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Synopsis 

Hole-doped superconductors form a major part of the high TC superconductors 

(HTSC). However, there is another interesting class of compounds namely electron doped 

cuprates which are relatively less investigated [1]. A study of various aspects of the 

electron doped cuprates indicates that they exhibit both similarities and differences with 

the hole-doped compounds. For instance copper-oxygen (CuO2) plane is the crucial 

building block for both of them. There is a general consensus that the pairing necessary 

for High TC superconductors involves interplay between doped charges and 

antiferromagnetic spin correlations [2]. In both the classes of cuprates, there exist charge 

reservoir layers which play the crucial role of the suppliers of charge carriers for the 

CuO2 planes responsible for the superconductivity in these compounds. Nevertheless, the 

compounds belonging to the electron doped class exhibit conspicuous differences from 

that of the hole doped with respect to their normal (N) and superconducting (SC) states 

properties. For instance, the functional dependence of the resistivity of optimally electron 

doped Nd1.85Ce0.15CuO4 (NCCO) with respect to temperature (T) is observed to be nearly 

quadratic(T2), which  is in contrast to the behaviour of the optimally hole doped 

La1.85Sr0.15CuO4(LSCO) where the resistivity remains linear in T for a very large 

temperature range [2]. The resistivity behaviour in the latter (hole doped cuprates) has 

been attributed to be an outcome of non-Fermi-liquid behaviour. Another major 

difference between electron and hole-doped materials lie in their respective phase 

diagrams. In the electron-doped materials, the anti-ferromagnetic (AFM) phase spreads 

much larger in extent and persists up to higher doping levels than that of the hole doped 

times narrower than their hole-doped counterparts. The two ground states (SC and AFM) 



occur in much closer proximity to each other and may even coincide unlike in the hole-

doped materials [1]. 

Among these interesting classes of superconductors, we have chosen 

Nd1.85Ce0.15CuO  (optimally electron doped) for our studies, which has a TC= 24 K. In 

the synthesis of the compound Nd1.85Ce0.15CuO4 various material issues remain unclear 

including the exact role of the dopant and reduction step absolutely necessary to induce 

superconductivity[3]. Furthermore, granularity is an essential feature of this 

superconductor as is the case with many of the novel unconventional superconductors and 

needs to be investigated in detail. In a granular superconductor microscopic 

superconducting grains are separated by non-superconducting regions; Josephson 

tunneling between the grains establishes the macroscopic superconducting state. In order 

to understand the intricate interplay of superconducting grains and no-superconducting 

regions, we have performed detailed investigation of granularity effects in the 

polycrystalline superconducting sample Nd2-xCexCuO4 (x=0.15), synthesized under 

various annealing conditions, using magnetic field and current dependent electrical 

resistivity measurements.  

The effect of silver addition on ceramic superconductors has always been a topic 

of interest as in many cases it has resulted in an improvement of superconducting 

properties [4]. Studies on the introduction of silver into high-TC superconductors like Bi

(Pb) Sr Ca Cu O and YBa2Cu3O7 have revealed that Ag addition improve their 

structural and superconducting properties. Ag addition also leads to the enhancement of 

critical current density (Jc) of almost all bulk high temperature superconductors including 

the rare earth cuprates, MgB2 and rare earth iron pnictides, mainly due to an improvement 

in inter-granular coupling [5]. Furthermore, the electron doped cuprate Nd1.85Ce0.15CuO4 

(NCCO) is a unique example of a very highly granular ceramic superconductor system. 



The effect of Ag addition in modifying the properties of this system and granular nature 

has not been performed earlier.  This can be very important from the point of view of 

basic research as well as technological applications because Ag is used as cladding for 

HTSC wires. Interestingly, in addition to critical current density even the essentially 

intrinsic properties like upper critical field (HC2) can improve upon addition of Ag, as 

seen in YBCO/Ag composites [6]. Hence, in the case of NCCO, the effect of Ag addition 

on superconducting properties may be considerably different and worth investigating. 

Therefore, in continuation of our studies on the polycrystalline sample of the electron 

doped superconductor Nd1.85Ce0.15CuO we have investigated the influence of materials 

modification by silver addition on the above properties such as critical current density 

(magnetization measurements) and upper critical field (magneto transport measurements). 

The primary motivation of venturing into thin films Nd1.85Ce0.15CuO was to 

tackle the problem of granularity. Single crystals and oriented thin films of 

Nd1.85Ce0.15CuO  do not show any double transitions in the resistivity behavior with 

respect to temperature [7, 8]. This is perhaps due to the fact that their increased crystal 

size, crystallographic order and better homogeneity may lead to a reduction in the overall 

granularity and weak link behaviour. However, we have to compromise on some other 

aspects like TC (usually lower 2 atmosphere instead 

of N2O) and the associated synthesis of high quality films or single crystals is not an easy 

task. An even more intriguing characteristic of these materials is that the long range anti-

ferromagnetic order in electron doped Nd2-xCexCuO4 can exist even for larger values of x 

-existence with superconductivity [9]. Magneto-resistance of 

the under doped as well as the as grown electron doped cuprates (non-superconducting) 

has already provided new information regarding the coupling between the charges and 

background magnetism [10]. It is observed that the resistivity is sensitive to the interlayer 



magnetic order. Hence, it would be interesting to study the magneto resistance of the 

Nd1.85Ce0.15CuO both in its non-superconducting state (where we expect the magnetic 

properties to be prominent) and the superconducting state. Keeping the above intricacies 

in mind, we have synthesized Nd1.85Ce0.15CuO thin films and have studied their 

magneto transport and magnetization behaviour.  

The thesis is organized into six chapters and the contents of each chapter are summarized 

as follows 

Chapter 1 presents a brief introduction about electron doped superconductors which 

involves a discussion on the electronic phase diagrams of the HTSCs. The comparison of 

superconductivity of the electron doped superconductors with their counter parts, i.e. the 

hole doped superconductors has also been discussed in detail as this forms an important 

part in understanding the mechanism of superconductivity of HTSC. This is followed by a 

discussion on the salient features of the electron doped superconductor Nd1.85Ce0.15CuO4. 

The advent of granularity, challenges in synthesis and the crucial reduction process for 

the emergence of superconductivity in this system have been described. A section has 

been dedicated to provide a comprehensive review on the effect of Ag addition on various 

HTSC materials. A brief review on the thin films of electron doped superconductors has 

also been presented focusing on Nd2-xCexCuO4 thin films. 

Chapter 2 contains a brief description about Pulsed Laser Deposition which was the 

technique used for depositing superconducting films. The characterization tools such as 

X-ray diffraction and Scanning Electron Microscopy, which are important from the point 

of view of structural and morphological studies, have been briefly discussed. Dipstick 

resistivity method which is our preliminary characterization tool for measuring resistance 

with respect to temperature has been detailed. Other important experimental set ups such 



as the Magneto - Resistance set up, the Vibration Sample magnetometer (VSM) and the 

SQUID VSM used to study magnetization have been described. 

Chapter 3 brings out detailed studies on the polycrystalline Nd1.85Ce0.15CuO4 which has 

been synthesized via the solid state route and well characterized by X-ray diffraction. A 

brief description on granular superconductors has been included in order to understand 

the interesting features that granular nature brings in to superconductors. The 

superconducting transitions have shown characteristic double transitions which are 

common in weakly coupled granular superconducting systems. The bulk 

superconductivity was confirmed through magnetization measurements as well. From the 

resistivity measurements the samples which had undergone reduction in Ar atmosphere 

were found to be superconducting (TC ~ 24 K). Since Ar annealing is a crucial factor in 

obtaining superconductivity, two different annealing schedules were performed on the 

sample. The effect of two different annealing conditions on the temperature dependent 

electrical resistivity behavior was also studied. The observed resistivity behavior has been 

qualitatively rationalized in terms of interplay of opposing effects of temperature and 

magnetic field on superconductor-insulator-superconductor junctions formed on account 

of coupling of superconducting grains dispersed in insulating matrix in this granular 

system.  

Chapter 4 describes the detailed studies of Nd1.85Ce0.15CuO4 /Ag composites to bring 

out the effect of Ag addition on the electron doped cuprate superconductor 

Nd1.85Ce0.15CuO4 . The effect of Ag addition has not yet been studied on electron doped 

superconductors, to the best of our knowledge. Our SEM studies indicate an average 

grain size of 800nm and no significant changes in grain size occur upon Ag addition. This 

is in contrast to the YBCO/Ag system, wherein both grain size and texturing increases 

upon Ag addition. The low temperature electrical and magnetic property studies indicate 



that the critical current densities (JC) are significantly enhanced upon Ag addition. 

exhibit anomalous features in magneto-resistance behaviour. These anomalies have 

been qualitatively understood based on the interplay of Josephson junction coupling and 

quasi-particle tunneling; the combined effects of which dictate the evolution of the 

observed temperature and field dependent resistivity behaviour. 

 upon the addition of Ag. 

Chapter 5 focuses on magneto transport and magnetization study of Nd1.85Ce0.15CuO

thin films. The films were grown by Pulsed Laser deposition technique. The films 

characterized by X  Ray diffraction showed preferred orientation in the (00L) direction. 

The as-grown unreduced films are non-superconducting and anti-ferromagnetic consistent 

with literature [11].The magneto-transport studies on these films have been performed by 

applying the magnetic field parallel (Rin) and perpendicular (Rout) to the plane. The in 

plane resistance Rin shows a step like transition in its magneto resistance behavior. Such 

kind of a transition (step like) is attributed to a transition from collinear to non-collinear 

spin alignment in adjacent CuO2 planes which is induced by application of magnetic field. 

However, such a transition is not observed when magnetic field is applied out-of-plane. 

This behaviour is consistent with literature reports [12,13].  

The films, subjected to ex-situ annealing in Ar atmosphere, were found to be 

superconducting at a moderate Tc ~14 K. The normal state resistivity versus temperature 

curves of the films have shown a T2 dependence at low temperatures (T< 200K), 

attributable to electron-electron scattering, rather than the linear T dependence exhibited 

by hole-doped cuprates. The temperature dependent Rin and Rout measurements for 

various magnetic fields have revealed a sizeable anisotropy in this system. The anisotropy 

factor is defined as the ratio of upper critical field when the field is applied 



parallel to the plane of the film ( to the upper critical field when the field is applied 

perpendicular to the plane of the film (

comparable with the values of YBa2Cu3O7 -8) but lesser than that of La2-xSrxCuO4 

iSr2CaCu2O8 C estimated from the magnetic 

5 A/cm2 in accordance 

with the reported values [14]. 

Chapter 6 summaries the major findings of the thesis and discusses on its relevance with 

respect to the existing literature. It also provides the directions for future work. 
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Electron Doped Superconductors: An overview 

Cuprate superconductors still remain as a topic of active interest in the research 

field because even after rigorously pursued experimental and theoretical research, the 

origin of superconductivity as well as the underlying physics of these systems is still 

debatable [1-3]. The parent compounds of High TC cuprate superconductors (HTSCs) are 

antiferromagnetic Mott insulators [4]. As the CuO2 layers (the building blocks of HTSCs) 

are doped with charge carriers either via holes or electrons, the antiferromagnetic phase is 

suppressed and superconductivity is emerged. If holes are the one to make the CuO2 

layers conducting, then these class of compounds are known as hole doped 

superconductors (La2-xSrxCuO4, YBa2Cu3O7etc.,) and if electrons are doped into the CuO2 

layers to make them conducting, then they are known as electron doped superconductors 

(R2-xCexCuO4, R= Nd, Pr, Sm and La, Sr1-xLaxCuO2). A useful way to understand more 

about the cuprate superconductors will be the comparison of the phase diagrams of hole 

doped and electron doped cuprates. A useful way to understand more about the cuprate 

superconductors will be the comparison of the phase diagrams of hole doped and electron 

doped cuprates. The comparison shall give us a picture on what aspects of the HTSCs are 

universal and what are not. It can throw light in to the various intriguing questions on 

mechanism of superconductivity, non-Fermi liquid behavior of hole doped cuprates and 

the exact effect of doping or annealing on the same. 

 

 



1.1. Phase diagram 

Figure 1.1 shows a comparison of phase diagrams of LSCO (La2-xSrxCuO4) and 

RCCO (R2-xCexCuO4), where the former system represents the hole doped and the latter 

represents electron doped HTSCs. It can be seen from both sides of the phase diagram 

that only some approximate symmetry exists. The antiferromagnetic phase in the RCCO 

side is much more larger compared to that of the hole doped counterpart. It should be 

noted that the antiferromagnetic nature prevails upto larger values of doping level while 

the range of doping within which superconductivity occurs is quite narrow in the electron 

doped cuprates. The closeness of the antiferromagnetic and superconducting regimes in 

electron doped cuprates is an interesting aspect which provides an avenue for exploration 

of the co-existence of superconductivity and antiferromagnetism [5]. In contrast, for the 

hole doped cuprates, these two phases remain pretty distinct. In addition, the 

superconducting dome, i.e., the doping range within which superconductivity persists, is 

much wider. 

 
Fig. 1.1 Phase Diagram of the hole doped (LSCO) and electron doped (RCCO) 

cuprates; TN stands for Néel temperature, T* represents the approximate 
extent of pseudogap phase and TC is the superconducting critical 
temperature (figure reproduced from a Ref. [4]). 



In 1990, Luke et al.[6] has reported that the Néel temperature (TN) of  Nd2CuO4 , 

the parent compound of the electron doped superconductor Nd2-xCexCuO4, to be at 250 K. 

Under systematic Ce substitution inNd2-xCexCuO4, the value of TN gradually decreases 

and ultimately vanishes at optimal doping level (x ~ 0.15) and the compound becomes 

superconducting. On the other hand, for La2-xSrxCuO4, the antiferromagnetism subsides 

completely for the doping levels which are comparatively very low (x~0.02)[7]. Thus, 

antiferromagnetism persists for much larger values of doping level in NCCO. In nutshell, 

from comparison of phase diagrams, it is amply evident that hole doping and electron 

doping in the cuprates affect the electronic properties of the corresponding systems very 

differently. 

1.2. Crystal structure of Electron doped Cuprate Superconductors 

In Figure 1.2, the crystal structure of the hole doped and electron doped cuprates 

have been compared. R2CuO4 (where R= Nd, Sm, Eu, Gd) has a T' structure and the 

doping is performed by Ce at R sites. The compounds are tetragonal with the space group 

I4/mmm. They constitute a body centered unit cell where the copper ions of adjacent 

CuO2 layers are displaced by (a/2, a/2) with respect to each other [4,8]. 

 There are some important differences when we compare this crystal structure with the 

hole doped cuprates which has a T structure. It can be clearly observed that in the T 

structure, the in-plane Cu has six O atoms surrounding it whereas the T' structure is 

devoid of apical oxygen atoms and hence the coordination number of the in-plane Cu is 4. 

If we observe closely, in the T' structure the reservoir oxygen ion (O(2)) is positioned 

differently resulting in an expanded in-plane unit cell compared to the T structure (for 

instance, La2CuO4) and this leads to an overall decrease in unit cell volume. The lattice 

parameters of La2CuO4 are a = b ~3.81 Å and c  13.2 Å which gives a unit cell volume 

of 191.6 Å3.  Among the T' cuprates the largest volume is found in Pr2CuO4 (a=b ~3.96 



Å, c  12.2 Å) with a value of 191.3 Å3. Another factor that distinguishes these structures 

is the fact that in T' structure, the rare earth and oxygen ions do not share the same plane 

unlike the T structured cuprates. 

 
Fig. 1.2 Comparison of Structure (a) Hole doped cuprates (b) electron doped 

cuprates (Figure has been reproduced from Reference [8]) 

1.3. Electronic structure 

 The most important factor which decides the electronic and magnetic properties of 

the cuprates is their CuO2 layers and the strong hybridization between Cu and O orbitals. 

It is believed that the superconductivity occurs primarily in the in-plane Cu dx
2

-y
2 and O 

px,y orbitals [9].The band theory predicts that the undoped parent compounds (La2CuO4 

and Nd2CuO4) to be metallic but in fact they are insulators. The presence of strong local 

coulomb interactions is believed to be responsible for this behavior. These materials are 

Mott insulators and the nature of strong on-site correlation energy is described by a 

single- band Hubbard model [10]. In the Zaanen- Sawatsky-Allen scheme these materials 

are aptly referred as charge transfer band insulators [11]. They suggested that the energy 



to overcome charge motion is the energy associated with the potential difference of Cu 

dx
2

-y
2 and O px,y orbitals. From the optical spectroscopy studies it was inferred that the 

holes reside on the charge transfer band comprised of O orbitals and the doped electrons 

reside on Cu sites [4,12]. The cuprates which are half filled with one electron in Cu dx
2

-

y
2and have O px,y orbitals  are described by a three band Hubbard Model [13]. 

   The observed asymmetry in the phase diagram points to the fact 

that although the superconductivity emerges in the CuO2 planes with addition of charge 

carriers (electrons/holes), the way a hole or electron affects the electronic structure must 

be quite different. In an attempt to understand the phenomenon of antiferromagnetism 

persisting through a large range of doping in the electron doped cuprates, spin dilution 

models have been considered. Keimer et al.[14] have shown by neutron scattering 

measurements that Zn doping in La2CuO4 reduces the Néel temperature more or less in 

the similar rate as Ce doping does in Pr2-xCexCuO4. Zn has a d10 filled shell and is 

considered as a spinless impurity. As per this picture, Zn substitution hence results in a 

dilution of the spin system. By adding Cerium, the added electrons neutralize the spin on 

d9 Cu site. Similar studies were performed in Nd1.85Ce0.15CuO4[15] and it was observed 

that the Néel temperature reduced drastically along with large reduction in spin stiffness, 

the results were explained using the same spin dilution model. On the other hand, very 

small value of hole doping is enough for the complete suppression of antiferromagnetism 

in the hole doped cuprates (x~ 0.02). In contrast, in the hole-doped case Aharony et al. 

1988 proposed that only a small number of holes is required to suppress 

antiferromagnetism.[16]. The holes primarily reside on the in-plane oxygen atoms and 

cause spin frustration instead of spin dilution. An effective ferromagnetic Cu-Cu 

interaction is induced by the oxygen-hole/copper-hole interaction. This interaction 

competes with the antiferromagnetic super exchange which results in frustration of the 



Néel order. Therefore a small density of doped holes destroys the long-range order. This 

phenomenon of spin frustration does not occur during electron doping with addition of Ce 

as electrons are introduced on to the Cu sites. Hence, the interaction of holes and 

electrons with the cuprates system and the associated physics related to them is very 

different. 

1.4. Magnetic properties 

There are two factors which decide the magnetic properties of electron doped 

cuprates, one is the antiferromagnetic ordering in the CuO2 planes and the other is the 

magnetism of the rare earth ions. Antiferromagnetic order of Cu spins of the parent 

compounds of hole and electron doped cuprates are different. Even though the magnetic 

moments are confined to CuO2 planes and they have strong antiferromagnetic interaction 

in plane, the spin alignment is different in each case. For electron doped superconductors 

the spins lie along the CuO bonds whereas they align at 45° angle with respect to the   

Cu-O bonds for La2CuO4 (parent compound of LSCO, a hole doped superconductor) [7].  

The magnetic order is dictated by R-Cu coupling (where R is the rare earth ion) and the 

exchange interactions (super exchange, coulomb exchange etc.) [17,18]. Cu2+ spins have 

an antiferromagnetic collinear arrangement in the parent compounds of the hole doped 

[19] cuprates and a non-collinear arrangement in electron doped cuprates [20]. In 

underdoped electron doped cuprates (Ce doping, x ~ 0.01-0.03), the coupling between the 

charge carriers and the associated antiferromagnetism leads to an interesting result in the 

electrical transport measurement with applied magnetic fields. Large oscillations are 

observed in the angular magneto resistance measurements when the magnetic field is 

rotated in the CuO2 plane. These are now believed to be spin flop transitions arising under 

the influence of a magnetic field. A transition from the non collinear to collinear moments 

is induced by the application of magnetic field [21-23]. A representation of non-collinear 



and collinear Cu2+spin arrangements is shown in Figure 1.3. The non-collinear 

arrangement of Cu2+ spins in Pr2CuO4 is shown in Figure 1.3(a). The collinear 

arrangement that takes place by application of magnetic fields in particular directions are 

shown in Figure 1.3 (b), (c) and (d). 

 
Fig. 1.3 Transition from non- collinear to collinear spin arrangement induced by a 

magnetic field in Pr2CuO4.(a) Non-collinear arrangement of Cu2+ spins, (b) 
Field (B) along the Cu-Cu direction, (c) B tilted from (010), (d) B along 
(010) (Figure reproduced Ref. [22]) 

 The additional magnetism in the electron doped cuprates can also arise due to the 

effect of rare earth ions. Different spin structures arise with different rare earth ions as 

each have a different spin magnitude. In Nd2CuO4, Nd has a fairly large magnetic 

moment and it was observed that it couples with Cu sublattice [24].  Cu spin transitions in 

Nd2CuO4 have shown that the interaction between Nd and Cu spins increase with 

decrease of temperature [25].  In neutron scattering experiments Bragg reflections 

corresponding to antiferromagnetic ordering of the in plane oriented Nd moments were 



observed below 1 K [26]. The magnetic ordering is caused due to Cu-Cu, Nd-Nd and   

Nd-Cu interactions. As the temperature is reduced Nd moments grow stronger and the 

interactions involving Nd becomes more prominent. 

1.5. Superconductivity in Nd2-xCexCuO4 

The discovery of superconductivity in Nd2-x-ySrxCeyCuO4 at 28 K [27] in 1988 

triggered experimental research on Nd2-xCexCuO4. The discovery of superconductivity in 

Nd2-xCexCuO4 was reported in 1989 by Tokura et.al. [28]. The precursors CeO2, 

Nd2O3and CuO were mixed and calcined at 950° C for 10 hours followed by sintering in 

air at 1150° C. Superconductivity was obtained only after a reduction annealing at 1000° 

C in Ar/O2 (PO2 ~ 8×10-5atm) atmosphere for 10hours. The maximum value of 

superconducting transition temperature (TC) attained was found to be at 24 K for the 

optimal doping value of x = 0.15. The lattice parameters were found to be a = 3.95 Å and 

c = 12.07 Å. The transport measurements were performed and the hall coefficient in the 

superconducting sample was found to be negative indicating that the charge carriers are 

electrons which are introduced by the substitution of tetravalent Ce ions on the trivalent 

Nd sites[29]. They also observed that superconductivity occurred in a very narrow range 

of Ce doping from x ~0.14  0.18. No superconductivity was observed below and beyond 

this range. Bulk superconductivity was confirmed via magnetic susceptibility 

measurement and the highest magnitude of diamagnetic signal observed for x ~ 0.15. 

Subsequent studies on the polycrystalline material of electron doped cupratesR2-

xCexCuO4 (R= Nd, Sm, Pr, Eu) revealed that granularity is an essential feature of these 

class of compounds and it heavily influences the transport and magnetic properties [30-

33]. 

 



1.5.1. Transport properties of polycrystalline Nd1.85Ce0.15CuO4 (NCCO) 

Above TC, for polycrystalline NCCO, the resistivity increases with decrease in 

temperature [34].  Below TC, the resistance shows double resistive transitions which 

occurs due to the granular structure which is common in these class of compounds. The 

resistance drop involves two stages (a) the initial dip in resistance at TC1 ~ 24 K (b) and 

the second dip at TC2 ~20 K, these temperatures are more or less the same with a variation 

± 2 K as per different reports [34-36]. This has been attributed to individual grains 

becoming superconducting at TC1and inter-granular coupling with Josephson junction 

tunneling and quasi particle tunneling between the grains becoming prominent at TC2.This 

behavior has been observed in hole doped superconductors also[37-39]which, however, is 

related to Aslamazov-Larkin [40] and Maki-Thompson [41] thermodynamic fluctuations 

and percolation ideas close to the zero resistance state. But, in electron doped 

superconductors the double transition feature is much more prominent. The double 

transitions persist and are independent of reducing atmosphere. The NCCO sample 

preparation has been tried out using simple oxides (CeO2, Nd2O3and CuO) as well as 

using an intermediate oxide like NdCeO3.5. The latter was done aiming for better Ce 

homogeneity. As a result, the normal state resistivity of the samples is found to be lower 

than that of the samples synthesized with simple oxides. Nonetheless, the double 

transitions were still found to be present in all the samples [35]. Therefore, the double 

transition feature in the electron doped cuprates is an intrinsic property of the 

polycrystalline samples and it is very different from what is seen in the hole doped 

cuprates. For instance, the zero resistance state of hole doped compounds is not that 

sensitive to sample preparation technique or oxygen deficiency [42]. But, in electron 

doped superconductors, the zero resistance and superconducting transitions are sensitive 

to reduction annealing conditions, the cooling rates, temperature, time etc.,[34,35]. 



1.5.2. Magnetization of Nd1.85Ce0.15CuO4 (NCCO) 

Above TC, magnetization of bulk NCCO shows paramagnetic behavior. It is also 

important to note that the effective diamagnetic behavior occurs only below TC2 and not 

at TC1. This leads to the picture that the sample constitutes of small superconducting 

islands embedded in the insulating matrix because the diamagnetic response is high only 

when there is significant coupling between the grains as long range superconductivity 

grows more significantly [43]. Klamutet al.[36] reported the AC Susceptibility studies on 

drop at TC1 ~ 23.2 K which was attributed to the superconductivity within the grain, i.e. 

the intra-granular transition.  

 
Fig. 1.4 Temperature dependent AC susceptibility of NCCO (reproduced from   

Reference [35]) 

They observed the inter-granular transitions at comparatively lower temperatures 

of 17 K. No temperature dependence of the intra-granular transition was observed in the 

applied AC magnetic field range of 0.005 to 0.5 Oe. It was also observed that the inter-

granular transitions broadened for fields ranging from 0.005 Oe to 0.1 Oe. Above 0.1 Oe 

the inter-granular transition disappears and only the intra-granular transition was 



observed. They also discovered that the coupling between the grains in this material was 

very weak from the temperature dependence of i

these observations it was seen that the inter-granular critical field of bulk NCCO is very 

low (~10-1Oe). 

1.5.3. Ce and O: the two crucial factors 

From the studies conducted on NCCO, it was confirmed that there are two 

important factors which dictate its electrical and magnetic properties namely Ce and O. 

Samples prepared with better homogeneity of Ce have lower resistivity values [44]. In 

addition to that, the samples which were fast cooled during the reduction annealing had 

better TC1 and TC2 values than the slow cooled ones and smoother decrease in resistivity 

when it approaches zero resistance. The Ce diffusion rate at the reduction temperatures of 

950°C-1000°C is low [35].  Hence, the change in behavior observed with respect to 

cooling rate must be dependent on oxygen removal.  The oxygen gradient along the 

grains was found to be higher in the fast cooled samples. This oxygen gradient seems to 

be crucial as it produces better TC1 values. The oxygen gradient should be influencing the 

coupling of Josephson junctions in the inter-granular regime as well because the TC2 

values are also found to be increased [44,45]. There are two gradients in consideration 

here, one is the cationic distribution which decreases from the grain shell to centre as a 

result of the slow diffusion of Ce and the other is of the anionic distribution which 

increases (increasing concentration of O) from the grain shell to the centre due to the 

kinetics involved in the process of oxygen removal. Only an optimization of both these 

factors gives us better TC, better superconducting fraction and better inter-granular 

coupling. This is why preparing NCCO in its most optimized form has always been a 

challenging process [46]. 



1.6. Reduction annealing 

As it has been discussed in the preceding sections, the electron doped cuprates, in 

general (and hence NCCO) are very much sensitive to the process of reduction annealing 

which induces superconductivity in these compounds[47]. The as-grown crystals are 

never superconducting. Only a small quantity of oxygen is removed via reduction 

annealing as per literature reports but the impact the process has on the superconducting 

and magnetic properties is huge [48,49].  The reduction annealing in effect results in 

contribution of electrons but this process is not equivalent to the addition of tetravalent Ce 

because one cannot replace the process of annealing with addition of Ce. Annealing 

process is indispensable for superconductivity. The amount of Oxygen removed ranges 

from 0.1 % to 2% and when the Ce content increases, the amount of oxygen removed 

generally is observed to decrease [50,51] 

The transition of Cu2+/Cu+ with (CuO/Cu2O) with the emergence of superconductivity 

was reported by Kim et al.in 1993 [50]. The removal of oxygen from the CuO2 planes 

results in localized electrons on the Cu sites near by the oxygen vacancies. It was also 

reported that annealing NCCO at higher temperatures result in decomposition of sample 

into Nd2O3, NdCeO3.5 and Cu2O [46].  The challenging thing is the fact that the highest 

TC was attained only when the reduction conditions take the sample to the verge of 

decomposition. Therefore, optimizing the reduction conditions for the samples of highest 

quality involves submitting the sample to the annealing conditions close to 

decomposition. This is why synthesizing high quality samples NCCO still remains a big 

challenge. The as-grown samples are antiferromagnetic with TN~ 100 K for NCCO [5]. 

The reduction annealing suppresses antiferromagnetism and gives way to 

superconductivity. The exact mechanism regarding the effect of oxygen and the high 

sensitivity of the properties of NCCO to the oxygen stoichiometry is still not clear.  



One of the mechanisms proposed is that the apical atom in the interstitial site of the T' 

structure acts a strong scattering centre (in Nd2CuO4)[49] and is responsible for pair 

breaking [52]. Radaelliet al.(1994) [49] showed that apical occupancy decreases as a 

result of reduction. The oxygen loss is lower in the doped compounds in comparison to 

the undoped compounds. The loss of oxygen in apical positions have been reported for 

NCCO also [51]. 

[53] 

performed on Nd2-xCexCuO4suggest that the local Raman mode associated with the apical 

site is not affected by the reduction processes indicating that it is not the apical site 

oxygen that gets removed contrary to popular consensus. This conclusion was initially put 

forward by Brinkmannet al.in 1996 from the transport measurements studies carried out 

on Pr2-xCexCuO4 single crystals. They suggested O(2) ions as the likely site for the 

vacancies to occur. 

A different interpretation was proposed by Kurahashiet al.in 2002 [54]. They reported 

an impurity phase which appears after reduction and disappears after a re-oxygenation. 

This phase  was later shown to be (Nd,Ce)2O3 which has undergone epitaxial growth 

during the reduction process [46]. High resolution transmission electron microscopy 

studies showed that this parasitic phase was about 60 Å thick and extended for about 1 

µm in the CuO2 plane. It was suggested that the Cu atoms move from these layers to the 

NCCO structure to repair the defects in the as-grown materials resulting in Cu deficiency 

in the intercalated parasitic phase. The decrease in concentration of Cu vacancies in the 

CuO2 layers, results in removal of pair breaking sites, thus supporting the occurrence of 

superconductivity[54,55]. 



1.7. Thin films of NCCO 

As discussed earlier, Ce and O are the two crucial factors which influence the 

properties of NCCO. Thin film growth is very important in this regard because we have 

better control on the stoichiometry of both the constituents. Thin films have been 

synthesized by Pulsed Laser Deposition (PLD)[56,57], sputtering [58] and molecular 

beam epitaxy [59]. The films grown from these techniques are found to result in form of 

thin films with preferred orientation in some cases [58]and single crystalline thin films in 

the other cases[59]. The Cerium content in the films are found to be more homogenous 

compared to single crystals [4]. They can be reduced much more efficiently by annealing 

methods after deposition, for 10 to 15 minutes and in some cases ex-situ annealing is 

employed [58].  The transition width observed in most of the films is very small 

compared to the polycrystalline materials and this is also a consequence of better 

stoichiometry control. For instance transition width ~ 0.2 K has been observed in Pr2-

xCexCuO4 thin films [60]. Films are grown in N2O and O2 atmosphere as well. It is seen 

that films grown in N2O atmosphere requires lesser reduction annealing time. The highest 

quality films reported are grown in N2O atmosphere [57,60]. Recent reports of films in 

NCCO have shown lower TC~ 16 K [61]. Films are grown on substrates such as LaAlO3, 

SrTiO3 and MgO whose lattice parameters are closely matched. The grown films are 

highly oriented in (001) direction with c axis directed normal to the substrate. There are 

reports of films grown in [(110) and (103) orientations also [62].  

The main drawback associated with thin films prepared by PLD is the growth of 

parasitic phases [56,57]. On the other hand these phases are absent in films grown by 

Molecular Beam Epitaxy [59]. Efforts like, using Cu rich targets, have been made to 

improve the quality of thin films made from pulsed laser deposition [61,63]. This has 



resulted in suppression of the parasitic phase and the resistivity value has decreased and 

the quality is comparable to the best films made by Molecular Beam Epitaxy. 

1.8. Effect of Ag addition in Superconductors 

The effect of Ag addition has not been studied in electron doped superconductors to 

the best of our knowledge. A brief review of the effect of Ag addition in some 

superconductors is presented here. 

The effect of Ag addition in modifying the properties of superconductors still remains 

as a topic of interest and research is still being pursued on that direction in order to 

improve the superconducting properties [64,65]  This can be very important from the 

point of view of basic research as well as technological applications because Ag is used 

as cladding for HTSC wires. It has been reported that Ag addition has resulted in 

improvement of mechanical properties of HTSCs [66,67]. In Sm-Ba-Cu-O systems the 

tensile strengths of the sample was twice large as that of the sample without Ag. The 

improvement is caused due to the enhancement in densification and resistance to crack 

propagation. The Ag addition in YBCO resulted in improved fracture toughness and a 

higher resistance to thermal shock. It has also been reported that Ag when appropriately 

added can aid closing the macro-cracks by filling them up [68]. 

It has been reported that Ag addition increases the intergranular coupling through 

minimization the area of boundary and grain alignment [69]. Enhancement of critical 

current density and critical field also has been reported with Ag addition [70,71]. Poonam 

Rani et al.[71] reported that the surface texture and the grain size increases upon Ag 

addition. They observed significant amount of Ag residing at the grain boundaries as 

well. This leads to the conclusion that in the Ag added samples the inter-granular 

coupling has improved. Even though, as per most of the literature reports, Ag does not get 

substituted and exists as a different phase, there are some reports suggesting that some 



part of Ag gets substituted at Cu sites as well and consequently influences the 

superconducting properties [72,73].  

The effect of Ag addition on the structure and the superconducting properties has 

been investigated on Iron based superconductors as well like Sr0.6K0.4Fe2As2[74]and 

FeSe0.5Te0.5[75]. It was seen that Ag improves the inter-grain connections and critical 

current density. A nominal amount of Ag has entered the crystal structure of FeSe0.5Te0.5. 

In the case of FeSe superconductors, Ag gets added into the grain and there by improves 

the intra and intergranular superconducting properties. In addition to this, it was also 

observed that Ag addition suppresses the unwanted hexagonal phase (non-

superconducting phase) formation of FeSe and improves critical current density and 

upper critical field [76,77]. 

In MgB2 superconductor, Ag addition has been tried out and this was reported by 

D Kumar et al.[78]. SEM and TEM studies performed on the samples indicated that Ag 

resides in the grain boundaries and no Ag content was found within the grains. X-ray 

diffraction studies showed that apart from MgB2 peaks they had additional peaks of 

AgMg3. These small precipitates of AgMg3(~ 20  30 nm) were found to be crucial as 

they could be potential flux pinning centers. They also observed high critical current in 

their samples. 

1.9. Direction of the Thesis 

 

This thesis is divided into six chapters and the content of each chapters are briefly 

summarized below. 

 In the first chapter, a brief overview on electron doped cuprates is presented 

initially with discussions on the electronic phase diagram, electronic structure 

and magnetic properties. This is followed by a detailed description of the 



electron doped superconductor NCCO, its transport properties and 

magnetization behavior. The importance of reduction annealing to induce 

superconductivity in these compounds and the possible mechanisms of the 

process has also been explained. In addition to this, a brief review on thin 

films of NCCO and the effects Ag addition on superconductors has also been 

discussed. 

 In the second chapter, the important experimental techniques involved during 

the course of this thesis work have been discussed. In short, the chapter 

includes description on the synthesis methods, transport measurement and 

magnetization measurement set ups. 

 As mentioned earlier granularity and annealing conditions are crucial factor 

which dictates the transport properties of NCCO. In the third chapter effect of 

granularity and annealing effects on the transport properties of 

superconducting properties of NCCO has been studied. 

 Noting the fact that Ag addition has improved superconducting properties of 

various superconductors, the effect of Ag addition on the superconducting 

properties of NCCO has been explored in the fourth chapter of the thesis. 

 It has already been discussed that the thin films of electron doped 

superconductors offer better stoichiometric control and higher quality 

compared to their bulk counter parts. Hence, in the fifth chapter, aiming 

towards improving the quality of the sample by minimizing the granular 

effects, we have ventured into thin films of NCCO. Detailed Magneto 

transport and magnetization studies have been performed on the same. 
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Experimental methods 

This chapter deals with sample synthesis methods and experimental techniques 

utilized for the thesis work. Polycrystalline samples of Nd1.85Ce0.15CuO4 in bulk and thin 

film forms were used in this thesis work.  Superconductivity has been achieved and the 

observed critical temperatures are 24 K and 14 K for bulk and thin film samples 

respectively. The bulk samples were synthesized using the solid state reaction route and 

for thin films Pulsed Laser deposition was employed.  The samples were characterized by 

powder X-ray diffraction measurements in laboratory and also by using Synchrotron 

sources at INDUS II.  Scanning Electron Microscopy was used to study the surface 

morphology and calculation of grain size. Preliminary resistivity characterizations were 

done by a Dipper Cryostat (by the dipstick method). Magneto transport measurements 

were performed in commercial cryogen free 15 T Magneto Resistance Set up. 

Magnetization measurements were performed using a commercial Vibration Sample 

Magnetometer (VSM) and SQUID VSM. 

2.1. Bulk sample preparation 

Solid state reaction route was used for the preparation of polycrystalline samples 

of Nd1.85Ce0.15CuO4 which was followed by repeated air annealings and a final reduction 

stage in Ar atmosphere. The details regarding this process are explained in Chapter 3. 

2.2. Preparation of thin films  Pulsed Laser Deposition 

Pulsed Laser deposition has gained a lot of attention because it is quite suitable for 

the growth of  high quality superconducting thin film oxides [1]. Stoichiometric transfer 

which happens between target and substrate is one of its important advantages. A variety 

of materials can be deposited like High TC superconductors, oxides, nitrides, carbides, 



semiconductors metals and polymers also [2]. It is possible to tune different kind of thin 

film properties like stress, textures, reflectivity and magnetic properties by changing the 

kinetic energy of deposited particles. 

The schematic diagram of a Pulsed Laser deposition system is shown in Figure. 

2.1. In a high vacuum chamber, a highly focused and pulsed laser beam is made incident 

on a target at an angle of 45 °. The atoms and ions ablated from the targets are deposited 

on substrates. These substrates are attached with its surface parallel to the target surface. 

The target to substrate distance is typically around 2  5 cm. 

 
Fig. 2.1 Schematic diagram of our Pulsed Laser Deposition Set up 

2.3. Growth of thin films 

The deposition of thin films is performed in a suitable environment (in our case, 

O2 atmosphere) containing gas or gas mixtures. The laser source used for the depositions 

was a KrF Excimer Laser. The important constituents of the set up are briefly explained 

below: 

2.3.1. The Laser source  Excimer Laser 

The term Excimer means a molecular complex of two excited atoms which is 

stable only in an electronically excited state. These lasers are pulsed lasers and they have 



an output which belongs to the ultraviolet region. XeFl (351 nm), XeCl (308 nm), KrF 

(248 nm) and KrCl (222 nm) are some of the lasers which fall into this family. The 

formation of Excimer molecules happen in the mixture of component gases. Energy is 

pumped in to the gas through electrical stimulation (electric discharge excitation). As a 

result, the ions and electronically excited species react, leading to the formation of 

Excimer molecules. These molecules which can exist only in the excited state are the 

source of laser. The important gas collision and photon processes involved in producing 

Excimer molecules for suitable laser action are as follows: 

Pumping: 

e-+ Kr +, Kr*, Kr2+ [Positive rare gas ion production (Kr+) and Rare gas 

metastable production (Kr*)] 

F2+ e- -+ F 
[Negative halogen ion production] 

Kr+  
[KrF production, M represents a third body (He, 

Ne)] 

Kr* + F2  
[KrF production] 

 

     Stimulated emission:

 [Laser emission] 

 

The excited KrF* molecules will decay via spontaneous emission of a photon into 

Kr and F. These from the ground state which is bonded covalently and contains Kr and F 

atoms separately. The components Kr and F are available for another excitation cycle [3]. 

2.3.2. The Laser Beam 

The beam should be homogeneous. It should have sufficiently high energy density 

and short pulse duration so that all the elements in the target are heated up to their 



evaporation temperature. Materials in the target are dissociated and ablated out with 

nearly the same stoichiometry as that of the target material. 

2.3.3. Target material 

The target material is prepared from sintered pellets, pressed powders, single 

crystals etc. The target quality is important for synthesizing high quality thin films. It is 

preferable to have targets with high density and smooth surface. During the deposition the 

target is rotated by the help of a motor in order to minimize the consumption/erosion of 

the target.           

2.3.4. The Plume 

The laser ablation constitutes of three stages[1]: 

energy is converted into thermal, chemical and mechanical energy. The temperature of 

the irradiated area rises up to several thousands of Kelvin, at the rate of 1011 K/s, due to 

the ultraviolet irradiation of the Excimer Laser. 

Species in the heated area are ejected from the target during the multi photon ionization 

of the gaseous phase leading to the creation of a characteristic plume. These ejected 

species continually absorb the incident laser light, resulting in a strong interaction 

between the plume and the incident laser beam. 

he laser 

target surface at high mass transport velocity and collide with the ambient gas molecules 

or atoms. These processes depend on laser energy, power density, pulse duration, 

repetition rate and on the properties of target as well. 



2.3.5. Background gas 

The use of a background gas is classified into active and passive background gas. 

The passive type is used to compensate the loss of a constituent element during 

deposition. For instance, oxides are usually deposited in O2 atmosphere. 

2.3.6. Substrate 

The ablated target via the action of the plume is coated on to a substrate. The 

substrate is kept parallel and opposite to the target. The substrate is maintained at a 

necessary temperature with a heater attached to the substrate holder. Optimum substrate 

temperature for deposition is dependent on the nature of the target material. Heating of 

the substrate is essential for adhesion, preservation of stoichiometry of the films and rate 

of crystallization. The substrate to target distance also is an important factor as the best 

sample quality is obtained when this distance is neither very small nor very large 

compared to the plume length.  

2.3.7. Pulse frequency 

The pulse frequency is important when the deposition is carried out at higher 

temperatures. If the period of pulsing is larger than the time constant related to diffusion, 

dissociation etc., the pulse frequency will not have much effect on the sample. 

2.3.8. Surface profile measurement  Dektak 3030 

The Dektak 3030 Surface Profilometer is an instrument to measure the vertical 

profile of samples, thin film thickness, roughness etc. A diamond stylus is moved 

vertically into in contact with the sample and then moved laterally across the sample for a 

specified distance and specified contact force. The instrument can measure small surface 

variations in vertical stylus displacement as a function of position. The height position of 

the diamond stylus generates an analog signal which is converted into a digital signal 

stored, analyzed and displayed. The radius of diamond stylus is 12.5 microns, and the 

horizontal resolution is controlled by the scan speed and scan length. The vertical 



resolution is 0.1 nm. A particular region of the substrate is masked during deposition. 

Hence after deposition, this region is devoid of coating. Hence, the surface profilometer, 

while laterally scanning the sample picks up this surface variation (variation between the 

coated region and the region devoid of coating) and gives us the thickness value. 

2.4. Characterization:  X Ray Diffraction (XRD) and Scanning 
Electron Microscopy (SEM) 

2.4.1. X  Ray Diffraction 

All the samples used for the present thesis work were characterized for the phase 

purity using XRD measurements. A STOE diffractometer (X ) 

operated with a power of 40kV and 30 mA, in the Bragg Brentano Geometry was used for 

initial characterization of the samples. For extracting the lattice parameters, we have used 

the PowderCell software[4]. Advancing in this direction, to get high quality XRD data, to 

perform Rietveld Structural Refinement, XRD measurements were performed using BL-

12 beam-line of Indus II Synchrotron source, RRCAT  Indore. The experiment was 

carried out in transmission Debye-Scherrer geometry wherein x-rays of a defined energy 

were incident on the sample enclosed in a circular depression in kapton tape and the data 

was collected using a MAR 3450 image plate detector positioned beyond the sample. The 

energy of the incident x-ray and the sample to detector distance are 12.6 keV and 120 mm 

using FIT2D software[5].  

BL-12 beam-line was also employed for carrying out XRD measurements on thin 

mode using a six circle diffractometer (Huber  5020) with NaI scintillation detector. 

Typical powder XRD patterns of bulk Nd1.85Ce0.15CuO4 and thin films of 

Nd1.85Ce0.15CuO4 recorded from BL-12 are shown in Figure 2.2.  



 
Fig. 2.2 Typical XRD patterns of NCCO (bulk and thin film) recorded in BL-12 at 

Indus II synchrotron source, RRCAT, Indore. 

2.4.2. Scanning Electron Microscopy 

A scanning electron microscope (SEM) uses a focused electron beam which scans 

over a surface and creates an image. It offers high resolution to the range of less than        

1 nm [6]. The electrons in the beam interact with the sample, producing various signals 

which give us information about surface morphology and composition. A schematic 

diagram of SEM is shown in Figure 2.3. The major components of SEM are the 

following: 

Electron Source 

Electrons are produced at the source by thermionic heating. These electrons are 

accelerated to very high voltages (kV range)   and then condensed into a narrow beam 

which is used for imaging. The sources used usually are, tungsten filament, solid state 

crystal (like LaB6) and field emission gun 



Lenses 

A series of lenses condenses the beam which moves from the source down the 

column. The more narrow the beam is, small will be the associated spot when it contacts 

the surface 

Scanning coils 

They deflect the beam in X and Y direction thereby enabling scans in a raster 

fashion on the samples 

Sample chamber 

Sample is mounted in a chamber which is evacuated. It can include, translation 

stage, tilt and rotation devices, temperature stages, optical cameras and other devices to 

help the imaging process 

Detectors 

When the electron beam interacts with the sample, multiple events occur. 

Detectors of different type are required to detect secondary electrons, backscattered 

electrons and characteristic X-rays. The signals come from different penetration depths 

depending upon accelerating voltage and sample density. 

Secondary electron detector (SED) is used to create topographical SEM image. 

The SEM images are of high resolution and are created from inelastically scattered 

electrons close to the surface of the sample. No material composition information is 

available. 

A back scattered electron detector (BSD) detects electrons which are elastically 

scattered. These electrons are higher in energy from the atoms below the surface of the 

sample. Back scattered electrons vary in their quantity and direction depending upon the 

composition and topography of the specimen. The contrast of the back scattered image 



depends on atomic number (Z) of the sample, accelerating voltage of the primary beam 

and sample angle with respect to the primary beam. 

Energy dispersive Spectroscopy (EDS) 

In SEM, X  rays are emitted when electrons are displaced from an inner shell and 

that is replaced by electrons in the outer shell. For each element, this energy difference is 

unique [7]. Hence this technique is used for element identification. The EDS spectrum 

gives us the plot of intensity of X-rays for each of the energy emitted. From this spectrum 

we can calculate the atomic weight percentage and hence the stoichiometry of the various 

elements present in the sample. 

 

 
Fig. 2.3 Schematic diagram of SEM. (The figure has been reproduced from 

Reference [6]) 

 



2.5. Electrical Resistivity 

The resistivity of the synthesized samples was measured by the Van der Pauw 

method [8]. The four Van der Pauw configurations used for resistivity measurement is 

represented schematically in Figure 2.4.   

 
Fig. 2.4 The four Van der Pauw configurations used for resistivity measurements. I+, 

I- stand for current and V+, V- stand for voltage 

equation iteratively  

 (2.1) 

Where r1 and r2 are the resistance values from different van der Pauw 

configurations and t is the thickness of the sample. The set up consists of a dipstick, the 

Helium Dewar ((see Figure 2.5 (a)), the current sources and nano voltmeters. The sample 

is mounted in an OFHC (Oxygen free high conductivity) copper block with the help of a 

double sided sticky tape ((see Figure 2.5 (b)). 44 SWG copper wires, de-enameled at the 

ends are used as leads and the contacts are made on the sample using silver paste. The 

other end of the leads are connected to the current source and nano-voltmeter through a 

connector mounted on the dipstick. A calibrated Si diode thermometer which is also fixed 

in the copper block is used to record temperature. The sample is mounted in close vicinity 

to the thermometer in order to avoid any thermal gradients. Dewar contains liquid Helium 

where the liquid bath is at 4.2 K (boiling point of liquid Helium) and the neck of the 

Dewar is at 300 K. The dipstick with the sample mounted is then attached to the neck of 

the Dewar using clamps and then slowly dipped inside while resistance is measured 



throughout the process.  Hence resistance can be measured throughout the temperature 

range from 300 K to 4.2 K. The resistance of the sample is measured by passing a steady 

DC of few mA through it, measuring the voltage drop across the sample and converting it 

sensor and the resulting voltage drop across it is used for calculating temperature using 

pre-calibrated Chebyshev polynomial coefficients. The sample voltage and the Si diode 

voltage are measured simultaneously by using the respective nano-voltmeters at the same 

instant using a LabView program through GPIB interface with the computer. The 

measured voltage across the sample will include an additional thermo-emf component (as 

contacts are involved).  For a current I+, the measured voltage V+ is given by 

 (2.2) 

To eliminate this thermo emf, the current is reversed and we calculate V-,  noting 

that the thermo emf is independent of voltage. 

                                      V- = V- + Vthermo

 
(2.3) 

The two voltages are subtracted and the modulus of the average is taken as the 

final voltage and the resistance is given by  

            R = V/I (2.3) 

where V = ( )/2 

The data is collected throughout the dipping process until the sample reaches the 

liquid Helium bath where the minimum temperature of 4.2 K is reached. 



 
Fig. 2.5 (a) The Dip stick Resistivity Measurement Set up  (b) The Sample holder 

portion 

In Figure 2.6, the resistance of a typical YBa2Cu3O7 (YBCO) film with respect to 

temperature, measured in this dipstick system has been shown. 

 
Fig. 2.6 Resistance vs. Temperature plot of a YBCO film 
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2.6. Magneto Transport 

Magneto-transport measurements were carried out in a commercial cryogen free            

15 T MR system from Cryogenics Ltd., UK. The setup is shown in Figure 2.7. Cryogen-

free magnet system includes a Cryostat and a Superconducting magnet. The magnet is a 

vertically oriented solenoid wound from copper stabilized filamentary superconducting 

wire either NbTi only (low field) or NbTi with Nb3Sn (high field). The magnet is 

energized via high temperature superconducting current leads. The temperature of the 

magnet is monitored with the help of temperature sensors mounted at various positions. 

As mentioned earlier the system is cryogen free. A Pulse tube refrigerator (two stage cryo 

cooler) is used for cooling the whole system from the 300 K to base temperature. The first 

stage cools the radiation shield which surrounds the low temperature parts in the system 

and the second stage is used to cool the magnet and the variable temperature insert (VTI). 

 
Fig. 2.7 The commercial 15T Cryogen free Magneto-resistance set-up from    

Cryogenic Ltd., UK for carrying out magneto-resistance measurements 



 
Fig. 2.8 Resistance vs Temperature plot of Fe1.2Se at various fields 

The VTI helps in regulating the temperature of the sample from the 1.6 K to 325 

K. The major electronic units involved in functioning of this system are the temperature 

controller, Keithley 2700 multimeter and Magnet controls (Cryogenics Ltd.) The 

measurement probe platform has two sample sockets, a calibrated CERNOX sensor and a 

measurements as a function of different magnetic fields of polycrystalline Fe1.2Se 

superconductor, measured in this set up.  

2.7. Magnetization Measurements 

2.7.1. Vibration Sample Magnetometer 

The magnetization measurements were performed using a 16 T liquid helium 

based Vibrating Sample Magnetometer (VSM), which is shown in Figure 2.9.  The 

schematic diagram of VSM is shown in Figure 2.10. The cryostat constitutes a single 

vacuum insulated chamber with one inner helium reservoir (100 liters capacity) and an 

outer liquid nitrogen jacket (90 liters capacity) in it. For minimizing the radiation loss, 

high purity aluminum radiation shields are surrounded by a super-insulation blanket of 
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alternative layers of reflective aluminized-mylar and nylon netting .The superconducting 

magnet is a vertically oriented solenoid wound from copper stabilized filamentary 

superconducting wire of NbTi with Nb3Sn. The magnet is cooled by liquid helium 

through tubes wound along with the magnet from the bottom of the liquid helium 

reservoir (figure 2.10 (a)).  

 
Fig. 2.9 The VSM set up. Cryogenic Ltd. In the inset the non magnetic straw is  

shown where the sample is mounted 

The cryostat has a variable temperature insert (VTI) to operate in the temperature 

range of 1.6-325 K. The VTI is fitted inside the central bore of the magnet A Cernox 

thermometer and a heater are fitted at the bottom of VTI. The VTI is connected to a 

helium reservoir via a small capillary tube and the helium pot is connected to the helium 

reservoir through a needle valve (see figure 2.10 (a)). The needle valve is adjusted 

manually to control the flow of liquid He to the pot. The temperature of the VTI is 

controlled by controlling the heater power at the VTI bottom by a LakeShore (Model 340) 

temperature controller.  An oil-free rotary vacuum pump, connected to the VTI outlet is 

used to drive back the He gas to the recovery line. The sample loaded inside the sample 

chamber, is in thermal contact with the VTI via static helium exchange gas. The sample 



chamber has an internal diameter of 14 mm, and the temperature of the sample is 

monitored by a Cernox thermometer. A small vibrator provides the sinusoidal vertical 

motion of the sample within the pickup coils. The frequency of vibration is around 20 Hz 

and the amplitude around 1 mm. A small permanent magnet is mounted inside the 

vibrator on the driving rod which vibrates near a reference coil. 

2.7.2. Measurement using VSM 

Firstly, the vacuum space of the VSM is pumped down to 10-3 mbar before the 

cooling process. The cryostat is first pre-cooled with liquid nitrogen, before cooling with 

liquid helium. For pre-cooling the cryostat is filled with liquid nitrogen and is kept as 

such for roughly a day so that the sufficient cooling of the radiation shields and super 

insulations are insured. The liquid nitrogen is then removed by pressurizing the cryostat 

with nitrogen gas. The heater mounted at the base of the reservoir will boil any left of 

liquid nitrogen. As the liquid nitrogen is completely removed, the cryostat is purged twice 

or thrice with helium. After the purging, liquid helium is transferred. With the transfer of 

liquid helium, the temperature of the He reservoir decreases and once it reaches 4.2 K, the 

liquid He gets collected and there is an increase in He transfer rate. The capillary tubes 

from the helium reservoir are used to cool the magnet and VTI with liquid He (see figure 

2.10 (a)).  

The sample is loaded for measurement after cooling. The sample is mounted on a 

non-magnetic plastic straw and attached to the lower end of a rod (shown inset of the 

figure-2.9). This is made to oscillate vertically. If the sample has some magnetic moment 

and responses to the external applied field, it induces an AC signal in the pickup coils. 

The amplitude of the signal is directly proportional to the magnetic moment of the 

sample. The pick-up signal is fed to the lock-in amplifier (LIA) which is tuned to lock the 



vibrator control. The pick-up coil is wound in such that, an external field would induce 

equal and opposite voltages producing no overall signal. When we move a magnetic 

sample vertically through the center of the pickup coils, in upward direction, the flux will 

increase for one set of coils and decrease for the other. Once the sample is centered, we 

use the LabView software, where we can run the already written sequence of programs 

for the required measurements. 

 

 
Fig. 2.10 (a) Schematic Diagram of VSM (b) Block diagram of VSM, pick up coil and 

sample shown separately 



The temperature dependent magnetziation of polycrystalline NCCO is shown in 

Figure 2.11. The diamagnetic signal confirming bulk superconductivity is noted. 

 
Fig. 2.11 Temperature dependent magnetization of polycrystalline NCCO 

2.7.3. SQUID VSM 

SQUID stands for superconducting quantum interference device. These are highly 

sensitive magnetometers which can measure extremely low magnetic fields of the order 

of ~ 10-18 T [9]. As discussed earlier, VSM measures the voltage induced in a pickup coil, 

when the sample vibrates nearby it. The measurement is comparatively faster than a 

SQUID magnetometer but the associated sensitivity is comparatively poor. In a SQUID 

VSM both these qualities, i.e., it is both fast and highly sensitive when we perform 

magnetization measurements.  

In a SQUID two parallel Josephson junctions are connected to form a loop. We 

know that in a superconducting loop the magnetic flux remains quantized. The current 

applied is divided equally in the two Josephson junctions. The application of external 

magnetic field to the superconducting loop will trigger screening currents in the loop 

which will oppose the magnetic field. If the magnetic field applied externally reaches half 

a flux quantum (say 0.5 ), it is easier for the SQUID to keep the 0.5  inside rather than 

taking 0.5  out, because the flux remains quantized in a superconducting loop. The way 

to make this possible is reversal of screening currents in the loop. Hence it can be 



understood that the screening current changes its direction whenever the applied magnetic 

field is increased by half integral multiples of the flux quantum. Hence for a constant bias 

current, the voltage oscillates with a period of a flux quantum. The change in flux 

associated with the loop is calculated by counting the number of oscillations. 

The magnetization measurements have been performed in a Magnetic Properties 

Measurement System (MPMS) SQUID Magnetometer, Quantum Design. A schematic 

diagram of the MPMS SQUID VSM detection is shown in Figure 2.12. [10] 

 

 

Fig. 2.12 SQUID VSM detection schematic (taken from Reference [9], QUANTUM 
DESIGN Manual) 

The system measures the change in magnetic flux density produced by the sample 

as it moves through the superconducting pick up coils which are located at the centre of 

the superconducting magnets. The sample which is mounted in a material (plastic) with 

negligible magnetic moment is situated at the end of the sample rod. This rod is inserted 

in the sample space which is at low temperatures as it is surrounded by liquid Helium. 

The positioning of the sample at the centre of the pick-up coils is ensured by a stepper 

motor arrangement. The sample dimensions should be smaller than the dimensions of the 



detector coils (~3 mm). The current in the detection coil is a function of sample position. 

When the sample moves through the coils, current is induced in the pick-up coils. The 

pick-up coils are coupled with a SQUID loop. The SQUID serves as an extremely 

sensitive current to voltage converter. The change of current in the detection coils result 

in change of the voltages in the SQUID as well. The voltage in SQUID is proportional to 

the magnetic moment of the sample. Magnetization measurements can be performed for 

the temperature range of 1.8 K  300 K and fields up to 7 T in this system.  In Figure 

2.13, the temperature dependence of imaginary part of AC sus

polycrystalline NCCO has been plotted. The measurement has been done at a temperature 

of 4 K and the drive field used is 1 Oe. 

 

Fig. 2.13 O 
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Magneto-Transport and Magnetization studies on 

the electron doped superconductor 

Nd1.85Ce0.15CuO  

. 

3.1. Introduction 

This chapter deals with the synthesis of electron doped superconductor 

Nd1.85Ce0.15CuO and provides detailed magneto-transport studies on this system. True 

to the metastable nature of electron doped superconductors which crystallizes in T'- type 

K2NiF4 structure, the Nd1.85Ce0.15CuO (NCCO) system is difficult to prepare in pure 

form. In the synthesis of the compound Nd1.85Ce0.15CuO4, various material issues remain 

unclear including the exact role of the dopant and reduction steps which are absolutely 

necessary to induce superconductivity. It is proven in literature [1], that the  compound 

synthesized in air is Cu deficient and non-superconducting. This problem seems to be 

circumvented by annealing the samples in Ar, which results in segregation of 

Nd2O3/(NdCe)2O3 impurities at the grain boundaries. As a consequence grains become 

stoichiometric with respect to copper and hence superconducting. Granularity is an 

essential feature of this superconductor like many unconventional oxide superconductors 

and needs to be investigated in detail. Here we provide the outcomes of our investigation 

on granularity effects in the polycrystalline Nd2-xCexCuO4 (x=0.15) superconducting 

sample performed using temperature and magnetic field dependent electrical resistivity 

measurements as well as current dependence of resistivity. Effect of annealing conditions 

on the magneto resistance of the same has also been described in detail. 



3.2. Synthesis of electron doped super conductor 
Nd1.85Ce0.15CuO (NCCO) 

3.2.1. Synthesis and X-Ray diffraction 

Single phase polycrystalline samples have been synthesized starting from high 

pure (> 99.9%) oxides Nd2O3, CeO2, and CuO by solid state reaction at 1000°C for 24 

hours, followed by repeated regrinding and annealing. Argon annealing has been 

subsequently carried out between 875°C and 900°C with progressive increase in 

annealing temperature and time. As discussed earlier, the Argon annealing step is found 

to be absolutely indispensable to induce superconductivity in the sample. 

The compounds Nd2-xCexCuO4 (x=0, 0.15) synthesized in the present work have 

been characterized for phase purity and structure by powder X-ray diffraction using  . The 

XRD analysis studies indicate that both the compounds are essentially single phase and fit 

well to the I4/mmm structure. The XRD patterns are shown in Fig 3.1.  

 
Fig. 3.1 XRD patterns of the system Nd2-xCexCuO4 (x=0, 0.15) 

The lattice parameters deduced from the fit are found to be a=b=3.941Å and c=12.162Å 

for the pristine compound and a =b=3.946 Å and c=12.082 Å for the Ce doped compound 
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as shown in Table 3.1. The observed changes in lattice parameters indicate the successful 

substitution of Ce at Nd sites which is expected due to the smaller ionic radius of Ce4+ 

compared to Nd3+and are in accordance with literature [2]. 

Table 3.1 Lattice parameters of the parent compound Nd2CuO4 and Nd1.85Ce0.15CuO4 

 

 

 

 

3.3. Brief account of granularity issues in high temperature 
superconductors 

The intrinsic granular structure of the high temperature superconductors have 

profound effect on their physical properties which manifest in their resistivity and 

magnetization behaviour. In the granular structure the material is composed of small 

grains separated by dielectric barriers [3]. The two crucial factors that control the 

superconducting and normal state properties are the grain size and inter grain electrical 

resistance. The main practical sources of granularity envisaged in polycrystalline 

superconducting materials include impurities and defects at the grain boundaries and mis-

orientation between the grains. One of the striking features of granular superconductors is 

the occurrence of a double resistive superconducting transition [4,5]. The first dip in 

resistance occurs at a comparatively higher temperature, at which superconductivity is 

developed in isolated superconducting islands. This is known as the intra-grain transition. 

As it is mentioned earlier, the sample has now reached a state where it exists as an 

ensemble of superconducting grains embedded in an insulating matrix [6]and therefore 

behaving as Josephson Junctions. The overall system now can be visualized as collection 

of Superconductor-Insulator-Superconductor Junctions (SIS junctions). The second 

Compound a ( Å) c ( Å) 

  12.162 

   



transition leads the system into the zero resistance state. This is known as the inter-grain 

transition. After the advent of intra-granular transition, when the temperature is further 

lowered, more and more superconducting grains get coupled. Eventually it results in the 

establishment of a conducting path that leads to the achievement of zero resistivity [7]. 

3.4. Resistivity 

The temperature dependent resistance R(T) of the Ce doped compound 

Nd1.85Ce0.15CuO4 in the temperature range 4.2 to 300K is presented in Figure. 3.2 as a 

function of annealing schedule. R(T) reveals double superconducting transitions which 

can be observed clearly in Figure. 3.3. The double superconducting transition is known to 

arise due to the unavoidable granularity problem and has been reported in literature for 

several systems [8,9]. These transitions, as mentioned earlier, can be attributed to intra-

grain and inter-grain contributions to superconductivity. 

 
Fig. 3.2 Resistance versus Temperature from 4.2 K to 300K 
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Fig. 3.3 Resistance versus Temperature from 4.2 K to 30 K (showing double 

transitions) 

The intra and inter-grain transition temperatures (TC1 and TC2 respectively) are 

found to remain unchanged at around 25 K and 22K respectively with increasing 

annealing temperature and time. Samples showed semiconducting nature when Ar 

annealing was performed for 36 hours, 48 hours at 827 K and 850 K respectively (Figure 

3.2) . However, R (T) shows slight metallic nature when submitted to Ar annealing at 900 

K for 48 hours (Figure 3.2). Hence R(T) exhibits a gradual change from semiconducting-

like behaviour to metallic behaviour with increase in Argon annealing temperature and 

time. 
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3.5. Magnetization 

The results of magnetization (M) versus temperature (T) studies in the range 4 K -

28 K with excitation field of 100 Oe have been presented for the compound 

Nd1.85Ce0.15CuO4 in Figure 3.4. The ZFC & FC curves reveal a clear superconducting 

transition at 23 K with diamagnetic signal attributed to arise from the intra-grains. It 

should be mentioned that the superconducting transition due to inter-grains could not be 

captured in this measurements as the excitation field (100 Oe) used was larger than the 

critical field pertaining to superconductivity of the inter-grains (Hc2 ~1 Oe) [7]. 

 
Fig. 3.4 Magnetization versus temperature curves in the range 4-28 K for the sample 

3.6. Effect of granularity and annealing conditions on magneto-
resistance 

There are two factors which influence the superconducting properties in these class 

of compounds in a very significant way. One is the granular structure and the other being 

the sensitivity to Ar annealing. In order to study the effect of granularity and annealing 

conditions on magneto resistance we chose an NCCO sample which was Ar annealed at 

800°C for 24 hours (referred as S1) and one of the pellets of the same batch has been 
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subjected to prolonged Argon annealing for a period of 92 hrs (referred as S2). The 

resistivity of S1 and S2 with respect to temperature as a function of field was measured. 

Magneto resistance measurements have been carried out on the samples by a 15 Tesla 

cryogen free system, Cryogenics Ltd.  

of S1 is shown in Figure 3.5. It is e T) shows a double 

superconducting transition at zero field. The intra-grain transition (TC1) occurs at 22K.  

The inter-granular transition (at TC2 (T) in normal state of S1 

exhibits negative temperature coefficient like an insulator and exhibits negligible change 

under application of magnetic field. However, in the superconducting regime of S1, the 

transition temperatures TC1 (intra-grain) and TC2 (inter-grain) progressively shift to lower 

C2 

< T <TC1range consistently increase with increasing B. An intriguing dramatic change in 

C2. Here even a small field of B~0.03Tesla has 

peaks 

around TJ,E~ 6.5K (defined as Josephson junction coupling temperature) and decreases 

with further lowering of temperature. TJ,E appears to shift to lower temperatures while 

increasing B up to 1Tesla.  However, at higher magnetic fields, the resistivity dip at TC1 is 

not observed. Such non- C2 has been reported in 

literature for electron doped superconductors and has been explained to arise either due to 

a quantum phase transition or inter-granular coupling. For the present system, we find the 

latter mechanism consistent with our observations as seen in the case of the Sm-Ce-Cu-O 

system [10]. 



 
Fig. 3.5 Resistivity vs. Temperature for different fields for S1 

The temperature (T) and magnetic field (B) dep (T, B) 

of S2 is shown in Fig (T, B) behaviour of S2 is quite 

different from that of S1 (see Figures 3.5& (T) in normal state of S2 

exhibits positive temperature coefficient akin to metallic behaviour. In this case, TC1~24 

K and TC2~16 K, which means that the inter-granular transition temperature has decreased 

compared to the value of S1.Second, the width of double transition (TC1to TC2) is around 

6 K for S2, whereas it is around 2.5 K for S1 at zero field. In contrast to S1, the slope of 

(T) of S2 below TC2 remains unchanged, though its value is found to increase gradually 

with increasing field B = (T, B) behaviour of S2 may be 

arising as a consequence of prolonged annealing causing enhancement in grain-size as 

well as a slightly better inter-granular coupling. 

 



 
Fig. 3.6 Resistivity vs Temperature for different fields for S2 

aviour of sample S1 

qualitatively consistent with the model provided in reference [2]. The system is 

considered to be comprised of collection of S-I-S (superconductor  insulator  

superconductor) and S-N-S (superconductor-normal-superconductor) networks. While the 

tunneling characteristics remains temperature independent for the S-N-S type networks, 

the evolution of temperature dependence of the  is solely dictated by the  

temperature dependence of the S-I-S junctions. S-I-S networks contain two types of 

Josephson junctions.  In type-1, the normal state resistance RN is below the critical state 

value RQ ~ h/4e2, while in type-2 the normal state resistance RN > RQ. In the latter the 

charge transfer is governed by quasi particle tunneling. In type-1 junctions, Josephson 

tunneling current starts flowing when thermal energy becomes lower than the Josephson 

junction coupling energy (EJ). For an applied magnetic field, 

temperature (TJE) is shifted down as application of field suppresses the Josephson 

junction coupling energy. For the temperature range TJ,E<T<TC2 , the transport is 



governed by quasi-particle tunneling and total resistance increases with temperature 

reduction due to the decrease in quasi-particle tunneling. At temperature TJE, sufficient 

number of superconducting grains is coupled which leads to decrease in resistance. It is to 

be noted that reduction of temperature results in an increase of the superconducting 

energy gap which in turn reduces the quasi particle tunneling and hence results in  huge 

increase in resistance as observed in Fig 3.5. The value of resistivity, due to this increase, 

is even larger than the normal resistance. Meanwhile, the lowering of temperature 

strengthens EJ which competes over the depressing effect of B on EJ. These two inter 

competing effects result in non-monotonic (T), which peaks at TJ,E where 

two effects balance each other. Below TJ,E, the effect of T on EJ supersedes over the effect 

of B on EJ which re (T). For a similar system 

Sm1.85Ce0.15CuO4, (T) behaviour has been simulated by Grenet et al. [11] wherein they 

have generated similar plots and have attributed the differences in behaviour to difference 

in tunnel junction characteristics. Magneto-resistance plot of S1 and S2 are shown in 

Figures 3.7 and 3.8 respectively.  

 
Fig. 3.7 Magneto resistance of the sample S1 
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Fig. 3.8  Magneto resistance of the sample S2 

For the samples S1, at 4 K, the resistivity shows an initial steep increase due to the 

from 0.2 Tesla to 3 Tesla results in decrease of resistance probably due to the fact that 

magnetic field suppresses the superconducting energy gap which in turn enhances quasi 

particle tunneling. For B > 4 Tesla, increase in (T) can be attributed to the suppression of 

intra-grain superconductivity. Magneto-resistance plots of S2 (Figure 3.8) give us a very 

different picture. For temperatures below transition temperature such as 4 K, resistance 

increases in the low field regime followed by a gradual increase at the high field regime. 

Meanwhile, the resistance above the transition temperature remains independent of field 

for both samples. The SEM images of S1 and S2 are shown in Figure 3.9. The grain sizes 

of S1 and S2 have been deduced using ImageJ software and they are found to be 

2 is 

consistent with the above mention arguments.  

0 2 4 6 8 10

4.0x10
-2

6.0x10
-2

8.0x10
-2

1.0x10
-1

1.2x10
-1

 4 K
 30 K

B (Tesla)



 

Fig. 3.9  SEM images of S1 and S2 shown in a) and b), respectively. 

Figure 3.10 f S1 (T) with 

respect to different currents below TC2 is  observed, which is a signature of  granularity. 

The dissipation in granular samples is perhaps a consequence of the normal current 

flowing in parallel with the super-current.At the current of 25mA, the resistivity starts 

showing an increase when temperature is reduced below TC2. The distribution of EJ 

(Josephson Junction Coupling energy) (T) to zero. When we 

increase current, the self-field generated by current results in a suppression of coupling 

between (T) is governed by thermally activated hopping 

between neighbouring grains, leading the system in to a non-zero resistance state at low 

temperatures. 



 
Fig. 3.10  

3.7. Conclusions 

Superconducting samples of polycrystalline Nd1.85Ce0.15CuO  have been 

synthesized. The phase purity of samples has been established by X-ray diffraction. The 

resistivity measurements have revealed double superconducting transitions arising from 

intra & inter grain contributions akin to weakly coupled granular superconducting 

systems. It is found that reduction annealing in Ar is crucial to induce superconductivity 

in this system. The durations and temperatures, at which the annealing has been 

performed, profoundly dictate the resistance behaviour. The effect of two different 

annealing conditions on the temperature dependent electrical resistivity behaviour has 

also been studied. The observed resistivity behaviours have been qualitatively 

rationalized in terms of interplay of opposing effects of temperature and magnetic field on 

SIS junctions formed on account of coupling of superconducting grains dispersed in an 

insulating matrix in this granular system. 
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Magneto-Transport and Magnetization studies on 

Nd1.85Ce0.15CuO4 /Ag composites 

In continuation of our studies on the magneto-transport and magnetization 

properties on the polycrystalline sample of the electron doped superconductor 

Nd1.85Ce0.15CuO4 in the previous Chapter wherein we have highlighted the problem of 

granularity and its effect on physical properties, we now present our investigation on the 

influence of materials modification by silver addition on the above properties including 

critical current density in this Chapter.The effect of silver addition on ceramic 

superconductors has always been a topic of interest as in many cases it has resulted in an 

improvement of superconducting properties [1-5]. Studies on the introduction of silver 

into high-TC superconductors (HTSC) like Bi (Pb) Sr Ca Cu O and YBa2Cu3O7 have 

revealed that Ag is found to improve their structural and superconducting properties 

[1,3,4]. Ag addition also leads to the enhancement of critical current density of almost all 

bulk high temperature superconductors including the rare earth cuprates, MgB2 and rare 

earth iron pnictides, mainly due to an improvement in inter-granular coupling [6-8]. 

Moreover, Ag is also an established additive for improving mechanical properties of 

cuprate superconductors and contributes to grain growth [9].  It has been reported that the 

addition of silver reduces the normal state resistivity and enhances critical current density 

in YBa2Cu3O7-  ceramic superconductor [7]. However, the exact role of silver in 

improving some of the properties like the critical current density of superconductor/Ag 

composites still remains elusive and has been much debated [10].  Improved coupling 

between the grains (if silver resides at the grain boundaries), stronger flux pinning and 

even substitution of silver on the copper sites, which is unusual and quite interesting, can 



be one of the reasons [11-14]. Motivated from the beneficial effects observed under Ag 

addition in several aforementioned HTSC, we have performed detailed structural and 

physical properties investigations on successfully synthesized superconducting 

NCCO/Ag composites. The effect of Ag addition (0-15 weight percent) into 

Nd1.85Ce0.15CuO4 superconducting system on its crystal structure and local structural 

features has been investigated using Synchrotron X-Ray Diffraction (SXRD) and Raman 

spectroscopy. Low temperature magnetization studies have been carried out by 

employing Vibration Sample Magnetometer to study the effect of Ag addition on the 

superconducting and magnetic properties particularly the critical current density which 

electrical current dependent studies of electrical resistivity as well as Magneto resistance 

(MR) studies have been performed on the Nd1.85Ce0.15CuO4+Ag composite system.  

Based on above measurements, a comparative study of the superconducting critical 

properties of the Nd1.85Ce0.15CuO4+Ag composites with Ag=0, 5 and 15 wt.% have been 

carried out and the outcomes of these studies are presented here. 

4.1. Synthesis of NCCO/Ag composites 

The pure electron-doped cuprate Nd1.85Ce0.15CuO4 and the Nd1.85Ce0.15CuO4+Ag 

composite systems were prepared by the conventional solid state reaction method. For 

thesynthesis of Nd1.85Ce0.15CuO4, high purity powders of Nd2O3, CeO2 and CuO were 

used as the starting materials. Powders in the required stoichiometric ratio were well 

mixed and ground thoroughly in an agate mortar and then air annealed at 1273 K and this 

process was repeated for several grinding and heating cycles. In order to prepare the 

Nd1.85Ce0.15CuO4+Ag composites, Ag powder was added to the samples in the solid state 

to the extent of  5 wt. % and 15 wt. % respectively and further air annealed at 1133 K.. 

This was followed by a final reduction stage by Ar annealing at the same temperature 



(1133 K) for all the samples which is necessary to induce superconductivity. As Ag has a 

low melting point, the final sintering was carried out at 1133 K for the present series of 

Nd1.85Ce0.15CuO4+Ag ceramics (designated as NCCO+Ag). 

4.2. Characterization of NCCO/Ag composites 

4.2.1. X- ray diffraction Measurements 

The inital X-Ray Diffraction measurements were performed from lab source using 

STOE diffractometer with Si (911) zero back-ground plate. Subsequently, the 

Synchrotron X-Ray Diffraction measurements have been carried out on finely ground 

powders of Nd1.85Ce0.15CuO4+Ag in the beam line BL-12 (ADXRD beam line) at 

INDUS-II Synchrotron source at RRCAT, Indore India. The XRD patterns were recorded 

on a MAR3450 image plate and the sample was mounted in Debye-Scherrer geometry. 

The 2D ring pattern recorded on the image plate was converted to the 2theta (2 ) versus 

intensity (I) plots, using the FIT2D program [15].  The wavelength and sample to detector 

distance were accurately calibrated by using XRD pattern of LaB6 NIST standard. The 

Rietveld analysis of the XRD data (wavelength =0.665422 Å) was performed using 

GSAS-EXPGUI software [16]. An XRD study of the pellets has also been carried out to 

establish the orientation using a Laboratory Powder diffractometer (D500 STOE using 

Cu K  radiation, operated with a power of 40 kV and 30 mA, in the Bragg-Brentano 

geometry). 

In order to establish possible changes of crystallographic preferred orientation 

upon Ag addition to the system, X-ray diffraction (XRD) patterns of 

Nd1.85Ce0.15CuO4+Ag (0 and 5 wt.%) pellets have been recorded. The indexed XRD 

patterns have been presented in Figure 4.1. It must be noted that very small fractions of 

impurity phases has been detected for both samples. The impurity phase in case of 



Nd1.85Ce0.15CuO4 + Ag 5 wt.% happens to be unreacted CuO. In the pristine sample an 

unidentified The data have 

been analyzed with respect to intensity ratio variations. Figure 4.1 (inset) highlights the 

reduction in intensity of the (110) reflection upon Ag addition indicating a randomization 

of the small degree of preferred orientation initially present in the pristine 

Nd1.85Ce0.15CuO4 sample.  

 
Fig. 4.1 XRD patterns of the Nd1.85Ce0.15CuO4+Ag (0, 5, wt.%) pellets.   Inset shows 

the intensity comparison of the (103) and (110) reflections for Ag 5wt.% 
(solid) versus Ag 0wt.% (dot) 

In order to investigate the overall distribution of silver in the inter- and intra-

granular regions and also to precisely determine the changes in lattice constants upon Ag 

addition, the Synchrotron XRD analysis and Rietveld refinement have been undertaken. 

The Rietveld refinement plots of the Nd1.85Ce0.15CuO4+Ag system (Ag=0, 5 and15 wt. %) 

are presented in figures 4.2,  4.3 (a) & (b) respectively. The background function used is 

the Chebyschev polynomial of the first kind as given in the GSAS program. The 



refinement has been carried out in the sequence: background, scale factor, lattice 

parameters, profile parameters, phase fractions and thermal vibration parameters. 

Structural parameters of NCCO+Ag system is listed in Table4.1. The quantitative 

phase information is obtained assuming that the weight fraction Wp of the pth phase in a 

mixture is given by Wp= SpZpM p Vp i SiZiMiVi; where Sp, Mp, Zp, Vp are the refined 

Rietveld scale factor, the mass of the formula unit, the number of formula units per unit 

cell and the unit cell volume, respectively of the phase p [17]. The summation in the 

denominator accounts for all crystalline phases in this case including Nd1.85Ce0.15CuO4 

and Ag.  

 

Fig. 4.2 Rietveld refined powder XRD plot of Nd1.85Ce0.15CuO4  

The results of Rietveld Refinement studies of Nd1.85Ce0.15CuO4+Ag system 

(Table 4.1) indicate a small change in lattice parameter upon Ag addition (c lattice 

parameter decreases from 12.085 to 12.065 Å for the system Nd1.85Ce0.15CuO4+Ag upon 

increasing Ag from 0 to 15 wt. %). This is associated with a very small decrease in the 
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concentration of free silver by around 1%. (Our estimated composition of the sample is 

Nd1.85Ce0.15CuO4+14 Ag wt. % compared to the nominal composition for the sample 

Nd1.85Ce0.15CuO4+15 Ag wt.%) showing evidence for possible incorporation of Ag in the 

lattice to the extent of roughly 1 wt. %. As it is well known that Ag takes the 1+ and 

3+oxidation states and Ag3+ ion has an ionic radius 0.81 Å comparable to 0.68 for Cu2+, it 

perhaps substitutes for Cu ion.   

 

Fig. 4.3 Rietveld refined powder XRD plot of (a) Nd1.85Ce0.15CuO4 + 5 wt.% Ag and 
(b) Nd1.85Ce0.15CuO4 + 15 wt.%  Ag  

This may lead to additional electron doping similar to Ce4+ and consequent 

reduction of c lattice parameter, perhaps due to removal of apical oxygen defects upon 

electron doping (reduction of Cu2+). A very light Ag doping for Cu, established for the 

YBa2Cu3O7 superconducting system gives evidence for the possibility of a small but 

finite substitution of Ag for Cu in the cuprate superconductors [5]. 
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4.2.2. SEM-EDS Characterization 

The SEM images of NCCO + Ag (Ag=0, 5, 15 wt.%) have been shown in the 

Figure 4.4 (a), (b) and (d). The low sintering temperatures, being limited by the melting 

point of Ag, leads to sub-micron grain sizes, and due to the small sizes a certain amount 

of agglomeration is also present as seen in the SEM pictures. The average grain sizes of 

the samples as observed from SEM are roughly in the range of 650-900 nm for all the 

samples namely NCCO+Ag (Ag=0, 5, 15 wt.%). The presence of Ag in the Ag = 5 & 15 

wt.% samples have been confirmed by elemental mapping for Ag (see Figures 4.4  (c) 

and (e)).  

 
Fig. 4.4 (a) SEM Image of NCCO; (b) SEM image of NCCO+Ag 5 wt.% and (c) 

corresponding element map of Ag;(d) SEM image of NCCO+Ag 15 wt.% 
and (e) corresponding element map of Ag 



The electron image and the corresponding elemental map for Ag indicate the 

presence of Ag distributed randomly and absence of its clustering. This, in conjunction 

with the XRD analysis indicating Ag as a second phase, led us to believe that Ag 

essentially may be located at the inter-grain spaces. Analysis of the crystallite size, 

namely, the coherent domain size as seen by X-ray has also been carried out by 

determining the X-ray line width. They indicate very small line broadening of 0.04-

0.05o,which is presented for (101) reflection in Figure 4.5, leading to a crystallite size of 

 

Table  4.1 Structural parameters refined from Synchrotron XRD data of NCCO + Ag 
system 

Nominal 
Composition 

Lattice Parameter 
a 002)   

 c  

Unit cell 
volume, Å3 

Silver Content 
Phase fraction, Sph      

Weight % 

Nd1.85Ce0.15CuO4 
3.948 12.085 188.365   

Nd1.85Ce0.15CuO4 

+Ag  
5 wt.% 

3.947 12.082 188.22 0.2801 5.2% 

Nd1.85Ce0.15CuO4 
+Ag  

15 wt.% 

3.940 12.065 187.29 0.7445 13.9% 



 
Fig. 4.5 Expanded view of the (101) reflections of the NCCO + Ag (0, 5, 15 wt. %) 

in comparison with the (100) reflection of standard LaB6 taken under 
identical conditions 

4.3. Raman Spectroscopy 

Raman spectroscopic measurements have been carried out on pellets of 

Nd1.85Ce0.15CuO4 and Nd1.85Ce0.15CuO4+Agusing Renishaw in Via micro Raman 

spectrometer (Renishaw, UK) using 10mW power of the 514.5 nm Ar ion laser. 

Measurements were made in the backscattering geometry with Z axis of laboratory frame 

taken as direction of laser propagation and the sample surface as the XY plane. Polarized 

Raman measurements were carried out by inserting an analyzer and an additional half 

wave plate in scattered light path for parallel polarization (XX) and perpendicular 

polarization (XY) respectively. Data analysis was carried out using WIRE software of the 

Renishaw make in Via Raman spectrometer. Collected spectra were smoothed and 

corrected for background. Additional area normalization was done for un-polarized 



spectra, while no further processing was done for polarized spectra. Un-polarized Raman 

spectra were fitted with Lorentzian line shapes for the observed main modes.  

Raman spectroscopic studies have been carried out to probe the local structural 

changes, oxygen disorder and preferred-orientation effects associated with the addition of 

Ag to Nd1.85Ce0.15CuO4. The room temperature un-polarized Z(X,XY)-Z and area 

normalized Raman spectra of Nd1.85Ce0.15CuO4+xAg  (x = 0, 5, 10 and 15 wt. %) system 

are presented in Figure 4.6. Intensity axis limits are kept equal for all spectra in order to 

compare relative intensity variations. The low energy Raman spectra below 700cm-1 

exhibit five sharp phonon modes and a weak mode around 820 cm-1, which may arise 

from two phonon scattering[18]. The sharp spectral feature at 223 cm-1 may be attributed 

in analogy with existing literature on the Raman response of Nd1.85Ce0.15CuO4[19], to the 

crystal field excitations of the Nd3+ ion along Z direction (A1g). The sharp feature at 326 

cm-1 is a B1g phonon associated with the out-of-phase c axis vibration of the oxygen 

atoms in the CuO2 plane and the peak around 480 cm-1 is associated with the in-phase 

vibration of the oxygen atoms in the CuO2 plane with Eg symmetry[20]. 



 
Fig.4.6  Raman spectra of the Nd1.85Ce0.15CuO4+Ag (0, 5, 10 and 15 wt.%) pellets 

The origin of the broad feature at 580 cm-1 may be a defect mode arising due to 

apical oxygen atoms in excess of O4 and has been widely reported in literature [18-22]. In 

addition, a very broad satellite feature at 540 cm-1is observed for the pristine (Ag content 

=0%) sample which is perhaps associated with a wider distribution of apical oxygen 

defect mode frequencies arising due to a broader distribution of the oxygen defects at 

interstitial sites. Apart from these major modes a sharp mode at ~120 cm-1 is observed in 

all samples. This mode is an Eg symmetry mode of Nd1.85Ce0.15CuO4 analogous to the 480 

cm-1EgRaman mode [22].The modes of the above set of unpolarised Raman spectra, for 

Nd1.85Ce0.15CuO4 and Nd1.85Ce0.15CuO4+Ag samples shown in Figure 4.6 were fitted with 

Lorentzian line shapes. Figure 4.7 shows the variation of mode frequencies with 



increasing Ag addition. As seen from the figure, all modes show slight hardening with 

increasing Ag content. This is consistent with the unit cell volume reduction observed 

with increasing Ag addition, as shown in Table 4.1 

 
Fig. 4.7 Variation of mode frequencies with increasing Ag addition 

Figure 4.8 shows variation of area under O-defect modes at 540 and 580 cm-1. While the 

defect mode corresponding to 580 cm-1 shows a reduction, the 540 cm-1 mode is also 

reducing in intensity and nearly diminishes with increasing Ag content. This may be due 

to partial removal of some of the apical oxygen present in excess of O4 by Ag defects 

which could lead to a shrinking of the c lattice constant as observed. The minor phonon 



hardening is observed in Ag doped MgB2 superconductor as well. A decrease is observed 

in phonon frequency with respect to the increase in lattice volume. This is described by 

the Gruneisen relation that expresses the dependence of phonon mode frequency with 

respect to change in volume of the unit cell. 

 (4.1) 

where,  is the frequency and V is the related unit cell volume,  and dV are the 

variations in and V  

Influence of Ag addition on intensities of observed modes could not be analysed 

owing to the strong polarization effects, arising from orientation of a few grains sampled 

in the micron size laser spot. The incident laser of ~ 1µm spot diameter is linearly 

polarized and aligned in X direction of the laboratory frame. Considering the 

polycrystalline nature of the samples, Raman signal is expected to be arising from 

randomly oriented crystals.  However, the small area probed by the laser spot can still 

introduce orientation induced polarization effects on the observed intensities of Raman 

active modes. This was indeed confirmed by measurements done at various spots with 

different grain sizes which showed varied intensities of observed modes for same sample. 



 

Fig. 4.8 Variation of normalized area under 540 and 580 cm-1 O-defect modes as a 
function of Ag content 

The Polarized Raman Spectroscopic studies of the pristine Nd1.85Ce0.15CuO4 as 

well as Ag doped samples were carried out. Figure 4.9 compares the Raman spectra of 

both parallel (XX) and perpendicular (XY) polarized scattering. Except B1g mode at 325 

cm-1, all other modes show drastic reduction in intensity for perpendicular polarization, 

implying near symmetric nature of these modes.  



 
Fig. 4.9 Polarized Raman scattering spectra of both parallel (X,X), indicated by  red 

lines and perpendicular (X,Y), indicated by blue lines 

  

4.4. Magnetization 

DC magnetization measurements were carried out on rectangular cuboid shaped 

samples (approximate dimensions: 1-2 mm x 0.8-1.2 mm x 0.6-0.8 mm), on a Cryogenics 

Ltd. MakeVibration Sample Magnetometer. For the magnetization measurements 

magnetic field is applied along the longest dimension to reduce the demagnetization 

factors.  



The DC magnetization curves of the pristine system as well as Ag added system 

(5 wt.%, 15 wt.%) with respect to temperature have been shown in the Fig 4.10. In all the 

three cases, the superconducting transition temperature (TC) is found to be around TC ~23 

K. It is to be noted that silver substitution has not resulted in a significant change in TC. 

But interestingly, it is seen that Ag addition has contributed to increase in the 

diamagnetic shielding as the absolute value of 4  has increased with the Ag addition 

(cf. Figure 4.10) .This increase in the diamagnetic shielding signal for the Ag added 

sample may be either due to the increase in superconducting volume fraction or due to 

the increase in current carrying capacity of the superconducting grains. As the increase in 

critical current density of the superconducting grains enhances the Meissner shielding 

currents, this would result in larger diamagnetic shielding signals. The absolute value of 

4  is significantly less than 1 for the present samples. As mentioned earlier, the field at 

which the magnetization has been measured is 100 Oe which is much higher than the 

reported value of the lower critical field (HC1) of Nd1.85Ce0.15CuO4 [23]. Hence the 

Meissner effect is expected to be incomplete. There is also a contribution due to the 

paramagnetic background from the paramagnetic rare earth (Nd3+) ions in the 

superconducting Nd1.85Ce0.15CuO4 lattice. 

 



 
Fig. 4.10 Zero field cooled (ZFC) and Field cooled magnetization measurements as a 

function of Temperature of NCCO, NCCO+5 wt.% Ag and NCCO +15 
wt.% Ag samples, under a field of 100 Oe 

The ZFC curves measured at different fields for the Ag 5 wt. % sample have been 

shown in Figure4.11.  

 
Fig. 4.11 Zero field cooled (ZFC) Magnetization measurements as a function of 

Temperature of NCCO + Ag 5 wt.% samples measured for different applied 
fields 

This figure clearly shows the superconductivity in the background of strong 

paramagnetism. The ZFC curves measured at lower fields show sharp diamagnetic signal 
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at the superconducting transition temperature, TC ~ 23 K. As the measuring field strength 

is increased, the strength of diamagnetic signal is significantly suppressed while the 

transition temperature reduced only slightly. For higher measuring fields (H > 2 kOe), the 

susceptibility is positive even below the superconducting transition temperature and the 

M-T shows typical paramagnetic behavior (M  1/T) with a small kink at the 

superconducting transition temperature. 

Figure 4.12 shows the zero field cooled (ZFC) M vs. T data for the samples, 

measured at 10 kOe. The paramagnetic nature of the samples at the field (10 kOe) is 

clearly evident in the figure. Left inset of the figure show the 1/  vs. T plot and the solid 

lines shows the Curie-Weiss fit to the high temperature part of the data. At higher 

temperatures (T > 50 K) the 1/  varies linearly with temperature for all the three samples.  

 
Fig. 4.12 Zero field cooled (ZFC) magnetization measurements as a function of 

Temperature for the Ag added NCCO samples measured at 10 kOe. Left 
-

Weiss fit to the high temperature. Right insets shows the calculated effective 
magnetic moment. 



From the Curie-Weiss fit to the high temperature part of the data the effective 

magnetic moment of the samples were estimated and is shown in the right inset of Fig. 

4.12. The effective moment determined from the Curie-Weiss fit (blue symbols 

connected by dashed line) is close to the effective moment of Nd3+ ion.  

4.5. Estimation of Critical current density (JC) 

The M-H curves of all three systems have been 

plotted for comparison in Figure.4.13 (a). The M-H curves shows hysteretic behavior due 

to the superconductivity superimposed on to the linear paramagnetic moment. Inset of the 

Figure 4.13 (a) clearly shows the irreversible hysteretic type-II superconducting 

contribution near the zero field regions during the field increasing and decreasing cycles. 

The inset figure clearly shows the difference in M-H for the virgin and fully penetrated 

states. Figure4.13 (c) shows the M-H curves for the 5 wt.% Ag added sample measured at 

4, 6 and 8 K. 

Critical current densities in each case were calculated from the M-H curve as per 

 Bean made use of a simple model to explain hysteresis in 

magnetization of a type II superconductor. He has considered a field independent critical 

current density. In this model the pinning force which is assumed to be uniform in the 

material is described in terms of critical current through the relation. 

 (4.2) 

Considering a cylindrical sample and assuming that the applied field is greater than the 

critical field (HC1), the flux density is the highest at the edges of the sample and lower in 

the inside of the sample. Because of the entry of vortices in the sample, large current is 

produced according to  



 (4.3) 

The flux density gradient is said to be in the critical state when the flux penetrates inward 

and the Lorentz force is not strong enough to overcome the pinning force. The circulating 

currents, which flow, have the value of JC. The total flux inside the sample is less than 

that of the equilibrium case in the absence of pinning. Irreversible magnetization is 

difference of magnetization observed in these two cases. 

hysteresis behavior of type II superconductors. The width of the magnetization of the M-

is widely used in estimating the critical current density of superconducting materials from 

field dependent magnetization materials. 

 As only the high field data has been investigated in our VSM measurements the 

grains are essentially decoupled and the intra-granular critical current density has been 

calculated and is shown in Figure.4.13 (b) for pristine, 5wt. % and 15 wt.% Ag added 

samples for 4 K. The expression used for calculating the critical current (JC) is JC = 20 

from the SEM study. It is observed that the intra-granular critical current density in the 

Ag added samples have shown significant change as compared to the pristine sample. At 

4 K, the maximum JC of the pristine sample is found to be 3.69x 106 A/cm2whereas at the 

same temperature the value of JC is observed to increase to 6.01x 106 A/cm2for Ag 5 

wt.% sample. For the Ag 15 wt.% sample, JC has increased to 6.43 x 106 A/cm2. JC is seen 

to increase sharply at lower temperatures. Figure 4.13 (d) shows the variation of intra-

granular critical current density for the 5wt.% Ag added sample for different 

temperatures 4, 6 and 8 K. 



 
Fig. 4.13 Magnetic hysteresis loops (a) and critical current density vs. magnetic field 

plots (b) for the Ag added Nd1.85Ce0.15CuO4 samples at 4 K. Inset of (a) 
shows the low-field zoomed M-H plot for the 15wt.% Ag added sample. 
Magnetic Hysteresis loop for NCCO (c) M-H plot of NCCO+Ag 5wt.% (d) 
Intra-granular Jc of NCCO+Ag 5wt.%. 

    In order to study the inter-granular transition and associated critical current 

behavior we have carried out bulk resistivity measurements as a function of electrical 

current. The data are presented for the pristine, 5wt. % and 15 wt. % Ag added samples in 

Figure4.14 (a), (b) and (c) respectively. It is seen that all samples attain zero resistance 

for the minimum value of applied current of 100µA. The superconducting transitions 

reveal a double step which has been reported in literature [24] and also discussed briefly 

in our studies on the pristine compound presented in Chapter 3. The first drop in 

resistance corresponds to the intra-granular transition and the second step observed 

corresponds to the inter-granular transition.  Zero resistance is attained by Josephson 

junction coupling between the superconducting grains. When current applied is increased 



the self-fields generated tend to destroy the Josephson junction coupling; this results in an 

increase in resistance [25]. From Figure4.14it is clear that the Ag added samples sustain 

higher values of current. In the case of pristine sample, the rough value of inter-granular 

critical current, that is, the current at which a finite increase in resistance is observed is of 

the order of 200-

5mA.While the pristine sample shows higher electrical resistivity and an insulating 

behavior for a current of 5 mA, the Ag added samples exhibit lower resistivity and do not 

show insulating behavior even for comparatively higher currents of 25mA. Literature 

studies in ceramic superconductors indicate that the inter-granular critical current density 

is found to dependent inversely on the normal state resistance of the grain boundaries 

[13]. This results in JC 

normal state. Considering this fact coupled with our electrical resistivity data of 

Figure.4.14, it can be inferred that the Ag added samples exhibit higher inter-granular JC 

compared to the pristine sample. 



 
Fig. 4.14 Current dependence studies of (a) NCCO (pristine), (b) NCCO + Ag 5 wt%, 

(c) NCCO + Ag 15 wt% 
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, in Figure 4.15, we show the variation of TC,JC(intra-

granular),  C has not 

shown any significant change with respect to Ag addition. The intra-grain JC as 

mentioned has shown a significant increase.  The inter-granular critical current inferred 

from resistivity measurements is also evidenced to increase with Ag addition. at 300 K 

for the pristine sample +5 wt % Ag is 

NCCO+15 Ag wt.%  

Susceptibility values also have shown an increase in magnitude from-0.125 emu/cc 

(NCCO pristine) to -0.170 emu/cc (NCCO+15 Ag wt.%). 

 
Fig. 4.15 Variation of Critical Temperature, Critical Current density (intra-granular) , 

Room temperature resistivity and Susceptibility with respect to weight % of 
silver. 
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The present observation of JC enhancement correlates well with the enhancement 

reported in literature for the hole-doped YBCO/Ag superconducting composites[26]. Ag 

precipitates are unlikely to be pinning centers, as the precipitates are not of nanoscopic 

scale, and far exceed in size of the dimensions of the coherence length (15-30Å) [10]. 

Moreover ,a possible doping of Ag for Cu may also exist [27]. Ag doping can act as 

defects which can increase the critical current density by pinning the motion of the flux 

vortices. This enhancement in pinning by silver substitution may lead to an enhancement 

in intra-granular critical current density. Ag precipitates can influence the distribution of 

residual stress which in turn can lead to propagation of dislocation, which can act as 

effective pinning centers to enhance JC [28,29]. 

4.6. Magneto resistance (MR) study of NCCO/Ag composites 

The results of our magneto-transport studies on pristine NCCO highlighted in the 

previous chapter clearly indicates that unlike its hole doped counterparts, wherein weak 

links are also present, the granular features of electron doped superconductors are more 

sensitive to magnetic field. The electrical resistivity studies as a function of magnetic 

field carried out on NCCO/Ag composites, which are shown in Figure. 4.16 (a) - (c), 

indicate several interesting features analogous to the pristine sample: (i) It is observed 

that the zero resistance attained in zero magnetic field vanishes under application of even 

a small field of a few milli-Tesla (mT). The effect of magnetic field on weak links in n-

type superconducting ceramics causes TC1 (the intra-grain transition), TC2 (inter-grain 

transition) to shift towards lower temperatures when the applied magnetic field is 

increased up to 3 T. (ii) It is observed that (see Figure. 4.16 (a)-(c)), a small field of B ~ 

0.02 T (T) leading to a drastic increase in its value which 

peaks around TJE (Temperature at which Josephson junction coupling becomes 

prominent)~ 6.5K and decreases with further lowering of temperature. The height of this 



peak is found to increase in the regime of comparatively lower fields of 0 to 0.08 T. TJE 

appears to shift to lower temperature with increasing B up to 3T.  (iii)  In all the three 

cases (cf. Figure 4.16 (a), (b), (c)) at higher magnetic fields (B >3 T), the resistivity dip at 

TJE is not observed. These non-monotonic resistive transitions (as explained in the 

previous chapter), which happens due to granular effects, persist even after the addition 

of Ag in the polycrystalline samples and the weak-link problem in this system is perhaps 

extremely complex and cannot be solved by alloying with Ag. 

The resistive upper critical field of NCCO, NCCO+ Ag 5 wt.%, NCCO+Ag 15 

wt.% and their temperature dependence has been investigated. 

(HC2) 

HC2

- -

- -

-

TC and may also possibly arise due to an increase in local site disorder. 



 
Fig. 4.16 (a), (b), (c)  showing Temperature dependence of normalized resistance of 

NCCO, NCCO +Ag 5 wt.% , NCCO+Ag 15 wt.% taken in different 
magnetic fields as indicated and (d), (e), (f) showing Temperature 
dependence of HC2 of the same along with the line. Red lines represent the 
fit with WHH equations. 

The isothermal Magnetoresistance plots of NCCO, NCCO+Ag 5 wt.% and 

NCCO+Ag 15 wt.% are shown in Figure. 4.17. From Figure 4.17 (b), (c), it is clearly 

observed that there is an increase of resistance (R) with an  increase in magnetic field (B), 

bringing out three regimes: (i) large increase in R in low field regime (B<0.5), moderate 

increase of R for 0.5<B<2-3T and a marginal increase of R in the high field regime 

(B>3T) at 4 K and 10 K.  In Figure 4.17 (a), it is seen that the pristine sample also 



behaves in a similar manner with an exception at 4 K, where a slight decrease in 

resistance is observed as the field increases from 0.3 T to 2 T which is followed by a 

region of moderate variation up to 4 T and then an increase of resistance in the high field 

regime.In all the three cases (Fig. 4.17(a), (b), (c),) the resistance remains independent of 

field for temperatures T>TC1~24K, as expected.  

 
Fig. 4.17 (a), (b), (c)  Isothermal Magneto-resistance plots of NCCO, NCCO + Ag 5 

wt.% , NCCO + Ag 15 wt.%  as a function of field respectively 

The observed resistance versus field behavior at low temperature can be reconciled with 

the picture of granularity described in literature [24]. In the magneto-resistance studies, 

three general behaviors are observed 

(i) Increase of resistance in low fields 

(ii) A region of moderate variation/decrease in resistance at relatively higher fields 

(iii) Increase in resistance, at very high fields 
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The initial increase of resistance under low fields can be attributed to the destruction of 

Josephson junction coupling. The subsequent decrease seen in resistance is due to the 

suppression of intragranular superconducting energy gap, which results due to the 

enhancement of quasiparticle tunneling. The increase in resistance, at very high fields 

may arise be due to the suppression of intragranular superconductivity. It is significant to 

note that the maximum increase of R in the low field is seen for the pristine sample, 

which systematically decreases with increase in Ag content.  This may stem due to an 

improvement in inter-granular coupling upon addition of Ag. 

4.7. Conclusion 

The effects of the Ag addition on the electron doped cuprate, Nd1.85Ce0.15CuO4 is 

investigated for the first time. The most important result is the significant increase in 

critical current density (JC) upon silver addition. This scales well with the observed small 

but significant change in lattice parameter upon Ag addition which along with the 

quantitative Rietveld phase analysis gives evidence for possible incorporation of Ag in 

the lattice to the extent of ~ 1 wt.%. The rest of the silver is present as free silver, perhaps 

at the grain boundaries, as estimated quantitatively. The reduction in unit cell volume is 

consistent with the minor phonon hardening of all Raman modes upon Ag addition, 

observed in this study. Other interesting changes in structural features observed upon Ag 

addition include a diminishing of the apical oxygen defect mode as well as a 

randomization of preferred orientation. Our SEM studies indicate an average grain size of 

800nm and no significant changes in grain size occur upon Ag addition. This is in 

contrast to the YBCO/Ag system, wherein both grain size and texturing increases upon 

Ag addition. However, despite the absence of grain size increase our low temperature 

electrical and magnetic property studies indicate that some of the superconducting 

properties including intra and inter-granular critical current densities (JC) are significantly 



enhanced upon Ag addition. The former has been studied by DC magnetization using 

VSM and the latter by current dependent electrical resistivity. 

exhibit anomalous features in magneto-resistance behaviour. These anomalies have been 

qualitatively understood based on the interplay of Josephson junction coupling and quasi-

particle tunneling; the combined effects of which dictate the evolution of the observed 

temperature and field dependent resistivity behaviour. 

 upon the addition of Ag. The resistive upper critical field Hc2(0)of the 

NCCO, NCCO+ Ag 5 wt%, NCCO+ Ag 15 wt% systems has been estimated. The value 

of HC2 (0) decreases with Ag addition from 
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Magneto-Transport and Magnetization studies on 

Nd1.85Ce0.15CuO  thin films 

From the point of view of understanding the mechanism of superconductivity in 

the cuprate materials, the study of magneto transport properties and magnetization of the 

electron doped superconductor Nd1.85Ce0.15CuO thin films is crucial.  The matter of 

interest here is the fact that the electrical properties of c-axis oriented epitaxial films of 

electron doped cuprates show substantive differences compared to that of hole doped 

cuprates [1]. The temperature dependence of normal state resistivity [2] and London 

penetration depth[3] are very well studied properties which clearly reveal such  

differences.  For example, in Nd1.85Ce0.15CuO single crystals and thin films, the normal 

state resistivity versus temperature curves have shown a T2 dependence at low 

temperatures (T<200K)[4], which is very different from the linear temperature 

dependence of resistivity observed in the hole doped cuprate superconductors, 

YBa2Cu3O7 and La1.85Sr0.15CuO4[5,6].   

Another even more interesting distinction is that the long range 

antiferromagnetic order in electron doped Nd2-xCexCuO4can exist for larger values of x (x 

[7]and can even exhibit a co-existence with superconductivity[8]. Magneto-

resistance studies on the under doped electron doped cuprates (non-superconducting) 

have already provided information regarding the coupling between the charges and 

background magnetism [9]. It is observed that the resistivity is sensitive to the interlayer 

magnetic order [9-11]. Hence, it would be interesting to study the magneto resistance of 

the Nd1.85Ce0.15CuO both in its non-optimally annealed state (where we expect the 



effects of antiferromagnetism also) and the superconducting state which is achieved by 

ex- situ reduction annealing.  

In this chapter, the synthesis and characterization (by XRD and SEM) of 

Nd1.85Ce0.15CuO thin films and the studies carried out on them by magneto transport 

and magnetization measurements have been presented. The films are synthesized by 

Pulsed Laser Deposition method using a KrF Excimer Laser. Magneto- transport 

properties have been studied in both the regimes, i.e., the film in its in-situ and ex-situ 

annealed states.  

5.1. Synthesis and Characterization of thin films of electron doped 
super conductor Nd1.85Ce0.15CuO  (NCCO) 

5.1.1 Synthesis 

Nd1.85Ce0.15CuO thin films have been synthesized by the Pulsed laser 

Deposition method. During the optimization process three different substrates namely 

LaAlO3, SrTiO3 and MgO have been used. However, the subsequent studies have 

revealed that the change of substrates did not have any substantial effects on the physical 

properties of the films. Therefore, here we present all studies performed on the thin films 

deposited on the SrTiO3 (STO) substrates. As per reports, films of the highest quality 

(including highest TC) can be synthesized by performing deposition in N2O atmosphere 

[12]. Nevertheless, superconducting films of lower TC = 14-16 K have been synthesized 

using O2 atmosphere also [13]. We have followed the latter method and carried out thin 

film depositions in the oxygen atmosphere by maintaining the oxygen pressure at       

0.67 mbar. The laser fluence used is3.25 J/cm2. The pulse energy is set at 260 mJ and the 

repetition rate being 5 Hz. The substrate was maintained at a temperature of 820°C 

during deposition. The as grown Nd1.85Ce0.15CuO  film, designated as NCCO has been 

subjected to an in-situ vacuum annealing at 740°C and has shown an onset 

superconductivity but without exhibiting zero resistivity. However, the full fledged 



superconductivity with zero resistance has emerged in the film, designated as NCCO-S, 

after it was ex-situ annealed in Ar atmosphere. The thicknesses of the films measured 

using dektak  Further details regarding 

achievement of superconductivity shall be explained in the following sections. 

5.1.2 X  Ray diffraction of NCCO films 

- NCCO and NCCO-S films have been carried 

out in the beam line BL-12 (ADXRD beam line) at INDUS-II Synchrotron source at 

RRCAT, Indore India. The patterns were recorded with a six circle diffractometer 

(Huber-5020) with NaI scintillation detector. -

and the associated plots are shown in Figure. 5.1. 

 
Fig. 5.1 X- ray diffraction scan of the films (a) NCCO-S, ex-situ annealed 

superconducting film (b) NCCO in-situ annealed film. Substrate reflections 
of SrTiO3 are denoted by STO 

3-STO) the major peaks corresponds 

to (00L) and (110) reflections[14] 2CuO4, 
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thereby indicating preferred orientation in the films. In the in-situ annealed film (NCCO) 

impurity peak which belongs to CuO and additional (2 0 2) reflection have been observed 

whereas the ex-situ annealed film is devoid of the same. The a and c axis lattice constants 

are determined to be 12.09 Å and 3.952 Å respectively which are in agreement with 

reported values of NCCO thin films [12]. 

5.1.3 Scanning electron microscopy (SEM) 

 The SEM images of NCCO-S film and NCCO bulk have been shown in 

Figure5.2. The films have shown better morphological characteristics compared to the 

bulk. In addition, the films exhibit better homogeneity as compared to the bulk sample. 

The compositional analyses of all the samples have been performed by Energy dispersive 

X- ray Analysis (EDAX). Typical EDAX spectrums of NCCO bulk and NCCO-S are 

presented in Figure 5.3 (a) and (b) respectively. The standard deviation of estimated 

values from compositional analysis of Ce was found to be 1.92 for the bulk and 0.13 for 

the film. The distribution of Cerium is seen to be more homogeneous in NCCO-S which 

can be attributed to the greater stoichiometric control in thin film growth. The Nd/Ce ratio 

at different regions in the NCCO-S film is found to be within the range of 11 to 12, which 

is closed to the optimum reported ratio of 12.3[15]. 

 
Fig. 5.2 SEM images of (a) NCCO bulk and (b) NCCO-S thin film 



 

Fig. 5.3 Representative EDAX spectrums of (a) NCCO bulk (b) NCCO-S thin film 

5.2 Magneto-Transport studies on NCCO 

The temperature dependent resistance curves of the NCCO film (in-situ annealed 

at 740ºC) measured by applying magnetic field parallel (denoted as Rin) and 

perpendicular (denoted as Rout) to the plane of the sample are shown in Figure 5.4 (a) & 

(b) respectively. An interesting picture has emerged in this study which points to a co-

existence of superconductivity and magnetism in this system. The salient features of 

temperature and field dependent behavior of Rin and Rout inferred from Figure 5.4 can be 

summarized as follows:  At zero field, Rin& Rout decrease with temperature from 300K to 

175K exhibiting metallic behavior, from 125 K to 175 K the resistance varies moderately 



and almost levels off; and with further decrease in temperature the resistance increases 

showing semiconducting behavior. The metallic to semiconducting transition below 175K 

is attributed to the localization of the doped carriers [16].  Such a behavior has been 

reported in the as grown sample of NCCO which exhibits the effects of 

antiferromagnetism[17].  

 
Fig. 5.4 Temperature dependent resistivity behavior of NCCO film (in-situ annealed) 

with magnetic field applied perpendicular to the plane of the film shown in 
(a) (Rout) and parallel to the plane of the film shown in (b) (Rin). Insets in (a) 
& (b) depict the expanded view of graphs at low temperatures to reveal the 
effect of magnetic field on Rout(T) & Rin(T). 



The subsequent lowering of temperature shows a sudden dip in the resistance 

around 13.6 K which may arise due to the onset of filamentary superconductivity (see 

Figure5.4). Under application of magnetic field, the superconductor like dip shifts 

progressively to lower temperatures; and the overall resistance (Rin (T) & Rout (T) ) 

increase with increasing the field (see Figure 5.4 & insets therein). Such a behavior is 

expected to occur in non-optimally reduced samples [18] in which the co-existence of 

antiferromagnetism with superconductivity can be realized. It should be mentioned that, 

the normal state resistance value of Rin is 

that of Rout 

anisotropy Rout/Rin as high as 120 for superconducting thin films of NCCO [19]. 

Moreover, the resistance dip which happens at the same temperature of 13.6 K persists 

only up to a field of 1 T in Rin. For higher fields the resistance increases exponentially at 

 

In order to obtain more insight regarding this behavior, we measured resistance as 

a function of field for the NCCO film at several fixed temperatures. The isothermal 

magneto resistance (MR) measured at 4K, 7K and 10K have been shown in Figures 

5.5(a)-(c) respectively. In the case of Rin, it has been observed that the in-plane resistance 

initially increases rapidly with field then exhibits a marginal variation at higher fields. On 

the other hand, the application of magnetic field does not have such an impact on Rout. 

Even at comparatively higher fields of ~ 7 T, the MR values of Rout changes merely by 

2%. The saturation behavior of Rin is probably due to the advent of some filamentary 

superconductivity. 



 
Fig. 5.5 Isothermal magneto resistance behavior of Rin and Rout at (a) 4K (b) 7 K 

(c) 10 K 

Figure 5.6 represents the MR behavior of the NCCO-S film at 20K which is in the 

non-superconducting regime. Now, if the film was wholly superconducting one does not 

expect any change in MR once the temperature is above the transition temperature (TC). 

In contrast, although the magnitude of MR is comparatively very low, it shows a step like 

behavior for Rin. In this case, the resistance increases up to a field of 1.7 T and then 

decreases at higher fields. Rout in comparison, does not show this step-like behavior, 



rather it just increases narrowly with respect to increase in field and has a tendency of 

saturation at higher fields. 

 
Fig. 5.6  Isothermal magneto resistance behavior of Rin (a) and Rout (b) at 20 K 

The observed behavior can be understood as follows: As mentioned earlier the as 

grown samples are non-superconducting and antiferromagnetic. The reduction annealing 

procedure suppresses the antiferromagentic phase and leads to the appearance of 

superconductivity. Hence a non-optimally annealed sample can still possess some 

antiferromagnetic nature. The co-existence of antiferromagnetism and superconductivity 

in Nd2-xCexCuO4 single crystals has been reported before [20]. In the antiferromagnetic 

regime the interaction between the charge carriers and the Cu2+ spins holds more 

prominence and hence dictates the transport behavior [21]. In the parent compounds of 

hole doped cuprates the Cu2+  spins order in the collinear structure, that is all the spins are 

parallel or antiparallel [22] whereas in the parent compounds of electron doped cuprates 

Cu2+ spins order in non collinear structure [23].  The effect of magnetic field on electron 

doped cuprates (when antiferromagnetism is prominent) is such that its application along 

the CuO2 planes will result in a transition from the non-collinear state to the collinear 

state and thereby significantly influencing the magneto transport property.  The step like 



increase in MR of Rin at 20 K is attributed to this transition from non-collinear to 

collinear spin alignment in adjacent CuO2 planes, with the increase in magnetic field [7]. 

This behavior persists only up to a certain value of field (1.7 T in our case), after that the 

MR behavior is different as it is in the collinear structure [11]. However, neutron 

scattering measurements have clearly proved that this transition is not observed when 

magnetic field is aligned in the c axis (Rout, in our case). This behavior is expected and is 

consistent with literature reports [7,11,4]. It is important to mention that this magneto 

resistance behavior arises from spin and is devoid of any orbital terms [11]. Hence, we 

have performed the similar measurements by fixing the direction of magnetic field (in 

plane) and changing the direction of the applied current. It can be seen in Figure. 5.7 that 

the resistance behavior has not shown any changes with respect to change of direction in 

current. The fall of resistance is again observed up to field of 1 T in both the cases. 

 
Fig. 5.7 Resistance versus Temperature as a function of field for NCCO non 

superconducting film with application of current in parallel as well as 
perpendicular direction with respect to magnetic fields. 



5.3 Emergence of Superconductivity in Nd1.85Ce0.15CuO4 thin film 
(NCCO- S) 

In order to obtain superconductivity, the film was subjected to an ex situ annealing in Ar 

atmosphere at different temperatures starting from 600°C to 900°C. The time of annealing 

was fixed to be for 5 hours in all the annealing procedures. The samples were reduced 

using the protect annealing method [25]. 

annealing method where we can protect the surface from over reduction in a stronger 

reducing condition. To protect the surface of the films during Ar annealing, the films are 

covered with polycrystalline powders having the same composition. Hence the samples 

can be annealed in lower oxygen pressure for a longer time. In Figure 5.8, the temperature 

dependent resistivity behavior of NCCO film submitted to a series of Ar annealing 

schedules is shown.  

 
Fig. 5.8 Emergence of superconductivity in NCCO-S film when submitted to ex-situ 

annealing in Ar atmosphere, the transition is observed at 14 K and the 
annealing has been performed at Ar atmosphere for 5 hours at different 
temperatures. 



Although the metallic to semiconductor transition behavior with the lowering of 

temperature persisted for the initial schedules of annealings at comparatively lower 

temperatures, it must be noted that the normal state resistance value has shown a 

consistent decrease with respect to the increase in annealing temperature. The emergence 

of superconductivity with a transition temperature of 14 K was observed after an 

annealing procedure at 900°C (See Figure 5.8). Superconducting films with TC = 14 - 16 

K have been synthesized using O2 atmosphere as per recent reports as well[13]. 

The hole doped cuprates show linear temperature dependent behavior of resistivity. 

However, the resistivity of electron doped cuprates show T2 dependence [2,26]. In present 

studies on thin film, both the in plane (Rin) and out of plane resistivity (Rout) behaviors 

show the same non-linearity with respect to temperature. This is also in contrast with the 

hole doped cuprates [27,28]. For temperatures below 200 K, the resistivity is fitted to the 

equation 5.1(see Figure 5.9) 

 (5.1) 

where,  is the residual resistivity and A is the electron electron scattering amplitude.   

The electron-electron interaction is considered to be the possible reason for this non 

linearity to arise in resistivity behavior with respect to temperature. This behavior persists 

over a narrow range of temperature. At higher temperatures, the data does not fit properly 

to equation 5.1. However, a better agreement is obtained when we fit it with T2(ln T) 

where lnT is the correction term which has been attributed to 2 D electron- electron 

scattering [2]. 

 



 
Fig. 5.9 Resistivity versus Temperature plot of NCCO-S thin film. The red line is a 

fitting curve from equation (5.1). 

The values of and A deduced from the fit, are found to be 

~ 10-4 -2 which are in accordance with literature reports [2]. As mentioned 

earlier, there exists a deviation from the T2 behavior of resistivity at higher temperatures 

for T > 200 K. This is not surprising as one can imagine that the low dimensional nature 

of the NCCO film is responsible for the enhancement of electron-electron scattering. 

Theoretically the relaxation rate of quasi particle two dimensional free electron system is 

given by [29,30] 

 = ln  (5.2) 

Hence the equation used for fitting in the region of temperatures greater than 200 K is  

 (5.3) 

where K is a constant and Tf is the Fermi Temperature. The logarithmic correction to T2 

behavior is a characteristic of a two dimensional fermionic system. The Fermi 

Temperature Tf is obtained from the fit (seeFigure5.10) is found to be ~ 2043 K. Such a 



low value of Fermi Temperature has been reported for cuprate superconductors and this 

happens due to the low charge carrier concentrations [31,32].  

 
Fig. 5.10  Resistivity versus Temperature plot of NCCO-S thin film above 200 K. The 

red line is the fitting curve from equation (5.3) 

Figure 5.11 reveals the resistance (with magnetic field applied parallel (Rin) and 

perpendicular (Rout) of plane) versus temperature behavior of superconducting Nd2-

xCexCuO4 (x=0.1) thin film with TC = 14 K. In case of Rout (field applied parallel to c 

axis), the TC shifts to lower temperatures with respect to an increase in applied field and 

we observe some broadening in the same as well. However, this broadening is not up to 

the extent of broadening observed in the hole-doped counterparts like YBCO. For fields 

above 1 T, the drop of resistance to zero value vanishes. But for Rin, the zero resistance 

drop is maintained even for comparatively higher fields like 8 T and the transitions do not 

show larger shifts, thereby indicating the sizeable anisotropy of superconducting 

properties of Nd1.85Ce0.15CuO4 thin films.  



 
Fig. 5.11 Resistivity versus Temperature plot as a function of field of NCCO-S thin 

film 

We obtained the critical field versus critical temperature plot from analyzing the 

resistance versus temperature curves in different applied fields. HC2(0) values were 

estimated both in plane as well as out of plane, from                                           

Werthamer-Helfand-Hohenberg formula.  

 (5.4) 

The values deduced via the linear extrapolation of the lines on the field axis at T = 0 

K, were found to be 27.82 T for Rin and 2.2 T Rout (Figure.5.12). The corresponding 

coherence lengths for Rin and Rout were estimated using the formula                         

and  ab 

c near agreement with literature reports. Charikova et al. [33]reported 



the highest coherence length of 273 Å for Nd2-xCexCuO4 at x = 0.2 and the lowest comes 

1.85Ce0.15CuO4. 

 
Fig. 5.12 Upper critical field versus Critical Temperature for field applied in parallel 

-S thin film. 

 The anisotropy factor  

superconductor YBCO [34-36] whereas lower than the values shown by La2-xSrxCuO4and 

Bi2Sr2CaCu2O8[36]. Fairly recent reports of Nd1.85Ce0.15CuO4 epitaxial films, have shown 

[37]. Crystalline quality and distribution of oxygen influence the 

anisotropy and hence the anisotropic factor. 

Figure 5.13 shows the Arrhenius behavior of resistance with respect to different 

values of magnetic field. The linear behavior below the 20 % of the normal resistance 

shows that the resistance is due to a thermally activated process. The equation that holds 

in this region of interest is 

 (5.5) 



where  is the Boltzmann constant and  is the activation energy. As per Tinkham [38], 

where  and , the exponent is influenced by 

magnetic field. We have used equation (5) to fit the linear regions of the Arrhenius plots 

and thereby we have deduced the values of  for different applied fields. 

 
Fig. 5.13 Arrhenius plots of the resistance R(T) for the different values of applied 

magnetic fields. Red lines are the fitting curves as per equation (5.5) 

The behavior of pinning activation energy with respect to application of inverse of 

applied magnetic fields is shown in the Figure5.14.  The fitting has been done based on 

the power law equation = K.  and K,  are used as the fitting parameters. We do 

not observe constant behavior of pinning potential energy for Rin as reported by 

Guarinoet. al [37] at lower fields (B ~ 1T).  Hence from the present result it cannot be 

argued that it is a single vortex pinning regime. The value of is found to be 0.2 in high 

fields (2 T < B < 10T) regime and 0.8 for in the low fields (0.15 < B <2 T) 

regime.However, for Rout,  value is found to be 1.2. The cross-over of  from 0.2 to 0.8 

happens at a field of 2 T. This can be a cross-over of the pinning mechanism of 

dimensions[39]. The Bi2Sr2Ca1Cu2Ox thin films which are highly anisotropic go through 

vortex lattice deformation resulting in double kinks in superconducting planes which in 

turn result in two dimensional pancake vortices with  = 0.5 whereas the pinning 



behavior of less anisotropic YBCO films are explained by shearing of vortex lattice 

devoid of any kinks in the superconducting planes (this comes from three dimensional 

anisotropic vortices). The corresponding value of  is found to be 1 as per literature 

reports [40].The estimated values of  indeed points to a cross over from a quasi two 

dimensional behavior to a three dimensional behavior which occurs due to the presence of 

a collective pinning regime constituting of  two different pinning centres with varying 

dimensions [39]. 

 
Fig. 5.14 Pinning activation Energy with respect to inverse of magnetic fields applied 

in perpendicular (Rout) and parallel (Rin)to the plane of the film). The red 
lines are fitting curves of power law dependence. 

Figure5.15 reveals the anisotropy of magneto resistance behavior of the 

superconducting film. It has been observed that for Rout the resistance goes through a 

steep increase at lower fields and has a tendency to saturate at comparatively lower value 

of fields like 4 T at 4 K. This field of saturation of resistance is shifted to lower values as 

the temperature is increased. For instance at 13 K, the saturation starts at 0.3 T. In 



contrast Rin remains in its superconducting state even for very high fields such as 15 T for 

a temperature of 4 K. 

 

Fig. 5.15 Magneto resistance behavior of the superconducting film when field applied 

parallelly (Rin) and perpendicularly (Rout) to the plane of the film 

5.2 Magnetic Hysteresis and Estimation of JC of NCCO-S 

Figure 5.16 shows the M-H curves of the film measured at different temperatures 

namely 2 K, 4 K and 6 K. The critical current density was estimated from the M  H 

-granular JC is calculated from the 

expression JC =  20 M/d, ated to be 0.1 µm 

from the SEM images. The maximum JC value of ~ 1.93 × 105A/cm2 is obtained at a 

temperature of 2 K for a field of 0.01 T. For the same field at 6 K the JC has its value 

lowered by one order, the value being 6.4 × 104 A/cm2.  The observed values are in 

agreement with literature [40]. 



 

Fig. 5.16 (a) Magnetic hysteresis of NCCO-S film (b) Estimated JC of the film at 
different temperatures 

5.4 Conclusion 

The thin film of Nd1.85Ce0.15CuO4 has been synthesized using Pulsed Laser 

Deposition Method. A detailed magneto transport study has been performed on the in-situ 

annealed film. The in plane magneto - resistance (Rin at 20 

K revealed interesting step like transitions which happen due to alignment of Cu2+spins 

from non-collinear to collinear arrangement under the application of field. This points to 

the co-existence of superconductivity and antiferromagnetism in the film, as the non 

reduced films of these compounds are antiferromagnetic. Superconductivity was obtained 

(TC~14 K) in the film by ex-situ annealing in Ar atmosphere at 900°C for 5 hours. The 



resistivity versus temperature curves of the film shows a T2 dependence (attributed to 

electron  electron scattering) unlike the linearity exhibited by hole-doped cuprates. A 

sizeable anisotropy was observed in the electrical resistivity of thin films. Rin and Rout 

were measured with respect to temperature as a function of field and after analysis the 
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Summary and Future Outlook 

6.1. Summary 

The work presented in this thesis has focused on magneto-transport and 

magnetization studies on the electron doped superconductor Nd1.85Ce0.15CuO4 (NCCO). 

The studies have been performed on three different aspects of NCCO. The initial studies 

were performed on bulk superconducting NCCO to understand the intricacies of its 

normal and superconducting state properties. This is followed by material modification of 

NCCO by Ag addition and investigation on the effect of Ag incorporation on the 

superconducting properties of NCCO/Ag composite system. In addition to this, with an 

eye on improving the sample quality and exploration of the superconducting and 

antiferromagnetic regimes, the studies have been carried out on NCCO thin films as well. 

The bulk samples were synthesized by solid state reaction and the thin films were 

synthesized by Pulsed Laser Deposition. The summary of the major results of this thesis 

is presented below: 

 In Chapter 3, the magneto-transport properties of the polycrystalline electron 

doped superconductor NCCO have been studied. The resistivity measurements 

showed double superconducting transitions attributed to intra and inter-grain 

contributions, a behaviour which has been observed for weakly coupled granular 

superconducting systems. The sensitivity of NCCO superconductor to reduction 

annealing (which induces superconductivity in electron doped cuprates) has been 

studied. It has been observed that the durations and temperatures, for which the 

annealing has been performed, influence the resistance behavior in a profound 

manner. The effect of two different annealing conditions (standard annealing and 



prolonged annealing) on the temperature dependent electrical resistivity behavior 

of NCCO has also been examined. The observed non monotonic resistivity 

behavior has been qualitatively explained in terms of the competition of opposing 

effects of temperature and magnetic field on Superconductor-Insulator-

Superconductor (S-I-S) Junctions, energy gap and quasi particle tunneling. These 

interpretations which satisfactorily explain the observed resistivity behavior is 

based on the picture that the weakly coupled granular superconducting sample is 

in the form of isolated superconducting grains embedded in an insulating matrix.

 The effect of Ag addition on the superconducting properties of NCCO has been 

investigated in Chapter 4. Significant increase in critical current density was 

observed in the Ag added samples. This correlates well with Rietveld analysis of 

NCCO/Ag composites which shows a small but significant change in lattice 

parameter in NCCO upon Ag addition, which points to a possible substitution of a 

small fraction of Ag (~ 1 wt%)  in the lattice (at the Cu sites). The rest of the Ag is 

present as free silver probably at the grain boundaries. The reduction in unit 

volume of NCCO observed upon Ag addition is consistent with the minor phonon 

hardening of all Raman modes observed in NCCO/Ag composites. The 

randomization of preferred orientation and the diminishing of the apical oxygen 

defect mode observed in the Ag added samples are the other interesting changes in 

structural features observed, after Ag addition. The current dependence studies 

indicate that the Ag added samples sustain higher values of intergranular critical 

current and hence showing marginal improvement of the granular properties. 

Nonetheless, the granular effects persist in NCCO/Ag composites and 

consequently non monotonic resistivity transitions are observed in their 

temperature dependent resistance behavior with respect to application of magnetic 



field. The resistive upper critical field value decreases upon Ag addition and this 

might be due to an increase in local site disorder. 

 In Chapter 5, detailed magneto-transport studies have been performed on the thin 

films of Nd1.85Ce0.15CuO4 in the in-situ annealed state (say NCCO) and the ex-situ 

annealed state (NCCO-S). In both the cases, resistance has been measured with 

respect to temperature in the presence of various magnetic fields, applied parallely 

(resistance in this case is referred as Rin) and perpendicularly (Rout) to the plane of 

the film. Rin and Rout have been measured with respect to magnetic field for fixed 

temperatures as well (Isothermal Magneto resistance (MR)). Although an advent 

of superconductivity is observed for the NCCO film at T ~ 14 K, the most 

important result is observed in the in plane magneto resistance (Rin) of NCCO, at 

20 K. The step like transitions observed in the MR at this temperature arise due to 

the alignment of Cu2+ spins from the non collinear to collinear arrangement under 

the application of magnetic field. This type of transition is observed in the 

antiferromagnetic state of NCCO. This is relatable because the unannealed state of 

NCCO is antiferromagnetic. This led us to point out that there is a coexistence of 

superconductivity and antiferromagnetism in the in-situ annealed sample. 

Superconductivity was achieved in the ex-situ annealed film (NCCO- S) at TC~14 

K. The resistivity versus temperature behavior of the films shows T2 dependence 

which is typical for electron doped superconductors and is attributed to electron  

electron scattering. Rin and Rout were measured with respect to temperature for 

NCCO-S also. Upper critical field of NCCO-S have been calculated for both Rin 

and Rout. The ratio of these critical fields   was found to be ~ 12, which 



reveals that sizeable anisotropy exists in the system. From magnetization 

measurements, the critical density of the film was estimated. 

6.1 Future Outlook 

 

1. Effect of Ag addition in superconducting NCCO thin films 

 In addition to the reports of how the critical current density improves upon Ag 

addition in cuprate superconductors like YBa2Cu3O7, MgB2 etc.,[1,2], the Ag added 

composites in the thin film form have shown better superconducting properties attributed 

to better inter-grain connectivity, stoichiometric control and homogeneity of the 

constituents [3-5]. The enhancement of critical current density with Ag addition in 

Nd1.85Ce0.15CuO4 (NCCO) is a major result of this work. It will be very interesting to see 

the effect of Ag addition on Nd1.85Ce0.15CuO4 thin film form. The studies in this thesis 

work have already shown that the thin films of NCCO possess better homogeneity in Ce 

concentration and the effects due to granularity are largely suppressed. Hence, further 

improvement of the superconducting properties is expected if NCCO/Ag composites can 

be synthesized in thin film form. 

2. Bilayers of Nd2-xCexCuO4and Nd2CuO4 

 Heterostructures made from films of cuprate superconductors have shown 

significant enhancement in critical temperatures (TC) [6,7]. The critical temperature of 

bilayers of La2-xSrxCuO4 showed 50% of enhancement compared to the single compound 

film when an overdoped layer (x = 0.35) was coated above an under-doped layer             

(x = 0.12). The TC of the heterostructure was 32 K [8]. Moreover, bi-layers and nano-

layers of electron doped compounds have been utilized for device applications and 

exploration of basic physics [9,10]. Hence it will be worthwhile to synthesize the bilayers 



of overdoped and underdoped Nd2-xCexCuO4and investigate superconductivity in the 

heterostructures.  

3. Superconductivity in Nd2CuO4 thin films 

 The electronic phase diagram of cuprate superconductors still remains a mystery. 

The parent compounds of the cuprates are Antiferromagnetic insulators and 

superconductivity supposedly develops by doping holes or electrons to the copper oxide 

layers. The parent compound of NCCO is Nd2CuO4 which is an antiferromagnetic 

insulator. The popular belief is that when a tetravalent Ce is doped in the trivalent Nd site 

it ends up donating electrons to the CuO2 layers and after submission to reduction 

annealing, superconductivity emerges.   However, there are reports of superconductivity 

in Nd2CuO4 thin films itself, yielding comparatively higher TC  30 K, grown by metal 

organic decomposition [11]. It has been suggested that complete removal of apical 

oxygen through the reduction process is the key to superconductivity. This leads to the 

idea that reduction annealing is the most crucial step in electron doped superconductors 

rather than electron doping. The phenomenon of superconductivity in Nd2CuO4was 

recently reconfirmed by Naito et al.[12]. Even then, detailed investigation must be 

performed to investigate the superconductivity in these materials to answer important 

questions related to the mechanism of superconductivity in electron doped cuprate 

superconductors. 
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