activation energy of the vortex is enhanced at higher temperature. Furthermore, 

the estimated Hc1 values for un-irradiated YBCO composite sample is ~ 0.16 T  that lowers after 

irradiation given by ~ 0.071 T and ~ 0.0437 T for  = 5 × 10
11

, 5 × 10
12

 ions/cm
2
 respectively.  

 

 

Fig.5.4. Field dependence of Jc obtained from hysteresis loops for 5 wt. % Y2O3 added YBCO (a) at 

40K and (b) 60 K for samples at different . The inset shows flux pinning attribute.  Samples represent 

a- unirradiated, irradiated at b- 5x10
11

 ions/cm
2
 and c- 5x10

12
 ions/cm

2 
respectively.  

The critical current density plot shown in Fig.5.4 has similar behavior as discussed above for a set of 

irradiated YBCO samples in section 5.3. The Jc reveals a strong dependency on the applied magnetic 

field. At lower field, the magnitude of Jc is of the order of ∼10
5
; however, with field application beyond 

2 T Jc decays by ∼10
2
 orders. Evolution of peak is sustained at 400 Oe at an isothermal temperature of 

40 K as well 60 K. An estimated maximum value of Jc at peak position 400 Oe corresponds to ∼ 1.27 × 

10
5
 A/cm

2
 for unirradiated YBCO composite, which shows improvement after ion irradiation at Φ = 5 × 

10
12

 ions/cm
2
  yielding Jc ∼3.15 × 10

5 
A/cm

2
. An enhancement in the critical current density by∼2.5 

fold has been observed after ion irradiation in YBCO composite samples at 40K. 

However, magnetization conducted at a higher temperature 60 K at 400 Oe shows a lower value 

of Jc ∼0.44 × 10
5
A/cm

2
 for unirradiated YBCO composite and ∼1.15 × 10

5
 A/cm

2
 for ion irradiated 

sample at Φ = 5 × 10
12

 ions/cm
2
. Beyond ~500 Oe a flat regime with a sparingly decrease of Jc values 

are shown. A flat regime in the Jc plot is also presented by other authors [2]. The critical current density 
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reflected in both the plots of Fig.5.4 falls typically by a factor of 10 at high magnetic fields which is a 

characteristic feature of granular bulk ceramic YBCO [3,4].   

The inset of Fig.5.4 shows Fp vs. H plot. The graph reveals an increase of Fp as a function of Φ. 

At 4000 Oe with constant temperature 40 K, the Fp values calculated are ∼1.9×10
8
 N/m

3
 for 

unirradiated YBCO composite and ∼3.28 × 10
8
 N/m

3
 for irradiated at Φ = 5 × 10

12
 ions/cm

2
. An 

enhancement has been observed in flux pinning properties after irradiation. The nano-sized artificial 

pinning centers (APCs) of 1D columnar defects induced through irradiation holds firmly the moving 

bundles of fluxons rendering it motionless at Φ = 5×10
12

 ions/cm
2
. A further enhancement in Jc and Fp 

values with and without irradiation has been observed for YBCO composite film (5 wt. % Y2O3) in 

comparison to the pristine one (YBCO). The magnified plot of critical current density and flux pinning 

at 40 K is shown to vary up to 3 T field in Fig.5.5 and 5.6 indicating the intra and inter- grain regime by 

straight lines. The Jc and Fp values are tabulated for 0.1 T and 1 T in Table 5.1. 

 

Fig.5.5. Critical current density for (a) pristine YBCO/5 wt. % Y2O3 and irradiated with (b)  = 5  

10
11

ions/cm
2
 (c) 5  10

12
 ions/cm

2
 at 40 K. Arrows indicate intra- and intergrain current contributions.

 

Fig.5.6. Flux pinning at different fluence at 40 K for YBCO/5 wt. % Y2O3.  
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5.5 Jc and Fp for irradiated YBCO + Y2O3 (10 wt. %) composite thick film  

Fig.5.7 shows the M-H loops below 3 KOe at 40 K for 10 wt. % Y2O3 added YBCO thick films 

irradiated with doses  = 5 10
11

 and 5 10
12 

ions/cm
2
. However, the isothermal loops were conducted 

up to 4 T, shown in the inset of the plot. As a result of invading columnar defects by SHI, the 

magnetization width decreases and follows a reverse trend in contrast to ion irradiated samples of 

YBCO and  irradiated YBCO/5 wt. % Y2O3 composite films, where ∆𝑀 increases as a function of  . 

As a consequence of structural deformity induced by amorphous track in the thick film the 

magnetization loops diminishes gradually as a function of . The demarcation line Hc1 between 

Messiner state and vortex state recorded are 0.098 T for un-irradiated composite, 0.11 T for Φ = 5 × 

10
11

 and 0.17 for Φ = 5 × 10
12

, ions/cm
2
.    

                                                                                                                                                                                                                                                      

 

Fig.5.7. Hysteresis loops for Magnetization as a function applied field with varying fluence during 

irradiation by SHI below 3 KOe for YBCO/10 wt. %. The arrow mark represents the direction of field. 

The inset displays M-H loops up to 4 T field. 

The critical current density plot shown in Fig.5.8 reveals the persistence of a peak at 1000 Oe 

with a decreased Jc value as a function of The maximum value of Jc recorded at 1000 Oe  is ~1.32 

10
5
A/cm

2
 for unirradiated YBCO composite (i.e.10 wt. % Y2O3 added) and ~ 0.6210

5
 A/cm

2
 for 

irradiated at = 5x10
12

 ions/cm
2
. A degradation of Jc by 2 fold has been observed due to the 

combination of dual defects (10 wt. % Y2O3 and columnar defects induced at = 5x10
12

 ions/cm
2
).  The 

decay in Jc (H) follows 1/H law above > 1000 Oe magnetic field till it reaches a field of 1 T. Above, 1 T 

field the curves show a flat regime with sparingly decrease of Jc values. Fig.5.9 shows the plots of flux 
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pinning force that decreases for irradiated YBCO composite films following a reverse order in 

comparison to irradiated YBCO and 5wt. % Y2O3 thick films.  An estimated decrease by ~2.5 fold is 

observed in flux pinning force at 0.1 T after ion irradiation i.e. Fp for unirradiated YBCO composite is 

~1.2 ×10
8
 N/m

3
, whereas the irradiated sample with Φ = 5 × 10

12
 ions/cm

2
 estimates  Fp  as ~ 0.5×10

8
 

N/m
3
 value. 

 

 

Fig.5.8. Field dependence of Jc obtained from hysteresis loops for YBCO/10 wt. % composite at 40 K 

with irradiation impact. 

 

 

Fig.5.9. Flux pinning vs Field for YBCO/10wt. % at 40K with varying . 

 



Chapter 5 Flux pinning and critical current density in irradiated YBCO composite thick films 

 

102 

 

Table 5.1 Critical current density and pinning force tabulated at 0.5 T and 1 T.  

Sample Fluence (ions/cm
2
)                      Jc (10

5 
A/cm

2
)  

0.1 T                       1 T                              

      Fp (10
8  

N/cm
3
)  

0.1 T                   1 T                              

YBCO Un irradiated 1.36 0.18 1.19 1.98 

 5x10
11

 1.50 0.254 1.65 2.60 

 5x10
12

 2.54 0.62 2.55 6.34 

YBCO/5 wt.% Un irradiated 0.90 0.26 0.82 2.60 

 5x10
11

 1.56 0.49 1.59 4.73 

 5x10
12 

2.06 0.78 2.03 8.12 

YBCO/10 wt.% Un irradiated 1.29 0.24 1.29 2.43 

 5x10
11

 0.58 0.19 0.92 1.97 

 5x10
12 

0.93 0.10 0.28 1.09 

 

5.6. Discussion  

We have reported an increase of Jc in irradiated YBCO sample with maximum Jc ~ 1.06 10
5
 A/cm

2
 and 

Fp ~ 1.310
8
 N/m

3
 [5]. A two fold enhancement of Jc value has been shown for irradiated YBCO 

composite (5 wt. % Y2O3) at  = 5 10
12

 ions/cm
2
 in comparison to unirradiated 5 wt. % Y2O3 films. A 

degraded performance has been shown for irradiated 10 wt. % Y2O3 added thick film.  

Eventually, we draw a conclusion after comparing all the Jc and Fp values that the synergetic 

impact of double defects i.e. 5 wt. % Y2O3 and columnar defects shows better superconducting 

performance in comparison to two other investigated systems (YBCO and the composite YBCO/10 wt. 

% Y2O3 system). Hence, the doubly added APCs enhance the critical current density and flux pinning 

property of pristine YBCO. The columnar defects play a key role in pinning the moving vortices only 

when the defect level is below a certain threshold level discussed below. 

The broadening of the loop for ion irradiated YBCO and YBCO/5 wt. % Y2O3 added films is 

attributed to structural modification generated by columnar defects induced by Ag ions. These columnar 

latent tracks play a key role in pinning the moving vortices. Consequently, the defects created pin the 

moving vortices and curb the flux lines motion. The generation of latent tracks has been well explained 

by the coulomb explosion model [6] and thermal spike model [7] in chapter4. Therefore, on applied 

magnetic field aligned parallel to the tracks, the latent track radius coincides with the vortex core. As a 

result the motion of fluxoids is inhibited. When a low field is applied, each vortex is trapped by latent 

track in the irradiated YBCO sample which pushes the values of Jc and Fp above unirradiated YBCO. 

But, in case of YBCO/5 wt.%Y2O3 film, besides flux trapping by latent track additional pinning sites are 

introduced by Y2O3 holding vortex at random points that records high Jc and Fp value than the irradiated 

YBCO samples. However, beyond 1 T a flat regime appears which represents regions where vortex 

interacts with the pinning sites but remain unpinned. The vortices are described as extended elastic 
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object that represents normal core regions in the superconducting matrix that increases with the increase 

in the field strength and begins to flow when unpinned.  Optimal flux pinning is achieved when the flux 

density equalizes the averaged defect density at matching field given by H  = n 0.  For H < H  

condition enhanced flux trapping is expected, as for low field almost all flux lines are pinned resulting 

in greater magnitude of Jc and Fp. But, in case of H > H more number of fluxoids exists and pinning by 

defects become insufficient causing vortex repulsion and hence, introduces dissipation responsible for 

dropping off of Jc and Fp values. In case of uniform defects a maximum value of Jc and Fp can be 

noticed around H, but, for non-uniform defects Jc values decreases well below H  attributable to 

clustering of defects that enables inadequate flux line pinning.  The H value for  = 110
11

 ions/cm
2 

yields ~3 T. Hence, in our case we observe a lower value of Jc below H  that can be attributed to 

clustering of defects due to non-uniformity.  

Consequently, we analyze our result using a schematic diagram shown in Fig.5.10. When the 

defect density is optimum as in the case of 5 wt. % Y2O3 films (Fig.5.10 (a)) its acts as random pinning 

centers with improved Jc value. Further, increment in Jc is noted with the introduction of columnar 1D 

defect in the composite sample (with 5 wt. %. Y2O3 embedding) irradiated at  = 510
12

 ions/cm
2
 (Fig. 

5.10(b)) indicating that the defect density still lies within optimal threshold limits. Nevertheless, 10 wt. 

% Y2O3 added pristine films (Fig.5.10 (c)) record higher Jc than 5 wt. % unirradiated sample indicating 

an improving characteristics due to Y2O3 particles acting as APCs. However, the irradiated 10 wt. %. 

Y2O3 composite film with Ag ions for  ≥ 510
12

 ions/cm
2
 (Fig.5.10 (d)) shows a degrading 

performance on the contrary to irradiated 5 wt. % Y2O3.  Fig.5.10 (d) is quite indicative that the density 

of defects has reached above threshold level as observed. The highlights of high defect density are 

shown by an upturn in resistivity data and decrease of ∆𝑀 in M-H data for irradiated 10 wt. % Y2O3 

added YBCO film.  In chapter 4 we have discussed the percentage of defect density arising due to ion 

irradiation doses being maximum i.e.~ 60 % in case of  = 510
12

 ions/cm
2
 responsible for upturn in 

resistivity in irradiated YBCO/10 wt. %. The electrical resistivity data due to scattering centers 

comprehend to the magnetic data responsible for lowering of Jc and Fp values due to overlapping of two 

kind’s of defects i.e. columnar and Y2O3 particles. The high concentration of defects in irradiated 10 wt. 

% Y2O3 thick films due to combination of dual defects in the samples has been accounted for degraded 

performance of critical current density. 

The overall decrease in flux pinning and critical current density of irradiated YBCO/10 wt. % 

may be attributed to the reasons mentioned below: (i) Number of non- uniform defects rises 

considerably due to overlapping of defects. (ii) The defect concentration included are 10 wt. % Y2O3 

(concentration double of 5 wt. %), columnar defects (amorphous tracks with high defect density ~60% 
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and other point defects formed during the ion impact. (iii) Moreover, the substrate Y211phase of YBCO 

used for thick film adds to another non-insulating defect. Thus, the reservoir is filled with multiple of 

defects denoted as shown by Fig. 5.10(d).  The vortices begin to flow when the Lorentz force exceeds 

the pinning force and dissipates energy by the process of thermally activated flux flow. The degradation 

of magnetic transport property in irradiated 10 wt. % of Y2O3 films may be inferred by overlapping 

defects. Further, it may be inferred that defect-defect interaction energy dominates the defect-pinning 

energy in the system. 

 

Fig.5.10. Schematic diagram showing density of defects variation within the sample (a) solid dots- 

representing 5 wt. % Y2O3  randomly oriented  (b) after irradiation at  = 5x10
12

 ions/cm
2
 tracks 

represented by circles  (c) double the amount of inclusions representing 10 wt.% Y2O3 (d) after ion 

irradiation at  =  5x10
12

 ions/cm
2
 with 10 wt. % Y2O3. Note the increase in defect density in (d). 

Besides, discussing the enhanced and degraded behavior of critical current density and flux 

pinning we have also analyzed the shape of the plots. All the Jc(H) plot exhibits two regimes: with 

contributions from (i) field induced effect or the peak effect representing the intra-grain current (ii) 

background effect due to inter-grain current marked in the plot. The pronounced peak effect in Jc plots is 

a characteristic feature of secondary phase present in YBCO samples [8,9]. The secondary phases 

generally associated during HTSCs preparation give a possible explanation for the origin of peak effect. 

The phases associated with YBCO thick films during our preparatory stages are Y2BaCuO5 and 

Ba3CuO8 and other phases are CuO, BaCuO2.  Moreover, the hysteresis loops marked by remnant 

magnetization on a field reversal process can be attributed to field trapping by the secondary phases as 

well by columnar defects. Santos et al.[10]  have reported  peak effect in bulk LaCaBaCu3O7 that 

possess a similar crystal structure  to that of  tetragonal YBCO caused due to field induced pins. 

Daumling et al. [11] claimed peak effect to be associated with field induced pins arising due to 

clustering of oxygen vacancy in CuO chains arising in low fields. The other regime is marked by power 
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law decay region representing intergrain current following scaling behavior Jc H
-
.  The decay is 

indicative of a percolation type network of Josephson junction [12] where the current detoriates across 

the grain boundary following the 1/H dependence [13]. Ingle et al. [14] studies on the magnetization of 

melt textured YBCO thick films at 77 K analyzed two discontinuities in the hysteresis data suggesting 

contribution from three different critical current densities present in the sample representing the current 

in intragrain, intergrain and the current due to granular upper surface. They modelled qualitatively the 

volume magnetization as Mtotal = f1Mintra + f2Minter + f3Mgranular, where Mintra, Minter and Mgranular describe 

the volume magnetization of each contribution with f1, f2, and f3 are weighting factors that depended on 

film microstructure. The hysteresis magnetization data of our sample have some similar feature with 

that of Ingle et al. [14] reported work. 

 

5.7. Conclusions 

The major highlights of this chapter reveal that an optimal defect density in the sample acts as an 

effective flux pinning agents, giving an enhanced current density and flux pinning values.  Defect 

density greater than optimal enables clustering of defects hence, the efficiency of current carrying 

capacity is reduced because of vortex dissipation. The samples under investigation shows irradiated 5 

wt.% of Y2O3  concentration gives maximum enhanced values of Jc and Fp below 1 T and above 1 T the 

trend follows that of bulk YBCO ceramic. Among the unirradiated samples 10 wt. % Y2O3 addition 

shows upgraded magnetic properties. 
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6.1. Introduction 

This chapter deals with YBa2Cu3O7-/Ag composite thin film grown by pulsed laser deposition. In this 

chapter we have analyzed the combined effect of Ag (secondary phase -3D APCs) and SHI irradiation 

(1D–APCs) on YBCO film. The whole idea behind this work was to visualize the effect of double APCs 

i.e. 3D and 1D for pinning efficiency and observe the change in critical current density.  

 

6.2. Experimental details 

The preparation technique of YBCO/Ag film with details of growth condition has been discussed in 

chapter 2. The optimized laser deposition time of 10 min yielded a film of thickness nearly ~100 nm on 

LaAlO3 (LAO) substrate. LAO substrate has been used for lattice compatibility with YBCO [1]. The 

films were irradiated with 200 MeV 
107

Ag
+15

 ions using the 15 MV tandem pelletron accelerators at 

IUAC, New Delhi. TRIM simulation for 200 MeV of Ag ions revealed a projection range ~ 12 μm 

shown in chapter 4. Since, the  projectile range is greater than the film thickness, hence most of the Ag 

ions were expected to fully penetrate the superconducting film. To prevent the sample heating during 

irradiation, a low ion beam current (0.3 to 1 pnA) was maintained. Phase analysis was done using CuKα 

radiation by X-ray powder diffraction (XRD) (PW 3020 vertical goniometer and 3710 X' Pert MPD 

control unit). The operating voltage and input current supplied are 30 kV and 20 mA respectively with 

θ-2θ geometry. Rutherford backscattering spectroscopy (RBS) measurements were made on pristine 

YBCO/Ag film at IUAC New Delhi using 1.7 MeV 
4
He

+
 ions. Raman spectra were obtained using Ar 

ion laser with 514.5 nm wavelength with 50 mW powers at IUAC New Delhi. Magnetization hysteresis 

was conducted at 40 K SQUID system at UGC-DAE-CSR, Kolkata. Jc and Fp was estimated from the 

magnetization measurement.  

6.3. Result and Discussion for unirradiated YBCO/Ag film 

6.3.1. Electrical Transport property in unirradiated YBCO/Ag film  

The temperature dependence of the electrical resistivity is shown in Fig.6.1 (a) with varying magnetic 

field H = 0, 4, 8 Tesla (T). The data reveals an onset of superconducting transition temperature (Tc) at 92 

K. However, it achieves zero resistance state at much lower temperature ~75 K leading to broadening of 

transition width. Broadening of resistive transition is highly pronounced with application of magnetic 

field that lowers Tc0 values. The resistivity below Tc exhibits a non-ohmic behavior due to intergranular 

modifications. Fig.6.1 (b) shows the temperature derivative of resistivity data with H = 0, 4, 8 T. We 

observe a peak called as mean field transition temperature (Tcmf ). The zero resistance temperature or 

global resistivity (Tc0) decreases since, these temperatures are comparable to irreversibility or depinning 

temperatures [2]. The applied field plays a major role in decreasing Tc0. This is explained well by the 
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fact that lowering the temperature increases the pinning strength, hence the pinning force. When the 

Lorentz force per unit volume exceeds the pinning force per unit volume (FP), electrical resistance is 

introduced because of flux flow. This results in a shift of zero-resistance temperature downwards as the 

magnetic field increases. 

.   

Fig.6.1 (a) Temperature dependence of the electrical resistivity for silver doped YBCO sample under 

magnetic field application.  (b) Plot of dρ/dT versus temperature of silver doped YBCO thin film under 

magnetic field application of 0, 4, 8 T.  

6.3.2. Hc2 determination 

 

 Fig.6.2. Upper critical field versus temperature phase diagram is shown for the points where electrical 

resistivity drops to 90 % of n, 50 % of n and 10 % of n, shown by Tc-onset and Tmid  and Toffset.  n is the 

normal state resistivity. 

(a) 
(b) 
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In the Fig.6.2, we have plotted the H-T phase diagram for the thin film corresponding to the 

temperatures, where the resistivity drops to the 90 % of the normal state resistivity (n), 50 % of n and 

10 % of n. The linear extrapolation of the lines on field axis at T = 0 K, gave the values of high critical 

field Hc2(0) as 217.73 T, 95.23 T and 62.29 T corresponding 90 % of  n ,  50 % of  n  and 10 % of  n  

respectively, using the Werthamer-Helfand-Hohenberg (WHH) formula [3] discussed in chapter 3. The 

zero temperature coherence length (0) was also obtained using Hc2(0) values in formula, (0) =

(
0

2𝜋𝜇0𝐻𝑐2⁄ )1/2, where 0  is given by 2.067 10
-15

 Tm
2
. The calculated values of (0) are 12.2 Ǻ, 

18.5 Ǻ and 22.9 Ǻ for the Hc2 at 90 % of n, 50 % of n and 10 % of n respectively.    

6.3.3. Magneto-Resistivity of YBCO/Ag film 

 

Fig.6.3. Plot of excess conductivity versus reduced temperature of YBCO/Ag thin film. 

Fig.6.3. shows the excess conductivity plot of YBCO/Ag composite thin film extracted from the 

resistivity data using AL theory as discussed in chapter 3.  The data is fitted with AL theory for the fixed 

values of exponent  1.0 and 0.5 by varying the coefficients for 2D and 3D regions. The plot can be 

broadly classified into two regions namely mean field region and the shortwave fluctuation region. The 

mean field region comprises of 2D and the 3D fluctuation regime. The 2D region is characterized by 

exponent value  = 0.1 and for 3D regionis given by 0.5. This value has a good agreement with other 

reported values in thin films [4,5]. The crossover temperature between 2D region and 3D fluctuation 

region defined as TLD decreases with field implication. TLD decreases by 10 K with 8 T applied field. 

Interesting feature evaluated is the dimensional fluctuation occurring between 2D and 3D that sets in 

faster for zero applied field to the film. However, field delays the onset of 3D characteristics due to the 
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presence of normal vortex core generating resistive dissipation. The various superconducting parameters 

are tabulated as Tc0, Tcmf, TLD and T2D-SW are shown in Table 6.1. 

 

Table 6.1. Field dependence of different superconducting parameters. 

 

Field (T) Tc0 (K) Tcmf (K) TLD (K) T2D-SW (K) 

0 70.89 87.60 94.87 109.76 

4 64.26 84.01 85.59 124.47 

8 57.25 80.79 82.84 126.99 

 

6.3.4. Field dependence activation energy    

Thermally activated flux flow (TAFF) is thought to be a major factor for the unusual broadening of 

the resistive transition as discussed in chapter 3. This has been shown by Arrhenius plot in Fig.6.4 (a).  

We have extracted constant values of the activation energy U0 by evaluating the slope in the low 

resistivity regime (0 < ρ < 1 μΩcm) shown by straight lines in ln ρ vs 1000/T curves. The activation 

energies extracted are shown graphically in Fig.6.4 (b). The magnetic field dependence of the activation 

energy U0 suggests decay behavior.  

 

 

Fig.6.4. (a) Arrhenius plot of YBCO/Ag thin film on varying the magnetic field upon 8 T, doped with 

silver. (b) Magnetic   field   dependence of the activation energy for YBCO/Ag film. The slope is shown 

by straight lines. 

 

 

 

(a) (b) 
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6.3.5. RBS analysis 

Fig.6.5. shows the RBS spectrum of YBCO/Ag film. The simulation performed highlighted the presence 

of elements such as Y, Ba, Cu and Ag in the PLD film. The data matches quite well with the reported 

work on the role of Ag in PLD YBCO thin films by Kalyanaraman et al. [6] and revealed the existence 

of all the elements stated above. The analysis reveal that the film constitutes of ~0.83 wt. % Ag though 

we have used 1 wt. % Ag in the YBCO composite target in the film.  

 

Fig.6.5. RBS spectra of the unirradiated YBCO/Ag thin film. 

 

6.4. Result and Discussion for irradiated YBCO/Ag thin film 

6.4.1. Phase Analysis for YBCO/Ag irradiated samples 

Fig.6.6 shows the XRD pattern of YBCO/Ag unirradiated and irradiated film. The pattern shows well 

defined peaks.  Indexing of the pattern reveals that the films are orthorhombic in structure with space 

group Pmmm. Peaks in the graph have preferred orientation (00l) of YBCO. The peak due to substrate is 

marked as LAO. No peaks of silver appears in the XRD pattern, it may due to low concentration (3 at. 

%). SHI brings remarkable difference in the film. 200 MeV Ag ions are known to bring about structural 

change i.e. columnar defects of the diameter ~ . After irradiation at fluence 5x10
12

 ions/cm
2
 the 

changes noted are (i) peak intensity at (004) and (007) reduces to a great extent. (ii) The peaks shifts to a 

lower angle value indicating an increase in d spacing caused by the strain of the incoming ions in the 

film. Biswal et al. [7] have shown that the complete amorphization occurs at fluence of 2x10
13 

ions/cm
2
 

where the peaks corresponding to (004), (007) is lost. SRIM gives calculative insight to understand the 

mechanism of ion track formation. 200 MeV Ag ions having charged state +15 has an electronic energy 

loss (Se) = 25.18 keV nm
-1

, the threshold value (Sth) = 20 keV nm
-1

  and nuclear energy loss (Sn) = 0.071 

keV nm
-1

  travels a distance of ~ 12 μm in the film [8]. As Se > Sth amorphous ion tracks are expected to 
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be formed along the ion path. Since, the range of ion beam is much greater than the film thickness (~100 

nm) the ions are expected to penetrate deep into the substrate.  Ag implantation in the film is eliminated 

as the range of ion is greater than the film thickness. These amorphized tracks are highly disoriented and 

have no contributions to XRD reflections. As the crystalline volume fraction decreases with exposure of 

ion irradiation, the intensity of (00l) peaks decrease. We also observe a decrease in a and b parameters 

of the cell volume and an elongation along the c axis. This is attributed to the radial stress generated by 

the SHI forming disordered amorphized latent tracks along the c axis. The parameters are tabulated in 

Table 6.2. 

 

Fig.6.6. XRD pattern of  unirradiated YBCO/Ag thin film and irradiated  200 MeV Ag
+15

 ion with a 

dose of 510
12

 ions/cm
2
. 

 

6.4.2. AFM Analysis 

The surface morphology of an unirradiated YBCO/Ag composite film is shown in Fig.6.7 (a) the 

topography matches with the existing literature [9,10]. The modification of topography after SHI 

interaction is shown in Fig.6.7 (b), (c). The image at (b) shows some erosion feature i.e. piling up of 

mass at some spots and depression in few places. The irradiated sample at  = 510
12

 ions/cm
2
 i.e. (c) 

reflects a spiky or hillock feature.  The erosion feature can be attributed to particles sputtering induced 

by ion beam whereas hillocks feature could be explained by numerous or multiple hits by 200 MeVAg 

ion or overlapping of damaged zones. Lakhani et al. [11] have studied the impact of 200 Au ions on 

single crystal of YBCO observing craters, dikes, holes and ripples. The average roughness and rms 

roughness increases after ion irradiation. 
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Fig.6.7. AFM images of (a) unirradiated YBCO/Ag film (b) irradiated at 510
11

 ions/cm
2
 (c) irradiated 

at 510
12

 ions/cm
2
.
 

(a)YBCO/Ag film 

(c) 5x10
12

 

ions/cm
2
  

(b) 5x10
11

 

ions/cm
2
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6.4.3. Raman analysis 

Fig.6.8 shows the Raman spectrum of YBCO/Ag pristine and irradiated films with varying fluences. 

Five active vibrational modes in Raman spectra for pristine YBCO/Ag film have been shown.  A 

perovskite YBCO unit cell has five different oxygen sites which gets activated under the influx of 

photons :  O(1) in CuO chains, O(2,3) in CuO2 planes, O(4) in the apical chains and O(5) lie in between 

the oxygen chains and are empty in orthorhombic structure. The active vibrations of atoms along the c 

axis are identified at peak position ~ 502 cm
-1 

representing the stretching of apical oxygen or the 

bridging oxygen O(4) denoted as O(4), ~ 440 cm
-1  

corresponds to
 
 the in- phase vibration of O(2)-O(3) 

oxygen atom in CuO2 plane marked as O(2,3)  and ~ 340 cm
-1

  comply to out-of-phase c axis vibration 

of O(2)-O(3) oxygen atom in CuO2 plane labelled as O(2,3) respectively [12]. The other two Raman 

active modes are vertical along the c axis given by Cu(2) atoms (~ 154 cm
-l 

) denoted as Cu(2) and Ba 

atoms (~116 cm
-1

) marked Ba. Our data matches well with different experimental and theoretical groups 

[13-15]. 

 

Fig.6.8. Micro-Raman spectra of (a) unirradiated YBCO/Ag film (b) irradiated YBCO/Ag films with 

200 MeV of Ag ions using dose 510
11

 ions/cm
2
 (c) ion dose 510

12
 ions/cm

2. 

The effect of 200 MeV Ag ions on the films resulted in significant changes in the spectra. Spectrum (b) 

and (c) clearly show deactivation on apical oxygen at 500 cm
-1

. The frequency of the apical oxygen line 

shifts to the lower frequency side; peak softening as well as broadening becomes significant upon 
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irradiation. However, the peak diminishes for a higher dose 510
12

 ions/cm
2
. The frequency of the 

apical oxygen O(4) is associated with the oxygen stoichiometry of the YBCO films [16]. Huong et al. 

[17] have related the frequency of the O(4) Raman  mode and oxygen content through  the following 

empirical  relationship.   

𝛿 = 0.027 𝐴 − 6.58                         (eq.6.1) 

where  νA  is  the  wave number  of  the  O(4) mode given  in  cm 
-1

.  On  the  other  hand,  oxygen 

content is calculated  from  the c axis  length  using  the  following relationship [18,19]  

𝛿 = (12.771 − 𝑐)/0.1557                (eq.6.2) 

Linear relation is portrayed between oxygen content and the c axis lattice parameter. The c axis tends to 

increase with the decrease in oxygen content. Table 6.2 shows oxygen content () evaluated using 

frequency of Raman mode and c axis of XRD spectrum. Table 6.2 gives an insight of oxygen 

suppression occurring on the apical site and lengthening of the c axis due to irradiation. A blue 

frequency shift of the O (4) Raman mode denotes an increase in the distance between the CuO2 planes. 

This increase in distance hinders the charge coupling and weakens electron-phonon coupling yielding 

poor superconducting properties. Tc is a highly oxygen dependent parameter and fulfillment of oxygen 

configuration in O(4) sites is required for 90 K superconductors.  

A strong Raman mode at 600 cm
-1

 arises for spectra (c) irradiated with dose of 510
12 

ions/cm
2
. 

Few research groups associate this mode of vibration to Ba2Cu3O5.9 phase [20].  Other research group 

reported that ∼ 600 cm
-1

 peak appears in low oxygen content samples replacing O(4) mode in the 

spectrum [21]. 600 cm
-1

 mode is typically present in oxygen deficit YBCO single crystals and 

polycrystals [22]. Though the origin of 600 cm
-1

 vibration mode is still elusive, but it is widely accepted 

as an influence of defects i.e. oxygen vacancies in the CuO chains that break the crystal inversion 

symmetry and make some infrared modes Raman active. Two other changes observed with decreasing 

oxygen stoichiometry are 154cm
-1

 peak softens slightly and the 340 cm
-1

 peak hardens.  

Table 6.2 Different parameters calculated using XRD and Raman spectra. c is the lattice parameter 

along Z direction, V is volume of the unit cell,   is oxygen content, νA is frequency of apical oxygen. 

Sample  c (Ǻ ) V (Ǻ
3
)  (from XRD) νA (cm

-1
)  (from Raman) 

YBCO/Ag 11.68(2) 174.49(1) 0.19(2) 504 0.01(3) 

5x10
11

 ions/cm
2
 - - - 498 1.4(4) 

5x10
12  

ions/cm
2
 11.71(3) 170.32(2) 0.37(3) 497 0.26(1) 
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6.4.4 Magnetic transport property 

Fig.6.9 shows the Magnetization vs field (M-H) of YBCO/Ag thin films. The measurement was done at 

40 K with a DC magnetic field parallel to c-axis. Enhancement in pinning is strongly angle-dependent. 

When the magnetic field is parallel to latent ion tracks, the track radius coincides with that of the vortex 

core, hence enhanced pinning effect can be noted. However, the magnetic loop decreases with 

irradiation doses and show hysteric behavior. The magnetization width of M-H graph decreases for 

doses 510
11

 and 510
12

 ions/cm
2
.  

To understand M-H plot, a graph of critical current density versus field is shown in Fig.6.10 (a). 

The figure depicts much information (i) YBCO/Ag pristine film without irradiation has highest Jc 

recorded at 40 K (ii) Film irradiated with 510
11

 ions/cm
2
 fluence shows lower Jc but the fall of Jc with 

field is less when compared with pristine film. (iii) Dose of 510
12 

ions/cm
2
 has a drastic effect on the 

film and Jc has a small value. Flux pinning (Fp) vs field (H) is shown in Fig.6.10 (b).  Fp initially 

increases upto a fluence of 0.3 Tesla and then form plateau upto 0.5 Tesla but for higher field, pinning 

effect decreases because of penetration of vortices. Fp = Jc  H, is highest for pristine and decreases 

with various ion doses. The value of Jc and Fp depends largely on the flux pinning capacity of APCs. 

With the magnetic field switched on flux line penetrates the films in the form of vortices. These 

extended elastic vortices not only interact with each other but also with crystallographic defects. 

Effectively pinned vortices lead to enhanced Jc. The vortex-vortex interaction increases the dissipation 

due to Lorentz force at higher field and loops have diminishing characteristics.  

 

Fig.6.9. M–H loops for pristine YBCO/Ag film and irradiated films with fluence Φ = 5 × 10
11

, 5 × 10
12

 

ions/cm
2
. 
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Fig.6.10  (a) Thcurve depicts Jc vs. H for pristine and irradiated samples with ion doses 5 × 10
11

 

ions/cm
2
 and 5 × 10

12
 ions/cm

2
 of Ag.  (b) Field dependent flux pinning for pristine and irradiated 

samples with fluence of 5 × 10
11

 ions/cm2 and 5 × 10
12

 ions/cm
2
 of Ag. 

 

6.5. Conclusions 

We report the synergetic effects of Ag addition and 200 MeV Ag irradiation on YBCO films. SHI create 

structural defects called as columnar defects that modify the transport property. Nevertheless, the results 

show a decline of Jc providing substantial evidence of damage occurring in the quality of thin films after 

irradiation. Large numbers of defects are brought by the columnar defects which, results in failure of the 

flux pinning mechanism. We support our results by Raman data  interpretations  where the spectrum  

shows  a strong  oxygen loss  depicted by the  frequency  of the 500 cm
-1

 and the formation  of local  

impurity phases upon irradiation.  Raman peak is strongly sensitive to the oxygen content; it is 

downward shifted as the oxygen concentration is depressed. The  formation  of  local impurity  phases  

as  a  result of  ion  irradiation is supported by the spectra  where  the  temperature  during  irradiation  is  

expected  to  be significantly  high.  
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7. 1. Conclusions  

The work carried out in this thesis is concerned with the impact of various artificial pinning centers like 

BTO, CNT, Y2O3 and Ag on the superconducting properties of YBCO. The modification induced by 

swift heavy ion on YBCO composite thick films and YBCO/Ag composite PLD thin films is another 

interesting aspect studied in this thesis. This chapter discusses the major conclusions drawn from the 

work done and ends with a brief note on the future scope of work. 

  

7.2. Conclusions drawn from the work 

In this thesis superconducting samples have been prepared by different routes such as bulk sintered 

through solid state reaction, thick film by diffusion reaction and thin film by pulsed laser deposition. All 

the samples investigated constitutes of YBCO composite, the well-studied system of HTSC. The prime 

objective was to study the pinning effect developed due to artificial pinning centers and estimate the 

critical current density in YBCO composite. Besides this we have also investigated DC electrical 

resistivity in bulk composite system. 

The ferroelectric BTO was added to YBCO with varying concentration forming composites of 

(1-x) YBCO+ x BTO (x = 0.0, 1.0, 2.5, 5.0 and 10.0 wt. %). XRD confirmed the formation of 

orthorhombic phase of YBCO with a space group Pmmm.  The appearances of BTO phase was confirmed 

in the composite above 2.5 wt. % BTO particles addition.  The morphological analysis revealed the 

granular nature of YBCO and affirmed that BTO resides at the grain boundary of the granular matrix 

filling up the cracks and voids. In absence of magnetic fields the superconducting parameters i.e. the 

mean field transition temperature decreased sparingly, but the onset of global zero resistivity state at Tc0 

reduced by 6 K for 10 wt. % marked by an increase in residual resistivity. Near the zero resistance state, 

the two-stage nature of the superconducting transition was evident due to the occurrence of a shoulder 

below the maxima in the temperature derivative of resistivity marked by a broad transition.  We have 

interpreted this behavior as an evidence of precursor effects on the macroscopic phase coherence of 

superconducting grains. Further, the effects of BTO in fluctuation conductivity have been analyzed  

which revealed the occurrence of two fluctuation regimes close to and above Tc  characterized by the 

critical exponents λ1 = 0.5 and λ2 = 1 and were interpreted as 3D and 2D Gaussian regimes, 

respectively.  The critical fluctuation region with λcr = 0.16 was also identified closer to Tc. Excess 

conductivity plot at 8 T identified the presence of 2D-3D gaussian regimes followed by critical regime 

and short wavelength fluctuation region. The signature fits of 2D and 3D Aslamazov-Larkin equation in 

excess conductivity plot matched well for all the composites in zero field and 8 T applied field. The 

crossover from 2D to 3D behavior has been found to shift towards higher temperatures with increasing 
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BTO percentage. The analysis on excess conductivity at 8 T suggests the manifestation of Gaussian, 

Critical and Short wavelength fluctuations regions.   

The magneto-resistance of bulk polycrystalline (1-x) YBCO+ x BTO superconductor was 

further analyzed. The onset of global superconductivity and transition temperature of the sample has 

been observed to decrease with BTO incorporation as well as on application of magnetic field. Below 

the onset of superconductivity (T <Tc) the resistivity followed a remarkable broadening giving a tailing 

effect in presence of magnetic field. The field impact has a dominating effect than the BTO particles 

thereby lengthening or broadening of resistive transition giving lower values of Tc0. The Tc0 values for 

10 wt. % BTO composite is nearly ~ 84 K whereas after 8 T field Tc0 value recorded is ~ 48 K. The 

broadening of resistive transition in presence of field has been studied using thermally activated flux 

flow. The thermally activated flux flow decreased with increase of magnetic field strength and BTO 

concentration. The magnetic field dependence was found to be related as H
-0.5

. The temperature 

dependence of the activation energy was interpreted using the Ambegaokar and Halperin phase-slip 

model that related as t
q
 with q = 3/2 and t = (T/Tc). The upper critical field values were calculated 

employing Werthamer-Helfand-Hohenberg formula. The activation energy and the upper critical field 

slightly decreased with BTO incorporation. The pseudogap temperature shifted to lower temperature 

values has been attributed to inhomogeneity BTO addition which prevents the coupling of localized 

fermion pairing. The insertion of BTO upto 10 wt. % remains within metallic threshold limits and does 

not hamper superconducting properties drastically, but allows slight decreases of Tc onset by ~3 K.   

Another composite (1-x) YBCO+ x CNT (x = 0, 0.5, 1.0, 3.0, 5.0, 7.0 and 10.0 wt. %) was 

investigated for temperature dependence of electrical transport properties prepared through solid-state 

route. The diffraction pattern matched well for the orthorhombic phase of YBCO with the presence of 

impurity peak due to CNT assertion. The well-defined granular nature of high Tc superconductor was 

apparent with microscopy analysis. The grain boundaries were marked by meshy region rich in carbon 

content. Temperature dependence of resistivity revealed a continuous decrease in Tc with double 

transition appearing for composite samples above 1 wt. % CNT. With the increase in defect density due 

to CNT marked an upward turn in resistivity above the transition. The decreased supply of carrier 

concentration induced by carbon residing in the Cu chain site inhibits oxygen diffusion process that 

leads to lower values of T*. The conduction mechanism in YBCO revealed weak localization effect for 

low CNT concentration , intermediated with a tunneling mechanism for 5 wt. % CNT and power law 

behavior similar to metal-insulator transition for higher  wt. % CNT.  The excess conductivity marked a 

good theoretical fit for 2D and 3D regime with the crossover TLD shifting to lower temperature zone 

with CNT incorporation.  
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Furthermore, a systematic study on swift heavy ion irradiatied YBCO thick films with the 

condition of Se > Sth has been investigated. The films were prepared by diffusion reaction technique of 

thickness ~12μm. The XRD analysis emphasized on the role of 200 MeV ions as to form amorphous 

zones of ~2.54 nm causing damage. Thus, the intensity of crystallographic plane decreased with the 

influx of ions with the introduction of damage cross-section area in the thick film induced by amorphous 

zones. For fluence   = 110
11

, 5 10
11

 and 5 10
12 

ions/cm
2
 the damage zones introduced are ~ 6 %, 

~30 % and ~ 60 % respectively.  The damage induced by columnar defects via irradiation played a vital 

role in regulating different normal state and superconducting properties marked by the rise of residual 

resistivity, decrease of mean field transition temperature and zero resistivity state as function of .  The 

broadening of resistive transition and widespread variation in Tc0 was explained through stress model. 

Fluctuation conductivity revealed the existence of 2D and 3D Gaussian regimes with a shift of crossover 

temperature to higher temperature zone as a function of .  

The synergetic effect of 200 MeV Ag ions on YBCO composite thick film with varying Y2O3 (x 

= 5 wt. % and 10 wt. %) has been analyzed. XRD analysis confirmed the formation of YBCO phase 

with the evolution of Y2O3 peaks shown by decreased peak intensity after ion irradiation. The 

superconducting state is highly correlated with the mesoscopic and microscopic inhomogeneities and 

hence  deeply participate in the modification of superconducting parameters i.e. Tc, Tcmf and Tc0. The 

Y2O3 and the latent tracks play a crucial role in decreasing transition temperature. The normal state 

resistivity trend for 5 wt. % and 10 wt. % Y2O3 added film portrayed different picture. When the defect 

density is high, as in the case of irradiated 10 wt. % Y2O3 ( = 5 10
12 

ions/cm
2
) added film the 

resistivity data  showed an upturn in resistivity unlike irradiated 5 wt. % Y2O3 added film that showed 

metallic behavior. Excess conductivity analyzed the presence of 2D, 3D region with the predominance 

of 2D fluctuation after the ion matter interaction process.  

The observed magnetization data at 40 K revealed an improvement in the performance of Jc and 

Fp in YBCO thick due to the increment of single defect entity Y2O3. An increment of Jc by 1.5 times 

was observed at 1 T after Y2O3 addition i.e.  0.1810
5
 Acm

2
 (for unirradiated YBCO) to 0.2810

5
 Acm

2
 

(for 10 wt. % Y2O3 added YBCO thick film).The sole impact of swift heavy ion on YBCO thick film 

resulted in enhanced Jc and Fp values. An enhancement of Jc by ~3.5 times at 1 T was achieved i.e.  

0.1810
5 

Acm
2
 (for unirradiated YBCO) and 0.6210

5
 Acm

2
 (irradiated YBCO at  = 5 10

12 

ions/cm
2
). The impact of dual defects i.e. columnar defects at  = 5 10

12 
ions/cm

2
 and 5 wt. %Y2O3 

inclusions in YBCO thick films were identified for optimal defect density recording highest values of Jc 

and Fp as 0.7810
5
 Acm

2 and 8.1210
8 

N/cm
3
 respectively at 1 T. However, the irradiation effects for 10 

wt. % Y2O3 samples showed a degraded performance of Jc and Fp by a factor of 10 at low field. The 
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optimum defect density criteria must be achieved for effective pinning which does not happen in the 

case of 10 wt. % Y2O3 irradiated film; hence the superconducting properties are suppressed. Thus, we 

conclude that for the 10 wt. % of Y2O3 added film the defect-defect interaction energy dominates over 

the pinning energy due to defect-vortex interaction. When the damage level is very high i.e. overlapping 

of tracks, leads to suppression of superconducting pathway, that degrades the film quality. The interplay 

of two kinds of artificial pinning centers i.e. 1D nanometric columnar defects created by 200 MeV Ag 

ion and Y2O3 (5 wt. % and 10 wt. %) influence all the superconducting properties of the YBCO thick 

films. 

The work done on PLD deposited YBCO/Ag (1 wt. %) composite thin films (~100 nm) 

revealed well grown film with transition temperature ~92 K. The impact of double defects i.e. 

amorphous ion track induced with 200 MeV silver ions and silver has been studied. X-ray diffraction 

showed decreased peak intensity that broadens after irradiation. The AFM images gave a clear 

indication of film damage at  = 5 10
11

 and 5 10
12 

ions/cm
2
 showing erosion feature and spiky nature 

respectively. Raman spectra showed the loss of apical oxygen O(4) at 500 cm−1and the appearance of a 

defect peak at 600 cm−1 on irradiation. The defect peak corresponded to vibration mode of Ba2Cu3O5.9 

phase that grows as a function of . The synergistic impact of Ag and columnar defects generated by 

irradiation, deteriorate film property that impedes the flow of supercurrent. The degraded performance 

has been correlated to overlapping of defects that suppress Jc and Fp. 

 

7.2. Future works 

The thesis work could be expanded further to enhance in depth understating as stated below. 

 Advanced understanding towards atomic positions and structural arrangements could be 

analyzed by Rietveld refinement of the XRD data at room temperature as well low temperature 

at 90 K. The vibrational mode could be well analyzed with low temperature Raman 

spectroscopy technique to understand peak softening and oxygen content information and to 

correlate its structural properties. X-ray photoelectron spectroscopy (XPS) technique could be 

used for compositional analysis, site occupancy and oxidation state to have complete structural 

information.  

 The microstructure analysis by high resolution transmission electron microscopy (HRTEM) 

could be used to know the exact track dimension rather than determining it indirectly by 

poisson’s relation.  
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  In situ irradiation experiments could be quite effective studies. The work on the diffusion 

process thick film could be well extended to purely pulsed laser deposited films. The thin films 

could be bombarded with a variety of ion species considering the threshold value. Ion 

implantation on films could be studied as another interesting feature to understand the pinning 

mechanism. Simulation work on SRIM can be carried out to understand the experimental 

findings.  

 

 


