
Size Effects in Nanostructured 
Superconductors 

 
 

A Thesis 
 
 
 

Submitted to the 
Tata Institute of Fundamental Research, Mumbai 

for the degree of 
 
 

Doctor of Philosophy in Physics  
 

By 
 

SANGITA BOSE 
 
 
 
 
 
 
 

Department of Condensed Matter Physics and Material Sciences 
Tata Institute of Fundamental Research 

Mumbai 
[25 July, 2007] 

 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dedicated to my parents….. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Contents 
Declaration 5                         
Statement of Joint work 6                         
Acknowledgements 7                        
Synopsis 8                        
List of Publications 23                         
 

1 Nanoscale Superconductivity                                                                         
1.1 Fundamentals of Superconductivity                                                                         

1.1.1 Introduction 26                             
1.1.2 Characteristic length scales in a superconductor: penetration depth  

(λL) and coherence length (ξ0) 27                             
1.1.3 Type I and type II superconductors 30                             
1.1.4 BCS theory 32                            
1.1.5 Josephson Effect 35                             

     1.2 Overview of low dimensional elemental superconductors 
 1.2.1 Two dimensional Superconductors 37                             
 1.2.2 One dimensional Superconductors 39                             

1.2.3 Zero dimensional Superconductors 39                            
     1.3 Superconducting proximity effect 44                             
     1.4 Organization of thesis 47                             

References 48                             
 

2 Experimental Details 
 2.1 Synthesis of nanocrystalline thin films 50 
 2.2 Structural Characterization 
 2.2.1 X-Ray Diffraction (XRD) 
 2.2.2 Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray 

spectroscopy (EDX) 54 
 2.2.3 Transmission Electron Microscope (TEM) and Electron Energy Loss 

Spectroscopy (EELS) 56 
 2.2.4 Atomic Force Microscope (AFM) 58 
 2.3 Superconducting and Normal state properties 
   2.3.1 DC Magnetization                                        
   2.3.1(a) Superconducting Quantum Interference Device (SQUID)  

Magnetometer 60 
2.3.1(b) Vibrating Sample Magnetometer (VSM) 61 

  2.3.2 High frequency AC Susceptibility 62 
 2.3.3 DC Transport 63 
 2.3.4 Tunneling spectroscopy with planar tunnel junctions 64 
 2.3.5 Point Contact Andreev Reflection Spectroscopy (PCAR) 66 
 References 75 
 
 

 3



 
 
3 Size Effects on the Superconducting and the Normal State Properties of 
the Intermediate Coupling Type II Superconductor: Nb 
 3.1 Introduction 76 
 3.2 Synthesis and Structural properties 77 

3.3 Lattice expansion in Nanostructured Nb films 84                             
3.4 Superconducting and normal state properties 

 3.4.1 Mechanism for size-dependence of the transition temperature (Tc ) 88 
3.4.2 Size dependence of the upper critical field (HC2) 96                             
3.4.3 Normal state properties; Size induced metal-insulator transition in 

nanostructured Nb: The effect of inter and intra granular transport 104 
 3. 5 Conclusions 112 
      Appendix 3.1 114 
      References 117 
 
4 Size Effects in the Superconducting Properties for the Strong Coupling 
Type I Superconductor: Pb 
 4.1 Introduction 119 
 4.2 Synthesis 120 
 4.3 Structural properties 123 
 4.4 Size dependence of Superconducting properties  
 4.4.1 Mechanism influencing small change in Tc down to 7nm 127 
 4.4.2 Enhancements of HC2 with decreasing particle size 137 
 4.5 Conclusions 140 
 Appendix 4.1 142 
 References 146 
 
5 Superconducting Proximity Effect in Biphasic Nanostructured Systems 
 5.1 Introduction 147 
 5.2 Superconducting / normal metal nanocomposites – Random  

distribution of Pb and Ag nanoparticles 
 5.2.1 Synthesis and Structural Characterization 148 
 5.2.2 Results and Discussions 154 
 5.3 Biphasic superconducting nano particles (Pb-Sn) in bulk  

superconducting (Al) matrix 
 5.3.1 Synthesis and measurement of structural and superconducting properties 157 
 5.3.2 Results and Discussions 161 

5.4 Conclusions 165 
References 167 

 
6 Summary and Future directions 168 

Appendix 1 Size effects on the local magnetism and Kondo behavior of isolated Fe 
impurities in nanocrystallinemetallic hosts A 
Appendix 2 Hot ion generation from nanostructured surfaces under intense 
femtosecond laser irradiation B 
 
 

 4



 
 

DECLARATION 
 
This thesis is a presentation of my original research work. Wherever 

contributions of others are involved, every effort is made to indicate 

this clearly, with due reference to the literature and acknowledgement 

of collaborative research and discussions. 

 

This work was done under the guidance of Professor Pushan Ayyub, 

at Tata Institute of Fundamental Research, Mumbai. 

 

 

 

        Sangita Bose 

 

In my capacity as supervisor of the candidate’s thesis, I certify that 

the above statements are true to the best of my knowledge. 

 

 

 

        Prof. Pushan Ayyub 

        Date: 

 5



 

Statement regarding Joint work 
 
 

The experiments reported in this thesis have been carried out in the department of Condensed 

Matter Physics and Material Science under the guidance of Prof. Pushan Ayyub. Most of the 

experiments have been conducted by me in TIFR. The results of the major portions of the 

work presented in this thesis have already been published in refereed journals. 

 

Some of the work presented in this thesis was performed in collaboration with other 

researchers. The nanostructured Nb films were synthesized at Ohio State University by Prof. 

Rajarshi Banerjee and his students. The microstructural characterization of the nanostructured 

Nb and Pb films by transmission electron microscopy (TEM) was also done at the University 

of North Texas and Ohio State University by Prof. Rajarshi Banerjee and his students. Some 

of the low temperature work involving Point contact spectroscopy and susceptibility 

measurements were done in collaboration with Dr. Pratap Raychaudhuri of the Department of 

condensed matter physics and material science at TIFR. The microstructural characterization 

by scanning electron microscope (SEM) of the Pb-Ag nanocomposite films was carried out 

by Dr. Heinrich Jaksch at the Carl Zeiss SMT in Germany. The bi-phasic Pb-Sn nanoparticles 

dispersed in the Al matrix were synthesized by Victoria Bhattacharya under the guidance of 

Prof. Kamanio Chattopadhyay at the Indian Institute of Science, Bangalore. The structural 

characterization of these samples by TEM were also been done at IISC by her. 

 

 6



Acknowledgements 
 
First of all, I will like to thank my thesis supervisor Prof. Pushan Ayyub for introducing me to the 

exciting field of nanomaterials and nanoscience. I am extremely thankful to him for his constant 

support, encouragement and guidance. His suggestions both academically and otherwise have 

helped me in difficult times during my long stay here at TIFR. I have also learnt from him to 

remain cool and level-headed at times of crisis.  

I will also like to thank my collaborator, Prof. Rajarashi Banerjee, who had initially 

synthesized the nanostructured Nb films, which initiated my thesis work on nanostructured 

superconductors. I will also like to thank him for carrying out the transmission electron 

microscopy and electron energy loss spectroscopy on the Nb and Pb films which formed a very 

important part in understanding the microstructure of these samples. I have also gained a lot from 

the long discussions with him regarding various aspects of structural properties of nanostructured 

materials. 

I take this opportunity to thank Dr. Pratap Raychaudhuri for the innumenrable discussions 

on various aspects of superconductivity and tunneling spectroscopy. It has immensely helped in 

improving my understanding of the subject. I will also like to thank him for extending all his 

support and guidance for carrying out the low temperature experiments, especially involving 

point contact spectroscopy. 

I am thankful to Mr. S. P. Pai for giving for his help in developing the new sputtering 

chamber which was used for the synthesis of the nanostructured Pb films. Acknowledgements are 

due to Shilpa, Nilesh, Chopde, Smita, John and Vivas for their experimental help in structural 

characterisation of the films studied in this thesis.  

I am also thankful to everyone in the central workshop, Darje and Atul, who have 

extended their full support in the fabrication of various parts of the magneto-transport and 

susceptibility set ups. I am also thankful to the staff of the low temperature facility (LTF) for their 

support and providing liquid helium and nitrogen at the shortest notice. 

My life at TIFR has been made enjoyable due to many good friends. Those late night 

discussions on life and physics with friends will be an integral part of TIFR memories. 

I take this opportunity to thank all my family members and loved ones whose support and 

encouragement has helped me immensely throughout the course of life. I will remain indebted to 

baba and ma for their countless sacrifices. A special mention for Shubho, whose innocent smile 

and childish pranks have always filled me with everlasting joy and happiness. 

Words fail to express my love for the light of my life, who has stood beside me as a pillar 

of strength and support. He has been my best friend, a philosopher and guide.  

 7



Synopsis 
 

This thesis deals with the experimental study of elemental superconductors at reduced 

dimensions. It is organized as follows. I will first introduce the topic of nanoscale-

superconductivity in Chapter 1. I will discuss how length constraints influence the 

superconducting order parameter both in pure elemental superconductors and also the 

behavior of superconductors in proximity with normal metals or other superconductors with 

lower Tc. Thereafter in Chapter 2, I will describe the various experimental techniques used. 

This chapter includes the synthesis of nanostructured films, their morphological 

characterization and finally the methods employed to measure the different superconducting 

properties. In Chapter 3, I will present our studies of the size effects on the superconducting 

and the normal state properties of the intermediate coupling, type II superconductor, Nb. This 

will be followed by a similar study of the superconducting properties of a strong coupling 

superconductor, Pb, as a function of grain size in Chapter 4. Our results will elucidate the 

mechanism controlling Tc in nano-superconductors. Finally, in Chapter 5, I will discuss our 

results on the study of the superconducting proximity effect in Pb-Ag nanocomposites and 

Pb-Sn bi-phasic nanoparticles embedded in an Al matrix. Our results show that the theory of 

superconducting proximity effect formulated for bilayers and multilayers can be modified to 

explain the observed changes in Tc in these random, 3D systems. A brief description of the 

contents of each chapter is given below. 

 

1. Introduction 
 

It is important to know the ground state properties of a superconductor when its effective 

dimensions become less than the characteristic length scales, such as the penetration depth 

(λL) and coherence length (ξ0). There are many studies of superconducting systems at 

reduced dimensions, such as thin films (2D)1, nanowires (1D)2 and granular materials (0D)3. 

In homogenous, atomically flat superconducting thin films grown by quench condensation 

one observes a gradual decrease in Tc with decreasing thickness (below ~10nm), which has 

been attributed to the decrease of the amplitude (Ψ0) of the superconducting wave function 

(Ψ = Ψ0 e-iφ, φ being the phase of the superconducting wave function). In inhomogeneous, 

quench condensed, granular thin films, no decrease in Tc is observed but a superconductor-to-

insulator transition occurs at a critical thickness. In the insulating state of these films the 

individual grains remain superconducting while the macroscopic superconductivity of the 
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film is destroyed because of phase de-coherence between the individual grains. In 

superconducting 1D nanowires, though Tc does not change much when the diameter is below 

the coherence length, superconducting and thermal fluctuations cause novel phenomena like 

phase slip centers which give finite resistance at temperatures below Tc. In zero-dimensional 

superconductors too, superconductivity is known to persist at dimensions lower than ξ0 and 

λL. In fact, Anderson had predicted in 1959 that there is a third length scale that controls the 

superconducting order parameter4 in nano-superconductors. According to the Anderson 

criterion, there will be complete destabilization of superconductivity for grain sizes at which 

the energy level spacing (arising from quantum size effects in small particles) becomes equal 

to the superconducting energy gap, ∆(0). This criterion has since been experimentally verified 

in many elemental superconductors. However, the mechanism controlling the variation of the 

superconducting Tc with grain size has remained debatable. In weak coupling Type I 

superconductors like Al, Sn and In, an increase in Tc has been observed while no change (or a 

small decrease) in Tc has been observed in the strong coupling Pb. There are two alternative 

mechanisms to explain the variation of the superconducting transition temperature in finite 

size superconductors.  

 According to the first mechanism, the changes in Tc occur due to surface effects 

caused by a reduction in the phonon frequencies (phonon softening) arising from the larger 

surface to volume ratio in nanoparticles. This leads to an increase in the electron-phonon 

coupling constant (λ), thereby increasing the Tc. The second mechanism for the size 

dependence of Tc is related to quantum size effects arising from the quantization of the 

electronic wave vector (k). With decreasing grain size, there is a discretization of the energy 

levels, which has been shown to decrease the effective density of states. According to the 

BCS relation, this would result in a decrease in Tc with decreasing grain size. However, it 

should be noted that this mechanism will cause a proportionate effect on Tc and ∆(0) and will 

therefore not change the electron-phonon coupling strength (λ). 

 Thus, a complete understanding of the mechanism influencing Tc in nano-

superconductors requires one to determine the size dependence of the coupling constant (λ). 

It should be noted that the superconducting properties like Tc, ∆(0) and the critical fields (HC) 

are interrelated parameters. Hence, the understanding of superconductivity at reduced length 

scales cannot be complete without a detailed study of each of these properties with reducing 

grain size. With this in mind, we carried out a systematic study of the superconducting 

properties such as Tc, ∆(0) and HC as a function of grain size in two types of elemental 
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superconductors: Nb and Pb, which have different coupling strengths (λ). The coupling 

strength is characterized by the quantity 2∆(0)/kBTc, which ranges from 3.1 in weak coupling 

superconductors (Al, Sn, etc.) to 4.4 in strong coupling ones like Pb. For Nb: 2∆(0)/kBTc ~ 

3.8, making it an intermediate coupling, Type II superconductor. 

 Superconducting proximity effect in nanocomposites and nano-grains embedded in a 

normal metal or superconducting matrix forms yet another interesting problem in nano-

superconductivity. The theory of superconducting proximity effect was established for bi-

layers and multi-layers way back in 1960.5 According to this theory, when a superconductor 

is in close proximity with a normal metal or another superconductor with a lower Tc, then the 

superconducting wave function may penetrate across the interface into the normal metal and 

a pair-breaking effect on the Cooper pairs is felt in the superconducting side. This 

phenomenon is observed when the thickness of the normal metal and the superconductor are 

both less than their respective coherence lengths (ξN,S = [ħDN,S/2πkBT]1/2). Here, DN,S are the 

diffusivities of the normal/superconducting layers respectively. This is known as the “Cooper 

Limit”.6  

 The coherence length of most elemental superconductors ranges between few tens of 

nm to a few hundred nm. Hence, very thin films are needed to study this phenomenon which 

makes the synthesis complicated. We aimed to probe the effect of length constraints in all 

three dimensions in nanocomposites and random mixture of nanograins of superconductors 

and normal metals. Is the theory of superconducting proximity effect for 2D films valid in 

such cases? If it is, then which is the relevant parameter that determines the Tc in such 

random mixtures? With this in mind, we carried out a study of superconducting proximity 

effect in two different types of 3D random mixture systems. We have studied the Tc of both 

these systems in the framework of the superconducting proximity effect (SPE) as valid for 

bilayers and multilayers. 

 

2. Experimental Details 
In this section I will discuss the experimental techniques used for the synthesis of the 

nanocrystalline films and bulk samples used in this study, the various structural 

characterization tools and the techniques for measuring the superconducting Tc, the normal 

state transport properties, the critical fields (HC2) and the energy gap (∆(0)) of the 

superconducting samples. 
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2.1 Synthesis 

High pressure DC magnetron sputtering was used to synthesize the metallic nanocrystalline 

thin films. Relatively high sputtering pressures (100-400mtorr) and low substrate 

temperatures (80-300K) aid the formation of small grains. In general, process parameters 

such as the sputtering gas pressure, the substrate temperature, the sputtering power and the 

deposition time control the particle size in the nanocrystalline films. 

2.2 Characterization 

The samples were characterized by x-ray diffraction (XRD), scanning electron microscope 

(SEM), transmission electron microscope (TEM), electron energy loss spectroscopy (EELS) 

and energy dispersive x-ray absorption (EDAX). The grain size was determined from x-ray 

line profile analysis (correcting for the instrumental broadening and contribution from the 

Kα2 line) using the XFIT and WINFIT programs. The grain size was also independently 

determined from TEM, which matched quite closely with that obtained from XRD. The 

morphology, chemical analysis and chemical composition were determined from HRTEM, 

EELS and EDAX. 

2.3 Superconducting and Normal state properties 

Different techniques like DC and AC magnetization, AC susceptibility, DC transport 

(sometimes in presence of magnetic field), point contact spectroscopy and planar tunneling 

spectroscopy were used to measure the superconducting properties like Tc, Hc and ∆(0). The 

normal state property has been determined by DC transport. I will briefly describe each 

technique. 

2.3.1 DC Magnetization: DC magnetization was measured in a commercial MPMS SQUID 

magnetometer and a commercial Oxford vibrating sample magnetometer (VSM). In SQUID 

the lowest temperature and the highest field attainable are 1.8K and 7T respectively. In the 

VSM the lowest temperature and the highest field are 1.6K and 12T respectively. 

2.3.2 DC Transport: This was done using the standard 4 probe method in a custom built set 

up where the lowest temperature and the highest field attainable are 2K and 8T respectively. 

2.3.3 AC susceptibility: This was done in a home built set up where the measurement probe 

consisted of two planar coils between which the sample is sandwiched. When the sample is in 

its normal state, the secondary coil detects a signal induced from the primary coil. However, 

as soon as the sample becomes superconducting, all flux lines get shielded by the sample, 

which is in the Meissner state. Hence, a sharp drop in signal is observed at the 

superconducting transition. Though it cannot give the absolute value of the magnetization, it 
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is a powerful method to detect a superconducting transition, especially in thin films (where 

the volume of the sample is very small). It should be noted that in conventional AC 

susceptibility, the signal is proportional to the volume of the sample and hence provides weak 

signals for thin films. The planar coil technique was used to measure Tc and Hc of the 

superconducting films. 

2.3.4 Point Contact spectroscopy: The Point Contact Andreev Reflection (PCAR) technique 

was used to measure the superconducting energy gap of the Nb films. It was also done in a 

custom built set up where a fine tip of a normal metal (Pt-Ir) was brought in contact with the 

superconducting sample at low temperatures and the differential conductance of the junction 

was measured vs. the bias voltage by the standard AC modulation technique. An electron 

incident at a normal metal superconductor interface with energy less than the 

superconducting energy gap gets reflected back as a hole, transmitting a Cooper pair in the 

process. This causes a doubling of conductance at energies below the superconducting energy 

gap. To get energy resolved information, the contact needs to be in the ballistic regime 

(contact diameter should be less than the mean free path of the electrons). This was obtained 

by changing the pressure on the contact and analyzing the spectra obtained for each contact.  

2.3.5 Planar tunnel juctions: This was fabricated to measure the superconducting energy gap 

of the Pb films. As Pb is a very soft metal, establishing a ballistic contact for point contact 

measurements was difficult. The tunnel junction device was prepared in the following way. A 

longitudinal strip of Al was sputtered at the center of a glass slide (substrate) using an 

appropriate mask. Subsequently the film was exposed to air for 15-20 min. so that surface 

oxidation takes place. Cross strips of Pb (using proper masks) were then sputtered on this 

forming the tunnel junction device. For small particles of Pb, an overlayer of Si (~40nm) was 

deposited in situ over the Pb film to prevent oxidation. The so formed junction area was 0.1 × 

0.2 cm2.  

 

3. Size effects on the normal and superconducting properties in the 

intermediate coupling Type II superconductor: Nb 
3.1 Synthesis and Structural Properties: The nanostructured Nb films were synthesized by 

high pressure magnetron sputtering, in which the process parameters like power, inert gas 

pressure, substrate temperature and time of deposition were controlled to vary the grain size 

in the 5-60nm range. The nanostructured Nb films are textured along the [110] direction. The 

strain corrected grain size (dXRD) was determined from x-ray line profile analysis. The upper 
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limit to the width of the size distribution was also obtained from the XFIT software and found 

to be ~20%. The grain size independently obtained from TEM matched quite closely with 

that from XRD. Careful HRTEM studies show that there is an increase in the grain boundary 

width with decreasing dXRD, which was used to understand certain properties of the Nb films. 

HRTEM and EELS data obtained from the grains and the grain boundary region of the films 

show that the grain boundary region for films with dXRD< 20 nm consist of an amorphous Nb-

O phase. Thus, the nanostructured Nb films consist of superconducting grains separated by 

insulating grain boundaries and behave as a random dispersion of weakly connected 

Josephson junctions. This was further verified by electrical transport measurements.  

      Nb shows a lattice expansion (~6%) as dXRD decreases from 60 to 5nm (Fig. 1).7 We have 

linear elasticity model.tried to understand this on the basis of a 8 According to this model, the 

excess free volume of the grain boundaries produces 

an internal stress field within the grains, which 

causes the lattice expansion. We tried to fit our 

lattice expansion data with equations obtained for a 

polycrystalline model consisting of square 

crystallites with orthogonal set of grain boundaries. 

Interestingly, we found that the experimental curve 

cannot be simulated using a single grain boundary 

width (δ). However, if we use a grain size 

dependent grain boundary width of the form: ( )XRDd14.0exp86.148.0 −+=δ , we can 

e very closely (see Fig. 1, inset). A broadening of the grain 

boundaries with decreasing size is corroborated by HRTEM. Bright field TEM images of the 

large grain samples show that the Nb grains are closely packed with very sharp interfaces 

while samples with d

simulate the experimental curv

XRD < 20nm show the presence of thicker grain boundaries. The 5nm 

sample shows a grain boundary width as large as ~1nm. We will show later that the 

dependence of δ on dXRD influences the normal state transport. 

Figure 1 

3.2 Superconducting and normal state properties 

3.2.1 Mechanism for size-dependence of the transition temperature (Tc): The Tc of the nano 

Nb films was measured by both dc magnetizations using a SQUID magnetometer and dc 

electrical transport. There is no change in Tc from its bulk value ~9.4K, down to a size of 

28nm. Between 28nm to 8nm, there is a decrease in Tc from 9.4 to 4.7K (see Fig. 2) and 
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below 8nm the films become non-superconducting, 

which is consistent with the Anderson criterion. The Tc 

values obtained from magnetization and transport are in 

close agreement. 

 In order to understand the decrease in Tc with 

dXRD, we measured ∆(0) for samples with different grain 

size by using Point Contact Andreev Reflection (PCAR) 

spectroscopy.99 The point contacts on nano-Nb films 

were made with a mechanically cut Pt-Ir tip. The value of ∆(0) was determined by fitting the 

PCAR spectra with the Blonder-Tinkham-Klapwijk theory.10 We observe a direct correlation 

between Tc and ∆(0) (Fig. 3) with a slope of 2∆(0)/kBTc ~ 3.6, which clearly indicates that Nb 

remains in the intermediate coupling limit down to the smallest size. This is also confirmed 

by the observed temperature variation of ∆(0) which can be fitted well (for all sizes) with the 

behavior expected from the weak coupling BCS theory. 

Figure 2 

The two mechanisms generally used to explain the change in Tc are based on (a) 

phonon softening and (b) the changes in the electronic density of states (DOS).11 Phonon 

softening is the possible reason for the observed increase in

superconductors like Al, Sn, In etc. This mechanism would 

lead to an increase in 2∆(0)/k

 Tc in the weak coupling Type 1 

BTc with decreasing size. To 

investigate the changes in DOS due to quantization of the 

electronic wave vector, the BCS equation is solved 

invoking the discretization of the energy levels.12 This 

shows that there is a depression in Tc through the decrease 

in DOS at the Fermi level, N(0). ∆(0)/Tc would remain 

constant with size as this mechanism has an equal effect on 

both Tc and ∆(0). The linear relation between ∆(0) and Tc seen in our films strongly indicate 

that the changes in the electronic density of states play a dominant role in nano-Nb while the 

effect of phonon softening is negligible.  

Figure 3 

2∆(0) / kb T c ~ 3.6

11nm 

18nm 19nm 

60nm 

19nm 18nm 

11nm 

T c ~ 3.6
60nm 2∆(0) / kb

3.2.2 Size dependence of the upper critical field (HC2): In order to see if the suggested 

decrease in the DOS with decrease in dXRD in nano Nb is consistent with other 

superconducting properties, we carried out the measurements of the upper critical field (HC2) 

and the irreversibility fields (Hirr).13 These were determined from a magneto-transport 

measurement using the standard four probe method. HC2 was taken to be the field at which 
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the resistance dropped to 90% of the normal state resistance (RN), while Hirr was taken as the 

field at which the resistance dropped to 0.1RN. Hirr was independently determined using the 

planar coil AC susceptometer. The value was taken as the field at which the imaginary part of 

susceptibility showed a dip. Hirr observed from both methods matched quite closely. The 

critical fields were measured with the nano Nb films both parallel and perpendicular to the 

external magnetic field. No orientation dependence was 

visible, showing that the Nb films essentially behave as 

3D nanostructured films. The H-T phase diagrams were 

plotted to get the extrapolated HC2(0) values. 

Interestingly, nano Nb films show a large increase (2.3 

times) in Hc2 and Hirr as the grain size is reduced from 60 

to 20nm (Fig. 4). We expect a decrease in ξGL(0) with 

decreasing Leff (smaller grain size), which would result in 

increased Hc2. However, below 20nm, we observe a decrease in Hc2. From the WHH theory14 

Hc2 is related to the normal state resistivity, ρN, through the expression 

( ) N
B

cC N
eck

TH ρ
π

)0(
4

69.002 = , where N(0) is the DOS at Fermi level. Thus as long as there is no 

appreciable change in N(0) and Tc, Hc2 should increase with increasing ρN. As shown in the 

previous section, the Tc decreases drastically below 20nm due to a decrease in N(0), though 

ρN increases monotonically. Hence, below 20nm, the increase in ρN is offset by the decrease 

in N(0), which explains the non-monotonic behaviour of Hc2 with grain size in nanostructured 

Nb. 

Figure 4 

3.2.3 Size induced metal-insulator transition in nanostructured Nb: The effect of inter and 

intra granular transport: Since the normal state properties are intricately related to the 

superconducting properties (e.g. ρN and Hc2), we will here describe the normal state transport 

properties of nano-Nb.15 The temperature variation of resistivity for the films with grain size 

(dXRD) between 5-60nm is shown in Fig. 5. (The scale to the left is for samples with dXRD ≥ 

8nm while the right is for dXRD < 8nm). There is a metal to insulator transition at the grain 

size of 8nm. The resistivity of the films with dXRD < 8nm shows a weak activated behaviour 

(as in a semiconductor). These films are non-superconducting consistent with the Anderson 

criterion. To understand the origin of the negative temperature coefficient of resistance 

(TCR) we attempted to fit the σ–T curves (dXRD < 8 nm) with an activated transport 

behaviour. Since fitting with a single exponential was not satisfactory, we used the empirical 

trial function: σ = σ0 + A exp(−Eg1/kBT ) + B exp(−Eg2/kBT ), where σ = ρ−1. The activation 
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Figure 5 
Figure 6 

energies (Egi) and the proportionality constants A and B are used as best-fit parameters. The 

fit of the data to this equation produced satisfactory results for all the samples, (see the solid 

curves in Fig. 6) down to the lowest temperature (4.2 K). The physical basis for the two 

activation energies (Eg1 and Eg2) is as follows. Both Eg1 and Eg2 increase monotonically with 

decrease in size. Since the lower energy Eg1 obtained from the fit matches with the calculated 

Kubo gaps, we can associate Eg1 with the discretization of the energy levels in small particles 

that arises purely from intra-granular transport. However, this manifests itself at very low 

temperatures and is not responsible for the insulating nature close to room temperature. The 

HRTEM of the films with smaller grains indicate that the grains are separated by a thicker 

insulating grain boundary compared to the larger grain samples (dXRD > 8nm). Thus, with 

decreasing size, a potential barrier opens at the grain boundary which has to be overcome by 

the electrons. This inter-granular transport dominates at high temperatures and is responsible 

for Eg2. Thus, our results show that both inter and intra-granular transport in nano Nb with 

dXRD < 8nm are responsible for the size induced metal-insulator transition. It is also 

interesting to note that at 7nm, the Eg2 is of the order of the superconducting energy gap of 

Nb (~1.5meV). Since, at this particle size, Nb becomes non-superconducting, this validates 

the Anderson’s criterion for the destruction of superconductivity with decreasing particle 

size. 

 

4. Size effects on the superconducting properties in the strong coupling 

Type I superconductor: Pb 
4.1. Synthesis and structural properties: The nanostructured Pb films were synthesized by 

high pressure DC magnetron sputtering. As Pb is highly prone to oxidation, we put an 

overlayer of Si, approximately 40nm thick on the Pb films in situ. This protected the films 

from oxidation over many days. The nanostructured Pb films were characterized by XRD, 
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TEM and EDAX. The grain size, determined from an x-ray line profile analysis, varied 

between 5-60nm. The thickness of the films was between 200-400 nm. 

4.2 Size dependence of Superconducting properties  

4.2.1 Mechanism influencing small change in Tc down to 7nm: The Tc of the nano-Pb films as 

obtained from both DC transport and AC susceptibility matched quite closely. The Tc showed 

a small decrease (~10%) from the bulk value of 7.25K as the grain size is reduced from 60nm 

to 7nm. Below 5nm, the films became non-superconducting, as predicted by the Anderson 

criterion [Fig. 7(a)]. The superconducting energy gap of the films was determined from 

tunneling spectroscopy after fabrication of tunnel junctions. The temperature dependence of 

the bulk Pb film (dXRD ~ 60nm), shows a BCS like variation with 2∆(0)/kBTc ~ 4.4. However, 

with decreasing grain size there is a deviation from the BCS theory [Fig. 7(b)] indicating that 

Pb goes to an even stronger coupling limit with reduction in grain size. This shows that there 

is considerable “phonon softening” in nano Pb. However, as discussed previously, this should 

lead to an increase in Tc with decreasing grain size, which is contrary to our observation. 

Thus, our data indicate that the phonon softening effect is offset by some other effect. Pb 

being a strong coupling superconductor, the quantization of the phonon wave vector with 

decreasing grain size will make the low frequency cut off shift to higher frequencies. 

Moreover, the discretization of the energy levels and subsequent decrease in the electronic 

density of states could also offset the increase in Tc due to increased electron-phonon 

coupling, giving almost no change in Tc with reduction in grain size in Pb. Fenton et al. have 

shown that yet another factor can give the observed null effect in Tc. They have shown from a 

detailed analysis of the Eliashberg theory for fine particles of Pb that a null effect in Tc 

accompanied by a small increase in ∆(0) can occur only if it is assumed that the electron-

phonon coupling in the bulk is equal to that in the surface. More detailed theoretical work is 

needed for a better understanding of the situation.  

Figure 7(b) Figure 7(a) 
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4.2.2 Enhancement of HC2 with decreasing particle size: Pb shows a monotonic increase in 

HC2 with decreasing grain size [Fig. 8]. This observation is consistent with the WHH theory 

which predicts an increase in HC2 with decreasing grain 

size (increasing ρN) as long as there is no change in Tc 

and N(0). In nano-Pb, there is a very small (~10%) 

change in Tc as grain size is reduced from 60-7nm, 

unlike in the intermediate coupling superconductor, 

Nb. Hence, we observe a monotonic increase in HC2 

(~3.6 times) as grain size is reduced from 60-7nm. 

 

Figure 8 

5. Superconducting proximity effect in biphasic nanostructured systems 

 characterization: Biphasic Pb-Ag nanocomposite films were synthesized 

esults and discussions: There was a decrease in Tc (measured by planar coil AC 

contact with a normal metal assumes the modified form: 

5.1 Superconducting / normal metal nanocomposites – Random distribution of Pb and 

Ag nanoparticles 

5.1.1 Synthesis and

by co-sputtering of Pb and Ag. The growth conditions were controlled to keep the grain size 

of both Pb and Ag less than the coherence length of Pb (80nm). The composition was varied 

by the synthesis conditions. The grain size was estimated from the x-ray line profile analysis 

and SEM. High resolution SEM shows local distribution of the Pb and Ag grains such that 

they indeed form a random nanocomposite. The elemental composition was obtained from 

EDX. 

5.1.2 R

susceptibility) from the bulk value of 7.2K to 5.1K in the nanocomposite films as the atomic 

% of Pb changed from 100 to 63%.16 Films with < 20% of Pb were non-superconducting. To 

see if Tc is dependent on the grain size of Pb, we grew films with approximately the same Pb 

(~85%) but with the grain size of Pb varying between 60-20nm. The Tc was found to remain 

the same (~6.7K). Hence, it is the ratio of the volume fractions of the two components in the 

nanocomposites, and not the grain size that plays the dominant role in controlling Tc. The 

theory of proximity effect valid for bilayer systems has been modified by Sternfeld et al17 

who have shown that the parameter influencing Tc in random mixtures (with typical grain 

size d<< ξS,N) is the ratio of volume concentrations PS/PN (rather than tS/tN) where PS,N is the 

fractional volume concentration and tS,N is the thicknesses of the superconductor and normal 

metal. Hence the equation of proximity effect for a strong coupling superconductor (λ>1) in 
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at the Fermi level, V the attractive potential, and α the ratio of density of states of the N and S 

 weak coupling and the strong coupling 

mits. 

levant parameter that controls Tc. It 

 superconducto as a weak 

 superconducting nano grains (Pb-Sn) in bulk superconducting (Al) matrix 

5.2.1 Synthesis and characterization: A random dispersion of Pb-Sn composite biphasic 

 

lk Tc of either Pb (7.2K) or Sn (3.7K). Hence, 

proximity effect between Pb and Sn alone cannot explain the observed Tc. We show that it is 

nstant , ΘD the Debye temperature, N(0) the density of states 

components.  

 We have calculated the Tc for the Pb-Ag nanocomposite using known parameters, 

under both the

li Figure 9 shows the experimental points (solid 

circles), the theoretical curve from strong coupling 

theory (dashed line) and the curve obtained from the 

weak coupling theory (solid line). Clearly, there is a 

good match between the weak coupling theory and 

experiment. Hence, our results show that 3D random 

mixture of a S-N metal nanocomposite follow the de 

Gennes theory of proximity effect with PS/PN being the re

also shows that Pb which is normally a strong coupling

coupling superconductor when randomly distributed with a metal with weak electron-phonon 

interaction.  

 

5.2 Biphasic

Figure 9 

r behaves 

particles (with 54 atomic % Pb) in an Al matrix was prepared by rapid melt quenching of the

ternary Al-Pb-Sn melt. The melt phase separates during cooling, yielding nanodroplets of Pb-

Sn binary melt.18 The size of the Pb-Sn composite particles varies between 5 and 300nm with 

the mode at 20nm. The distribution is markedly skewed and has a long tail at larger sizes. 

The volume-weighted mean size is ≈ 100 nm. 

5.2.2 Results and discussions: The biphasic (Pb-Sn) particles nanodispersed in Al exhibited a 

Tc of ~3.1K, which is much lower than the bu
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essential to take account of the effect of the Al matrix in proximity with the composite to 

explain our observations.19  

 We will first investigate how the proximity 

effect between Pb and Sn affects the Tc of the 

system. For the Pb-Sn nanocomposite with 54 

omic 

effect for strong coupling superconducto

function of the volum g. 10)

6.16K, which is m gher than that e

nm. We can 

lets. We 

have ta

by the grain size (i.e., lS ≈ DS). The 

mposite dispersed in Al, is shown in 

s the case in ou  

Figure 10 

at % of Pb, we can find the volume per cent of 

each component within a single grain of a specific 

size and hence obtain the ratio of the thickness of 

each component within the grain assuming a cuboid 

geometry. TEM data indicates that this assumption 

is reasonable. Then, using the theory of proximity 

rs, Tc is evaluated for the Pb-Sn nanocomposite as a 

. For 57% by volume of Pb, the Te % of Pb. (Fi

uch hi
c is expected to be 

xperimentally obtained. Thus it is clear that the Al 

matrix (Tc = 1.17 K) must significantly influence the effective Tc of the system.  

 We know that the total amount of Pb+Sn nanocomposite phase in the Al matrix is 

about 2% by volume. For all practical purposes, the Al matrix can therefore be taken to be of 

infinite extent with respect to the Pb+Sn composite grains of average size ≈20

then compare the above situation to the case where a thin superconducting metal is in contact 

with a thick normal / superconducting metal (of lower Tc) and find out how proximity effect 

influences the effective Tc of such a system. 

Using Werthamer’s theory of proximity 

effect, we calculate the Tc of the system as a function 

of the grain size of the biphasic nanodrop

ken the Tc of the Pb+Sn nanocomposite to be 

6.16K, as obtained from our previous analysis. The 

Fermi velocity of the composite was taken as the 

weighted average of the Fermi velocities of Pb and 

Sn, and the mean free path is assumed to be limited 

resulting plot of Tc vs. grain size for the Pb+Sn nanoco

Fig. 11. It is clear that the distribution in grain size (as i

a distribution in the T

Figure 11 

r system) will result in

c. However, the actual onset of superconductivity is expected to be 

governed by the larger particles since the volume average lies close to 100nm. We do find a 
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distribution in Tc, though the observed onset is slightly higher than that predicted from the 

theory. However, the prediction from proximity effect is quite satisfactory in view of the 

rather gross assumptions made in the estimation of the Fermi velocity and the mean free path. 

Thus, we have shown that the proximity of the Al matrix plays a major role in determining 

the Tc of the biphasic nanocomposites of Pb+Sn dispersed in the Al matrix. 

 

6. Conclusions 
We have studied finite size effects on the superconducting properties of two well known 

elemental superconductors: Nb and Pb. Our results show that the variation of the Tc in the 

ferent since the dominant mechanism controlling the size dependence 

rsed 

stem

two systems is quite dif

is not the same. This has been elucidated by a careful experimental measurement of the size 

dependence of the superconducting energy gap in the two systems. The decrease in Tc in Nb 

is attributed mainly to the changes in the density of states at the Fermi level with decreasing 

grain size. In Pb, on the other hand, there are strong competing effects from phonon softening 

(manifested by an increase in the coupling strength) and the decrease in the density of states. 

However, the variation of HC2 with grain size in both these systems is consistent with the 

WHH theory. In both systems, there is a substantial increase in HC2 with decreasing size. 

 Proximity effect studies on 3D random distributions of a superconductor and a normal 

metal (Pb-Ag nanocomposite and biphasic Pb-Sn nanoparticles in Al matrix) show that the 

superconducting proximity effect theory for bilayers is also valid in such nanodispe

sy s, with the ratio of the volume fraction of the two components controlling the Tc. 
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Chapter 1 

 
Nanoscale Superconductivity 

 
1.1  Fundamentals of superconductivity 
1.1.1 Introduction 

Superconductivity was discovered in 1911 by Kamerlingh Onnes1 when he observed that on 

cooling Mercury, the electrical resistivity vanished abruptly at 4.2K. This phenomenon of 

perfect conductivity below a temperature Τc - known as the superconducting transition 

temperature - is a characteristic feature for all superconductors. In addition, they also exhibit 

perfect diamagnetism below this temperature Tc. This phenomenon, known as Meissner 

effect, was discovered by Meissner and Ochsenfeld in 1933.2 They discovered that, not only 

is the magnetic field excluded from the superconductor (as in a perfect conductor), it is 

expelled out when it is cooled below Tc. In a magnetic field, screening currents are generated 

that flow through the surface of the superconductor and cancels the flux density within it. 

There is also a critical field, HC, beyond which flux can enter into the superconductor. HC is 

related thermodynamically to the difference in free energy of the normal and superconducting 

states in zero field. Due to the phenomenon of perfect conductivity shown by 

superconductors, there is almost no loss of electrical energy when current is passed through 

it. However, there is a maximum current density - called the critical current density, JC - 

above which it becomes a normal metal. JC is a function of temperature and increases 

monotonically as  . 0→T

There are a large number of metals and alloys that show superconductivity with Tc 

ranging between few mK to few tens of K. A list of commonly known superconductors with 

their respective Tc and HC is given in Table 1.1.3 MgB2 is a non-oxide superconductor with 

the highest Tc of 40K.4 In 1986, with Lanthanum Barium Copper Oxide being found to be a 

superconductor with Tc = 30K, a new path was paved for the discovery of high Tc oxide 

superconductors.5 Till date, the mercury-based oxide compounds under high pressure exhibit 

the highest Tc ~ 164K.6 However, efforts are on for the discovery of a room temperature 

superconductor which will be a major breakthrough in this area. 

For decades, a fundamental understanding of this phenomenon eluded the scientists 

working in this area. Initially, a phenomenological model was proposed by the London 
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brothers, which could explain both perfect conductivity and the Meissner effect.7 

Subsequently, in the early 1950, Ginzburg and Landau gave their phenomenological model 

which dealt mainly with the superconducting electrons and the spatial variation of the 

superconducting wave function.8 The GL theory was a macroscopic theory which was useful 

in understanding the unique electrodynamic properties of the superconductor. Finally, in 

1957, Bardeen, Cooper and Schriefer put forward their epoch making microscopic theory that 

provided a complete and satisfactory picture of the classical superconductors.9

In the following sections, I will briefly describe the highlights of some of the theoretical 

work in superconductivity that is relevant to the rest of the thesis.  

 

1.1.2 Characteristic length scales in a superconductor: penetration depth (λL) and 

coherence length (ξ0) 

Penetration depth: For a superconductor in an applied magnetic field, the screening currents 

which circulate to cancel the magnetic flux inside it must flow within a finite surface layer. 

Consequently, the flux density does not vanish abruptly to zero at the boundary of the 

superconductor. It penetrates up to a region in which the screening currents flow, and the 

width of this region is known as the penetration depth of the superconductor. This is 

illustrated in Fig. 1.1 where a semi-infinite slab of a superconductor is shown. If at a distance 

x into the metal the flux density falls to a value B(x), we can define the penetration depth λL 

by 

Figure 1.1: A schematic representation of the penetration depth (λL) across a 
normal metal superconductor interface

∫
∞

=
0

)0()( BdxxB Lλ                                                                                                    (1.1) 
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Li 
... 
... 

Be 
0.026 

... 

Superconductivity parameters for elements 
Transition temperature in Kelvin 

Critical magnetic field in gauss (10-4 tesla) 

B 
... 
... 

C 
... 
... 

N 
... 
... 

O
...
... 

Na 
... 
... 

Mg 
... 
... 

... 
Al 

1.140
105 

Si* 
7 
... 

P* 
5 
... 

S*
...
... 

K 
... 
... 

Ca 
... 
... 

Sc 
... 
... 

Ti 
0.39
100 

V 
5.38 
1420 

Cr* 
... 
... 

Mn
... 
... 

Fe 
... 
... 

Co 
... 
... 

Ni
...
...

Cu
...
... 

Zn
0.875

53 

Ga 
1.091

51 

Ge* 
5 
... 

As* 
0.5 
... 

Se*
7 
... 

Rb 
... 
... 

Sr 
... 
... 

Y* 
... 
... 

Zr 
0.546

47 

Nb 
9.50 
1980 

Mo 
0.90 
95 

Tc
7.77
1410

Ru
0.51
70 

Rh 
0.0003
0.049 

Pd
...
...

Ag
...
... 

Cd
0.56
30 

In 
3.4035 

293 

Sn(w) 
3.722 
309 

Sb* 
3.5 
... 

Te*
4 
... 

Cs* 
1.5 
... 

Ba* 
5 
... 

La(fcc) 
6.00 
1100 

Hf 
0.12
... 

Ta 
4.483 
830 

W 
0.012 
1.07 

Re
1.4
198 

Os
0.655

65 

Ir 
0.14
19 

Pt
...
...

Au
...
... 

Hg
4.153
412 

Tl 
2.39
171 

Pb 
7.193 
803 

Bi* 
8 
... 

Po
...
... 

Table 1.1: The transition temperature (Tc) and critical field (HC) of elemental superconductors. Tc is 

given in K and HC is given in Gauss. The elements shown by * forms stable superconductors only in 

the thin film form or under high pressures. (Ref: Kittel, Introduction to Solid State Physics, 7th Ed., 

Ch. 12) 

 

 

 

Superconductor ξ0(nm) λL(nm) 2∆/kBTc

Indium 260 42 3.6 

Aluminium 1600 16 3.5 

Tin 230 34 3.55 

Lead 83 37 4.4 

Niobium 38 39 3.8 

 

Table 1.2: Coherence length (ξ0), Penetration depth (λL) and coupling strength (2∆/kBTc) for some 

elemental superconductors. (Ref: Kittel, Introduction to Solid State Physics, 7th Ed., Ch 12) 
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where, B(0) is the flux density at the surface of the metal. The concept of penetration depth 

also originated from the phenomenological Londons’ theory. 

The London equations: The phenomena of perfect conductivity and perfect diamagnetism 

observed in superconductors were coupled theoretically by the London brothers in 1935. The 

two fundamental equations proposed by them are: 

( SJE Λ
∂
∂

=
t

)

))

                                                                                                        (1.2(a)) 

(( SJB Λ×∇−= c                                                                                                (1.2(b)) 

Here, E is the electric field, B is the magnetic field, Js is the current density and Λ = m/nse2 

with ns denoting the superelectron density, m is the electronic mass and e is the electronic 

charge. 

Combining the Eq. 1.2(b) with the Maxwell’s equation: ( )JB c/4π=×∇ , one gets, 

22 / LλBB =∇                                                                                                            (1.3) 

where, λL = mc2/4πnse2. In one dimension, the above equation will give,  

)/exp()0()( LxBxB λ−=                                                                                           (1.4) 

This implies that the magnetic field penetrates upto a length scale λL from the surface into the 

interior of the superconductor, giving the penetration depth, a fundamental length scale, from 

the Londons equations. The temperature dependence of λL can be expressed by the empirical 

equation: 

( )[ 2/14/1)0()(
−

−= cTTT λλ ]                                                                                      (1.5) 

The typical value of the penetration depth for most of the elemental superconductors ranges 

between 10-2000 nm. It is listed in Table 1.2 for some of the known superconductors. 

Coherence length: This is the second fundamental length scale in a superconductor, and was 

introduced initially by Pippard.10 He argued that the superconducting wave function should 

have a characteristic dimension ξo which can be estimated from the uncertainty principle. He 

proposed that only the electrons with energy within kBTc of the Fermi energy play a role in 

superconductivity which sets in at Tc. These electrons have a momentum range ∆p ≈ kBTc/vF, 

where, vF is the Fermi velocity and kB is the Boltzmann constant. Thus, it follows from the 

uncertainty relation that  

cB

F

Tk
vh18.0

0 =ξ                                                                                                            (1.6) 

Here, ξo is the coherence length of the pure superconductor.                   
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The concept of coherence length was also introduced from the Ginzburg Landau (GL) 

theory. In their formalism, the superconducting state is described by a complex order 

parameter ψ which describes the density of the superelectrons ( sn=2ψ ). If the change of 

free energy at the S-N transition is small, the free energy Fs of the superconducting state close 

to the transition point can be written (using variational principle) as a series in ψ: 

( )
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Here Fn is the free energy of the normal state and α, β are temperature dependent coefficients. 

The GL equations can be derived from minimizing the free energy with respect to the 

order parameter ψ and the vector potential A. In the absence of field, one of the GL equations 

can be written in 1 dimension as: 

0
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22
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ms

h                                                                                    (1.8) 

This introduces the coherence length, defined as: 

( cs TTm /1/12/22 −∝= αξ h )

)

                                                                                 (1.9) 

The physical meaning of ξ is that it characterizes the length scale over which ψ (r) can 

vary without any cost of free energy. This ranges between 10-100nm for most of the 

elemental superconductors as listed in Table 1.2. 

It is shown from the GL theory that near Tc, ξ(T) varies differently in the pure and 

dirty limit as 

( 2/1
0

/1
74.0)(

cTT
T

−
=

ξξ         (pure)                                                                 (1.10(a)) 

( )
( ) 2/1

2/1
0

/1
855.0)(

cTT
lT

−
=

ξξ        (dirty)                                                               (1.10(b)) 

The dirty limit implies l << ξo, where l is the mean free path of the electrons. 

 

1.1.3 Type I and type II superconductors 

The ratio of the two characteristic lengths, known as the GL parameter, κ = λ(T)/ξ(T), 

determines the response of a superconductor in a magnetic field. Depending on the value of 

κ, we can define two types of superconductors;  

Type  I  → 2/1<κ  

Type II  → 2/1>κ  
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For a Type I superconductor, loss of superconductivity occurs continuously via a first order 

phase transition at the critical field, BC. The typical phase diagram is shown in Fig. 1.2(a). 

For a Type II superconductor, it is energetically favorable to form a mixed state, i.e., both 

normal and superconducting regions co-exist above a lower critical field, BC1 

( , where 2
01 2/ πλϕ=CB 0ϕ  = 2.07×10-15 is the flux quantum). A schematic of the mixed state 

is shown in Fig. 1.3. The normal regions in the mixed state are in the form of cylinders with 

their axis along the direction of the magnetic field. The radius of these cylinders is equal to 

the coherence length (ξ). Current vortices circulate around these normal cores to generate the 

flux within. The direction of this current is opposite to the main surface shielding current 

which makes the flux in the superconducting region zero. With increase in the magnetic field 

beyond BC1, the distance between the normal cores decreases. At a field equal to the upper 

critical field BC2 ( ), there is complete overlap of the normal cores, and the 2
02 2/ πξϕ=CB

(b) 

(a) 

Figure 1.3: Schematic representation of the mixed state of a Type II 
superconductor. The yellow regions denote the normal cores with current 
vortices around them shown by black arrows. The normal cores are 
separated by superconducting regions. 

Figure 1.2: Phase diagrams of (a) Type I (b) Type II superconductor 
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superconductor goes over completely to the normal state. The typical phase diagram is shown 

in Fig. 1.2(b). 

Most elemental superconductors such as Al, Sn, In, Pb etc are Type I superconductors. 

Nb is the only elemental superconductor which is Type II. However, most of the alloys and 

compounds are Type II superconductors. 

 

1.1.4 BCS theory 

In 1957 Bardeen, Cooper and Schrieffer proposed their celebrated electron-pairing theory of 

superconductivity, which explains completely this complex phenomenon for isotropic 

superconductors. The basis of this theory is that even a very weak attractive interaction 

between electrons, mediated by phonons, creates a bound pair of electrons (called the Cooper 

pair) occupying states with equal and opposite momentum and spin (i.e. k ↑, -k ↓). The 

formation of the bound states creates instability in the ground state of the Fermi sea of 

electrons and a gap (∆(Τ)) opens up at the Fermi level. The minimum energy Eg required to 

break a Cooper pair to create two quasi-particle excitations is Eg = 2∆(T). This is shown 

schematically in Fig. 1.4.  

EF

Cooper pair 

Figure 1.4: Energy band diagram of a superconductor at T < Tc. It shows the 
formation of cooper pairs condensing into the BCS state with a gap (∆) opening at 
the Fermi level. 

The formation of the Cooper pairs mediated by the phonons is illustrated in a simple 

cartoon in Fig. 1.5. An electron with momentum k traveling through the lattice will polarize 

it, thereby creating a local positive charge. A second electron with momentum –k traveling 

through this lattice will be attracted to the local positive charge, thereby, getting attracted to 

the first electron. This leads to the formation of the Cooper pairs. The expression for the 

energy gap ∆ as calculated from the BCS theory is given by: 
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ce )0(/12 −=∆ ωh                                                                                                   (1.11) 

Here, ωc is the Debye frequency, N(0) is the density of states at the Fermi energy and V is the 

attractive interaction potential. However, this equation is valid only for weak coupling 

superconductors with N(0)V <1. The critical temperature (Tc) is the temperature at which 

∆(T)→0 and the excitation spectrum becomes the same as that of the normal state. The 

expression for Tc is given by:  
VN

ccB eTk )0(/114.1 −= ωh                                                                                        (1.12) 

-kk 

Figure 1.5: Simple cartoon depicting the formation of a cooper pair between two 
electrons traveling with momentum k and –k, mediated by the lattice. 

Comparing the above two expressions, it can be seen that for a weak coupling 

superconductor: 5.3)0(2
≅

∆

cBTk
. Experimentally, the values of 2∆ for different superconductors 

generally fall in the range from 3kBTc to 4.5kBTc (Table 1.2). The temperature variation of the 

gap can be computed numerically using: 
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Here β = 1/kBTc and ξ is the quasiparticlea energy. For weak coupling superconductors, the 

reduced gap ∆(T)/∆(0) is a universal function of the reduced temperature T/Tc. This is shown 

in Fig. 1.6. Physically, ∆ is nearly constant until a significant number of quasiparticles are 

thermally excited. Near Tc, ∆(T) drops to zero as: 
2/1
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a Quasiparticles are the elementary excitations of a superconductor which are created when a Cooper pair 
breaks. They are also known as the Bogoliubons. 
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Figure 1.6: Variation of the reduced gap ∆(T)/∆(0) vs the reduced temperature 
T/Tc from the BCS theory  

This energy gap is the order parameter for the superconductor, with a phase factor given by 

eiφ. Hence, the order parameter is equal to |∆|eiφ. 

Quasiparticle excitations above the BCS ground state are coherent superpositions of 

the electron and hole quasiparticles and are in one-to one correspondence with excitations in 

the normal state. Adding one quasiparticle to the BCS ground state adds energy E to the 

system given by: 

( ) 2222 2/ ∆+−= FEmkE h  

Where, k is the quasiparticle momentum. Thus, a minimum energy ∆ is required to add a 

Figure 1.7: A plot of the BCS DOS as a function of energy relative to the Fermi 
energy where N0 is the normal state DOS at the Fermi level 

quasiparticle to the system. The corresponding quasiparticle density of states (DOS) is 

represented by the function: 
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Where, N(0) is the normal state DOS and E is the energy of the quasiparticle. The DOS is 

plotted

 

fect  

Brian Josephson in 1962 discovered that if two superconducting metals were separated by a 

h as an oxide layer 1 to 2 nm thick, it is possible for electron pairs 

 in Fig. 1.7. 

1.1.5 Josephson Ef

thin insulating barrier, suc

to pass through the barrier without resistance.11 This is known as the dc Josephson Effect. 

The current flowing through the junction, called the Josephson supercurrent, is given by: 

φ∆= sincs iI                                                                                                             (1.16) 

Here, ∆φ is the phase difference of the GL wave function across the junction and iC is the 

maximum supercur

 to: 

rent which the junction can support. Fig. 1.8(a) and (b) show a Josephson 

junction and the I-V curve for such a junction.  

He further predicted that if a voltage difference V is maintained across the junction, 

the phase difference ∆φ would evolve according

( ) h/2/ eVdtd =∆φ                                                                                                 (1.17) 

This is called the ac Josephson Effect, where the current is an alternating current of amplitude 

Ic and frequency ν = 2eV/ħ. Both these predictions have been confirmed by many 

experiments. 

Figure 1.8 (a) Schematic of a Josephson junction showing two superconductors separated by a 
thin insulating layer. (b) The current-voltage characteristic of a single Josephson junction. 
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Figure 1.9: Equivalent circuit for the RCSJ model. The cross depicts the Josephson 
junction. 

RCSJ model: The RCSJ model (resistively and capacitatively shunted junction) provides a 

complete description for a Josephson junction in the presence of finite voltages involving the 

ac Josephson effect. The model considers an ideal Josephson junction to be shunted by a 

resistance R and a capacitance C, as shown in Fig. 1.9. The resistance R causes the dissipation 

at finite voltages without affecting the lossless dc regime, while C is the geometric shunting 

capacitance between the two electrodes. Within this model, the time dependence of the phase 

φ in the presence of an externally supplied bias current can be derived by equating the bias 

current I to the total junction current from the three parallel channel as follows: 

dtCdVRVII c //sin0 ++= φ                                                                                 (1.18) 

Using Eq. 1.17, the above equation can be written as a second order differential equation as: 

0
122 /sin// cIIddQdd =++ − φτφτφ                                                                     (1.19) 

Where τ = ωpt, with the plasma frequency (ωp) of the junction given by: 

( 2/1
0 /2 CeIcp h=ω )                                                                                                 (1.20) 

The quality factor Q is defined as: 

RCQ pω=                                                                                                               (1.21) 

The damping parameter, β = Q2.  

A long time average of 
°
φ  gives the voltage across the junction. Thus, Eq. 1.20, which 

resembles the equation of a damped harmonic oscillator, where φ is replaced by sin φ, 

predicts the I-V characteristics of a single Josephson junction. The behaviour of the junction 

depends on the value of C. We consider the two limiting cases: 

(a) Overdamped junctions (small C, Q << 1): In this case, Eq. 1.19 reduces to a first order 

differential equation given by: 
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One can find the time average of the voltage by integrating this equation to find the time 

period T when φ  changes by 2π and then using the relation 2eV/ħ = 2π/T. The result obtained 

is: 

( 2/122
COIIRV −= )                                                                                                 (1.23) 

This implies that V = 0 for I < Ic0 and follows the Ohm’s law V = IR, for I > IC0. 

(b) Underdamped junctions (large C, Q >> 1): It can be shown that for such junctions the I-V 

curve becomes hysteretic. In the absence of thermally activated processes, when I increases 

from zero to IC0, V remains zero. At IC0, V jumps discontinuously to a finite voltage 

corresponding to a state where the phase φ increases at the rate 2eV/ħ. When I is reduced 

below IC0, V does not drop back to zero until a “retrapping current” Ir0 ~ 4IC0/πQ is reached. 

 

1.2 Overview of low dimensional elemental superconductors 
Nanoscale superconductivity has been studied over the past three decades. It is important to 

know how the ground state properties change when one or more of the system dimensions are 

reduced below the characteristic length scales for a bulk superconductor: the coherence 

length (ξo) and the London penetration depth (λL). The superconducting properties for 

confined systems often show dramatic changes from those of the bulk. At much reduced 

dimensions, new phenomena not seen in bulk superconductors may also be observed. 

Nanoscale superconductivity has been studied in 2-dimensional thin films12, , ,13 14 15, 1-

dimensional nanowires16,17 and zero dimensional nanoparticles18, ,19 20.  
 

1.2.1 Two dimensional Superconductors 

Superconducting thin films have been grown by a variety of methods like evaporation21,22, 

sputtering23,24, MBE25, quench condensation12,13,14 etc. The properties observed often depend 

on the film morphology. For Al26 and Sn films grown by evaporation and sputtering, a non- 

monotonic variation of the superconducting transition temperature (Tc) have been observed 

with decreasing film thickness. However, Pb27, Nb15,22 and In28 films show a monotonic 

decrease in Tc with decreasing film thickness. The suppression of Tc has been attributed to 

either localization effects or proximity effects. In the proximity effect model, it is assumed 

that a normal metal layer of conductive oxide is formed at the surface of the superconductor, 
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which is typical for many elemental superconductors. It was shown by Cooper29 and later by 

de Gennes30 that if the superconductor and the normal metal are in good electrical contact and 

their thicknesses are less than the phase coherence length (ξ0), the Tc of the system is reduced. 

This is because the pairing amplitude of the Cooper pairs (F) penetrates into the normal 

metal. Applying the boundary conditions at the interface,  it can be seen that F is suppressed 

at the surface.  

There seems to be some agreement on the observations and the mechanism of the 

destruction of superconductivity for quench condensed films, though these films cannot be 

well characterized morphologically. Quench condensed films are formed by evaporating the 

metal on substrates kept at very low temperatures (< 20K). This may lead to the formation of 

two types of films. (1) Homogenous films are formed wherein a thin layer of Ge is used as an 

underlayer so that atomically flat films can be grown.27,31 (2) Inhomogenous films are grown 

on oxidized substrates. These consist of superconducting grains (of size ~100-200nm) which 

are Josephson coupled.32 In both these types of films, a superconductor to insulator transition 

is observed at a critical thickness. However, the homogenous films exhibit a decrease in both 

the Tc and the superconducting energy gap (∆) with decreasing film thickness. This is 

believed to be due to amplitude fluctuations of the order parameter. The inhomogenous films 

exhibit a broadening of the superconducting transition. It has also been observed that the 

individual superconducting grains retain the bulk value of Tc and ∆ though the film becomes 

insulating. It is believed that the destruction in superconducting order in this type of film is 

due to the fluctuations of the phase of the order parameter. Recently, using improved 

synthesis and characterization methods, it has been possible to track the evolution of 

superconductivity in almost monolayer films. Several groups have seen an oscillatory 

variation of Tc with the number of the monolayers of the film. This is because in this regime, 

the film thickness becomes comparable to the Fermi wavelength and hence quantum 

confinement starts predominating. With the formation of well defined quantum well states in 

the vertical direction, the density of states at the Fermi wavelength N(0) varies inversely with 

the film thickness. Since, N(0) oscillates with the number of monolayers, Tc also shows an 

oscillatory behaviour with film thickness. 
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1.2.2 One dimensional Superconductors 

The study of 1-dimensional superconducting nanowires has become popular since the past 

decade with the development of novel methods of growing and studying single nanowires. 

The Tc in most of the elemental superconducting nanowires does not change as the wire 

diameter is reduced from 100 to 20nm.17,33 There are no reports on the evolution of 

superconducting properties below a wire diameter of 20nm. However, a distinctive feature 

seen in the transport measurements of these nanowires is the presence of resistive tails and 

finite resistances below the Tc. This has been explained on the basis of the occurrence of 

phase slip centers (PSC) in the nanowires which are caused due to theromodynamic 

fluctuations.34,35 According to the theory proposed by Ambegaokar36, the current carrying 

state is metastable and hence a free energy barrier is associated with the transport of the 

Cooper pairs which needs to be overcome for the system to relax to one of the metastable 

states. This activation across the free energy barrier gives rise to the resistive tails and the 

finite resistance at temperatures below Tc. At much lower temperatures, thermal activation 

becomes impossible and the Cooper pairs tunnels between the two metastable states. Such 

thermodynamic fluctuations make the amplitude of the order parameter vanish locally and the 

phase changes by 2π across the metastable states. Hence, the weak points in the nanowires act 

as the PSC. Recently, from a classic experiment on a MoGe nanowire (grown by DNA 

templating), Berzyadin et al  were able to show the quantum origin of the resistive tails at 

very low temperatures. They showed that when the resistance of the nanowire (diameter ~ 

40nm) is more than the quantum resistance (RQ ~ 25kΩ), the wires become insulating. Thus, 

the occurrence of resistive tails is the manifestation of the confinement of superconducting 

wave function which leads to the thermodynamic fluctuations. 

 

1.2.3 Zero-dimensional Superconductors 

Superconducting nanoparticles have been studied since the early sixties.18,19,20 In these 

systems, in addition to the two characteristic length scales of λL and ξo, there is a third length 

scale which determines the critical size below which superconductivity fails to exist. This 

arises from the quantum size effects. The discrete energy level spectrum (due to quantum size 

effects) in nanoparticles has been experimentally observed for the first time in a classic 

experiment by Ralph et al. in 1995, where they could make tunneling measurements on 

individual Al particles of diameter ~10nm.37 The relation of the energy level spacing with 

superconductivity was suggested empirically by Anderson38 in 1959 and is known as the 
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Figure 1.10: Illustration of the discretization of the energy levels in a nanoparticle. The energy 
level spacing (Kubo gap) δ ~ 4εF/3N 

Anderson criterion. According to this criterion, when the discrete energy level spacing (δ) in 

nanoparticles (see Fig. 1.10) becomes equal to the superconducting energy gap (∆(0)), 

superconductivity can no longer be sustained in the small particle. It is easy to understand the 

physical origin of this postulate. For small particles, when δ ~ ∆(0), (where ∆(0) for most 

elemental superconductors ~ 1-2meV), the number of electrons present in the particle is of 

the order of a few thousands. Hence, the fraction of the total number of electrons lying close 

to the Fermi level is very small. Moreover, in a bulk superconductor, electrons present in the 

energy interval ∆ from the Fermi level condense to form the BCS state, thereby opening up 

an energy gap ~ ∆ at the Fermi level. However, for small particles, when ∆ ∼ δ, there are no 

available electrons within the energy interval ∆ of the Fermi level to form the condensate 

state and hence the superconducting state cannot be stabilized. The critical particle size for 

the disappearance of superconductivity can be calculated from the Anderson criterion as 

follows. For a nanoparticle of diameter D, the energy level spacing (Kubo gap) is: 

  
N

F

3
4εδ =                                                                                                                  (1.24) 

where, N is the total number of conduction electrons in the particle. If λF is the Fermi 

wavelength, then N = (D / λF)3  

Therefore, 3

3

3
4

D
FF λεδ =                                                                                                      (1.25) 

From Eq. 1.6 we can express ∆ in terms of the clean limit coherence length: 

  
0

18.0
ξ

Fvh
=∆                                                                                                            (1.26) 
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By applying the Anderson criterion, δ ∼ ∆, we get the critical particle diameter for the 

disappearance of superconductivity, Dc to be: 

                                                                                                        (1.27) 3/23/1
0 FcD λξ∝

Since, the typical value of λF is ~ 1-2nm and ξo is ~ 10-100nm for most elemental 

superconductors, the critical particle diameter for the disappearance of superconductivity 

usually ranges between 4 to 6nm. The validity of the above criterion has been successfully 

tested experimentally for small particles of Al, Sn, Pb, In,39 etc. However, there are 

contradicting reports on the actual nature of evolution of the Tc with decreasing particle size 

till the Anderson criterion is reached in the elemental superconductors studied so far. Most of 

the early studies were on metallic nanograins grown by evaporating the metal in controlled 

amounts of oxygen. It was believed that the oxygen precipitated in the form of oxides at the 

grain boundaries, thereby capping the small superconducting grains. Most elemental 

superconductors like Al, Sn, In, Ga, etc. showed an increase in Tc with reduction in the 

particle size.40 However, Pb, a strong coupling superconductor showed no change in Tc. 

Subsequently, there were reports by other groups on Al41 and Sn nanoparticles which 

confirmed the increase in Tc with reduction in size. Recently Reich et al were able to grow Pb 

nanoparticles using a nucleopore membrane, where the membrane diameter controlled the 

grain size.42 They observed no change in Tc in Pb down to a particle size of 10nm though 

there was substantial drop in the Meissner signal. More recently, Li et al studied the 

superconducting properties as a function of particle size in In and Pb.20,39 While In showed a 

non-monotonic variation in Tc, Pb showed a sharp decrease in Tc below 10nm. Thus, we see 

that the variation of Tc with particle size does not appear to follow a general rule. Different 

factors have been discussed in the literature to understand the mechanisms influencing the 

evolution of Tc with particle size. These include phonon softening, substrate effects, 

proximity effects, quantum size effects etc43. However, it is now generally agreed that the 

size dependence of Tc arises predominantly from two mechanisms: surface effects and 

quantum size effects. 

Surface effects: This is important for small particles due to the increase in the ratio of the 

surface to volume atoms. The surface atoms have a lower coordination number than the 

atoms in the bulk of the particle. This makes the phonon frequency of the surface lower than 

that of the bulk. This phenomenon is called phonon softening. It has also been shown 

theoretically by Dickey and Paskin using molecular dynamic simulations that there are low 

frequency (softer) phonon modes present for fine particles.44 This makes the electrons 
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interact strongly with the phonons, thereby increasing the electron-phonon coupling constant 

(λ) with decreasing particle size. With an increase in the coupling constant, the weak 

coupling BCS equations for Tc are no longer valid. In the strong coupling limit, the 

expression for Tc, worked out by McMillan45 is given by:  
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Where, ΘD is the Debye temperature and µ* is the effective electron-electron repulsion term. 

McMillan also showed that the λ is approximately proportional to the inverse of the phonon 

frequency (called the McMillan average squared frequency), where, 〈ω2〉Μ = 〈ω〉/〈1/ω〉. This 

implies that a decrease in the phonon frequency [〈ω2〉Μ] should increase λ. From McMillan’s 

equation it is also clear that surface effects may cause Tc to increase or decrease with 

decreasing particle size depending on how fast λ increases with respect to µ*. Now with 

decreasing particle size, increasing disorder leads to an increase in the repulsive interaction 

between the electrons as screening effects decreases. Therefore, if λ increases faster than µ*, 

Tc increases, else Tc decreases with decreasing particle size. However, experimentally, an 

increase in Tc has been reported for weak coupling superconductors like Al, Sn, Ga, In etc. 

Abeles et al have also measured the superconducting energy gap (∆(0)) for Al fine particles 

by tunneling and observed an increase in λ with decreasing particle size. Hence, the observed 

increase in Tc in these superconductors is believed to be due to phonon softening which is a 

manifestation of surface effects in small particles. However, in strong coupling 

superconductors like Pb this effect can be offset by an increase in the phonon frequency cut 

off arising from a quantization of the phonon wave vector, which effectively suppresses the 

Tc with decreasing particle size. Fenton and Leavens have worked out the entire Eliashberg 

theory for small particles (~ 5nm diameter) of Pb and shown that though Tc does not change 

appreciably, there is a significant increase in ∆, thus increasing the factor 2∆/kBTc.46 Hence, it 

should be noted that whenever surface effects dominate in small superconducting particles, 

any change in Tc will be accompanied by similar changes in 2∆/kBTc . 

Quantum size effects (QSE): QSE is important in small particles due to the discretization of 

the energy levels arising from the quantization of the electronic wave vector which changes 

the density of states (DOS) at the Fermi level. Attempts to incorporate the discretization of 

the energy levels in the BCS equation to investigate the influence of QSE on Tc have lead to 

contradicting results. While Parmenter47 has shown that this would lead to an increase in Tc, 

Strongin et al  have predicted a decrease in Tc with decreasing particle size. Later, Fenton et 
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al argued that there was a serious flaw in Parmenter’s argument, which assumed the Fermi 

level to lie on one of the energy levels, giving rise to an increase in Tc. Strongin et al have 

correctly taken the Fermi level to lie in between the first occupied level and the first 

unoccupied level, causing an effective decrease in the DOS at the Fermi level, giving rise to a 

decrease in Tc with decreasing size. According to Strongin et al, the expression for Tc is given 

in terms of the energy level spacing δ by the following equation:  
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where, Tc0 is the superconducting transition temperature of the bulk superconductor. It can be 

seen from the above equation that since δ increases with decreasing particle size, Tc reduces 

from the bulk value of Tc0. Also, it can be seen from the BCS relations (Eq. 1.11 and 1.12) 

that Tc and ∆(0) show a similar dependence on  N(0) (the DOS) as follows: 
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where, ωD is the Debye frequency and V is the electron-phonon interaction potential. Hence, 

any variation in Tc due to quantum size effects will cause a proportionate variation in ∆(0), so 

that the parameter 2∆(0)/kBTc should not change with decreasing particle size. 

Thus, we see that in order to understand the mechanism of the evolution of Tc in 

nanostructured superconductors, one needs to study the evolution of the electron phonon 

coupling strength, 2∆(0)/kBTc, with particle size. The parameter 2∆(0)/kBTc varies from 3.5 

for weak coupling bulk superconductors such as Al, Sn, In, etc. to 4.5 for the strong coupling 

superconductor, Pb. Nb is an intermediate coupling superconductor with 2∆(0)/kBTc ~ 3.8. 

We have carried out detailed measurements of the important superconducting 

properties such as Tc, upper critical field (HC2) and ξo as a function of particle size in two 

typical, elemental nanostructured superconductors - Nb and Pb. Through a direct 

measurement of the superconducting energy gap ∆(0), we are able to understand the 

mechanism influencing the evolution of Tc with particle size in both these systems. Since, the 

superconducting parameters are all interrelated; our studies also helped us to understand the 

evolution of HC2 with particle size in these systems. 
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1.3 Superconducting proximity effect 
The theory of superconducting proximity effect (SPE) had been developed for bilayers and 

multilayers way back in 1960.48 According to this theory, for a high transmission contact 

between a superconductor (S) and a normal metal (N) or another superconductor with a lower 

Tc, some degree of phase coherence develops in the normal metal while there is a pair 

breaking effect in the superconductor at the length scale of the coherence length (ξN,S = 

[ħDN,S/2πkBT]1/2, DN,S are the diffusivities of the normal/superconducting layers respectively) 

of each material across the interface. This induces superconductivity in the normal metal and 

suppresses it in the superconductor. Applying the boundary conditions at the interface, it can 

be seen that the pairing amplitude (F) is suppressed at the surface, thereby changing the Tc of 

the S-N sandwich compared to that of the pure superconductor. This is shown schematically 

in Fig. 1.11. In the “Cooper limit”  (dS<< ξS and dN << ξN), deGennes has worked out the 

following expression for the effective BCS pair interaction parameter: 
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Figure 1.11: Schematic representation of superconducting proximity effect. 
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From this it is possible to calculate the effective transition temperature (TcNS) using 

the weak coupling BCS relation: 
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where NS,N is the DOS of the superconductor (normal metal) at the Fermi level, ΘD is the 

Debye temperature and VS,N is the electron-phonon interaction potential in the superconductor 

(normal metal). The above expression has successfully explained the observed Tc of 

multilayers of superconductors and normal metals with near perfect interfaces. However, 

modifications to the existing theory were later proposed, which includes a finite interfacial 

layer (of thickness di) between the superconductor and normal metal for each bilayer.49 In this 

case, the effective BCS coupling parameter is given by: 

iiNNSS

iiiNNNSSS
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dVNdVNdVN
VN

++
++

=
222

])0([                                                      (1.32) 

It can be seen from the above equation that for negligible intermixing (di = 0) and for a 

constant dS/dN, TcNS is independent of Λ = dS+dN. However, for a thicker interfacial layer, the 

variation of TcNS with Λ is stronger. The proximity effect theory has also been worked out by 

Werthamer50 for a thin superconductor in contact with a thick normal metal. In this case, the 

TcNS no longer depends on the thickness of the normal metal and can be evaluated from the 

simple relation: 

( ) ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛−= −−− 2

1
11

2
1

12cot1
2

ttdrS π
π                                                                      (1.33) 

where the reduced variables drS and t are defined as, 
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Here, TS is the transition temperature of the pure superconductor, vFS is the Fermi velocity, lS 

is the mean free path of the electrons in the superconductor and kB is the Boltzmann constant. 

The above discussion of SPE for thin superconductor and normal metal layers in 

contact with each other is valid for weak coupling superconductors (λ < 1) only. For strong 

coupling superconductors (λ > 1), the theory has been worked out by Silvert51 who modified 

the McMillan’s equation (Eq. 1.28). Within the “Cooper limit” (dS,N << ξS,N) the TcNS of the 

strong coupling superconductor in contact with the normal metal is given by: 

14.1ln1ln
ln * −−

Θ
=

λλ
λ

cNST                                                                               (1.35) 

where 〈λ〉 = mean electron phonon coupling strength, Θ = Debye temperature 
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*
* ; µ* is the Coulomb pseudo potential term  
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Silvert has shown that for a strong coupling superconductor of thickness dS in contact with a 

normal metal or a superconductor of thickness dN with a lower Tc  

   ( )
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Here, NS and NN are the density of states at the Fermi level of the superconductor and the 

normal metal respectively from the free electron theory. 

The above mentioned predictions have been tested in various limits in a large number of 

bilayer/multilayer systems.48,49 However, there are very few models and little experimental 

data on 3D composite systems, in which superconducting grains are randomly distributed in a 

normal matrix. Since the coherence length of most elemental superconductors ranges between 

few tens of nm to a few hundred nm, the study of SPE in bilayers and multilayers requires the 

synthesis of very thin films. Hence, we aimed to probe the effect of length constraints in thick 

nanocomposite films of superconductors and normal metals where their individual particle 

sizes are kept less than their respective coherence lengths.  We aimed to understand if the 

theory of superconducting proximity effect for 2D films is also valid in such cases. If it is, 

then which are the relevant parameters that determine the Tc in such random mixtures? With 

this in mind, we carried out a study of superconducting proximity effect in two different types 

of 3D random mixture systems. The first system consists of 3D nanocomposite films of 

randomly interdispersed Pb and Ag nanoparticles. Here, we have tried to understand the 

evolution of Tc as a function of the ratio of the volume fractions of the two components. The 

second system consists of Pb/Sn biphasic nanoparticles randomly distributed in an Al matrix. 

Here, again we have invoked the modified theory of SPE to explain the observed Tc of the 

system. 

 

 

1.4 Organization of thesis 
This thesis deals with the experimental study of elemental superconductors at reduced 

dimensions. It is organized as follows. In Chapter 1, I have introduced the topic of nanoscale-

superconductivity. I have discussed how length constraints influence the superconducting 

order parameter both in pure elemental superconductors and also the behavior of 
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superconductors in proximity with normal metals or other superconductors with lower Tc. 

Thereafter in Chapter 2, I will describe the various experimental techniques used. This 

chapter includes the synthesis of nanostructured films, their morphological characterization 

and finally the methods employed to measure the different superconducting properties. In 

Chapter 3, I will present our studies of the size effects on the superconducting and the normal 

state properties of the intermediate coupling, Type II superconductor, Nb. This will be 

followed in Chapter 4 by a similar study of the superconducting properties of a strong 

coupling superconductor, Pb, as a function of grain size. Our results will elucidate the 

mechanism controlling Tc in nano-superconductors. Finally, in Chapter 5, I will discuss our 

results on the study of the superconducting proximity effect in Pb-Ag nanocomposites and 

Pb-Sn bi-phasic nanoparticles embedded in an Al matrix. Our results show that the theory of 

superconducting proximity effect formulated for bilayers and multilayers can be modified to 

explain the observed changes in Tc in these random, nanostructured, 3-D systems.  
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Chapter 2 
 
Experimental details  

 
In this chapter I will discuss the experimental techniques used for the synthesis of the 

nanocrystalline superconducting films used in the present study, the various structural 

characterization tools and the techniques for measuring the superconducting transition 

temperature (Tc), the normal state transport properties, the critical fields (HC2) and the energy 

gap (∆(0)) of the superconducting samples. 

 

2.1  Synthesis of nanocrystalline thin films 
Magnetron sputtering is a popular technique used to deposit thin films of different materials. 

Through a suitable choice of process parameters, it is possible to apply this method for the 

deposition of nanocrystalline thin films.1,2 While Fig. 2.1 shows a schematic,  Fig. 2.2 shows 

the picture of the magnetron sputtering setup in our lab, which was used to deposit the 

nanocrystalline films. The material whose nanoparticles are to be synthesized forms the 

Figure 2.1: Schematic of a home-made magnetron sputtering system 
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Figure 2.2: The sputtering system used in our lab 

sputtering target and the material on which the film is deposited is called the substrate. A dc 

or rf voltage is applied across the target and the substrate which is kept at a common ground 

potential with respect to the rest of the sputtering chamber. Dc sputtering is used only for 

conducting targets while rf-sputtering can be used for both conducting and non-conducting 

targets. Sputtering is mostly done in the presence of an ultra pure inert gas. Substrate 

temperature is kept between room temperature and the boiling point of liquid nitrogen. 

A magnetron sputter gun consists of a series of permanent magnets arranged in a 

circular geometry, providing a radial magnetic field parallel to the target surface. Plasma is 

created when secondary electrons produced by the collision of positive ions (stray ions 

present in the chamber) hit the target surface. Due to repeated collisions a cascade of 

electrons is generated which sputter out the target atoms by transferring its energy and 

momentum. The magnetic field from the magnetron sputter gun confines the plasma close to 

the target surface thereby giving maximum flux of the ejected target atoms perpendicular to 

the target surface.3  

 51



 

The sputtering guns used in our setup (Atom Tech 320-O and Excel Instruements) are 

long (250mm) axial, planar magnetron sources with 50mm diameter target holder. For dc 

sputtering, we used a Glassman LV series power supply (0-600V, 0-1.7A), while a rf Plasma 

Products power supply (1KW at 13.6 MHz) with a MN-500 impedance matching network 

was used for rf sputtering. Suitable substrates such as Si wafer, quartz or glass slides were 

stuck on a copper plate with GE-varnish, providing good thermal conductivity at low 

temperatures.  

The particle size of the deposited nanoparticles can be controlled by mainly adjusting 

the substrate temperature, inert gas pressure and applied power.1,2 We generally obtained 

smaller particle size for higher sputtering gas pressure. This is because with increasing 

pressure, as the gas density increases, the probability of sputtered atoms losing their kinetic 

energy to the gas atoms during collisions is larger and they are left with little energy when 

they deposit on the substrate. This helps in controlling the growth of particles by thermal 

diffusion. A similar effect is also achieved by lowering the substrate temperature or the 

applied power. Nanostructured films (average grain size ≈2−20nm) of most materials can be 

sputtered onto desired substrates by dc/rf sputtering at relatively high gas pressures (≈10−400 

mTorr) and low substrate temperatures (77−300 K). For dc sputtering, the applied voltage 

was generally in the 200-400V range (corresponding to a current of ~300mA, depending on 

the target resistivity). For rf sputtering, the applied power was in the range of 25-80W.  

The above method was used to synthesize nanostructured thin films of Nb and Pb and 

the nanocomposites of Pb-Ag. The process parameters used to synthesize them is discussed in 

later chapters. As the Pb films oxidized on exposure to air, we were required to deposit on it a 

non-conducting overlayer, in situ. Therefore, we modified the sputtering chamber where two 

magnetron guns were placed at 1800 to each other in order to carry out sequential sputtering 

(see Fig. 2.2). The details of this are given in chapter 4.  

 

2.2  Structural characterization 
The structural characterization of the as-deposited films was carried out mainly by X-Ray 

Diffraction (XRD), Transmission Electron Microscopy (TEM), Electron Energy Loss 

Spectroscopy (EELS), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray 

Spectroscopy (EDX) and Atomic force microscopy (AFM). These techniques are explained 

briefly in the following subsections. 
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2.2.1 X-ray Diffraction (XRD) 

XRD is one of the most important tools available for characterization of crystalline materials. 

Information about the different crystallographic phases present, unit cell parameters, presence 

of impurities etc. can be obtained from the analysis of the XRD pattern of a material. In case 

of polycrystalline materials, it gives information about the mean crystallite size and size 

distribution. We have extensively used XRD for characterization of the targets and the 

nanocrystalline films.  

Figure 2.3: Schematic of the beam path in an X-Ray Diffractometer 

The occurrence of peaks in the x-rays diffracted from a periodic crystal is governed 

by the Bragg condition for constructive interference4: 

( ) λθ nd =sin2                                                                           (2.1)  

where d is the spacing between two adjacent atomic planes belonging to the same family, θ is 

the angle between the atomic plane and the incident x-rays, n is the order of diffraction, and λ 

is the wavelength of x-rays. We have used a Siemens D-500 diffractometer using CuKα 

source typically at 30kV and 30mA. The diffraction pattern was obtained by rotating the 

crystal and the detector (θ−2θ geometry). A schematic diagram of the beam path in an x-ray 

diffractometer is shown in Fig. 2.3. The detector was a scintillation (Tl activated NaI crystal) 

coupled to a photomultiplier tube (PMT). Generally, the CuKα2 line is also present in the 

incident beam and gives rise to its own diffraction pattern. For the structural analysis of the 

sample, contribution of this line was removed by Rachinger correction.5 This technique uses 
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the known wavelengths and intensity ratio of the two lines to separate the two diffraction 

patterns.  

Theoretically, for an infinite crystal, the Bragg reflection peaks are delta functions. 

However for real crystals, peak broadening comes from the “instrumental width”, which is 

caused by the finite spectral width of the x-ray beam, its non-parallel nature, imperfect 

focusing, finite slit-widths etc. For smaller crystallite sizes (typically below 50nm), an 

additional broadening occurs. Due to the presence of only a few diffracting planes, in which 

the contributions from the planes having their angles slightly higher and lower than the Bragg 

angle θ do not get completely cancelled by destructive interference.6 The size of the crystal 

can be estimated from the width of Bragg reflection and is given by the Scherrer formula: 

  
)cos(

94.0

b
XRD B

d
θ
λ

=                                                                (2.2) 

where dXRD is the length of the crystal in the direction perpendicular to the reflecting planes, 

B is the integral width (IW) or full width at half maximum (FWHM) of the Bragg reflection 

in radians on the 2θ scale. It is important to subtract the instrumental line width from the 

observed line width to get a correct estimate of broadening due to small particle size.  

In addition to finite size effect of the crystals, x-ray line broadening can also occur 

from strain in the sample. The strain corrected particle sizes can be estimated from an x-ray 

line profile analysis using the Warren Averbach method.7 In this method, the x-ray line 

profile is fitted to a pseudo-Voigt function. By carrying out a Fourier transform and working 

in the reciprocal space, contributions from strain and particle size can be separated. We did 

this analysis using the XFIT and WINFIT softwares.  

 

2.2.2 Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray spectroscopy 

(EDX) 

The SEM is a type of electron microscope capable of producing high-resolution images of a 

sample surface.8 SEM images have a characteristic three-dimensional appearance and are 

useful for judging the surface structure of the sample.  

In a typical SEM, electrons are thermionically emitted from an electron source 

(tungsten filament, lanthanum hexaboride (LaB6) cathode, field emission gun) and are 

accelerated towards an anode. The electron beam, which typically has an energy ranging 

from a few hundred eV to 50 keV, is focused by one or two condenser lenses into a beam 

with a very fine focal spot size of 1 nm to 5 nm. The beam passes through pairs of scanning 
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coils in the objective lens, which deflect the beam horizontally and vertically so that it scans 

in a raster fashion over a rectangular area of the sample surface. The electron beam transfers 

its energy to the specimen, thereby ejecting secondary (SE) and backscattered electrons 

(BSE). The interaction volume of the specimen varies from 100nm to 5µm from the surface 

depending on the accelerating voltage. A detector counts these electrons and sends the signals 

to an amplifier. The final image is built from the number of electrons emitted from each spot 

of the sample which gives a three dimensional appearance. A schematic of a typical SEM is 

shown in Fig. 2.4. In addition to the image of the surface of the specimen, the backscattered 

electrons can be used to give information of the chemical composition at the local scale. This 

is because backscattered electrons give contrast between areas with different chemical 

compositions, when the average atomic number of the various regions is different, since the 

Figure 2.4: Schematic of a SEM 
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brightness of the BSE image tends to increase with the atomic number.  

The spatial resolution of the SEM depends on the size of the electron spot and the size 

of the interaction volume. The spot size and the interaction volume are both very large 

compared to the distances between atoms, so the resolution of the SEM is not high enough to 

image down to the atomic scale. Depending on the instrument, the resolution can be between 

1 nm and 20 nm. 

The EDX analysis system is an integral part of the SEM and cannot operate on its 

own. It is a powerful tool to find the elemental composition of a particular area of the sample. 

It is used to detect impurity elements and the local homogeneity of the sample. The working 

principle is as follows. The primary electron beam on interacting with the sample knocks out 

electrons from the inner atomic shells of the different elements present in the sample. These 

vacancies are occupied by outer shell electrons which lose energy by emitting a characteristic 

x-ray. Since, the x-ray energy is unique to a particular element, detecting the x-rays provides 

information of the elements present in the sample. The EDX spectrum plots the intensity of 

the x-rays for each of the energies emitted. Analyzing this spectrum gives the atomic % and 

hence the stoichiometry of the different elements present in the sample.  

 

2.2.3 Transmission Electron Microscope (TEM) and Electron Energy Loss spectroscopy 

(EELS)  

TEM is used for morphological and compositional analysis of materials.9 The resolution 

obtained is of the order of 1Å which is much better than an SEM. The basic working 

principle is as follows. Electrons generated from an electron gun are accelerated upto 

voltages of 300kV, focused by a set of electromagnetic lenses onto an electron transparent 

sample. This requires the sample to be very thin; of the order of 5-10nm. The sample image 

can be magnified upto 106 times to give atomic spatial resolution. The schematic of the 

imaging system used in a TEM is shown in Fig. 2.5. We can get both the sample image and 

the electron diffraction pattern of the sample. With the TEM we can do both bright field 

imaging and dark field imaging. The bright field images are formed by the transmitted light 

which illuminates the entire field of view. The dark field image on the other hand is formed 

by a selected portion of the diffracted light and hence shows grains of a particular orientation 

only. Hence, this is a powerful tool to obtain the grain size and its distribution of 

nanostructured materials and also to find the crystalline structure and composition of the 

material at the local scale.  
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Figure 2.5: Schematic of a TEM 

EELS is often spoken to be complimentary to EDX. It is capable of measuring atomic 

composition, chemical bonding, valence and conduction band electronic properties, surface 

properties, and element-specific pair distance distribution functions. In contrast to EDX, it is 

most efficient for elements with low atomic number. Transmission EELS is the most popular 

today in which the kinetic energies are typically 100 to 300 keV and the incident electrons 

pass entirely through the material sample. The basic principle is as follows. A beam of 

electrons with known kinetic energies is made incident on the sample. Some of the electrons 

undergo inelastic scattering. Inelastic interactions include phonon excitations, inter and intra 

band transitions, plasmon excitations and inner shell ionizations. The electron energy loss is 

measured. The inner shell ionizations are particularly useful for detecting the elemental 

components of a material. Looking at a wide range of energy losses, one can determine the 

types of atoms, and the numbers of atoms of each type, being struck by the beam. 
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2.2.4 Atomic Force Microscope (AFM) 

AFM is used to image the topography of samples with atomic resolution. It uses a physical 

probe like a sharp tip (diameter ~ few nm) at the end of a cantilever, while the sample is 

placed on a piezoelectric material (scanner).10 To move the piezoelectric scanner along the x 

and y direction, voltages are applied in the two directions. This makes the tip raster scan 

across the sample. A positive feedback loop is used to maintain a constant interaction force 

between the probe and the sample. A position-sensitive photodetector records the angle of 

reflection from a laser beam focused on the top of the cantilever. The position of the probe 

and the feedback signal are electronically recorded to produce a three dimensional map of the 

sample surface. A schematic is shown in Fig. 2.6. AFM works in two modes: (1) Contact 

mode (2) Tapping mode. In the contact mode, the force between the tip and the surface is 

kept constant during scanning by maintaining a constant deflection. In the tapping mode, the 

cantilever is oscillated at or close to its resonant frequency. The oscillation amplitude, phase 

and resonance frequency are modified by tip-sample interaction forces; these changes in 

oscillation with respect to the external reference oscillation provide information about the 

sample's topography. 

Figure 2.6: Schematic of an AFM 
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Figure 2.7: Schematic of a SQUID magnetometer 



 

2.3 Superconducting and Normal state properties 
      The superconducting and the normal state properties of the nanostructured films were 

measured by a number of techniques like dc magnetization using SQUID and VSM 

magnetometers, ac susceptibility, dc transport, tunneling and point contact spectroscopy. 

 

2.3.1 DC Magnetization 

2.3.1 (a) Superconducting Quantum Interference Device (SQUID) magnetometer: This 

is the most sensitive instrument to measure the magnetic property of a sample. We have used 

the Quantum Design MPMS SQUID magnetometer.11 It measures the change in the magnetic 

flux density produced by the sample as it moves through superconducting pick up coils, 

placed at the center of a superconducting magnet. The schematic of the set-up is shown in 

Fig. 2.7. The sample is mounted in a plastic straw (with negligible magnetic moment) which 

is held at the end of the sample rod. The rod is inserted in the sample space in a liquid He 

Dewar, at the end of which there is a stepper motor used to position the sample at the center 

of the pick up coils. The pick up coils are made of Nb wire, wound in four coils configured as 

a second-order gradiometer, as shown in Fig. 2.8(a). In this configuration, the top and bottom 

coils are single turn wound clockwise and the centre coil is two turns wound anticlockwise. 

This is used to reduce noise in the detection circuit caused due to fluctuations in the magnetic 

field of the superconducting magnet. A spatial dependence of an ideal signal for a 

diamagnetic sample (a point magnetic dipole) for a second-order gradiometer is shown in Fig. 

2.8(b). To obtain a similar SQUID profile the sample should be smaller than the detection 

Figure 2.8(a): Configuration of a second order gradiometer superconducting detection coil 
(b) SQUID response of a diamagnetic sample from a second order gradiometer detection 
coil 
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coils (~2-3mm). The sample can move over a length of (~2-6cm) along the axis of the 

magnet. As the sample moves through the coils, it induces a current in the pick up coils at 

each position of the sample. Since, the coils are superconducting, the total flux Φ through 

them is quantized. These pickup coils are connected to the input of a SQUID loop, located in 

a magnetic shield. The main element of the SQUID is a superconducting loop with two 

Josephson junctions. The impedence of the SQUID is a periodic function of the magnetic 

flux threading it. Any modulation of the applied bias current along with a lock-in detector is 

used to measure the impedence. Hence, it acts as an efficient current to voltage converter. 

Thus, the variations in the current in the detection coils produce corresponding variations in 

the SQUID voltage which is proportional to the magnetic moment of the sample. Finally, 

there are computer routines which fit the SQUID profile (as shown in  Fig. 2.8(b)) and extract 

eter allows measurements at temperatures between 1.8-300K 

(b) Vibrating Sample Magnetometer (VSM): The basis of the VSM is to measure the rate 

magnetic field provided by the superconducting magnet (placed in a liquid He Dewar), is 

the magnetic moment of the sample from the SQUID output. 

The MPMS SQUID magnetom

and magnetic fields upto 7T.   

of change of magnetic flux due to the mechanical vibration of the magnetized sample which 

produces an induced emf in a detection coil system. The sample, placed in a uniform dc 

Figure 2.9: Schematic of a VSM 
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made to oscillate sinusoidally with small fixed amplitude (~1.5mm). The induced voltage is 

given by: 

tzzt ∂∂×∂−∂=∂−∂= /// φφε , where z = zo + acos(ωt), ω is the frequency of vibration 

(55Hz). The sample is taken to be a magnetic dipole.  

We have used an Oxford Instruments VSM, where the temperature can be varied 

between 1.6K-300K and a magnetic field upto 12T can be applied. A schematic of the set-up 

is shown in Fig. 2.9. The sample is positioned at the center of the detection coils by a stepper 

motor fixed at the end of the sample rod. This position is such that the response from the 

dipole moment is maximum.  

 

2.3.2 High frequency ac Susceptibility 

This was custom built to measure the superconducting transitions of thin films. The film or 

the sample is sandwiched between two planar coils of 110 turns each. A sinusoidal voltage of 

high frequency (15kHz) is applied to the primary coil. A voltage proportional to the 

frequency is induced in the secondary coil which is detected by lock-in detectors. A 

schematic of the planar coil geometry is shown in Fig. 2.10. When the sample becomes 

superconducting at Tc, it shields the magnetic flux of the primary coil. Hence, there is a sharp 

drop in the voltage of the secondary coil (signal). This gives the superconducting transition 

temperature (Tc) of the sample. When the signal from the secondary coil is recorded while 

sweeping the magnetic field, a sudden increase in signal at a particular field denotes the 

critical field (HC) of the sample, the field at which the sample becomes normal.  

Visin (ωt+φ)

Primary coil Secondary coil

Sample

ωVisin(ωt+φ+π/2)Visin (ωt+φ)

Primary coil Secondary coil

Sample

ωVisin(ωt+φ+π/2)

Figure 2.10: Schematic of AC susceptibility set-up 
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It is important to point out that though this method does not give the absolute value of 

the magnetization, it is an extremely sensitive technique to measure the superconducting 

transition, especially of thin films. In conventional susceptometers the signal is proportional 

to the volume of the sample and is not very efficient for the measurement of thin film where 

the volume is very low. However, in this geometry, the signal is proportional to the area of 

the sample making it ideal for the measurement of thin films. 

 

2.3.3 DC transport 

Measurement of the resistivity of a sample by the conventional four probe method is one of 

the most popular techniques of characterizing samples in solid state physics. Four silver paint 

or In-Ag solder contacts are made with thin copper wires on the sample. Current is passed 

from a constant current source by the outer two wires and the voltage is measured by a nano-

voltmeter using the two central wires. The four probe method isolates the current and voltage 

contacts. As long as the sample and contact resistance is less than the resistance of the 

voltmeter, the contact resistances does not affect the resistance of the sample as the voltage 

leads do not draw any appreciable current. The insert for carrying out maneto-resistance 

measurements (dc transport in the presence of a magnetic field) and the zero field resistivity 

measurements of the superconducting films used in the present study was fabricated in house. 

It is shown in Fig. 2.11. 

Figure 2.11: The resistivity insert fabricated by us. Inset shows a 
close up of the insert head 
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2.3.4 Tunneling spectroscopy with planar tunnel junctions 

      This is a very useful technique to measure the superconducting energy gap (∆(T)) of a 

sample. It was first demonstrated successfully by Giaever in 1960.12 It is based on the 

principle of single particle tunneling of electrons between a superconductor (S) and a normal 

metal (N) (or another superconductor (S)) when separated by a very thin (5-10nm) insulating 

layer (I). In the present work we have carried out measurements with planar tunnel junctions 

made by a superconductor (Pb films) and a normal metal (Al) separated by a thin insulating 

layer (the native oxide layer of Al).  

Experimental technique: Planar tunnel junctions between superconductors and normal metals 

can be prepared in large number of ways. The choice of the insulator and the normal metal is 

specific to the superconducting material. For conventional superconductors, Al is the 

commonly used bottom electrode which can be grown by evaporation, sputtering etc. It is 

known to form a surface oxide layer (of thickness ~ 5-10nm) easily when exposed to air. The 

top electrode is deposited in a cross geometry on the Al and is formed by the superconductor 

whose superconducting energy gap is to be measured. However, this cannot be used for the 

high Tc superconductors.  To date, the most reliable method of tunnel junction fabrication on 

high-temperature superconductors has been by evaporation of Pb counter electrodes directly 

on the superconductor surface. A chemical interaction between the materials forms a good 

insulating tunnel barrier. Greene et al have shown that an organic layer (alkylamines) forms a 

very good insulating layer for the case of YBCO based tunnel junctions and gives 

reproducible tunneling characteristics.13 Freshly cut In pressed on a superconducting material 

Figure 2.12: Schematic of planar tunnel junction 
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is also known to give reliable tunnel junction characteristics (both for conventional and high 

Tc superconductors). 

The planar tunnel junctions between nanostructured Pb films and Al have been 

fabricated in the conventional way as done by Giaever. A strip of Al (~200nm thick and 1mm 

wide) was deposited by sputtering at the center of a properly cleaned glass slide using a 

stainless steel (SS) mask. It was exposed to air for 15-20 minutes for the native surface oxide 

layer to grow. Thereafter, Pb was deposited by dc sputtering in the form of cross-strips, again 

using SS masks. The thickness of Pb film was ~200nm and the width of the strip was 2mm. 

Contact pads of Au were deposited to make the current and voltage leads across the junction 

by evaporation. Schematic of the planar and cross-sectional view is shown in Fig. 2.12. Four 

probe measurements were performed to measure the I-V characteristic of each tunnel 

junction. Each device had 2 tunnel junctions to increase the statistics of measurements. The 

typical junction area was 1×2 mm2. Reducing the junction area using thinner masks made by 

lithographic techniques helps in improving the success rate of the tunnel junctions. 

Principle: For a superconductor-insulator-normal metal (S-I-N) junction, the tunneling 

current is given by:14

[ dEEfeVEfENNTAI SN )()()()0(2 −−∝ ∫
∞

∞−

]                                                      (2.3) 

Here, |T| denotes the matrix elements of the transmittivity between the normal metal and 

superconductor and depends on the insulting barrier in between, NN(0) is the density of states 

(DOS) of the normal metal which can be taken as constant, NS(E) is the DOS of the 

superconductor and f(E) is the Fermi distribution function. The DOS of the superconductors 

satisfies the condition: 

(b) (a) 

Figure 2.13 (a) I-V characteristics of a tunnel junction at T = 4.2K, 
(b) Differential conductance of the same junction at T = 4.2K 
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∆>

∆−Γ+

Γ+
= forE

iE

iEENS 22
)(                                                                        (2.4) 

                           =  0                        otherwise 

Here, Γ is the broadening parameter arising from the finite lifetime of the quasiparticles (τ = 

1/Γ). 

The I-V characteristic of an S-I-N junction at finite temperatures is shown in Fig. 

2.13(a). Differentiating this curve gives the differential conductance (G(V)), which needs to 

be normalized with respect to the normal state conductance (GN) to give the normalized 

differential conductance (G(V)/GN) of the junction. The plot of G(V)/GN as a function of the 

bias voltage is shown in Fig. 2.13(b). Fitting this curve using Eq. 2.3, with ∆ and Γ as the 

fitting parameters at the known temperature (T), gives the unknown parameter, ∆(T). 

       

2.3.5 Point Contact Andreev Reflection Spectroscopy (PCAR) 

Point contact spectroscopy (PCS) has become popular over the past few decades and is used 

extensively to extract energy, momentum and spin resolved information about the Fermi 

surface for superconductors and ferromagnets.15 In this work, PCAR which is a special form 

of PCS has been used to measure the superconducting energy gap (∆(T)) of the 

nanostructured Nb films. I will describe in detail the experimental details and the principle of 

Experimental technique: To measure ∆(T) by PCAR, a very sharp tip

finding ∆(T) (energy resolved information) from these measurements.  

      of a normal metal is 

Figure 2.14 (a) Schematic of the needle-anvil technique to establish a point contact 
(b) Electrochemically etched gold tip used for point contact spectroscopy 

brought in contact with the superconductor whose gap is to be measured. To get any energy 

resolved information, the contact requires to be in the ballistic regime i.e. the contact 

diameter (a) should be much smaller than the mean free path of the electrons (l). This can be 
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done either by needle-anvil technique (Fig. 2.14(a)) using a differential screw arrangementb,16 

or a piezoelectric bi-morphc,17 or by lithographic methods.18 Different methods are employed 

to make fine tips depending on the material of the tip. Metals such as copper, silver, platinum, 

platinum-iridium etc can be made by mechanically cutting the wires of the said material 

whereas metals like gold is prepared by electrochemical etching. The starting diameter of the 

wire is usually 100-300 microns. After processing, the tip diameter is reduced to a few tens of 

nanometer (as shown in Fig. 2.14(b)) However, the final contact diameter is controlled by the 

pressure on the tip. We have used the differential screw arrangement to control the pressure 

on the tip. The schematic of the point-contact insert head and the actual head used in the 

experiments have been shown in Fig. 2.15. In the differential screw arrangement, you have a 

differential screw with ~ 100 threads per inch rotated by a stepper motor from outside the 

cryostat. Some set-ups also have a peizo tube below the screw which is used to fine tune the 

Figure 2.15(a): Schematic of a differential screw arrangement 
(b) Picture of the point-contact head used in our experiments 

                                                 
b In a differential screw arrangement, the tip is mounted at the end of a differential screw (in which rotational 
motion is translated into vertical motion) which enables the tip to move closer/away from the sample placed 
below it. 
 
c In this method, a piezoelectric bi-morph (converter of electric input to mechanical motion), is used and the tip 
is mounted on one of the bi-morphs while the sample is placed on the other bi-morph piece. The tip moves 
closer/away from the sample by applying voltages on the piezoelectric bimorph piece which holds the tip.  
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contact. Ideally, the conventional PCAR spectrum shows two peaks at 
e
∆

+  and 
e
∆

−  

respectively, and beyond the superconducting gap voltage no structure apart from the sm

decay of the density of states is expected (Fig. 2.16). However, large zero bias conductance 

peaks (Fig. 2.17(a)) or anomalous dip structures (shown by arrows in Fig. 2.17(b)) at bias 

voltages beyond the superconducting energy gap in the PCAR spectra are sometimes 

observed, which helps to acertain if the contact is in the ballistic regime.

ooth 

e the contact diameter is smaller than the elastic (le) or 

19 To understand the 

origin of the dip structures, one needs to look at the different regimes of transport at a point 

contact between two metals. Electrical transport through a metallic point contact can be 

divided in different regimes based on the ratio of the diameter (a) and the mean free path (l) 

of the electron. They are as follows: 

Ballistic regime: In the ballistic regim

inelastic (li) mean free path. In this regime electron does not undergo any elastic or inelastic 

scattering while passing through the point contact and the conductance is represented by the 

sum of individual quantized conduction channels each with a conductance, 
h
eG

22
= .  In a 

ballistic contact statistically, the electron freely accelerates in the area of the contact without 

undergoing any scattering. The resistance of a ballistic contact between two metals in their 

normal state is thus independent of the bulk resistivity of the material and is given by

0

20 

( )22

2hR = , where k is the Fermi momentum. 
F

S ake
F 

Thermal regime:  The other extreme limit of a point contact is when a>>le,lin. In this regime 

the electronic transport through the contact is dominated through scattering in the point 

contact region and the point contact resistance is proportional to the bulk resistivity of the 

metal. Since the electron dissipates its energy in the point contact region, Joule heating causes 

substantial increase of the temperature at the point contact. The resistance of a point contact 

in the thermal regime is given by the Maxwell resistance21,
a

RM 2
ρ

= . No spectroscopic 

information can be obtained from a point contact in the therma

When the point contact is not in either of these two extreme reg

l regime. 

imes, the expression 

for the contact resistance gets modified due to the scattering of the electrons between 

conduction channels. The contact resistance (Rd) in the intermediate regime was derived by 

Wexler22 as MSd RalRR )/(Γ+=  , where )/( alΓ  is a slowly varying function in the range 

0.6-1. Since RS varies as 1/a2 and RM varies as 1/a , RS dominates in this expression when a is  
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Figure 2.16: A typical PCAR spectra obtained for a Nb film at T = 4.2K. 
The circles denote the experimental data while the solid line indicates the fit 
using the BTK theory. 

Figure 2.17 (a): PCAR spectra showing zero bias conductance peak for a point 
contact between a Nb film (dXRD ~11nm) and a Pt-Ir tip (b) PCAR spectra showing 
conductance dips at voltage biases greater than the superconducting energy gap 
(~1.5meV) for a point contact between a Nb film (dXRD ~ 11nm) and a Cu tip. The 
different spectra (shown by different color lines) are obtained for different contacts 
with different contact resistances (Rd) 
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small and the contact is in the ballistic regime. When a is large RM dominates and the contact 

is in the thermal regime. If the contact is not in the ballistic regime both RM and RS are 

important and the contact resistance is dramatically affected when the superconducting 

transition takes place and Γ(Teff) becomes zero. In the I-V characteristic this transition causes 

a sharp change in the slope at the voltage corresponding to the critical current of the 

superconductor. Consequently, the dip structures appear in the normalized differential 

conductance versus voltage (PCAR) spectrum. For very high relative contribution from RM, 

there is a large enhancement in the zero bias conductance.  

To establish a ballistic point contact, the method followed is as follows. The first 

contact is made such that it punctures the thin surface oxide layer present on the surface of 

most of the samples. Thereafter, the ballistic contact is achieved by slightly withdrawing the 

tip thereby decreasing the contact area (increasing the contact resistance, Rd). For each 

contact, a spectrum is recorded which helps us to identify a ballistic contact. On establishing 

a ballistic contact (with typical contact resistance ~ 1-100Ω), the measurement is done by the 

standard ac modulation technique with phase sensitive detection. The measurement is done in 

the four probe geometry. A dc voltage (Vdc) is modulated by a small ac voltage (Vac cos(ωt), 

Vac~10% of Vdc). A voltage to current converter (shown in Fig. 2.18(b)) converts the voltage 

to current (I + i cos(ωt)) which is passed through the tip-sample. The output voltage of the 

point contact can be expressed in a Taylor series;  

 

 

 

( ) ( )( ) .....2cos1
4
1cos)())cos(( 2

2

2
++++=+ ti

dI
Vdti

dI
dVIVtiIV ωωω

The first harmonic of the signal measured by a lock-in amplifier (locked in at the input 

frequency ω) is proportional to the differential conduction (dI/dV) of the junction (for small 

i). The schematic of the experimental set-up is given in the Fig. 2.18(a). The differential 

conductance of the junction is measured as a function of the bias voltage. The PCAR spectra 

is generally depicted by the normalized conductance (G(V)/GN) vs the bias voltage (V) (Fig. 

2.16). Since PCAR depends on the surface of the sample, hence to interpret the results 

correctly a large number of contacts need to be made and analyzed. 
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(a) 

Figure 2.18 (a): Schematic of the experimental set up for Point contact spectroscopy 
(b) Electronic circuit of the V-I converter 

Principle: The principle of PCAR is based on Andreev reflection which describes ballistic 

transport between normal metals and superconductors. When an electron is incident at the 

normal metal-superconductor interface with an energy E1 > ∆, it crosses over into the 

available states in the superconductor (as shown in Fig. 2.19). However, when an electron is 

incident at the interface with an energy E2 < ∆, it gets reflected back as a hole in the opposite 

spin band and a Cooper pair propagates in the superconductor. This phenomenon is known as 

Andreev reflection23 and forms the basis PCAR spectroscopy. This process gives rise to an 

enhancement in the conductance of a N/S junction at bias voltages below the superconducting 

energy gap voltage, ∆/e. PCAR is modeled by the theory proposed by Blonder,Tinkham and 
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Klapwijk in 1980.24 They solved the Bogolubov-de Gennes equations with the appropriate 

boundary conditions for N-S ballistic point contact. Within the BTK model, an interfacial 

barrier is accounted for by a delta function potential barrier, ( ) (xVx )V δ0= . This barrier is 

often expressed in terms of the dimensionaless parameter
Fv

VZ
h

0= , where vF is the geometric 

mean of the Fermi velocities in the superconductor and the normal metal. This barrier arises 

either from a physical oxide barrier present at the interface or due the Fermi velocity 

mismatch of the two metals. 
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Figure 2.19: Schematic diagram showing Andreev reflection between a 
normal metal and a superconductor 

The essence of Andreev reflection lies in the fact that unlike normal metals, the 

elementary excitations in a superconductor are not electrons and holes but complex objects 

consisting of a combination of electrons and holes, called Bogoliubons. Bogoliubons are a 

natural outcome of the solution of the BCS Hamiltonian. In a normal metal an electron and a 

hole (propagating in the x-direction) are represented as ⎜⎜   and  respectively. 

Similarly, in a superconductor the elementary excitations are the electron-like and hole-like 

Bogoliubons, represented as ⎜⎜  and  respectively, where 
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( ){ }[ ]2122222 1
2
11 EEvu ∆−+=−=  , and E is the energy of the quasiparticle with respect to 

the Fermi energy. For energies E>>∆, u→1 and v→0; thus for energies much larger than ∆ 

the elementary excitations in a superconductor becomes identical to those in a normal metal. 

Thus based on the principle of Andreev reflection, the total wave function in the normal 

metal ( ) and superconductor ( ) is given by: NΨ SΨ
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 where, a and b are the probability of Andreev and normal 

reflection respectively 
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The values of a,b,c and d can be obtained from the boundary conditions 

 and ( ) ( 00 =Ψ==Ψ xx NS ) ( ) ( ) ( 0200 2
0'' =Ψ==Ψ−=Ψ xmVxx NNS

h
)

]

, where m is the 

electronic mass. 

The current versus voltage characteristics of a ballistic N/S point contact is given by: 

( ) ( )[ ] ( ) ( )[∫
∞

∞−

−+−−∝ dEEBEATEfTeVEfvNVI F 1,,)0()(                                 (2.5) 

Where f(E) is the Fermi-Dirac distribution function, N(0) is the density of states at Fermi 

level and vF is the Fermi velocity of the normal metal. Here A(E) = a*a and B(E) = b*b. The 

expressions of A(E) and B(E) as calculated from the BTK theory is given as follows: 

 

Here,  and ( )[ ]222222 uZvu +−=γ 2

22

E
E ∆−

=ε .  

In some cases, it may be necessary to introduce a broadening parameter (Γ=1/τ) which 

accounts for a broadening of the BCS DOS due to the finite lifetime of the quasiparticle. This 
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modifies the Bogolubov-de Gennes equation, thereby giving modified expressions for A(E) 

and B(E) in terms of Γ.25

The PCAR spectrum is analyzed within the framework of the BTK formalism using 

Eq. 2.5 with ∆(T), Z and Γ(T) as the three fitting parameters. Thus, fitting the experimental 

PCAR spectrum with the theoretical model given by the BTK theory, the unknown 

superconducting energy gap (∆(T)) can be evaluated at a particular temperature, T. 

In summary, in this chapter I have described in detail all the experimental tools used 

to synthesize, characterize and measure the superconducting properties of the nanostructured 

superconducting samples which have been studied in this thesis. 
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Chapter 3 
 
 
Size dependence of the Superconducting and the Normal 

State Properties in the Intermediate Coupling Type II 

Superconductor: Niobium 

 
3.1 Introduction 
Bulk Nb is a Type II superconductor with an intermediate electron-phonon coupling 

strengthwith 2∆/kBTc ~ 3.8. 1  The superconducting parameters like the superconducting 

transition temperature (Tc), the coherence length (ξ0), the penetration depth (λL), the 

superconducting energy gap (∆(0)), the upper and lower critical fields in the clean limit 

(HC1(0) and HC2(0)) for bulk Nb is shown in Table 3.1. As discussed in Section 1.2.3, the 

superconducting properties are affected by both surface effects and quantum size effects for 

zero dimensional superconductors. While the surface effects increase the parameter 

2∆/kBTcwith decreasing particle size, quantum size effects do not change it. It is important to 

note that Nb is an interesting system to study size effects. This can be understood as follows. 

With a reduction in particle size, if surface effects dominate, the nano-superconductor would 

go over to the strong coupling limit where the weak coupling BCS relations are no longer 

valid. However, if quantum size effects dominate, there will be no change in 2∆(0)/kBTc with 

reduction in particle size, keeping it in the intermediate coupling limit. Hence, a change in 

2∆(0)/kBTc will help us in identifying the mechanism influencing Tc in small particles of Nb. 

This becomes difficult for the weak coupling superconductors since a small change in the 

electron-phonon coupling strength with reduction in particle size will still keep it in the weak 

coupling limit and it becomes difficult to dissociate the two effects from each other. Only a 

Tc 

(K) 

∆(0) 

(meV) 

2∆(0)/kBTc 

 

ξ0

(nm) 

λL

(nm) 

HC1( clean limit) 

(Oe) 

HC2 (clean limit) 

(Oe) 

9.4 1.5 3.8 39 40 1700 4000 

Table 3.1: Superconducting parameters of bulk Nb 
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pronounced and large change in the coupling strength will help identify the mechanism 

influencing Tc in these systems which may always not be present. Hence, it is important to 

make a detailed study of the size effects of the superconducting properties in this intermediate 

coupling superconductor to understand which is the dominant mechanism influencing their 

properties.  

Hihara et al2 recently grew Nb clusters with mean diameter of 6.3nm by plasma-gas-

condensation. They observed that these Nb clusters were non-superconducting down to a 

temperature of 2K, consistent with the Anderson criterion.3 However, the evolution of 

superconducting properties till the Anderson criterion is reached has not been studied in 

detail as a function of decreasing particle size in Nb. We made a detailed study of the 

evolution of superconducting properties of sputter deposited nanostructured Nb films. Since 

all the superconducting properties like Tc, ∆(0) and HC2 are interrelated quantities, a complete 

study of each of these properties is important to understand the evolution of 

superconductivity with decrease in particle size. Also the normal state properties such as the 

room temperature resistivity influence some of the superconducting properties and hence are 

required to be studied in relation to the superconducting properties. In this Chapter, I will 

discuss the study of the superconducting and the normal state properties of nanostructured Nb 

with the reduction in particle size. In Section 3.2, I will describe the synthesis and the 

structural characterization of the nano-Nb films. These films show very interesting changes 

as a function of decreasing particle size such as lattice expansion, decrease in Tc and ∆(0), 

non-monotonic variation of HC2 and a metal-insulator transition. Section 3.3 deals with the 

study of the lattice expansion in these films while Section 3.4 deals with the study of the 

superconducting properties (Tc, ∆(0), HC2) and the normal state properties as a function of 

particle size of these nanostructured Nb films.  Our results will elucidate the mechanism 

influencing the evolution of superconducting properties and the origin of the size induced 

metal-insulator transition in nanostructured Nb. 

 

3.2 Synthesis and Structural properties 
The nanosructured Nb films have been deposited using high-pressure magnetron sputtering.4 

The sputter deposition was carried out in a custom-built UHV chamber with a base pressure 

prior to sputtering ~5×10-8 Torr. The target used for the sputter deposition was a 

commercially purchased elemental Nb target of 99.99% purity. All depositions were carried 

out on oxidized Si substrates which had a thick (~200 nm) thermally grown amorphous oxide 
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on the surface. The pressure of Ar gas in the chamber during sputtering was systematically 

altered to vary the particle size. Ar gas pressure was varied from 3 to 100 mTorr. Prior to 

introduction into the sputtering chamber, the Ar gas was purified by passing it through a 

gettering furnace consisting of a Ti sponge maintained at a temperature of 1073 K to remove 

any trace amounts of oxygen in the gas. In most cases the power was kept at 200W, though 

some depositions were also done at 25W. The substrate was kept at room temperature barring  

DC 

power 

(W) 

Gas 

pressure 

(mtorr) 

Substrate 

temperature 

Deposition 

time (h) 

dXRD 

(nm) 

Lattice 

para-meter 

(nm) 

Strain 

(%) 

200 3 5000C 3 60.4±10 0.3302 0.26% 

200 3 4000C 3 43.0±8 0.3302 0.27% 

200 3 4000C 2 28.2±5.2 0.3316 0.35% 

200 50 RT 4 19.2±3.1 0.3317 0.35% 

200 3 RT 1 18.2±3.0 0.3329 0.49% 

200 10 RT 1 17.6±3.0 0.3339 0.53% 

200 100 RT 3 10.7±1.8 0.3343 0.71% 

200 100 RT 4 8.2±1.4 0.3411 0.75% 

100 10 RT 1.5 7.0±1 0.3491 0.83% 

200 50 RT 1 6.0±1.1 0.3437 0.86% 

25 10 RT 2 5.0±1 0.3513 0.86% 

 

Table 3.2: Synthesis (dc sputtering) conditions and corresponding structural parameters for the 
nanostructured Nb films with different average crystallographic size (dXRD). The spread in dXRD 
has been obtained from x-ray diffraction line shape analysis. (RT = room temperature) 

two bulk films which were deposited at higher substrate temperatures (~ 400-500oC). Most of 

the films were grown for 1hour duration. However, for a few thicker films (~1-2µm), the 

deposition time was 3-4 hours. The synthesis conditions along with the corresponding 

particle sizes (dXRD) and lattice parameters are given in Table 3.2. The as-deposited Nb films 

have been characterized using X-Ray Diffraction (XRD) and Transmission Electron 
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Microscopy (TEM).5 The XRD studies were carried out in a Siemens D500 diffractometer 

using CuKα as the incident radiation, while the TEM studies were carried out in a 

FEI/Philips CM200 electron microscope operating at 200 kV. The electron diffraction studies 

have been carried out using a camera length of 700 mm in the TEM. The bright field and dark 

field TEM images for the largest and smallest particle size Nb films have been shown in Fig. 

3.1(a-d). Sharp interfaces are visible between the particles for the larger particle size film 

(grown at 10mtorr and at a substrate temperature ~ 500oC), from the TEM bright field image 

(Fig. 3.1(a)). This shows that the particles are closely packed together which are stacked up to 

form a three dimensional nanostructured film. However, there are distinct grain boundaries 

visible for the film (grown at 100mtorr and at room temperature) with smaller particle size 

(Fig. 3.1(c)). Similarly, samples with intermediate particle size have intermediate grain 

boundary widths. This reveals that there is a particle size dependent grain boundary width in 

the nano-Nb films. It will be shown in the subsequent section that this is further corroborated 

from the analysis of the particle size dependence of the lattice parameter in these films. This 

will also help us to understand the normal state transport properties in these films and will be 

discussed in Section 3.4.3. Representative XRD pattern of the Nb films with the largest (dXRD 

= 60nm) and smallest (dXRD = 5nm) particle size is shown in Fig. 3.2. No impurity peak was 

obtained. The crystal structure for the Nb films (from x-ray) could be matched to the BCC 

phase down to the smallest particle size of 5nm. This is however different from the 

observation on nanocrystalline Nb grown by ball milling by Chattopadhyay et al. In those 

films they have reported a BCC to FCC phase transformation below a critical particle size of 

10nm. This phase transformation may be attributed to a high degree of strain present in ball 

milled samples. It could also be due to the influence of contaminants. This suggests that high 

pressure sputtering introduces much less strain in the films. XRD pattern showing the 

primary visible peak (indexed as the [110] peak corresponding to the BCC phase) of the 

nanostructured Nb films has been shown in Fig. 3.3. This shows that as-grown Nb films are 

textured. However, such texturing has also been reported in Nb films grown by other 

deposition methods on different substrates.6 The particle size was estimated from an x-ray 

line profile analysis (done with XFIT software) which corrected for the strain in the films 

using the Warren Averbach method.7 The average particle size (will be referred by dXRD) in 

the different films was between 60-5nm which matched quite well with those obtained from 

the TEM image analysis. The upper limit of the width of particle size distribution estimated
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Figure 3.1 (a) and (c): Bright  Field TEM images for films with dXRD = 
60 and 5nm respectively, (b) and (d): Dark Field images for the films 
with dXRD = 60 and 5nm respectively

Figure 3.4: HRTEM image of the film with dXRD = 5nm 
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Figure 3.3: XRD pattern of the Nb films with different particle sizes 
showing the BCC Nb [110] peak.  

Figure 3.2: XRD pattern of the films with (a) dXRD = 60nm and 
(b) dXRD = 5nm 



 

from both TEM and x-ray line profile analysis, was about 20%. Furthermore, to understand 

the nature of the grain boundaries, high resolution TEM (HRTEM) and electron energy loss 

spectroscopy (EELS) were recorded from within the particles and from the grain boundary 

region of the films. The HRTEM image of the film with dXRD = 5nm is shown in Fig. 3.4. 

This shows two particles of ~5nm diameter separated by an amorphous grain boundary region 

of width > 1nm. The nature of the inter-granular region (IGR) was probed in further detail 

using EELS. Fig. 3.5 shows the EELS spectra recorded from the following regions: (i) 

interior of a 18 nm particle (top curve), (ii) IGR of 18 nm particle (second from top), (iii) 

interior of a 5 nm particle (third), and (iv) IGR of 5 nm particle (bottom). The inset of Fig. 

3.5 shows the standard EELS spectrum for Nb2O5 from the EELS atlas. The EELS spectra 

shown here correspond to the low energy loss region (< 100 eV). The first strong peak in 

each spectrum is the zero loss peak (from electrons that do not interact with the specimen). 

The second and third peaks are plasmon peaks due to electrons that interact with the free 

electrons in the material, and indicate the free-electron density in the system. It is difficult to 

do a quantitative analysis due to the presence of two plasmon peaks in the low-loss spectra, 

but a qualitative analysis is possible. The EELS spectra from the particle interiors of both the 

18 nm and 5 nm particles are similar and appear substantially different from the Nb2O5 

Figure 3.5: EELS spectra recorded (top to bottom, respectively) from the 
following regions: (i) interior of grains with dXRD = 18 nm, (ii) inter-granular 
region of the 18 nm sample, (iii) interior of grains with dXRD = 5 nm and (iv) inter-
granular region of the 5 nm sample. A standard EELS spectrum from Nb2O5 is 
shown in the inset. 
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standard spectrum. In contrast, the spectra for the IGR of both samples are quite similar to 

that of Nb2O5 (Fig. 3.5(b)). Thus the inter-granular regions in the nano-Nb samples appears to 

be made up of an amorphous phase rich in niobium and oxygen, possibly in the form of an 

amorphous niobium oxide. We can therefore describe the microstructure of the nano-Nb 

system in terms of isolated crystalline particles of BCC Nb in a structurally disordered 

matrix. Thus, these films behave as a random array of weakly connected Josephson junctions. 

This has further been verified by electrical transport measurements.  The equation 

representing the I-V characteristics of a single Josephson junction under the framework of the 

resistively and capacitatively shunted junction (RCSJ) model is given by equations: 8

                                                                       (3.1) 0
122 /sin// cIIddQdd =++ − φτφτφ

Where, Ic0 is the maximum supercurrent, τ = ωpt, with the plasma frequency (ωp) of the 

junction given by: 

                                                                                                   (3.2) ( 2/1
0 /2 CeIcp h=ω )

The quality factor Q is defined as: 

Figure 3.6: I-V characteristics of Bi granular films on 
sapphire [Ref: Phys. Rev. B, 66, 144512 (2002)] 

 RCQ pω=                                                                                                                (3.3)  

As has been pointed out in Section 1.15, for an underdamped junction (Q>>1), the above 

equations predicts a hysteresis in the I-V characteristics of a single Josephson junction. 

However, it has been shown by computer simulations that a random array of Josepshson 

junctions with a distribution in the junction parameters, is also likely to show a hysteresis in 

the I-V measurements.9 This has been confirmed by experiments on granular films prepared 
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by quench condensation. Fig. 3.6 shows the hysteresis obtained in the I-V characteristics for a 

granular Bi film, showing that granular films form a Josephson junction array. We made 

similar measurements for the nanostructured Nb films (shown in Fig. 3.7).  The bulk Nb film 

with the largest particle size of 60nm does not show any hysteresis. However, all the 

nanostructured films with lower particle sizes (dXRD < 20nm) show a pronounced hysteresis in 

the I-V characteristics below Tc showing that the nano-Nb films form a random network of 

weakly connected Josephson junctions. Thus, the superconducting wave function is confined 

within a single Nb particle and we are justified in ascribing particle size effects in these 

systems.  

Figure 3.7: I-V characteristics of the nanostructured Nb films with 
different average sizes (dXRD) at T = 5.1K. The corresponding values of 
Tc is also included. 

 

3.3 Lattice expansion in Nanostructured Nb films 

From Fig. 3.3, it can be seen that in addition to the increasing line width, there is also a 

systematic shift of the [110] peak to smaller 2 θ values with increasing pressure of Ar. Such a 

shift indicates an increase in the interplanar spacing of BCC [110] planes. This suggests a 

systematic lattice expansion in nanocrystalline Nb with reduction in particle size. The XRD 

results were corroborated by electron diffraction results. Selected area electron diffraction 

patterns from the four nanocrystalline Nb films are shown in Figs. 3.8(a-d). The lattice 

parameter of the BCC phase is again found to increase with increase in the pressure of 

sputtering gas or decrease in the particle size. The values of the lattice parameter measured 
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Figure 3.8(a)-(d): Electron diffraction for the nanostructured Nb films with different 
particle sizes (dXRD) 



 

from electron diffraction studies were in agreement with those measured from the [110] peak 

shift in the XRD pattern. These data indicate that Nb undergoes a 6% increase in the lattice 

parameter as the particle size is reduced from 60 to 5nm. (Fig. 3.9(a)). This is contrary to 

what is observed in most metals which usually show a lattice contraction with reduction in 

particle size.10 However, the fact that Nb shows a size-induced expansion in the lattice was 

also reported by Chattopadhyay et al in nanocrystalline samples prepared by ball milling.11,12 

The negative stress of the grain boundaries estimated in this report for a 6nm crystallite was 

about 6GPa which is equivalent to a ~5% lattice expansion. 

The increase in lattice parameter with decreasing particle size appears to exhibit a 

smooth, monotonic, nonlinear trend. No phase transformation from BCC to FCC is observed 

in the nanocrystalline Nb films studied by us, contrary to the report in the ball-milled 

nanocrystalline Nb (which shows a BCC to FCC transformation for particle sizes below 

10nm). This suggests a possible influence of contaminants as well as the high degrees of 

strain introduced at very high strain rates during ball-milling in the earlier study. In 

comparison, the nanocrystalline Nb thin films deposited by high pressure magnetron 

sputtering are expected to have a relatively lower degree of strain. 

The observed lattice expansion is indicative of a negative stress field arising from the 

grain boundaries. It has been shown in the literature that vacancy-like defects give rise to an 

excess free volume (∆V) for the atoms in the grain boundaries, which can cause a negative 

stress field on the particles and lead to a lattice expansion.13 The lattice expansion in 

nanocrystalline materials has been modeled on the basis of a linear elasticity theory according 

(b) (a) 

Figure 3.9(a): Variation of lattice parameter (a) with particle size (dXRD), (b)Variation 
of grain boundary width (∆d) with particle size (dXRD). The open circles denote ∆d 
obtained from Eq 3.4 and 3.5 and the solid line is the exponential fit (Eq. 3.6) 
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to which the displacement of an atom from its equilibrium position is proportional to 1/x2 

where x is the distance of the atoms to the center of the defects in the grain boundaries. 

According to this theory, the lattice expansion is given by:13 
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0

0

0
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∆ V
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add

dr
rr

r
r

XRD
                                                     (3.4) 

Where, r0 = lattice parameter of the perfect (bulk) crystallite, a0 = nearest neighbour 

interatomic distance for the perfect lattice, dXRD = crystallite size, ∆d = width of the grain 

boundary. 

Figure 3.10: Schematic of a system of spherical grains with grain 
boundaries. The location of the average grain boundary plane is shown at A.  
Ref: Phys. Rev. B, 63, 054107 (2001) 

To find the excess free volume (∆V) associated with the atoms of the grain boundary, 

Chattopadhyay et al assumed a system of spherical particles with an orthogonal set of grain 

boundaries (as shown in Fig. 3.10).  The atoms at the grain boundaries enjoy an extra degree 

of freedom i.e. migration along the grain boundary plane. Hence, the excess free volume 

associated with these atoms is confined along a plane parallel to the grain boundary plane. 

∆V is given by the fractional excess area occupied by the atoms in the grain boundary plane 

situated at a distance of (dXRD + ∆d/2) distance from the grain. Therefore, ∆V is given by: 

( )[ ]
2

222/

XRD

XRDXRD

d
dddV −∆+

=∆                                                                                (3.5) 
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In most prior calculations of the excess free volume, the width of the grain boundary has been 

assumed to be a constant (∆d = 0.5 nm), independent of the particle size. The predicted 

values of the normalized lattice expansion for nanocrystalline Nb, calculated using Eq. 3.4 

and 3.5 with ∆d = 0.5nm, were found to be different from the experimentally measured 

values of lattice expansion for the different particle sizes. While the experimental values are 

in good agreement with the predicted values, with ∆d = 0.5 nm for the particle sizes greater 

than 20 nm (dXRD > 20nm), the experimental values exceed the predictions for smaller particle 

sizes if ∆d is kept fixed at 0.5nm. We therefore varied ∆d between 0.5nm and 1.4 nm and 

calculated the normalized lattice expansion (∆a/ao) as a function of particle size. We observed 

that the experimental data point for dXRD = 10nm lay on the curve generated with a grain 

boundary width of 0.9nm, while the data point for dXRD = 5nm lay on the curve generated 

with ∆d = 1.4nm. These results appear to indicate that as the particle size decreases, the grain 

boundary width (∆d) increases. Fig. 3.9(b) plots the obtained grain boundary widths (∆d) for 

different particle sizes (dXRD). We could fit this to an empirical exponential function, of the 

form: 

)14.0exp(86.148.0 XRDdd −+=∆                                                                              (3.6) 

The increase of the grain boundary width with the reduction in particle size was also 

observed experimentally from the bright field and HRTEM images of the nanostructured Nb 

films (Fig. 3.1(a)&(c) and Fig. 3.4). We will show later (Section 3.4.3) that the dependence of 

∆d on dXRD significantly influences the normal state transport for films with dXRD < 8nm. 

 

3.4 Superconducting and normal state properties  
3.4.1 Mechanism for size-dependence of the transition temperature (Tc) 

The superconducting transition temperature (Tc) was determined from both dc magnetization 

measurements obtained from both SQUID magnetometer and a VSM, as well as dc transport 

done in a custom built, home made apparatus. The criteria used to determine Tc were as 

follows. In magnetization measurements (Fig. 3.11(a)) Tc was taken as the temperature of the 

onset of the Meissner transition. From transport measurements (Fig. 3.11(b) it was taken as 

the temperature at which the resistance deviated from zero. As shown by Fig. 3.11, the Tc 

obtained from both these methods matched quite closely. This shows that though the poorly 

conducting grain boundaries leads to localization of the electronic wave functions within the 

particles, it does not lead to any change in the Tc. Otherwise, the Tc obtained from transport 

would be expected to be different from that obtained from magnetization. 
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Figure 3.11 (a): Temperature variation of susceptibility (χ) from 
magnetization measurements, (b) Temperature variation of resistivity 
(ρ)  from transport measurements for the nanostructured Nb films 
with different particle sizes (dXRD) 

The normal state resistance (at any temperature above Tc) showed a monotonic 

increase with decreasing particle size, which is presumably due to the increase in the grain 

boundary scattering that results from the increased grain boundary with decreasing particle 

size. The variation of Tc with particle size is shown in Fig. 3.12. We can see that the Tc is 

equal to 9.4K (bulk Nb Tc) for films with dXRD ≥ 20nm. Below 20nm, Tc decreases from 9.4K 

to 4.7K as the particle size is reduced from 20 to 8nm. Below 8nm, the Anderson criterion is 

reached (that is the energy level spacing, δ (Kubo gap) arising from the discretization of the 

energy levels is comparable to the superconducting energy gap ∆(0) of Nb) and the films 

become non-superconducting.14 More precisely these samples show no superconducting 

transition down to 1.6K. 

Extraneous factors affecting the Tc of the nanostructured Nb films can be ruled out as 

argued below. We have already indicated that since the Tc measured from both magnetization 

and transport is the same, the non-conducting intergranular region or the presence of 

Josephson junctions does not appear to affect the Tc of the system. The observed lattice 

expansion would cause an increase in the amplitude and a reduction in the frequency of the 

ionic vibrations. This would lead to an increase in the electron phonon coupling constant 

(λ)15  which is contrary to our observations (reduction in Tc). Clearly, the lattice distortion is 

not responsible for the decrease in Tc. Also the hystersis obtained in the I-V characteristics 
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(Fig. 3.7) in the nano-Nb films below a particle size of 20nm show that these films form a 

random network of weakly connected Josephson junctions and the electronic wave function is 

confined within a single grain. Thus, it seems that the observed decrease in Tc is mainly 

induced by particle size. We now proceed to find out whether surface effects or quantum size 

effects, have the more dominant effect on the Tc. To address this question, we are required to 

measure the superconducting energy gap (∆) of the nanostructured Nb films, so that we can 

find out the evolution of the electron-phonon coupling strength (λ) with particle size. 

Figure 3.12: Variation of Tc with particle size dXRD. The triangles are from 
magnetization measurement and the circles are from transport 
measurements. 

The superconducting energy gap was measured by the method of Point Contact 

Andreev Reflection spectroscopy (PCAR). As explained in detail in Section 2.3.5, in this 

method we bring a sharp tip (which in our case was a Pt-Ir tip) in contact with the 

superconducting Nb film. We did a four probe measurement to measure the differential 

conductance (G(V) ~ dI/dV) of the junction as a function of the bias voltage (V) by the ac 

modulation technique (given in Section 2.3.5). In this technique, a dc voltage (Vdc) is 

modulated by a small ac signal (Vac cos(ωt)). A voltage to current converter converts the 

voltage to current (I + i cos(ωt)) which is passed across the tip-sample junction. The ac signal 

of the output voltage of the junction is detected by a lock in amplifier (locked in at the input 

frequency ω) while the dc signal (V) is detected by a multimeter. The output voltage of the 

point contact can be expressed in a Taylor series expansion. For small i, the first harmonic 

signal of the lock-in amplifier gives the differential voltage (dV) of the junction. Similarly the 

 90



 

(c) 

(b) (a) 

Figure 3.13: PCAR spectra showing differential resistance (Rd) vs bias voltage for 
contacts between a nanostructured Nb film (dXRD = 18nm) and Pt-Ir tip when:  
(a) Contact formed on more than 2 grains, (b) Contact formed on 2 grains,  
(c) Contact formed on a single grain  

differential current through the junction (dI) is independently recorded in another lock-in 

amplifier (locked in at the same input frequency ω). The differential conductance (G(V)= 

dI/dV) thus obtained was normalized with respect to the normal state conductance (GN), 

obtained for high biases (V >> ∆/e) for the same contact) to give the PCAR spectra. This was 

analyzed under the Blonder-Tinkham-Klapwijk (BTK) formalism with ∆(T), the barrier 

parameter (Z) and the broadening parameter (Γ) as the fitting parameters.16  

One important point about the PCAR measurements on nanoparticles is that in 

addition to the contact being in the ballistic regime (i.e. a << l), it is also necessary that the 

contact be established on a single particle. (The details of establishing and identifying 

ballistic contacts has been extensively been worked out by Sheet et al17) Sometimes, when 

the contact is on more than one particle, due to a small distribution in the particle size 

(~20%), there is also a distribution in the energy gap (∆) and the PCAR spectra shows double 

or multi-gap features (Figs. 3.13(a)-(b)). Though each of the contacts is in the ballistic 

regime, these spectra cannot be analyzed under the BTK formalism (which assumes a contact 
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between a single superconductor with a well defined superconducting energy gap and a 

normal metal) to obtain the average superconducting energy gap (∆). Whenever we obtained 

these types of spectra, we had to change the pressure of the contact (by slightly withdrawing 

the tip) so that the contact is established on a single particle. A contact on a single particle 

gave the typical single gap feature in the PCAR spectra (Fig. 3.13(c)) and we analyzed only 

these kinds of spectra for obtaining ∆. The PCAR spectra for the nanostructured Nb films are 

shown in Fig. 3.14, taken at the lowest achievable temperature in the system of around 2K. 

The open circles denote the experimental data, while the solid lines are the theoretical fits 

using the BTK theory. A summary of the fit parameters used to fit the PCAR spectra for the 

four films is given in the Appendix 3.1.   

Figure 3.14: PCAR spectra for Nb samples with different average 
particle size (dXRD). The open circles show the conductance data 
(normalized to the conductance in the normal state) while the solid line is 
the fit to the BTK theory. The values of the gap (∆(T)) obtained from the 
fits at the particular temperature (T) is displayed for each spectrum. 

To find the effect of the distribution of particle size (~20% about the average) on the 

superconducting energy gap (∆(0)), a large number of point contacts need to be made for 

each sample. This has been done by slightly withdrawing or engaging the tip which changes 

the contact resistance (thereby changing the contact area slightly). Spectra obtained from 

 92



 

 93

Figure 3.15: (a) and (b): PCAR spectra obtained for two different contacts for the film with dXRD 
= 60nm and Tc = 9.4K. (c) and (d): PCAR spectra obtained for two different contacts for the film 
with dXRD = 17nm and Tc = 7.2K. (e) and (f): PCAR spectra obtained for two different contacts for 
the film with dXRD = 11nm and Tc = 5.9K. In each spectrum, the data points are shown by open 
circles while the solid lines are the fits obtained from the BTK theory. The fitting parameters ∆(T), 
z, Γ(T) are shown for each spectra recorded at the particular temperature (T). 

(a) 

(f) (e) 

(d) (c) 

(b) 



 

different contacts give a slightly different gap value as contacts are established on grains with 

slightly different gaps. This can be seen from the spectra obtained for each sample for 

different contacts. (Fig. 3.15). Analyzying spectra for different contacts give the error bar on 

the energy gap value (~5%). 

Before proceeding to interpret the data, I would like to comment on the origin of the 

broadening parameter (Γ) and barrier parameter (Z) for the nanostructured samples. As was 

pointed out in Section 2.3.5, Γ originates from the finite lifetime (τ = 1/Γ) of the 

quasiparticles. However, for nanoparticles having a finite size distribution, Γ can also be 

affected by the distribution of the superconducting energy gap. It has been shown through 

computer simulations by Raychaudhuri et al in a different context (for a multiband 

superconductor YNi2B2C), that Γ can arise from the distribution in ∆18. We believe that this is 

the possible origin for a finite Γ obtained in the fits of our data on nanostructured Nb films. 

Also, the measured gap (∆) reflects the average of the different gaps on different particles. 

While Γ varies depending on the local distribution around the particle being probed, ∆ 

remains constant within the error bar (obtained from taking large number of readings on each 

of the nanostructured Nb films). Another important point is that the non-conducting grain 

boundary just contributes to the barrier layer which is taken care in the model as the barrier 

parameter (Z) used to fit the spectra. Thus, tunneling through a non-conducting layer would 

not change the energy gap (∆) measured by point contact spectroscopy. 

Figure 3.16: Variation of ∆(0) with Τc
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Figure 3.18: Temperature variation of the superconducting energy gap (∆(T)) for 
the Nb films with particle sizes: (a) dXRD = 60nm and (b) dXRD = 11nm. The 
experimental data points are shown by open circles and the solid line is obtained 
from the BCS theory. 

Figure 3.17: PCAR spectra at different temperatures for Nb films with  
(a) dXRD = 60nm, and (b) dXRD = 11nm 



 

 

From Fig. 3.14, it can be clearly seen that the superconducting energy gap decreases with 

particle size. Fig. 3.16 shows the plot of ∆(0) as a function of Tc and we observe a direct 

correlation between the two with a slope of 2∆(0)/kBTc = 3.6, which clearly indicates that Nb 

remains in the intermediate coupling limit down to the smallest particle size. For a given 

contact we recorded the PCAR spectra for different temperatures. Analyzing these spectra 

gave the temperature variation of ∆. The PCAR spectra acquired at different temperatures for 

the largest (~60nm) and the smallest (~11nm) particle size has been shown in Fig. 3.17. The 

experimental data are shown by open circles while the solid lines are fits using the BTK 

theory. The temperature variation of the gap (Fig. 3.18) shows that Nb continues to behave as 

a BCS superconductor down to the smallest particle size of 11nm.  

As pointed out in Section 1.2.3, the two mechanisms generally used to explain the 

size induced changes in Tc are based on (a) surface effects and (b) quantum size effects.19 

Surface effects leading to phonon softening20,21 is the dominant reason for the observed 

increase in Tc in the weak coupling Type I superconductors like Al,22 Sn,23 In24 etc. This 

mechanism would lead to an increase in 2∆(0)/kBTc with decreasing size. However, if 

quantum size effect are dominant, 2∆(0)/kBTc would remain constant with size as this 

mechanism has an equal effect on both Tc and ∆(0). Furthermore, it has been shown by 

Strongin et al that the discretization of the energy levels leads to a depression in Tc through a 

decrease in the density of states (DOS) at the Fermi level, N(0)25. Since we observe NO 

change in the parameter 2∆/kBTc with particle size in our films, there is a strong indication 

that the electron phonon coupling (λ) does not change with particle size. This proves that the 

quantum size effects dominate over phonon softening in controlling the Tc of the 

nanostructured Nb films. Quantum size effects decrease the electronic density of states at the 

Fermi level (due to discretization of the electronic wave vector) thereby reducing the Tc with 

decreasing particle size till the Anderson criterion is reached and superconductivity is 

destabilized altogether. 

 

3.4.2 Size dependence of the upper critical field (HC2) 

As of now, there are only a few reports of the size dependence of the critical fields in 

superconductors, and these are mostly on Type-I elemental superconductors such as Al and 

Pb.26 There are reports of an enhancement in HC2 of up to 60% in nanocrystalline Al with a 

particle size of 4nm. However, there are very few studies of the upper critical field (HC2) in 

granular Type-II superconductors, though this is probably the property of utmost interest 
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from the point of view of applications. Recent studies on nanocrystalline PbMo6S8 report an 

increase in HC2(0) by almost 100% with a decrease in the particle size.27 A similar 

enhancement in the low-temperature critical field has been observed in K3C60 powder and has 

been attributed to granularity as well as on intrinsic mechanisms such as strong electron-

phonon coupling.28 Note that in none of these systems there is a size-induced decrease in Tc 

in the relevant size regime as observed in nanostructured Nb films with dXRD < 20nm. Hence, 

in order to see if the suggested decrease in the DOS which decreases Tc with decrease in dXRD 

in nano Nb is consistent with other superconducting properties, we carried out the 

measurements of the upper critical field (HC2) and the irreversibility fields (Hirr). Also, since 

some of the parameters like Tc, ∆, critical fields, penetration depth (λL) and coherence length 

(ξ0) of a superconductor are interrelated, a complete understanding of finite size effects in a 

superconductor can only be obtained when the evolution of each parameter is studied in 

detail.  

The upper critical field (HC2)d and the irreversibility field (Hirr)e were determined 

from the magneto-transport measurement using the standard four probe method.29 The 

isothermal R vs H curves for the films with particle sizes 28 and 11 nm are shown in Fig. 

3.19(a)-(b). In these measurements, the film was kept parallel to the magnetic field. HC2 was 

taken to be the field at which the resistance dropped to 90% of the normal state resistance 

(RN), while Hirr was taken as the field at which the resistance dropped to 0.1RN. For a Type II 

superconductor, in its mixed states, at this field the Lorentz force (F = J×Hirr) overcomes the 

pinning force (Fp) and the flux lines pinned to impurities start moving. This causes 

dissipation and hence a finite resistance appears. Hence, we identify Hirr from the transport 

measurements as the field where the resistance just starts increasing from zero. Hirr was 

independently determined using the planar coil ac susceptometer. The measurement was 

carried out at 15kHz with an applied ac field of less than 1 Oe. An external superconducting 

magnet was used to superpose a dc field for the isothermal χ−Η runs. The value of Hirr from 

the susceptibility measurements was taken as the field at which the imaginary part of 

susceptibility showed a dip. It is known that the field at which the dissipation peak in the ac 

susceptibility (χ″) occurs can be related to the field corresponding to the 10% of the normal 
                                                 
d For a Type II superconductor, it corresponds to the field at which the superconductor becomes completely 
normal (with complete penetration of flux lines within it). 
e For a Type II superconductor, this corresponds to the field below which the magnetization becomes 
irreversible so that flux gets trapped within it. From the Bean’s critical state model it can be shown that this is 
associated with a finite critical current density (Jc) (which makes the Type II superconductors technologically 
important).  
 

 97



 

 98

Figure 3.20: AC susceptibility data for the Nb film with dXRD = 17nm at 
different temperatures showing  
(a) Variation of the real part of susceptibility (χ) with magnetic field (H)  
(b) Variation of the imaginary part of susceptibility (χ) with field (H) 

Figure 3.19: Magnetoresistance data  (R vs H) for nanostructured Nb 
films with (a) dXRD = 28nm (b) dXRD = 11nm. Different curves refer to 
R vs. H data recorded at different temperatures as indicated



 

state resistance obtained from magneto-resistive measurements.30 Hence, it is expected that 

the Hirr measured from both these measurements should match closely. For an accurate 

determination of Hirr at temperatures close to Tc (where the values of Hirr are low), a dual 

magnet power supply was used to correct for the remanence of the superconducting magnet. 

Shown in Fig. 3.20(a)-(b), are the isothermal plots of the real part of susceptibility (χ') vs H 

and the imaginary part (χ″) vs H for the film with dXRD =17nm. H-T phase diagrams were 

plotted to get the extrapolated HC2(0) values. Fig. 3.21(a-d) shows such phase diagrams for 

four nano-Nb samples with particle sizes of 45nm, 19nm, 17nm and 11nm respectively. The 

irreversibility line (obtained from both magnetoresistance and ac susceptibility data) has also 

been plotted for the same samples in parallel and perpendicular orientations. As expected for 

conventional, low-Tc superconductors, the irreversibility line lies quite close to the HC2-T 

curve. It is also clear that the values of Hirr determined from ac susceptibility and 

Figure 3.21: Variation of HC2 and Hirr with temperature (T) for the four nano-
Nb films with (a) dXRD = 45nm, (b) dXRD = 19nm, (c) dXRD = 17nm, and  
(d) dXRD = 11nm respectively. The solid and open circles denote HC2 with the 
samples in parallel and perpendicular orientation, upright and inverted triangles 
denote Hirr in parallel and perpendicular orientations, respectively, all 
determined from transport measurements. The stars denote Hirr obtained from ac 
susceptibility measurements. 
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dXRD 
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Tc 
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)300(
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HC2(0) 

(T) 
(dHC2/dT)Tc 

(T/K) 
ξGL(0) 
(nm) ρ(µohmcm) 

60 9.4 8.4 2.8 0.3 10.8 7.1 

45 9.4 6.4 2.8 0.3 10.8 43.2 

28 9.2 4.2 3.4 0.35 9.8 199.3 

19 7.8 2.3 6.6 0.85 7.03 200.2 

17 7.2 1.88 5.1 0.70 8.03 213.4 

11 5.9 1.49 5.1 0.84 8.06 240.44 

Table 3.3. Grain size dependence of various superconducting and normal-state 
properties of nanocrystalline Nb. RRR is the residual resistivity ratio. 
 

magnetoresistance match quite closely. Further, the values of Hirr and HC2 change very little 

with the orientation of the film with respect to the external magnetic field. We should not, in 

fact, expect any orientation dependence of the critical fields, since the nanocrystalline films 

are about 0.5µm thick and hence essentially behave as bulk systems with insignificant 

orientation dependence. 

We observe from Fig. 3.21 that the critical field (HC2) varies linearly with temperature 

for the samples with particle sizes < 20nm, as expected for granular superconductors. A 

detailed microstructural characterization by TEM and transport measurements had earlier 

shown that the nano-Nb films in this size regime behave as granular superconductors with the 

crystalline particles separated by relatively narrow intergranular regions consisting of an 

insulating Nb-O phase.5,14 Hence, the films form a network of weakly-connected Josephson 

junctions. For Type-II superconductors, HC2 is related to ξGL as:  

[ ]2
0

2 )(2
)(

T
TH

GL
C ξπ

ϕ
=                                                                                             (3.7) 

where 0ϕ is the flux quantum. The intrinsic coherence length is given by: 

 
cB

F

Tk
vh18.0

0 =ξ                                                                                                (3.8) 

where, vF is the Fermi velocity. Now, in the dirty limit (leff << ξ0), ξGL(0) has the following 

temperature dependence near Tc:  
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For granular superconductors in the dirty limit, HC2 would therefore vary linearly with 

temperature near Tc given by: ( )( )c
eff

C TT
l

H /1
2 0

0
2 −≈

ξπ
ϕ  

HC2(0) was determined from the H-T phase diagrams by extrapolating the curves to zero 

temperature. The variation of HC2(0) with particle size is shown in Fig. 3.22. HC2 increases 

from 2.8T for the film with the largest particle size (~60nm) that shows the bulk Tc (9.4K) to 

6.6T for the film with a particle size ~19nm with Tc = 7.8K. However, for the films with 

particle size below 19nm, HC2 decreases till it reaches a value of 5.1T for the smallest sized 

superconducting sample (dXRD = 11nm). Thus, HC2 exhibits a non-monotonic size dependence 

in nanostructured Nb. The particle size dependence of ξGL(0) was obtained by substituting the 

observed values of HC2 in Eq. 3.7. Expectedly,  ξGL(0) also shows a non-monotonic 

dependence with particle size. As a consistency check we made an independent determination 

of ξGL(0) using the following relation obtained from the GL theory:31

Figure 3.22: Variation of HC2 with grain size (dXRD) for the nano-
Nb films. Note the break in monotonicity around 20nm. 
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Figure 3.23: Grain size dependence of the Ginzburg-Landau coherence length, 
ξGL(0) calculated from HC2 (using Eq. 3.7) and also measured from the slope of 
the HC2-T curve (using Eq. 3.10).

The variation of ξGL(0) with particle size obtained from both these methods is shown in Fig. 

3.23 and it is clear that they agree within experimental error. Table 3.3 shows the coherence 

length (ξGL(0)) for the six samples with different particle sizes (dXRD) and their Tc and HC2. 

Note that (see Table 3.3) the Ginzburg-Landau coherence length for the largest particle 

sample (dXRD = 60nm) still shows a much reduced value (10.8nm) than that of bulk Nb 

(41±3nm). This is because our ‘bulk’ samples are also in the dirty limit with very low 

residual resistivity ratio (ρ300K/ρ10K), which corresponds to mean free paths of the order of a 

few nanometers.  

The increase in HC2 by ≈ 2.3 times in the intermediate size regime (from 60nm down 

to 20 nm) can therefore be correlated with the size-dependent decrease in ξGL(0). It is 

expected that with reducing particle size and a consequent increase in grain boundary 

scattering, the mean free path (leff) should monotonically decrease and hence also the 

coherence length. However this factor alone should lead to a monotonic enhancement of 

HC2(0) with decreasing particle size, (see Eq. 3.7-3.9) which is contrary to our observations. 

Thus, our results emphasize the fact that the size dependence of the coherence length is not 

determined by the mean free path alone.  

To understand if the coherence length (ξGL(0)) is related to any other parameter, we 

need to look at the expression of the intrinsic coherence length (ξ0) more closely (Eq. 3.8). 
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Now, the Fermi velocity (vF) is inversely proportional to the density of states at the Fermi 

level (N(0)). Thus, )0(/10 NTc∝ξ .Therefore, 

2/1
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Also, from the free electron theory,
N

effl
ρ
1

∝ , where, ρN denotes the normal state resistivity. 

Hence, from Eqs. 3.7 and 3.11 we can see that: 

)0()0(2 NTH cNC ρ∝                                                                                               (3.12) 

It is clear from Eq. 3.12 that the critical fields can be increased with increasing ρN 

(decreasing particle size) as long as there is no decrease in the product of Tc and N(0). 

Werthamer-Helfand-Hohenberg used the above arguments to derive the expression for HC2(0) 

in the dirty limit (leff << ξ0). It is given by:32

N
B

cC NeckTH ρ
π

)0(469.0)0(2 =                                                                             (3.13) 

From independent measurements of the Tc and the superconducting energy gap (∆(0)) 

in the lower size regime (<20nm), we have earlier shown that both Tc and ∆(0) decrease 

proportionately with particle size. Thus Nb remains in the weak coupling limit with 

2∆(0)/kBTc ≈ 3.6, down to the smallest particle size of 11nm. The decrease in Tc for sizes 

<20nm can therefore be attributed to a change in the electronic density of states (N(0)) near 

the Fermi energy due to a size-induced discretization of the energy levels (Kubo gap). Note 

that quantum size effects may cause a decrease in the Tc even for sizes (10-20nm in this case) 

for which the Kubo gap is still smaller than the superconducting energy gap. This is due to 

the decrease in the effective density of states at the Fermi level, N(0). The Fermi level lies in 

between the highest filled and the lowest unfilled electronic states. Therefore, when the 

spacing between adjacent levels is larger than the typical broadening of each level, there will 

be a decrease in the effective density of states at the Fermi level. It is clear from Eq. 3.13 that 

a decrease in N(0) accompanied by a decrease in Tc at sufficiently small sizes would give rise 

to a concomitant decrease in HC2, overriding the effect of decreasing mean free path. This 

results in the observed non-monotonic behavior of HC2.  

We point out that the monotonic increase in HC2 observed in earlier studies of 

granular superconductors were on systems such as Al and Pb, which either show an increase 

in Tc (in Al) or no change (in Pb)26. Hence, in such systems, the reduction in the mean free 

path with decreasing particle size plays the most dominant role in controlling the critical 
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field. Interestingly, even a non-monotonic behavior of HC2 has been observed earlier – not in 

nanocrystals – but in ultrathin films (< 10nm thick) of Nb. Both HC2|| and HC2⊥ (measured in 

fields parallel and perpendicular to the film plane, respectively) showed a non-monotonic 

dependence on film thickness. As might be expected in the light of the present study, those 

Nb films also exhibited a reduction in Tc with film thickness. 

Another system which shows a similar non-monotonic behavior of HC2 however does 

not belong to the class of low dimensional superconductors. This is the Al doped MgB2 

system (both in bulk and thin film form)33 where the HC2 initially increases with Al doping 

and then decreases at higher doping levels. Al-doping is equivalent to an increase in the 

disorder in the system and leads to a reduction in the Tc. In such systems too, one observes a 

decrease in the superconducting energy gap and hence the effect is attributed to a decrease in 

the superconducting order parameter. It is useful to point out that MgB2 is a multiple band 

superconductor where interband scattering plays a vital role in determining the properties. 

Hence, it should not be directly related to Nb, which is a single band conventional s-wave 

superconductor. 

Summarizing, we observe a non-monotonic variation in HC2(0) with particle size in 

nanostructured Nb films due to competing effects of the decrease in the mean free paths (leff) 

with decrease in particle size (dXRD), and the decrease in the superconducting transition 

temperature (Tc) caused by an effective decrease in the density of states (N(0)) at the Fermi 

level. 

 

3.4.3 Normal state properties; Size induced metal-insulator transition in nanostructured 

Nb: The effect of inter and intra granular transport 

 Since the normal state properties are closely related to the superconducting properties (e.g. 

ρN and Hc2), we have also studied the normal state transport properties of the nanostructured 

Nb films. In Section 3.4.1, we saw that the nanostructured Nb films with dXRD > 8nm are 

metallic and superconducting with a measureable Tc decreasing with particle size. We have 

also seen that the films with dXRD < 8nm were non-superconducting, consistent with the 

Anderson criterion. However, when we measured the resistivity of these latter class of films 

with dXRD < 8nm by the conventional four probe technique, from room temperature down to 

2K, we observed that these films show a weakly insulating behaviour with a negative 

temperature coefficient of resistance (α = 1/ρ)(dρ/dt)), i.e. the resistivity increased with 

decrease in temperature. Interestingly, the film with dXRD = 8nm, showed an almost 
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temperature independent resistivity clearly separating the metallic films with a positive 

temperature coefficient of resitance (dXRD > 8nm) from the films showing an activated 

behaviour (dXRD < 8nm). Thus, the nanostructured Nb films show a clear size-induced metal 

insulator transition at a particle size of 8nm. The temperature variation of resistivity for the 

films with particle size (dXRD) between 5-60nm is shown in Fig. 3.24. (The scale to the left is 

for samples with dXRD ≥ 8nm while the right is for dXRD < 8nm). We also notice that while the 

room temperature resistivity, ρ300 = 7µΩcm, for the sample with dXRD = 60nm is comparable 

to that of bulk Nb, there is three orders of magnitude increase in ρ300 to 14mΩcm for the 

sample with dXRD =5nm. Thus, based on their transport properties, we can categorize the 

nanostructured Nb films into three different size regimes. Nano-Nb films with dXRD > 28nm 

behave like bulk, metallic Nb with a positive TCR between Tc and 300K. Samples with 28nm 

≥ dXRD ≥ 11nm also show a metallic behavior with a positive TCR. However, in this regime, 

the grain boundary acts as an insulating barrier, as observed from the presence of hysteresis 

in the critical current in the superconducting state (discussed in Section 3.4.1). However, the 

barrier is not very strong enabling the electrons to tunnel through them and showing a 

metallic behaviour.  Also, in this regime, we observe a 6 fold increase in ρN as the particle 

size is reduced from 28 to 11nm (Fig. 3.24). This can be explained by the following intuitive 

argument. A reduction in the particle size by a factor of three would lead to (i) a three-fold 

increase in the fraction of grain boundaries (per unit volume) that are expected to act as 

Figure 3.24: Temperature dependence of the resistivity for 
nanostructured Nb films with different grain sizes (dXRD). The scale on 
the left refers to the metallic films with dXRD ≥ 8nm while the scale to 
the right is for the insulating films with dXRD < 8nm 
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scattering centers (since the surface/volume ratio ∝ (1/particle size)), and (ii) a three-fold 

decrease in the mean free path, provided it is limited by the particle size alone. This should 

lead to a nine-fold increase in the resistivity. However, if the mean free path is not purely 

particle-size limited and decreases less slowly than the particle size, we would expect to see a 

somewhat smaller increase in the room temperature resistivity. Thus, the observed six-fold 

increase in ρ300 appears reasonable. Finally, films with particles dXRD < 8nm show a weakly 

insulating behavior with negative TCR, while the film with dXRD = 8nm shows an almost 

temperature independent resistivity. We now show that the insulating barrier present at the 

grain boundary (large barrier for dXRD < 8nm) is the likely cause for activated behaviour in 

transport for these films. 

We attempted to analyze and understand the metal-insulator transition observed in the 

electrical transport data (Fig. 3.24) in the following manner. Considering quantum size 

effects (QSE) alone,34 we should expect a metal-insulator transition to occur when the Kubo 

gap, δ ~ 4εF/3N, (N = number of conduction electrons at the Fermi energy, εF) becomes 

comparable to kBT (kB is the Boltzmanns constant, 1.38×10-23). The QSE-driven metal-

insulator transition is expected at ~35K for 5nm sized Nb nanoparticles, and at ~15K for 7nm 

particles. [For dXRD = 5nm, δ = 2.9meV (Table 3.4), Therefore, T = (δ / kB)×1.6×10-19 ~35K] 

However, we observe the onset of the insulating behavior at a much higher temperature in 

samples with dXRD < 8nm. Qin et al. have also seen a negative TCR in nano-Ag for particle 

sizes < 9nm and a density of ~ 45-50%, but attribute their observation to a high density of 

microscopic vacancy-like defects at the grain boundaries.35

To understand the origin of the negative TCR and the high metal-insulator transition 

temperature in nano-Nb, we attempted to fit the σ-T curves (dXRD ≤ 7nm) with an activated 

transport behavior. We used the following three types of empirical trial functions:  

( )TkEA Bg /exp −=σ                                                                                                   (3.14) 

( )TkEA Bg /exp0 −+= σσ                                                                                           (3.15) 

)exp()exp( 210 TkEBTkEA BgBg −+−+= σσ                                                        (3.16) 

   where σ = ρ−. The activation energies (Egi) and the proportionality constants A and B were 

used as best fit parameters. The first one, which corresponds to a simple activation barrier 

with a single gap, clearly does not fit our data. The best fit of Eq. 3.15, which contains a 

temperature-independent contribution (σ0) in addition to the activated behavior, to the σ-T 

data for the 5nm Nb sample is shown by the dashed curve in Fig. 3.25(a). The corresponding 
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deviation from the data is shown by the dashed curve in Fig. 3.25(b). Obviously, the fit is 

unsatisfactory in the lower temperature region. However, an attempt to fit the data to Eq. 3.16 

which contains two activation energies, Eg1 and Eg2 (in addition to the temperature-

independent contribution), produced much more satisfactory results, as shown by the solid 

curve in Fig. 3.25(a). A comparison of the deviation of the σ vs 1/kBT data points from the 

single and double exponential fits for the 5nm sample (Fig. 3.25(b)) clearly indicates that the 

fit to the double exponential is significantly better, particularly at low temperatures. Fig. 

3.25(c) shows the double exponential fits to the transport data for all the three insulating 

samples. The fit is good down to the lowest temperature (4.2K). The high temperature 

downturn in samples with dXRD = 6 and 7nm comes from  the temperature region in which the 

samples exhibit metallic behavior. We now show that the double exponential character of the 

conductivity has a convincing physical basis. 

Figure 3.25: (a) Comparison of single (dashed line) and double (solid line) 
exponential fits to the resistivity data (open circles) in the nano-Nb sample with  
dXRD ≈5nm. (b) Deviation from data of the fits to the single (dashed) and double 
(solid) exponentials. (c) Fit of the resistivity data (open circles) to double exponential 
equations (solid lines) for the three insulating samples. 

  What is the physical origin of the two activation energies (Eg1 and Eg2) associated 

with to the transport behavior of the insulating phase of nanostructured Nb? The values of σ0, 

Eg1 and Eg2 obtained from the double exponential fits and the calculated Kubo gaps (δ) for 

the three samples with the smallest particle sizes are listed in Table 3.4. Both the 

characteristic energies (Eg1 &Eg2) decrease monotonically with increasing particle size. From 

a comparison of their respective magnitudes and size dependences, we identify the lower of 

the two activation energies (Eg1) with the Kubo gap arising from the discretization of the 
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energy levels (The small discrepancy can probably be attributed to electron correlation 

effects). A physical estimation of this gap is important as it provides the energy scale for the 

validity of the Anderson criterion for low-dimensional superconductors. This is because for 

low dimensional superconductors, when the Kubo gap arising from the discretization of the 

energy levels becomes equal to the superconducting energy gap, superconductivity is 

destabilized. It is worth noting that Eg1 for the film with dXRD = 7nm is 1.3meV (as obtained 

from the fits) is comparable to the superconducting energy gap (∆(0)) for bulk Nb ~ 1.5meV. 

Hence, our normal state resistivity data independently suggest that dXRD = 7nm should be the 

critical particle size at which the Anderson criterion is satisfied and indeed below this particle 

size we do not observe any superconductivity in the nano Nb films. Hence, Eg1 originates 

from the intra-granular transport, i.e. transport across the Kubo gap. However, the 

manifestation of the Kubo gap would only be appreciable at low temperatures, and is 

certainly not responsible for the insulating behavior (upturn in ρ-T) observed close to room 

temperature.  

While we have argued that the smaller of the two activation energies has a purely 

intra-granular, quantum mechanical origin, the larger one (Eg2) appears to be related to inter-

granular electronic transport. This can be clearly seen by comparing the characteristic 

temperatures Bgi kET 2=  obtained from Eg2 for the three insulating samples (see Table 3.4) 

with the inflexion temperatures in the resistivity data. The higher of the two activation 

dXRD 

(nm) 

∆d 

(nm) 

Eg1 

(meV) 

Eg2 

(meV) 

δ (meV) 

calculated 

Ti =  

Eg2/kB (K) 

σ0 

(Ωm)−1

7 1.22 1.3 16 1.1 185 8342 

6 1.28 2.5 25 1.7 292 7060 

5 1.39 4.5 31 2.9 360 5900 

Table 3.4: Activation energies (E  and E ) g1 g2 calculated from the transport data for 
nanostructured Nb samples with three different particle sizes (dXRD). The corresponding 
grain boundary widths (∆d) have been calculated from x-ray diffraction data using a 
procedure explained in the text. The theoretical values of the Kubo gap (δ) and the 
experimental value of the metal-insulator transition temperature (Ti) are also tabulated. 
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energies (Eg2) is therefore associated with the metal-insulator transition in the smaller-sized 

nanostructured samples (dXRD < 8nm). We now show that Eg2 (whose value lies in the 16–31 

meV range) appears to originate from the potential barrier at the grain boundaries that needs 

to be overcome for inter-grain conduction to occur. Since the 5nm particle has a grain 

boundary width, ∆d > 1nm (see the HRTEM images in Fig. 3.4), while large-grained samples 

are known to have atomically sharp boundaries, it is clear that ∆d is inversely related to the 

particle size in this system. This results in a size-dependent potential barrier that leads to the 

activated conduction at room temperature. Such a model also agrees with the explanation 

given by Qin et al. for the negative TCR in nanocrystalline Ag. A larger ∆d implies an 

increase in the vacancy-like defects that tend to make the sample comparatively insulating. 

Due to some degree of variability in the particle size as well as the grain boundary 

width in the same sample, the relation between the particle size and the grain boundary width 

(∆d) cannot be accurately determined solely from the TEM images. We therefore estimated 

the grain boundary width using the procedure described in Section 3.3. We have earlier 

shown that the cubic lattice constant in nano-Nb increases monotonically with decreasing 

particle size. Using the equation derived from linear elasticity theory, the lattice expansion is 

related to the particle size, in terms of ∆d and other parameters (Eq. 3.4). This relation allows 

one to obtain ∆d as a function of particle size (Fig. 3.9(b)) which is fit with the exponential 

relation given by the equation: )14.0exp(86.148.0 XRDdd −+=∆ . Significantly, we observe a 

Figure 3.26: Variation of the higher barrier energy (Eg2) with 
the grain boundary width. The critical width of the grain 
boundary where the gap just opens up is indicated by ∆dC.
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linear relation between the upper barrier energy (Eg2) and ∆d (Fig. 3.26) , an extrapolation of 

which suggests that the value of ∆d corresponding to zero barrier energy is ≈1.0nm. (Note 

that ‘zero barrier energy’ corresponds to relatively large sized particles with sharp enough 

grain boundaries such that it exhibits metallic properties.) The particle size corresponding to 

this value (≈ 1nm) ∆d is ≈ 9nm, which is in excellent agreement with the experimentally 

observed critical particle size at which the metal-insulator transition is seen to occur (8nm). 

Assuming the grain boundary structure to be largely amorphous with an ordered first 

coordination shell, a partially ordered second coordination shell, and disordered higher shells 

(as suggested by recent EXAFS data)36, we would expect the energy gap at the grain 

boundary to open up for a boundary width ≈ second coordination shell. The interatomic 

distance in Nb is 0.286 nm, and therefore the second and third coordination shells correspond 

to a spacing of ≈ 0.57 nm and ≈ 0.86 nm from the outermost fully ordered layer of the 

crystalline nanoparticle. The grain boundary is expected to be partially ordered if it is limited 

to the second coordination shells of adjacent particles leading to a boundary width of ≈ 1.14 

nm. If the boundary width is larger, we can expect the inter-granular region to be structurally 

disordered. Thus, an energy gap in the electrical transport should open when ∆d ≥ 1.14 nm, 

which is in very good agreement with the experimentally determined, limiting value of ∆d of 

about 1 nm. 

Note also that as according to our empirical best fit function, T → 0, σ → σ0, a 

constant value. A physical interpretation of the temperature-independent component of 

conductivity (σ0) is less straightforward than Eg1 and Eg2. The finite conductivity at zero 

temperature suggests the existence of an additional transport channel for which the electrons 

do not experience either of the above two activation barriers. This could originate from two 

sources: (i) The shape and the size distribution of the particles size is  likely to introduce a 

significant number of mid-gap states within the Kubo gap, and (ii) we also may have a 

distribution of grain boundary widths, with a small fraction of the grain boundaries which are 

much more strongly connected than the rest. An electron passing across a percolating channel 

of strongly connected grain boundaries would essentially undergo metallic transport and not 

experience the potential barrier Eg2. These electrons would therefore give rise to a finite 

conductivity even at the lowest temperatures. In this context, we point out that the resistivity 

of structurally disordered (amorphous) metals and alloys remains finite as T → 0 unlike true 

insulators.37       
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Transport in granular systems such as Au/SiO2, W/Al2O3, Ni/SiO2,38 in which there 

are metallic nanoparticles (< 4nm) in an insulating matrix, has been studied for a long time. 

In many of these systems, the resistivity data have been fitted to the relation:  

( )[ ]4/1
00 /exp −−= TTσσ  obtained from Mott’s variable range-hopping (VRH) model,f,39  and 

( )[ ]2/1
00 /exp −−= TTσσ  taking electron correlations into account. However, our data cannot 

be fitted to the (VRH) model (with or without electron correlations). To show this, we have 

plotted the log of the conductivity against T −1/4 and T −1/2 as shown in Figs 3.27(a)&(b) 

respectively. The fitting clearly shows that the conductivity is proportional to neither T−1/4 nor 

T−1/2 over the entire temperature range of 4.2-300K. According to a recent study, freshly 

prepared nanostructured Cu does show VRH behavior, while nanoparticles with appreciably 

oxidized grain boundaries show an activated behavior.40 Since the inter-granular region in our 

films is known to be partially oxidized, we not observe VRH-type behavior. We also point 

out that many previous reports on the metal-insulator transition showing a T−1/2 dependence 

of the conductivity actually dealt with two-dimensional films (usually quench-condensed), in 

which the surface resistance dictates the transition.41 Our films are relatively thick (~0.5µm) 

and consist of stacks of weakly connected nanoparticles. These are essentially three-

dimensional  nanostructures, in which the volume resistivity (and not the surface resistance) 

is the relevant parameter.  

Figure 3.27: Plots of ln σ (conductivity) with  (a) T –1/4 and (b) T –1/2 clearly 
show that the conductivity does not follow either relation over the entire 
temperature range of 4.2-300K

                                                 
f In the VRH model, transport of electrons is through hopping across localized electronic states in disordered 
systems. 
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It is therefore clear that the existing models based on variable range hopping 

conduction, that have been used to explain transport in granular or nanostructured systems do 

not fit our data. The model proposed by us is based on a size-dependent grain boundary 

width and not only describes our experimental results adequately, but is also quantitatively 

consistent with our data on size-dependent lattice expansion. The TEM data also supports our 

notion of smaller particle-sized samples having wider grain boundaries. 

Summarizing, we have observed a size induced metal insulator transition in 

nanostructured Nb. Our transport data indicate that the conductivity is associated with two 

distinct activation energies, originating from quite different physical phenomena. While the 

larger activation energy is related to hopping across poorly conducting grain boundaries, the 

smaller one originates from the Kubo gap due to discretization of the energy levels in small 

particles. The effect of the smaller gap is also manifested in the observed disappearance of 

superconductivity, consistent with Anderson’s prediction. The critical particle size (dXRD) at 

which an insulating energy gap opens up is ≈ 8nm and corresponding grain boundary width 

is ≈ 1.1nm. These values, obtained from our model, match our observations very well.  

 

3.5 Conclusions 
Nanostructured Nb films have been prepared by high pressure dc magnetron sputtering with 

particle size ranging between 5 and 60nm.We observed a 6% increase in the cubic lattice 

parameter as the particle size is reduced from 60 to 5nm. This has been modeled using linear 

elasticity theory which can simulate the lattice parameter vs particle size data using a size 

dependent grain boundary width. Thus, the nanostructured Nb films show an increase in the 

grain boundary width with decrease in particle size. Due to the presence of an insulating grain 

boundary (characterized by HRTEM and EELS spectroscopy) these films form a random 

network of Josephson junctions. This was independently verified from electrical 

measurements, as indicated by a hysteresis in the I-V characteristics of the films with particle 

sizes less than 20nm. 

Nb shows a 50% decrease in the superconducting transition temperature (Tc) as 

particle size is reduced from 60 to 8nm. From a direct measurement of the superconducting 

energy gap (∆) by point contact Andreev reflection Spectroscopy, we have observed a direct 

correlation of ∆ and Tc, with 2∆/kBTc ~ 3.6 for the Nb film with smallest particle size (dXRD = 

11nm). From the temperature variation of ∆ we have further seen that Nb follows the BCS 

behavior down to the smallest particle size. From our results we conclude that quantum size 
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effects arising from the discretization of the energy levels decreases the electronic density of 

states at the Fermi level, which decreases Tc with reduction in particle size in nanostructured 

Nb. 

Nanostructured Nb films also show a 2.3 times enahancement of the upper critical 

field (HC2) as the particle size is reduced from 60 to 19nm. However, below 19nm, HC2 

decreases with particle size. We have shown that the increase in HC2 down to a particle size 

of 19nm is mainly due the decrease in the coherence length. However, below 19nm, quantum 

size effects start dominating, which decreases the density of states, N(0) at the Fermi level 

and hence also decreases Tc. This decrease in Tc and N(0) overrides the effect of the reduction 

in coherence length below the particle size of 19nm, and thereby decreases HC2. Hence, we 

conclude that the competing effects of the decrease in coherence length and N(0) cause the 

non-monotonic variation of HC2 with particle size in nanostructured Nb. 

A study of the normal state transport properties indicates that nanostructured Nb 

undegoes a size induced metal to insulator transition. Films with particle sizes greater than 

8nm are metallic and superconducting while the films with particle size below 8nm show a 

weakly activated behavior. Fitting the conductivity vs temperature plots of the films with 

particle sizes below 8nm to an activated behavior with two exponential terms, we obtain two 

activation energies (Eg1 and Eg2). From the magnitudes and the size dependences of the two 

activation energies we conclude that the lower activation energy (Eg1) arises from the 

discretization of the energy level and is equivalent to the Kubo gap (δ). This accounts for the 

intra-granular transport of the electrons in these films. The effect of the smaller gap is also 

manifested in the observed disappearance of superconductivity, consistent with Anderson’s 

prediction. The higher activation energy (Eg2) arises from the potential barrier present at the 

insulating grain boundary and accounts for the inter-granular transport, i.e. hopping of 

electrons across the grains. The critical grain size (dXRD) at which an insulating energy gap 

opens up is ≈ 8nm and corresponding grain boundary width is ≈ 1.1nm. These values, 

obtained from our model, match our observations very well. Hence, we can justify the 

existence of the two activation energies and explain the observed transport behaviour in these 

nanostructured Nb films with particle size less than 8nm. 

Our results help to explain satisfactorily the evolution of the superconducting 

properties such as Tc, ∆(0) and HC2 as well as the normal state transport properties as a 

function of particle size in the nanostructured Nb films. 
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Appendix 3.1 

 
 

Fitting of the temperature dependence of the PCAR spectra for 

the nanostructured Nb films using the BTK theory   

 
In the point contact regime, the current-voltage curves are simulated using the expression of 

Andreev reflection current flowing through a ballistic point contact of a normal metal and a 

superconductor given by: 

( ) ( )[ ] ( ) ( )[∫
∞

∞−

−+−−∝ dEEBEATEfTeVEfvNVI F 1,,)0()( ]

)

                                      (A3.1.1) 

Here, vF is the Fermi velocity, N(0) is the density of states at the Fermi level of the normal 

metal, f(E) is the Fermi distribution function and the coefficients A(E) and B(E) are given by: 

( )(
2

2222
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γ

ηβηα ++
=EA                                                                                          (A3.1.2) 
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ZZZEB                                                 (A3.1.3) 

Where the coefficients α, β, γ, η can be expressed in terms of the Bogoliubov coherence 

factors, u and v given by: 

ηα iu +=2                                                                                                                     (A3.1.4)  

ηβ iv −=2                                                                                                                      (A3.1.5) 

( ) 2222 Zvuu −+=γ                                                                                                       (A3.1.6) 

The Bogoliubov coherence factors are given by: 
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Using the above equations (A3.1.1 to A3.17), the I-V curves are simulated for a given 

temperature (T) with ∆(T), Γ(T) and Z as the fitting parameters. This is then differentiated to 

obtain G(V)=dI/dV which is divided by dI/dV obtained for a large bias voltage (V>>∆/e). 

This gives G(V)/GN as a function of bias voltage (V) and is used to fit the experimental 

PCAR spectrum 
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The fitting parameters used to fit the PCAR spectrum 
 
 
 
 
 
1. Particle size (dXRD) = 60nm; Tc = 9.4K; ∆(0) = 1.6meV 

 
Temperature (K) Barrier parameter 

 (Z) 
Energy Gap (∆)  
meV 

Broadening 
parameter (Γ) meV 

2.6 0.6 1.6 0.327 
4.5 0.6 1.54 0.29 
5.4 0.62 1.49 0.242 
5.7 0.6 1.44 0.27 
6.6 0.61 1.38 0.22 
7.2 0.605 1.30 0.25 
8.1 0.66 0.97 0.08 
8.9 0.64 0.61 0.07 
9.0 0.67 0.5 0.10 
9.2 0.68 0.34 0.08 
 
 
 
 
2. Particle size (dXRD) = 11nm; Tc= 5.9K; ∆(0) = 0.9meV 
 
Temperature (K) Barrier parameter  

(Z) 
Energy Gap (∆)  
meV 

Broadening 
parameter (Γ) meV 

1.6 0.54 0.9 0.16 
2.1 0.545 0.9 0.132 
2.6 0.554 0.89 0.094 
3.1 0.565 0.88 0.072 
3.5 0.564 0.86 0.078 
4.2 0.53 0.82 0.08 
4.7 0.55 0.75 0.04 
5.2 0.55 0.67 0.04 
5.5 0.54 0.55 0.04 
5.7 0.545 0.32 0.03 
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3. Particle size (dXRD) = 17nm; Tc= 7.2K; ∆(0) = 1.0meV 
 
Temperature (K) Barrier parameter  

(Z) 
Energy Gap (∆) 
 meV 

Broadening 
parameter (Γ) meV 

2.6 0.575 1.0 0.315 
4.2 0.57 0.87 0.1 
5.0 0.57 0.85 0.09 
5.5 0.565 0.795 0.085 
6.0 0.56 0.72 0.082 
6.5 0.54 0.63 0.074 
7.0 0.545 0.496 0.06 
 
 
 
 
4. Particle size (dXRD) = 18nm; Tc = 7.6K; ∆(0) = 1.1meV 
 
Temperature (K) Barrier parameter  

(Z) 
Energy Gap (∆)  
meV 

Broadening 
parameter (Γ) meV 

3.94 0.567 1.1 0.42 
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Chapter 4 

 
Size Dependence of the Superconducting Properties in the 

Strong Coupling Type I Superconductor: Lead 

 
4.1 Introduction 
In the bulk state, Pb is a Type I superconductor with strong electron-phonon coupling 

strength (2∆/kBTc ~ 4.4).1  Phonon softening2,3 (due to increased ratio of surface to volume 

atoms) and quantum size effects4 (arising from the quantization of the electronic wave vector) 

affect the Tc in fine particles of elemental superconductors as discussed in detail in Section 

1.2.3. However, there is a third mechanism which can also influence the superconducting 

properties. The lower cut-off for the phonon frequency (ω) shifts to higher values with 

decreasing particle size due to the quantization of the phonon wave vector.5 As a 

consequence, the low frequency phonon modes no longer contribute to the phonon spectrum. 

Pb is a strong coupling superconductor with phonons present at very low frequencies in bulk 

(The LA phonon energy of Pb is as low as ħω = 5meV)6. The influence of surface modes in 

fine particles of Pb will cause additional phonons to appear at lower frequencies (ħω < 

5meV) compared to the bulk phonons. However, the raising of the lower cut-off for the 

phonon frequency will compete with phonon softening with decrease in particle size. These 

competing effects should eventually influence the electron-phonon coupling strength in 

strong coupling superconductors, thereby affecting the superconducting properties. Hence, it 

is important to make a detailed study of the size effects on the superconducting properties in a 

strong coupling superconductor such as Pb so as to identify the dominant mechanism 

influencing these properties. We expect a different behaviour compared to the weak coupling 

superconductors like Al, Sn etc and the intermediate coupling one (Nb) discussed in the 

previous chapter.  

The evolution of superconducting properties in Pb has been studied previously as a 

function of particle size in systems prepared by varied methods. The earliest reports were on 

small particles of Pb deposited by evaporation in controlled amounts of oxygen7,8 It was 

believed that oxygen diffused to the grain boundaries and formed oxides at the interface, 

though there was no direct evidence for the same. No change in Tc was observed with 
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reduction in particle size. Recently Reich et al have used a novel method to prepare small 

particles of Pb. They have grown Pb fine particles of different sizes using polycarbonate 

nucleopore membranes of different pore diameters.9 They have observed the existence of the 

Meissner transition in different samples with particle size down to 10 nm, with almost no 

change in Tc. The critical size for the disappearance of superconductivity was found to be 

6nm. Li et al have carried out a detailed study on the superconducting properties of Pb small 

particles.10 They synthesized Pb nanoparticles by evaporation in an Ar atmosphere and 

deposited them on stainless steel plates kept at liquid nitrogen temperatures. The particle size 

was controlled by varying the rate of evaporation. The powder was then scraped off the 

stainless steel plate and compressed into pellets to carry out different measurements such as 

DC transport and specific heat. They observed almost no change in Tc down to 6nm, below 

which the Tc was found to drop sharply to zero at around 2nm. From the measurements of the 

critical fields (HC) as a function of temperature for different particle sizes, they claim that 

there is an increase in the electron phonon coupling strength with decreasing particle sizes. 

However, there appears to be no direct measurements of the superconducting energy gap (∆) 

as a function of particle size, which would directly indicate the evolution of the coupling 

strength as a function of particle size. In this chapter, I will present our results on the 

measurement of the superconducting properties (Tc and HC2) with decreasing particle size in 

Pb. We have studied the evolution of the superconducting energy gap (∆) as a function of 

particle size as measured from tunneling spectroscopy. Our results indicate that the coupling 

strength in Pb increases with a reduction in particle size and the temperature variation of the 

gap deviates from the weak coupling BCS relation. From our results we conjecture that the 

small decrease in Tc for Pb nanoparticles just above the critical size may be due to competing 

effects arising from the different mechanisms influencing the superconducting properties, 

since an increase in electron-phonon coupling strength alone would have led to an increased 

Tc with decreasing particle size. 

 

4.2 Synthesis  
Nanostructured Pb was prepared by high pressure DC magnetron sputtering. The 

process parameters were varied to control the particle size. For Pb, depositing at low DC 

powers (10-20W) with the substrate kept at room temperature and relatively high (~200-400 

mtorr) pressures of the Ar gas yielded small particle sizes. The Ar gas used was of 99.999% 

purity. The substrates used were single crystals of Si [110]. The deposition was done at a base 
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Figure 4.1: XRD pattern of the (a) as grown film (Pb1) showing the FCC 
phase of Pb (b) same film after 3 days of exposure to air showing the 
presence of lead monoxide (PbO) 

Figure 4.2: Sputtering system used for depositing nanocrystalline Pb 



 

pressure of 3×10-7 torr. The Pb films were characterized immediately after deposition by X-

ray Diffraction (XRD). The films showed a FCC phase of pure polycrystalline Pb. (Fig. 

4.1(a)). However, leaving the films exposed to air for a couple of days oxidized the films. 

XRD done on the films after a couple of days showed the presence of an extra peak at 2θ = 

28.5o which matched with the [110] line of the PbO phase (Fig. 4.1(b)). In order to prevent 

ex-situ oxidation, we needed to deposit in situ a thin overlayer of another substance on top of 

the Pb surface. For this, we modified the magnetron sputtering system to accommodate two 

sputtering guns mounted at 1800 to each other. A new substrate holder was designed with a 

Wilson seal which could be rotated by 180° in vacuum. The deposition system used is shown  

 

Sample 
name 

Base 
pressure 
(Torr) 

Pressure 
of Ar 

(mtorr) 

Sputtering 
Voltage (V) 

Current 
(mA) 

Substrate 
Temp. 

Deposition 
Time (min) 

SPbSi1 1.9×10-6 15 270 49 RT 5 
SPbSi2 3.5×10-6 20 210 65 RT 5 
SPbSi3 6.7×10-6 270 200 49 RT 5 
SPbSi4 6.5×10-6 290 200 47 RT 5 
SPbSi5 1.8×10-6 330 211 49 RT 4 
SPbSi6 4.8×10-6 350 200 50 RT 4 
SPbSi7 6.5×10-6 375 200 37 RT 4 

in Fig. 

overlaye

the supe

(Si). Si w
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Table 4.1: Synthesis (dc sputtering) conditions for the nanostructured Pb films.
(RT = room temperature) 
4.2. Overlayers of different metals were tried. Interestingly, growth of thin metal 

rs of Au, Ag and Pt on the Pb film was found to reduce the Tc of the film because of 

rconducting proximity effect11. Hence, we decided on a semiconducting overlayer, 

as sputtered on the Pb film in situ at a low Ar pressure (~5×10-3 torr), under the con- 

Gas pressure 
(mtorr) RF Power (W) Substrate 

Temperature 

Time of 
deposition 

(min) 
4.3-6.5 60 RT 10 

escribed in Table 4.2. The optimized thickness of the overlayer was ~ 40nm. In 

 of the Si overlayer, the nanostructured Pb films of all particle sizes remained free 

idation at least over several months. The process parameters for the samples 

zed with different particle sizes are tabulated in Table 4.1.  

Table 4.2: Synthesis (RF sputtering) conditions for deposition of Si overlayer 
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4.3  Structural properties 
The as-deposited nanostructured Pb films with Si overlayers were characterized by XRD, 

atomic force microscopy (AFM) and transmission electron microscopy (TEM). The particle 

size (dXRD) was determined from an x-ray line profile analysis using WINFIT software, 

correcting for the contribution from the Kα2 line and the instrument broadening. The WINFIT 

software uses the Warren Averbach technique12 to find the strain corrected particle size and 

the size distribution. This particle size will be referred to as dXRD from now on. The average 

particle size (dXRD) was between 5 and 60 nm with a dispersion of ±15% about the mean size. 

The full width at half maximum (FWHM) of the [110] line of Pb, particle size (dXRD), the 

strain and the spread in the particle sizes are tabulated in Table 4.3. Fig. 4.3 shows the XRD 

Sample name FWHM (degree) 
of [110] line dXRD (nm) Spread in 

dXRD (nm) Strain (%)

SPbSi1 0.187 60 ±8.0 0.26% 
SPbSi2 0.253 40 ±6.0 0.22% 
SPbSi3 0.513 18 ±3.3 0.44% 
SPbSi4 0.661 14 ±3.0 0.61% 
SPbSi5 1.01 11 ±2.5 0.54% 
SPbSi6 1.191 7 ±2.0 0.76% 
SPbSi7 1.201 5 ±1.0 0.81% 
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Table 4.3: Structural parameters for the nanostructured Pb films with different 
values of average particle size (dXRD). The spread in dXRD has been obtained 
from x-ray diffraction line shape analysis
obtained for some of the films with different particle sizes. No impurity phases were 

d in any of the samples. The AFM micrographs of the films with particle sizes, dXRD = 

nd dXRD = 12nm are shown in Figs. 4.4(a) and 4.4(b) respectively. The films were 

haracterized by TEM. The selected area electron diffraction patterns of the films with 

0nm, 14nm and 7nm are shown in Figs. 4.5(a)-(c). The decrease of the particle size is 

arly from these figures. For dXRD = 40nm, distinct spots are seen in the diffraction 

or each of the allowed reflections, which are characteristic of large grained 

stalline samples. For dXRD = 14nm, the spots merge to form clear rings. These rings 

 very broad for the film with dXRD = 7nm. The decrease in particle size can also be 

y seen from the bright field TEM images for these three films, shown in Figs. 4.6(a)-

 particle sizes can be obtained from the dark field TEM images for the films with dXRD 

nd 7nm (Figs. 4.7(a) & (b)). It appears that the actual particle size is slightly 
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Figure 4.3: XRD spectra of nanostructured Pb films of different particle 
sizes (dXRD). 

1.0µm

(b) (a) 

Figure 4.4: Representative AFM images of nanostructured Pb films with 
particle sizes: (a) dXRD = 60nm and (b) dXRD = 12nm, shown at the same scale 



 

 

 
 
 
  
 
 

(c(b(a

Figure 4.5: Selected area electron diffraction pattern for the nanostructured Pb films 
with particle sizes (a) dXRD = 40nm (b) dXRD = 14nm (c) dXRD = 7nm 

 

50 nm 

dXRD = 40nm dXRD = 14nm

20 nm 5 nm 

Figure 4.6: Bright Field TEM images for the nanostructured Pb films with particle sizes 
(a) dXRD = 40nm (b) dXRD = 14nm (c) dXRD = 7nm 

dXRD = 7nm
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(b) (a) 

20nm 20nm 

Figure 4.7: Dark Field TEM images for the nanostructured Pb films with particle size 
(a) dXRD = 14nm (b) dXRD = 7nm 

2nm 

Figure 4.8: High resolution TEM image of the Pb film with particle size dXRD = 7nm 
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less than those obtained from XRD. A careful analysis of the high resolution TEM 

micrograph of the film with dXRD = 7nm, shows small Pb grains (4-8nm) separated by large 

disordered regions. The grains can be distinguished clearly as they appear darker compared to 

the surrounding disordered matrix. A close look at the grains shows the presence of different 

crystallographic domains of size ~ 1-2nm within each grain. This microstructure is not 

completely understood and more careful studies are required. 

 

4.4 Size dependence of Superconducting properties  
4.4.1 Nature of the decrease in Tc

The superconducting transition temperature (Tc) was determined from (a) 

magnetization measurements using a home made planar coil AC susceptometer and (b) DC 

transport measured in a custom made set-up. These techniques have been described in detail 

in Section 2.3. The criterion used for the estimation of Tc from transport measurements was 

as follows. The Tc was identified as the temperature at which the resistance dropped to 10% 

of the normal state resistance (Fig. 4.9(b)). From the AC susceptibility measurements, the 

temperature where the real part of susceptibility (χ) deviated from zero was taken as the Tc 

(Fig. 4.9(a)). The Tc obtained from both these methods matched almost exactly (Fig. 4.10). 

The measured resistance was the sum of the resistances of the Pb film and the Si overlayer. 

Since, the thickness of the Si overlayer was kept almost constant for all the films, the normal 

state resistance (T>Tc) monotonically increases with decreasing particle size (Fig. 4.5(b)). 

This can be explained on the basis of the increase in the grain boundary scattering resulting 

Figure 4.9 (a) Real part of susceptibility (χ) vs temperature for the Pb nanostructured 
films with different particle size (b) Resistance vs temperature for the same Pb films 
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from the increased fraction of grain boundaries with decreasing particle size. The variation of 

Tc with particle size is shown in Fig. 4.10. We observe that the Tc remains same as that of 

bulk Pb (Tc = 7.25K) when dXRD is reduced from 60nm to 14nm. Thereafter, Tc decreases by 

only ~10% down to dXRD = 7nm. Below this size, we see a sharp crossover to non-

superconducting behaviour. The critical particle diameter (dC < 7nm) for the disappearance of 

Tc (dC ~ 5nm is obtained from the Anderson criterion13) matches with the critical particle size 

reported by other groups9,10 and also observed by us. Clearly, the variation in Tc with particle 

size in Pb is very different from what we have observed in nanostructured Nb.14 In Nb (which 

is an intermediate coupling superconductor), we have observed a ~50% decrease in Tc as the 

particle size is reduced from 60nm to 8nm, below which it becomes non-superconducting as 

per the Anderson criterion. The variation of Tc in Pb with dXRD is also contradictory to the 

increase in Tc observed in small particles of Type I superconductors like Al,7,15 Sn16 etc. To 

understand the size dependence of Tc down to dXRD = 14nm and the small (10%) decrease till 

dXRD = 7nm, we need to investigate the size dependence of 2∆/kBTc, which is a measure of the 

electron-phonon coupling.  

Figure 4.10: Variation of Tc with particle size (dXRD). The solid circles are obtained 
from transport measurement while the triangles are obtained from AC susceptibility 

We measured the superconducting energy gap (∆) using the method of tunneling 

spectroscopy.17 Since Pb is a very soft metal we could not perform point contact 

measurements as the sharp tip of the normal metal punctured the Pb film and it was not 
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possible to establish ballistic point contacts. Therefore, we fabricated planar tunnel junction 

devices using the following technique. We used glass slides as substrates, which were dipped 

in boiling water, followed by acetone and methanol (in that order) repeatedly to clean them. 

An Al strip of width 1mm and thickness ~200nm was sputtered at the center of the glass slide 

using a stainless steel mask. The deposition parameters for Al sputtering are listed in Table 

4.4. During sputtering at low Ar pressures, there was heating of the substrate. Hence, after 

deposition, the Al film was left in vacuum for 2 hours so that it could cool down to room 

temperature. Thereafter, the Al film was exposed to air for 15-20 minutes for surface  

Ar gas 
pressure 
(mtorr) 

DC Voltage 
(V) Current (mA) Substrate 

Temperature 

Time of 
deposition 
(min) 

4.0-6.5 350 360 Ambient 3 
     

Table 4.4: Synthesis (DC sputtering) conditions for Al for the fabrication of  
Al-Al203-Pb tunnel junction 

Gold Contact pads

Glass plate

Aluminium

Pb

I +

I -

V +

V -

(a)
(b)

Gold Contact pads

Glass plate

Aluminium

Pb

I +

I -

V +

V -

(a)
(b)

Figure 4.11: Pb/Al2O3/Al tunnel junction device on a glass plate with gold contact 
pads showing two tunnel junctions (a) The real device (b) Schematic of the device. 

oxidation of the Al layer. Stainless steel masks were used to deposit Pb (with the Si overlayer 

in situ) so that the Pb strips (of width 2mm and thickness ~200nm) were deposited 
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perpendicular to the Al strip. At a time two junctions were made. The typical junction area 

was 0.1 × 0.2 cm2. A photograph of the fabricated tunnel junction device is shown in Fig. 

4.11. The I-V connectors are shown only for the upper device. I-V characterizations of the 

tunnel junctions were measured by the standard 4 probe method at temperatures below the Tc 

of the Pb films. For good tunnel junctions, we obtained the usual I-V curve as shown in Fig. 

4.12(a). This curve was differentiated to obtain the differential conductance G(V) = dI/dV of 

the junction. The tunneling spectrum (Fig. 4.12(b)) was plotted by normalizing G(V) with the 

conductance at high biases (V > 4 mV). The tunneling spectra were fitted using Eq. 2.3 

obtained from the theoretical model for tunneling between a superconductor and a normal 

metal as discussed in Section 2.3.4. Since we have a slight distribution in the particle sizes, 

there is also a corresponding distribution in the superconducting energy gap. This is 

accounted for in the broadening parameter Γ which is included in the theoretical model used 

to fit the data. Including Γ, the BCS density of states can be expressed as: 

Figure 4.12 (a) I-V curve at T = 4.2K for a tunnel junction made from the Pb film with 
dXRD = 40nm (b) Normalized conductance (G(V)/GN) vs bias voltage (V) for the same film 
at T = 4.2K 

( ) 22),(
∆−Γ+

Γ+
=Γ

iE
iEEN   for E  > ∆ 

                    =  0 ,                     for E < ∆ 

As discussed in Section 2.3.4, a finite value of Γ can also arise from the finite lifetime of the 

qausiparticles (Γ = 1/τ ; τ is the quasiparticle lifetime). Thus, there are two fitting parameters, 

∆ and Γ for any given temperature. In this context, I should point out that sometimes we 

obtained spectra which showed Andreev reflection features instead of tunneling features (Fig. 

4.13). This can be understood in the following way. Due to incomplete oxidation of the Al 

surface layer, minute pin holes may be present in the oxide layer. When these pin-holes are 
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Figure 4.13: Andreev reflection spectra obtained for the tunnel junction device 
fabricated with the Pb film with particle size (dXRD) 60nm, occurring due to the 
presence of minute pin holes in the oxide barrier.

smaller than the mean free path of the electrons, ballistic point contacts are established 

resulting in Andreev reflection. These spectra were analyzed under the Blonder-Tinkham-

Klapwijk (BTK) theory18 discussed in Section 2.3.5 and Section 3.4.1 with ∆, z and Γ being 

the fitting parameters. We fabricated tunnel junctions for different particle sizes and 

measured the I-V characteristic of the junctions for different temperatures below the Tc of the 

device. The spectra obtained for the films at the lowest attainable temperature of 4.3K for all 

the particle sizes are shown in Fig. 4.14. The success rate of obtaining good tunneling spectra 

from the devices was around 20%. Most of the time we did not obtain any non-linearity in the 

I-V characteristics (Fig. 4.15(d)), indicating that the tunnel barrier formed was too thick. At 

other times, though a non-linearity was obtained, large dips were seen at high biases (V > 

4meV) in the differential conductance vs bias voltage spectrum (Fig. 4.15(a),(b)&(c)). These 

dips are due to large pin holes present in the aluminum oxide barrier (due to incomplete 

oxidation of the Al layer) which prevents the Al-Pb contact from being in the ballistic regime. 

(The details of the origin of the dips have been discussed in Sections 2.3.5 and 3.4.1). This 

leads to heating at the contact. When the voltage bias is high enough for the dips to appear, 

the critical current of the superconductor is reached, which causes a large change in the 

voltage of the contact and leads to peaks in the differential resistance vs bias voltage (or dips 

in the differential conductance vs bias voltage). The success rate of obtaining good spectra 

can be increased by reducing the junction area. Since we obtain an average gap for the film, 

we improved the statistics by making two measurements for each particle size on two 

different junction devices. The two values of ∆(T) obtained for each particle size did not 

differ by more than 5%. The spectra obtained at different temperatures for two of the films
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Figure 4.14: Tunneling spectra showing the variation of the differential 
conductance (G(V)/GN) with the bias voltage (V) for the Pb films with different 
particle sizes (dXRD) at the temperature T = 4.3K. For dXRD = 60, 25 and 15 nm, the 
tunnel junction was in the point contact regime (due to the impartial oxidation of the 
aluminum). The open circles denote the data points and the solid lines as fits using 
the BTK theory. For dXRD = 40, 18 and 11nm, the junction was in the tunneling 
regime. Again, the open circles are the data points while the solid lines are the 
theoretical fits. 
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(d) 

(c) 

(b) (a) 

Figure 4.15: Examples of some typically bad spectra (G(V)/GN vs V) obtained in the 
measurement of the Al/Al2O3/Pb tunnel junctions at a temperature of T = 4.3K 

Figure 4.16: Tunneling spectra showing the differential conductance (G(V)/GN) of the 
junction as a function of the bias voltage at different temperatures (T) for (a) dXRD = 
60nm (Tunnel junction is in the point contact regime due to impartial oxidation of the 
aluminum) and (b) dXRD = 18nm (Tunnel junction is in the tunneling regime. 
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with particle sizes 60 and 18nm are shown in Fig. 4.16(a)-(b). While the film with a particle 

size of 60nm showed the Andreev reflection feature, the film with particle size of 18nm 

showed the tunneling feature. The fitting parameters for a set of measurements for 5 films 

with different particle sizes are given in Appendix 4.1. 

The temperature variation of the energy gap in the bulk film (with the largest particle 

size of 60 nm) followed the BCS relation (given by Eq. 1.11) with 2∆/kBTc ≈ 4.4 which is the 

same as for bulk Pb. The ∆(T) vs T curves for films with dXRD down to 25nm all follow the 

BCS relation. However, with decreasing particle size below 25nm, the temperature variation 

of the gap deviates progressively from the BCS relation as shown in Fig. 4.17. This 

observation has an important implication as it appears to indicate that the electron phonon 

coupling strength (λ) increases with reduction in particle size, i.e. Pb becomes a stronger 

coupling superconductor in the nanocrystalline state.  

To cross check this conclusion from an independent experiment, we carried out 

magneto-resistance measurements on the nanostructured Pb films to obtain the critical field 

(HC2) as a function of temperature. The details of the measurement and analysis are given in 

Section 4.4.2. We plotted the (HC2-T) phase diagrams ((Fig. 4.18(a)) for films with different 

particle sizes and fitted the data with the relation:  

( )[ ]α
cCC TTHH /102 −=                                                                                           (4.1) 

 where HC0 and α are fitting parameters. The exponent α equals 2 for a weak coupling BCS 

superconductor. Interestingly, an analysis of our data clearly indicates that the exponent 

progressively deviates from 2 with decreasing particle size, showing that Pb no longer 

remains a BCS superconductor for small particle sizes (dXRD < 20nm). This is shown more 

clearly from the plot of ( )[ ]α
cCC TTHH /1/ 02 −−  vs T/Tc (Fig. 4.18(b)) It is obvious that for 

dXRD < 20nm, a deviation from the weak coupling BCS relation becomes pronounced.  

This observed increase in the electron-phonon coupling strength with decreasing 

particle size implies that phonon softening plays an important role in influencing Tc in this 

strong coupling superconductor. However, as we have discussed in Section 1.2.3, an increase 

in the coupling strength (λ) should imply an increase in Tc with decrease in particle size. 

Hence, the question that arises is what causes the observed size dependence of Tc down to 

dXRD = 14nm followed by a 10% decrease in Tc, though there seems to be a continuous 

increase in electron phonon coupling strength (λ) with decreasing particle size for dXRD < 

20nm. 
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Figure 4.17: Temperature variation of the superconducting energy gap (∆(T)) for the Pb 
films with different particle sizes (dXRD). The black solid line is obtained from the BCS 
relation. For films with dXRD < 20nm, there is a gradual deviation from the BCS 
variation. 

Figure 4.18(a) Phase diagrams (HC2(T) vs  T) for the Pb films with different particle sizes 
(dXRD) (b) Plot of the deviation from the BCS relation (HC2(T)/HC0 – [1-(T/Tc)2]) vs 
reduced temperature (T/Tc). Films with particle size (dXRD) less than 20nm show a 
considerable deviation from the BCS relation 



 

To understand this we try to correlate our results with the theoretical work of Fenton and 

Leavens on the variation of Tc with particle size in small Pb particles. They numerically 

solved the detailed Eliashberg theory for a 5nm Pb nanoparticle assuming the electron-

phonon coupling strength of the bulk to be the same as that of the surface. Their simulations 

yielded no change in Tc of Pb nanoparticles from its bulk value when there was a 5% increase 

in ∆ . However, it must be pointed out that, experimentally it is very difficult to detect a 5% 

increase in ∆. In fact, in our measurements there is an error of about 5% in the ∆ values. They 

have neglected any changes in the electronic density of states arising from the discretization 

of energy levels and also argued that the effect of the quantization of the phonon wave vector 

(which would increase the lower cut-off for the phonon frequency contributing to the phonon 

spectrum and hence λ ), is negligible in this size regime. Under these approximations, their 

calculations match qualitatively our observed variation of Tc and ∆(0) with decreasing 

particle size , though we observe a higher (>5%) increase in ∆ as particle size is reduced from 

60 to 7nm. However, it remains to be understood why the electron phonon coupling strength 

of the surface should equal that of the bulk and whether this is related to the fact that Pb is a 

strong coupling superconductor in the bulk,  since the Tc shows a large change with particle 

size for weak coupling and intermediate coupling superconductors. 

Another plausible explanation for the observed null size effect on Tc could be due to 

the opposing influences of the phonon softening mechanism and quantum size effects. Fenton 

and Leavens had neglected the quantization of the electronic wave vector arising from the 

discretization of the energy levels with decreasing particle size. However, this effect cannot 

be altogether neglected since the Anderson criterion originates from it and the Anderson 

criterion actually predicts a destabilization of Tc at 5nm in Pb (which is also experimentally 

observed). Also we have seen from our measurements of Tc and ∆ in nanostructured Nb that 

the quantum size effect plays a dominant role in influencing Tc by decreasing the density of 

states at the Fermi level for small particles. Therefore, it is possible that the phonon softening 

effect (which increases Tc) is exactly offset by the quantum size effect (which decreases Tc) 

with decrease in particle size.  

It is also possible for the increase in the lower cut-off for the phonon frequency to 

offset the effect of phonon softening, thereby leading to a size independent Tc (till dXRD ~ 

14nm). Below dXRD = 14nm, quantum size effects start dominating and Tc gets suppressed. 

Thus, our results indicate that all the three mechanisms, namely phonon softening, quantum 
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size effect due to discretization of the electronic wave vector and phonon wave vector can 

influence Tc for small particles in the strong coupling superconductor, Pb.  

However, to understand the observed small variation in Tc below 14nm, one requires 

more detailed theoretical work that incorporates the contribution from both the phonon 

softening and quantum size effects to Tc in small particles of strong coupling 

superconductors. 

 

4.4.2 Enhancement of HC2 with decreasing particle size 

Bulk Pb is known to be a Type I superconductor. However, with decreasing particle size, the 

coherence length (ξGL(0)) for a “dirty” (leff  << ξ0) superconductor decreases. Since 

, the mean free path (l( ) 2/1
0)0( effGL lξξ ≈ eff) and hence the coherence length decreases with 

decreasing particle size. The parameter which is used to distinguish Type I and Type II 

superconductors is the Ginzburg Landau parameter, κ = λL/ξ0, where λL is the penetration 

depth and ξ0 is the intrinsic coherence length. By convention, Type I superconductors 

correspond to κ < 1/2, whereas Type I superconductors correspond to  κ ≥ 1/2. 

Figure 4.19: Four quadrant M-H loop at T = 5K for the Pb film with particle size 
(dXRD) = 41nm.  

  With decreasing particle size or increasing disorder, there is a decrease in the 

coherence length (ξGl) and κ increases. Thus, Pb may start to behave as a Type II 

superconductor at small particle sizes. This can be experimentally confirmed from the 

hysteresis observed in the magnetization vs magnetic field (M-H) loop, measured in a 
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Figure 4.21: Variation of the upper critical field (HC2(0)) with particle size (dXRD). Note 
that there is an enhancement of 3.2 times in the HC2 of the film at the smallest particle size 
(dXRD = 9nm) as compared to that of the largest particle size film (dXRD = 60nm)  

(d) (c) 

(b) (a) 

Figure 4.20: Resistance (R) vs applied magnetic field (H) at different temperatures for the 
nanostructured Pb films with particle sizes (dXRD) = 40nm, 18nm, 14nm and 10nm. 



 

 

Vibrating sample magnetometer (VSM). Such hysteresis is characteristic of a Type II “dirty 

superconductor”.1 Fig. 4.19 shows the hysteresis observed in the M-H loop for the film with 

dXRD = 40nm. Since, all our Pb films are in the “dirty limit” (i.e. leff < ξo) the effective 

coherence length (ξGL(0)) for the bulk films (dXRD > 20nm) also gets reduced from the bulk 

coherence length of 38nm. Thus, all our nanostructured Pb films (with dXRD between 60 to 

5nm) behave as Type II superconductors. Hence, we will refer to the critical field measured 

as the upper critical field (HC2) for these nanostructured Pb films. 

The HC2 was obtained from magneto-transport measurements using the standard four 

probe method. Resistance of the Pb films was measured as a function of the magnetic field at 

fixed temperatures (T) below Tc. HC2 was taken to be the field at which the resistance dropped 

to 90% of the normal state resistance. Fig. 4.20 (a)-(d) shows the isothermal plots of R vs H 

for the film with dXRD = 40nm, 18nm, 14nm and 10nm respectively. The H-T phase diagrams 

were plotted for the films with different particle sizes (Fig. 4.18(a)). The curves were fitted to 

Eq. 4.1 to obtain HC0 which denotes the upper critical field at zero temperature. The variation 

of HC0 with particle size is plotted in Fig. 4.21. There is a remarkable (3.6 times) 

enhancement as the particle size is reduced from 60 nm to 7nm. Note also that there is a 

monotonic increase in HC2 in nanostructured Pb, contrary to nanostructured Nb where we had 

observed a non-monotonic variation of HC2 with reduction in particle size. The Ginzburg 

Landau coherence length ξGL(0) and the mean free paths (leff) were evaluated in the case of 

nano Nb from the following two expressions,  

( ) [ 2/1
20 2/0 CGL Hπφξ = ]                                                                                            (4.2) 

( ) ( ) 2/1
085.00 effGL lξξ ≈                                                                                              (4.3) 

where ξo for Pb is taken as 80nm. The experimental values of HC2 and Tc and the calculated 

values of ξGL(0) and leff for the films with different dXRD are tabulated in Table 4.5. 

To understand why the nature of variation of HC2 with particle size is qualitatively 

different in Pb and Nb, we refer back to the variation of the HC2 with leff as determined from 

the WHH theory19. According to this theory for “dirty superconductors” (leff < ξo):  

[ ] NcC NTH ρ)0(2 ∝                                                                                                    (4.4) 

where N(0) is the density of states at the Fermi level and ρN is the normal state resistivity. 

With decreasing particle size, leff is expected to decrease and hence ρN should increase due to 

increased grain boundary scattering.  
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Since ρN increases with decreasing particle size, Eq. 4.4 implies an increase in HC2 

with decreasing particle size as long as there is no appreciable change in the product of Tc and 

N(0). We expect quantum size effects to become pronounced at low particle sizes, which 

should decr

effects of p

decrease in

the case of 

from 60nm 

nanostructu

decrease in

with reduct

dXRD (nm) Tc (K) HC2(0) (T) ξGL(0) (nm) leff (nm) 

60 7.24 1.62 11.48 1.94 

41 7.23 1.57 11.51 1.95 

18 7.2 2.472 9.69 1.38 

14 7.14 3.18 8.41 1.04 

10 6.94 4.637 7.14 0.75 

7 6.41 5.766 6.46 0.61 

5 0 0 - - 
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Table 4.5: Particle size dependence of Tc, HC2, ξ0 and leff of nanostructured Pb 
films 
ease N(0). However, we have seen in Section 4.4.1 that due to the competing 

honon softening and quantum size effects, we observe only a small (~10%) 

 Tc as dXRD reduces from 60 nm to 7nm in nanostructured Pb. This is contrary to 

nanostructured Nb where there is an almost 50% decrease in Tc as dXRD reduces 

to 8nm, which causes a decrease in HC2 at low enough particle size. Therefore, in 

red Pb, the increase in ρN with decreasing particle size overrides the small 

 the product Tc and N(0) and hence causes HC2 to only increase monotonically 

ion in particle size till the system finally becomes non-superconducting. 

usions 
red Pb films were synthesized by high pressure DC magnetron sputtering with 

 particle size ranging between 5 and 60nm. Pb shows no change in Tc as particle 

ced from 60 to 14nm and thereafter a 10% decrease as particle size is reduced 

 7nm. Below 7nm, the films are non-superconducting, as predicted from the 

riterion. Measurements of the superconducting energy gap and the critical fields 

ctured Pb indicate a deviation from the weak coupling BCS behaviour. This is 

f the fact that the electron phonon coupling strength increases with reduction in 
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particle size in nanostructured Pb. This shows that the phonon softening mechanism is 

efffective in this system. This should have led to an increase in Tc with reduction in particle 

size. However, this effect appears to be almost exactly offset by the quantum size effects 

(which is pronounced below dXRD < 20nm) that tends to decrease Tc. These competing effects 

cause only a 10% decrease in Tc as the particle size is reduced from 60 to 7nm. Below 7nm, 

quantum size effects dominate and superconductivity is destroyed, consistent with the 

Anderson criterion.  

Nanostructured Pb films show a 3.6 times enhancement of the upper critical field as 

the particle size is reduced from 60 to 7nm. The monotonic enhancement in HC2 with 

reducing particle size is contradictory to what was observed in nanostructured Nb. This is 

because Pb shows a very small decrease in Tc with reduction in particle size. Therefore, 

though the density of states [N(0)] decreases for small particle sizes due to quantum size 

effects, the decrease in the product of Tc and N(0) is not substantial enough to override the 

effect of the decrease in the mean free path with decreasing particle sizes. This explains the 

observed monotonic increase (3.6 times from the HC2 of the bulk Pb film) in HC2 as particle 

size is reduced from 60 to 7nm in nanostructured Pb films. 

 
 
 

 141



 

Appendix 4.1 
 

Fitting of the temperature dependence of the spectra (G(V)/GN vs 

V) for the nanostructured Pb films using the tunneling theory for 

a normal metal-insulator-superconductor junction (when the 

junction is in the tunneling regime) and the BTK theory (when 

the junction is in the point contact regime). 

 
In the tunneling regime, the current-voltage curves are simulated using the expression for 

thetunneling current given by: 

[ dEEfeVEfENNTAI SN )()()()0(2 −−∝ ∫
∞

∞−

]

)

                                                           (A4.1.1) 

Here, |T| is the transmitivity of the junction, NS(E) is the density of states of the 

superconductor and NN(E) is the density of states at the Fermi level of the normal metal 

which is taken as constant. ( )( 1/exp
1)(

+−
=

kTeVE
Ef  is the Fermi distribution function. 

NS(E) satisfies the condition: 

( ) 22
)(

∆−Γ+

Γ+
=

iE

iEENS       E>∆                                                                                (A4.1.2) 

          = 0                        otherwise 

Here, Γ = 1/τ, is the broadening parameter. 

Hence, to simulate the I-V curves for a given temperature (T) (using equations A4.1.1 and 

A4.1.2), ∆(Τ) and Γ(Τ) are taken as the fitting parameters. The simulated I-V data for a given 

∆(T) and Γ(T), is then differentiated to obtain G(V)=dI/dV which is divided by dI/dV 

obtained for a high bias voltage (V>>∆/e). This gives the simulated G(V)/GN as a function of 

bias voltage (V) and is used to fit the experimental  spectrum (G(V)/GN vs V) in the tunneling 

regime. 
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In the point contact regime, the current-voltage curves are simulated using the expression of 

Andreev reflection current flowing through a ballistic point contact of a normal metal and a 

superconductor given by: 

( ) ( )[ ] ( ) ( )[∫
∞

∞−

−+−−∝ dEEBEATEfTeVEfvNVI F 1,,)0()( ]

)

                                      (A4.1.3) 

Here, vF is the Fermi velocity, N(0) is the density of states at the Fermi level of the normal 

metal, f(E) is the Fermi distribution function and the coefficients A(E) and B(E) are given by: 

( )(
2

2222

)(
γ

ηβηα ++
=EA                                                                                          (A4.1.4) 

( )[ ] ( )[ ]
2

22
2 22)(

γ
βαηηβα −++−−

=
ZZZEB                                                       (A4.1.5) 

Where the coefficients α, β, γ, η can be expressed in terms of the Bogoliubov coherence 

                                                                                             (A4.1.6)  

factors, u and v given by: 

ηα iu +=2                        

ηβ iv −=2                                                                                                                      (A4.1.7) 

( ) 22 Zv−                                                                                                       (A4.1.8) 22 uu +=γ

The Bogoliubov coherence factors are given by: 

( ) 22 11
2

v
iE

u −=
⎥
⎥

⎦⎢
⎢

⎣
Γ+

+=                                                                             (A4.1.9)  

Using the above equations (A4.1.3 to A4.1.9), the I-V curves are simulated for a given 

221 iE ⎤⎡ ∆−Γ+

temperature (T) with ∆(T), Γ(T) and Z as the fitting parameters. This simulated curve is then 

differentiated to obtain G(V)=dI/dV which is divided by dI/dV obtained for a large bias 

voltage (V>>∆/e). This gives G(V)/GN as a function of bias voltage (V) and is used to fit the 

experimental spectrum (G(V)/GN vs V) in the point contact regime. 
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able A4.1: Fitting parameters used for fitting in the point contact regime 

 
Temperature Barrier parameter Energy Gap (∆) Broadening parameter (Γ) 

T
Particle size (dXRD) = 60nm; Tc = 7.25K 

 

(K) (Z) meV meV 
4.3 0.55 1.35 0.06 
5.0 0.561 

 
 

  

1.20 0.04 
5.93 0.57 0.89 0.03 
6.35 0.6 

 
0.8 0.012

6.65 0.61 0.7 0.014 
7.0 

 
0.615 0.45 0.011 

7.18 0.62 0.1 0.01 
 

` 

 
Table A4.2: Fitting parameters used for fitting in the point contact regime 

Temperature Barrier parameter Energy Gap (∆) Broadening parameter (Γ) 

Particle size (dXRD) = 25nm; Tc = 7.25K 
 

(K) (Z) meV meV 
4.3 0.56 1.38 0.25 
4.7 0.571 

 
 

1.22 0.25 
5.4 0.56 1.1 

 
0.28 

5.95 0.56 0.97 0.28 
6.51 0.557 0.74 0.25 
6.69 0.55 0.62 0.20 
6.97 0.56 0.42 0.16 
7.16 0.56 0.15 0.16 
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Table A.4.3: Fitting parameters used for fitting in the tunneling regime 
Particle size (dXRD) = 18nm; Tc = 7.2K 

 
Temperature 
(K) 

Barrier parameter 
(Z) 

Energy Gap (∆) 
meV 

Broadening parameter (Γ) 
meV 

4.3 - 1.33 0.1 
4.95 - 1.25 0.09 
5.3 - 1.18 0.22 
5.7 - 1.12 0.12 
6.5 - 0.86 0.3 
6.67 - 0.75 0.3 
6.85 - 0.62 0.3 
6.95 - 0.55 0.53 
 
 
Table A4.4: Fitting parameters used for fitting in the point contact regime 
Particle size (dXRD) = 15nm; Tc = 7.18K  
 
Temperature 
(K) 

Barrier parameter 
(Z) 

Energy Gap (∆) 
meV 

Broadening parameter (Γ) 
meV 

4.3 0.35 1.38 0.08 
4.65 0.35 1.35 0.1 
5.04 0.36 1.3 0.09 
5.84 0.32 1.15 0.18 
6.63 0.3 0.75 0.21 
6.8 0.3 0.6 0.22 
6.9 0.33 0.53 0.21 
7.02 0.325 0.38 0.20 

 

Table A4.5: Fitting parameters used for fitting in the tunneling regime 
Particle size (dXRD) = 11nm; Tc = 7.0K 

 
Temperature 
(K) 

Barrier parameter 
(Z) 

Energy Gap (∆) 
meV 

Broadening parameter (Γ) 
meV 

4.3 - 1.44 0.25 
5.04 - 1.28 0.27 
5.4 - 1.32 0.35 
5.76 - 1.25 0.33 
6.12 - 1.1 0.31 
6.5 - 0.87 0.29 
6.66 - 0.69 0.26 
6.93 - 0.3 0.23 
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Chapter 5 
 
Superconducting Proximity Effect in Biphasic 

Nanostructured Systems 
 

5.1 Introduction 
It is well known that when a superconductor and a normal metal are in good electrical 

contact, the microscopic mechanism of Andreev reflection1 leads to a leakage of Cooper pairs 

and phase coherence into the normal metal. At the same time, unpaired electrons from the 

normal metal diffusing into the superconductor have a strong influence on the properties of 

the latter. This is the classic superconducting proximity effect (SPE), which leads to 

superconductivity being weakened in the superconductor and induced in the normal metal. It 

is well described within the framework of the de Gennes –Werthamer model2,3as discussed in 

Section 1.3. There are a large number of studies of SPE in bilayers and multilayers (with 

alternating superconducting and normal metal layers) with the thickness of each component 

being less than its respective coherence length. However, our understanding is much more 

limited for the case of nanometer scale superconducting particles embedded in a metallic 

(normal or superconducting) matrix. In such cases, besides the constraint of size, the matrix 

may also play a crucial role in dictating the onset of superconducting transition. We may 

expect the superconducting properties of such multi-component systems to be controlled by 

superconducting proximity effect (SPE)4, , , ,5 6 7 8 when the size of the superconducting particles 

is less than the coherence length.  

Random three dimensional dispersions of granular superconductors have been studied 

in the past with respect to percolation theory.9 However, such granular systems consist of 

superconducting particles in an insulating matrix and do not involve proximity effect. A few 

of the earlier reports on random mixtures of superconducting particles in normal (conducting) 

matrices,10 involve the theory of Hsiang11 et al., who have estimated the superconducting 

transition temperature (Tc) of clean SNS junctions in the thick limit, in which the Tc is a 

function of the critical current density Jc. There is a very recent report on a 3D random 

mixture of a strongly coupled superconductor (Pb) and normal metal (Cu), in which the 

particles of both the components are smaller than their respective coherence lengths.12 The 

authors have shown that in this case it is justified in replacing the ratio of the thicknesses of 
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the superconductor and normal metal (dS/dN) in the de Gennes-Werthamer theory by the ratio 

of the volume fractions of the two components. There are a few other reports of the 

superconducting behavior of nanometric dispersions of metallic particles in conducting 

matrices.13, ,14 15 Tsai et al  have discussed the influence of the matrix phase on the 

superconducting properties of the dispersion and suggested that proximity effect can be a 

possible reason for the observed decrease in Tc. However, there was no quantitative 

explanation of the data with respect to proximity effect. Clearly, it is important to explore in 

further detail the behavior of such random dispersions. 

We wanted to determine whether, if the theory of SPE for bilayers and multilayers is 

at all valid in such random dispersions. If it is, then which are the relevant parameters that 

determine the Tc in such systems? With this in mind, we carried out a study of the 

superconducting properties in two different types of 3D random mixture systems as a 

function of component fraction and particle size. The first system consists of 3D 

nanocomposite films of randomly interdispersed Pb and Ag nanoparticles. Here, we have 

tried to understand the evolution of Tc as a function of the ratio of the volume fractions of the 

two components. The second system consists of Pb/Sn biphasic nanoparticles randomly 

distributed in an Al matrix. Here, again we have invoked the modified theory of SPE to 

explain the observed Tc of the system. 

 

5.2 Superconducting / normal metal nanocomposites – Random 

distribution of Pb and Ag nanoparticles 
5.2.1 Synthesis and Structural Characterization 

The Pb/Ag nanocomposites have been prepared by co-sputtering of the two elements, using 

an axial magnetron gun in a vertical geometry (bottom-up) as shown in Fig. 5.1.1. Initially 

we mounted a silver target (99.999% pure from Kurt and Lesker Co.) on the sputtering gun 

and kept small rectangular (~1cm×0.5cm) pieces of Pb (cut from a Pb sheet, 99.99%) on the 

annular ring of the Ag target, from where the rate of sputtering is the highest. P-type Si (100) 

wafers were used as substrates. By keeping the pressure of the Ar gas as high as ~0.1mbar, 

we could control the particle sizes of Pb and Ag such that they remained lower than the 

coherence length of Pb (~80nm). It was however difficult to independently control both 

particle size and the composition of the two elements in the films. Also in this geometry, we 

could not grow Pb-Ag nanocomposite films with more than 25 atomic % of Pb (even when 

the Pb pieces almost covered the annular ring). Hence, to increase the Pb:Ag ratio in the 
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Figure 5.1.1: Picture of the sputtering chamber used for the synthesizing the Pb-
Ag nanocomposite films. 

films, we used a commercial Pb target (99.999% pure from Kurt and Lesker Co.) with small 

pieces (~1cm × 0.5cm) of Ag (99.99% pure) placed on the annular ring on Pb. As before, the 

pressure of the Ar gas and the amount of the Ag pieces were varied to control the particle size 

and the composition of the films. The substrate was kept at room temperature for all 

depositions. We also employed a liquid nitrogen trap (prior to deposition) to improve the base 

vacuum and also condense out any residual oxygen. We also used a Ti wire in the deposition 

chamber which was kept red hot during deposition. This acted as a getter and absorbed any 

residual oxygen present in the chamber and in the Ar gas. The above two steps were essential 

to prevent oxide formation. The sputtering conditions of the Pb-Ag nanocomposite films and 

the relative compositions of Pb and Ag are given in Table 5.1.1.  

The composition of the as-deposited films was determined from Energy Dispersive X-

ray Absorption (EDX) done in a JEOL JSM-840 SEM. The EDX was done from 5 different 

regions of the films and the composition differed by 2-3%, showing that the films were 

homogenous. Elemental mapping confirmed a uniform distribution of Pb and Ag in all the 

samples. The average composition (from EDX) of the different nancomposite Pb-Ag films 

was in the range of Pb(9%)-Ag(91%) to Pb(100%), as shown in Table 5.1.1.  

The films were further characterized by X-ray Diffraction (XRD). The XRD patterns 

of some of the films are shown in Fig. 5.1.2. The XRD spectra do not show the 
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Sample 

Gas 

 Pressure 

(mbar) 

Voltage 

(V) 

Current 

(mamp)

Time of deposition

(minutes) 

Atomic ratio 

(Pb:Ag) 

PbAg01 0.027 260 25 5 100 : 0 

PbAg12 0.180 230 55 5 93 : 7 

PbAg16 0.250 235 35 10 86 : 14 

PbAg14 0.260 220 40 10 84 : 16 

PbAg06 0.270 270 100 10 81 : 19 

PbAg05 0.089 300 100 10 75 : 25 

PbAg10 0.130 280 60 10 67 : 33 

PbAg07 0.260 260 80 10 64 : 26 

PbAg02 0.059 300 45 5 63 : 27 

PbAg03 0.066 340 50 5 16 : 84 

PbAg04 0.026 340 54 10 9 : 91 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample 
Atomic ratio 

(Pb:Ag) 
PS/PN Tc(K)

Particle size

of Pb (nm) 

Particle size 

of Ag (nm) 

PbAg01 100 : 0 100 7.25 50 no XRD line 

PbAg12 93 : 7 23.68 7.0 39 -do- 

PbAg16 86 : 14 10.95 6.65 27 -do- 

PbAg14 84 : 16 9.35 6.52 21 -do- 

PbAg06 81 : 19 7.59 6.4 45 -do- 

PbAg05 75 : 25 5.34 6.1 21 5.4 

PbAg10 67 : 33 3.62 5.4 56 11 

PbAg07 64 : 26 3.16 5.2 23 7 

PbAg02 63 : 27 3.04 5.1 26 19 

PbAg03 16 : 84 0.33 - 18 11 

PbAg04 9 : 91 0.18 - no XRD line 6 

Table 5.1.1: List of samples studied with their composition (obtained from EDX), and 
sputtering conditions 

Table 5.1.2: List of samples studied with their composition (obtained from EDX), volume 
fraction (PS/PN) and Tc
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presence of any impurity phase. The particle size was determined from an x-ray line profile 

analysis (after Rachinger correction and instrumental broadening) using the WINFIT 

software which corrected for the strain in the films. Films with particle sizes greater than 

80nm were discarded for further studies since we required the particle size to be lower than 

the coherence length of Pb to invoke the theory of proximity effect. The particle size of Pb 

(DPb) varied between 20-60nm and that of Ag (DAg) varied between 7-25nm. The particle 

sizes, strains and relative composition of Pb and Ag is given in Table 5.1.2. The film 

thickness was typically between 200 and 500nm implies that the films were three 

dimensional dispersions. X-ray line profile analysis showed that there was a 15-20% 

dispersion about the mean particle size. This is therefore the upper limit to the size 

distribution.  

Figure 5.1.2: Representative XRD pattern of some of the Pb-Ag nanocomposite 
films. The composition of Pb denoted is the atomic %.

The homogeneity, particle sizes and the size distribution in the nanocomposite films 

were further examined using scanning electron microscopy (SEM) and atomic force 

microscopy (AFM). The SEM images were obtained using a Zeiss Ultra 55 field emission 

scanning electron microscope (FE-SEM) based on a Gemini lens while the AFM images were 

obtained from a Digital Instruments multimode scanning probe microscope (SPM).  The 

Zeiss FE-SEM has an energy selective back scatter detector (ESB) in addition to the in-lens 

secondary electron (SEI) detector. The ESB detector gives local compositional information 

since it provides contrast between elements with different atomic numbers. This is important 

for the Pb-Ag nanocomposite films as it helps in understanding if Pb and Ag nanoparticles 

form a random mixture at the microscopic level. A typical, low-resolution SEM image of a 
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(b) 

Figure 5.1.3: SEM image (×100,000) of a Pb-Ag nanocomposite sample with 63 at % 
Pb, showing perfectly uniform microstructure, obtained using (a) a normal (in-lens) 
secondary electron (SEI) detector, and (b) an energy selective backscatter (ESB) 
detector. The ESB image (b) shows only the Pb nanoparticles. 

(b) 

Figure 5.1.4: SEM image (×100,000) of a Pb-Ag nanocomposite sample with 81 at % 
Pb, showing perfectly uniform microstructure, obtained using (a) a normal (in-lens) 
secondary electron (SEI) detector, and (b) an energy selective backscatter (ESB) 
detector. The ESB image (b) shows only the Pb nanoparticles. 

(b) 

51nm

(a) 

(a) 

(a) 

Figure 5.1.5(a): High resolution energy selective back scattered (ESB) SEM image of 
the Pb-Ag nanocomposite with 81% Pb. (b) Line profile taken across three garins (as 
shown by the line in (a)) to find the particle size of Pb nanoparticle



 

sample with 63 at % Pb was obtained using the in-lens SEI detector [Fig. 5.1.3(a)]. The 

image shows uniform microstructure with a narrow particle size distribution. However, this 

image does not allow one to distinguish between Pb and Ag particles. A compositional image 

of the nanoscale two-phase dispersion was obtained using the ESB detector, also operated at 

a relatively low voltage (~1.8 kV). Fig. 5.1.3(b) shows an ESB image of the same region as 

Fig. 5.1.3(a), but the Pb and Ag particles here display different contrasts. It is clear that the 

Pb nanoparticles (showing lighter contrast) are intimately mixed with the Ag particles, which 

have much darker contrast and are virtually invisible. Similar SEM images of the sample with 

81 at % Pb are shown in Fig. 5.1.4. As before, Fig. 5.1.4(b) is an ESB image showing 

elemental contrast. It is apparent from Figs. 5.1.3(a) and 5.1.4(a) that the nanoparticles are 

largely aggregated into small clusters. Since, the particles in sputter deposited films lie close 

to each other and are stacked together to form 3D films, often in low resolution SEM and 

AFM images, they appear as a cluster having a size larger than the primary particle size. This 

is the reason why the particle sizes as determined from XRD may appear smaller than those 

seen in the SEM image. Also the size distribution appears larger than it actually is as seen 

from low resolution image. Hence, to get an estimate of the proper particle size and size 

distribution a high resolution image needs to be analyzed. We carried a detailed analysis of 

the high resolution SEM images (using ImageJ and WSxM software) of the nanocomposite 

films. Shown in Fig. 5.1.5(a) is the high resolution SEM image with 81% of Pb. Taking a line 

profile over three particles (shown by the line in the image) gives a particle size ~ 50nm (Fig 
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Figure 5.1.6: Particle size distribution obtained from high resolution SEM images 
for two representative nanocomposite samples: with 63 atomic % Pb (left) and 81 
atomic % Pb (right). The standard distribution is typically about 15% of the mean.  
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5.1.5(b)). We have used the ESB image to do the analysis since the normal SEM image 

cannot distinguish between the Pb and Ag particles. Since the Ag particle size is less than that 

of Pb, analyzing the normal SEM image will give wrong information of the particle size and 

its distribution. The size distribution is around 15-20% as can be seen from the histogram plot 

obtained from a particle size analysis of the image for the film with 63% of Pb (Fig. 5.1.6, 

left) and for the film with 81% of Pb (Fig. 5.1.6, right). A comparison of Fig 5.1.6 and Table 

5.1.2 shows that the coherently diffracting x-ray domain size matches quite well with the 

mean primary particle size obtained from SEM.  

 
5.2.2 Results and Discussions 

The superconducting transition temperature (Tc) of the nanocomposite films was measured by 

the planar coil ac susceptibility technique. Though it does not provide the absolute value of 

the diamagnetic moment, it is a very sensitive technique to determine the superconducting 

properties of thin films. The temperature at which the real part of the susceptibility (χ′) 

deviated from zero was identified as the Tc. Independent measurements show that this 

temperature matches closely with that at which the electrical resistivity vanishes and a 

macroscopic critical current density (Jc) can be sustained in the sample. Fig 5.1.7(a) shows 

the temperature dependence of the real part of the ac-susceptibility (χ′) measured by the 

planar coil technique for nanocomposite samples with different compositions. There was a 

decrease in Tc from the bulk value of 7.2K to 5.1K in the nanocomposite films as the atomic 

% of Pb changed from 100 to 63%. Films with < 20% of Pb were non-superconducting. To 

see if Tc is dependent on the particle size of Pb, we grew films with approximately the same 

Figure 5.1.7 (a): Temperature dependence of the real part of the ac-susceptibility for 
the Pb-Ag nanocomposites with varying volume % of Pb (indicated in figure).  
(b) Variation of Tc with the volume % of Pb in the nanocomposite samples. 
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Figure 5.1.8: Temperature dependence of the real part of the ac-susceptibility for the 
Pb-Ag nanocomposites with the same Pb/Ag ratio but different particle sizes. 

Pb fraction (~85%) but with the particle size of Pb (DPb) varying between 20 to 60nm. The Tc 

was found to remain the same (~6.7K) in this size range (Fig. 5.1.8). In a separate study16 of 

particle size effects in pure nanocrystalline Pb as discussed in chapter 4, we found that Tc 

does not change down to a size of 14 nm, in conformity with existing data as well as Fig. 

5.1.8. Fig. 5.1.7(b)) shows that the Tc decreases monotonically with decreasing volume 

concentration of Pb. Hence, it is the ratio of the volume fractions of the two components in 

the nanocomposites and not the particle size that plays the dominant role in controlling Tc. 

Expectedly, we also found that if particle size of Pb is greater than 80nm (coherence length of 

pure Pb), the corresponding Tc remains the same as that of bulk Pb (≈ 7.25 K). 

To understand our observations on the variation of Tc with the volume fraction of the 

superconducting and normal components, we adopt an approach similar to that of Sternfeld et 

al11 for the case of the Pb-Cu system. Following this approach, we substitute the ratio of the 

thickness of the superconductor and the normal metal in the SPE formalism for bilayers and 

multilayers, by the ratio of the volume fractions of the two components in the nanocomposite 

system (say, PS and PN). Thus, the modified expression for Tc is: 

 ( )
VN
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T S
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)0(
114.1ln α+
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⎠

⎞
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in the weak coupling limit (λ < 1), where ΘD is the Debye temperature, and: 
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in the strong coupling limit (λ >1).  
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Here α = NN(0)/NS(0), where NN(0) and NS(0) are the density of states at the Fermi 

energy for the normal metal and the superconductor respectively, while λN, ΘN, λS and ΘS are 

the electron phonon coupling constants and the Debye temperatures of the normal metal and 

the superconductor, respectively. V is the inter-electron attractive potential due to phononic 

interaction and µ is the effective electron-electron repulsion term.  

Theoretical curves for Tc vs PS/PN the strong and weak coupling limits were calculated 

using the following parameters from literature: ΘPb = 105K, ΘAg = 215K,17 µ = 0.11, NPb(0) = 

0.276N0, NAg(0) = 0.098N0,18  λPb = 1.013, and λAg = −0.018, where N0 is the Avagadro 

number. The value of NPb(0)V = 0.355 was obtained from the weak coupling BCS 

expression19 for Tc: ( )VNTc )0(1exp14.1 −Θ= , and taking Tc (Pb) = 7.25 K. λAg has been 

taken from the work of Kouh and Valles,20 who studied SPE in quench condensed Pb/Ag 

bilayers. Their data on the variation of Tc with bilayer thickness could be fitted to SPE theory 

only if the electron-phonon coupling for Ag was taken to be slightly repulsive.   

Fig. 5.1.9 depicts our experimental data points and the calculated curves for the weak 

and strong coupling limits, shown respectively as a solid line and a dotted line. Though Pb is 

a well known strong coupling superconductor with λ > 1, our nanocomposite data fits better 

with the theoretical curve for the weak coupling case. Thus, in such random mixtures of Pb 

and Ag nanoparticles, the weaker electron phonon interaction in Ag compared to Pb appears 

to influence the interaction of the superconducting electrons with the lattice in the Pb 

nanoparticles. Such weak-coupling behavior of Pb has not been observed in bilayers or 

multilayers of Pb with normal metals. On the other hand, for pure nanocrystalline Pb, there 

Figure 5.1.9: Variation of Tc with the ratio of the volume fractions of Pb (PS) and Ag 
(PN). The accuracy of measuring either Tc or PS/PN are no larger than the size of the 
data points, shown by the open circles. The theoretical curves for the strong and weak 
coupling limits are shown by the green and red solid lines, respectively. 
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are reports showing that Pb tends to exhibit stronger coupling behavior with decreasing 

particle size.  

In summary, we have shown that the superconducting transition temperature in a co-

sputtered, randomly intermixed composite of Pb and Ag nanoparticles is controlled by the 

ratio of the volume fraction of the two components, in accordance with the predictions of 

proximity effect. The exact nature of the nanoparticle dispersion has been shown from high 

resolution electron microscopy data. The particle sizes corresponding to each phase should be 

smaller than the relevant coherence length for proximity effect to be observable. Quantum 

size effects due to the discretization of the energy bands are not important above ≈ 10nm. We 

further show that Pb behaves as a weak coupling superconductor when randomly distributed 

with a normal metal such as Ag. 

 

5.3 Biphasic superconducting nano particles (Pb-Sn) in bulk 

superconducting (Al) matrix 
5.3.1 Synthesis and measurement of structural and superconducting properties 

The nanocrystalline Pb-Sn alloy (in nominally equi-atomic proportion) embedded in an Al 

matrix was prepared by rapid quenching of the ternary melt containing high purity (99.99%) 

Al, Pb and Sn metals. The as-cast alloy was prepared by melting the metals in an alumina 

crucible using a 12 kW induction furnace. For rapid solidification, the ternary alloy melt was 

ejected through a 0.5 mm quartz nozzle onto the surface of a polished copper wheel rotating 

with a velocity of 24 m/s. The sample thus obtained was in the form of ribbons of 60 µm 

thickness and 2.5 mm width. The melt phase separates during cooling through the ternary 

Figure 5.2.1: Binary phase diagram of Pb-Sn  
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miscibility gap yielding nanodroplets of Pb-Sn binary melt. The equilibrium lead-tin phase 

diagram (Fig. 5.2.1) shows the presence of face centered cubic Pb and body centered 

tetragonal β-Sn at the two ends. These phases evolve from the melt by a eutectic reaction, 

which corresponds to a temperature of 183.3oC and a composition of Pb-73.9at% Sn.21 The 

solid solubility of both Pb and Sn in Al is less than 0.1 mass% at the binary eutectic 

temperature. The strategy for the synthesis of biphasic alloy nanoparticles of Pb-Sn 

embedded in an Al matrix relies on the fact that both Sn and Pb exhibit positive heat of 

mixing with Al, indicating a tendency toward repulsive interaction and subsequent phase 

separation in the liquid as well as in the Al-rich solid. The formation can be explained as 

follows. The first solid phase to form in the nanodroplet is Pb, which undergoes 

heterogeneous nucleation on the surrounding Al matrix. The Pb phase catalyses the 

nucleation of Sn and the eutectic reaction and hence the bi-phasic nanoparticles of Pb-Sn is 

formed. The schematic of the formation of the nanodroplets of Pb-Sn from the ternary melt is 

shown in Fig. 5.2.2. 

Figure 5.2.2: Schematic of the formation of the Pb-Sn biphasic nanoparticles in 
Al matrix 

X-ray diffraction (XRD) using a JEOL JDX 8030 machine with CuKα radiation was 

used for phase identification. Fig. 5.2.3(a) shows the XRD data for the as-cast Pb-Sn alloy. 
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Figure 5.2.4 (a) Bright Field TEM image of the Pb-Sn nanoparticles in Al matrix  
(b) High resolution of the same region showing distinctly the bi-phasic 
nanoparticles of Pb-Sn. 

Pb 

Sn 

[001] Al (b) 

100 nm 

(a) 

Figure 5.2.3: X-ray diffraction data showing the presence of (a) Sn and Pb peaks in 
the as-cast alloy, and (b) Sn, Pb and Al reflections in the rapidly solidified sample. 

(b) 

(a) 



 

The XRD data for the rapidly solidified sample (Fig. 5.2.3(b)) indicate the presence of FCC 

Pb and tetragonal Sn phases in addition to FCC Al reflections. Detailed microstructural 

characterization of the sample was carried out using a JEOL 2000 FX-II transmission 

electron microscope (TEM) operating at 200 kV. The local composition was analyzed using 

energy dispersive x-ray absorption (EDX) (Oxford) attachment. A microstructural analysis of  

the rapidly solidified sample shows composite particles of Sn and Pb dispersed within the Al 

matrix. The typical morphology of the dispersion is shown in the bright field transmission 

electron micrograph (TEM) of Fig. 5.2.4(a). The biphasic particles can be seen more clearly 

in the TEM micrograph of Fig. 5.2.4(b). We observe that every particle has a distinct two-

phase contrast within it, clearly suggesting a composite substructure. Composition analysis 

using EDAX reveals the average composition of the particles to be 54 at% Pb + 46 at% Sn. 

The Pb-Sn biphasic nanoparticles form 2% by volume of the Al matrix. The size distribution 

of the Pb-Sn nanoparticles in the Al matrix, calculated using the Sigma-scan Pro software, is 

shown in Fig. 5.2.5. The peak of the distribution occurs at 20 nm. The distribution is 

markedly skewed and has a long tail at larger sizes. The volume-weighted mean is ≈ 100 nm.  

Figure 5.2.5: Size distribution histogram of the two phase Pb-Sn particles 
obtained from TEM data. 

An Oxford MagLab vibrating sample magnetometer (VSM) was used to investigate 

the superconducting properties of the samples via magnetization measurements under field-

cooled (FC) and zero field-cooled (ZFC) conditions as a function of temperature and applied 

magnetic field. The sample was first cooled down to the lowest temperature (typically 1.6 K) 

in zero field. The ZFC data was then recorded by warming the sample at the rate of 0.2 
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Kmin−1 up to 10K in the presence of the measuring field. Finally, the FC data was recorded 

while cooling the sample at the same rate and under the same field as during the ZFC cycle. 

 

5.3.2 Results and Discussions 

Fig. 5.2.6 shows the zero-field cooled magnetization (M) as a function of temperature (T) for 

the as-cast binary Pb-Sn alloy (of the same composition as the nanodispersed particles) 

measured at a low applied magnetic field (H) of 45G. The observed Tc of 6.9 K suggests the 

solid solution consists of a Pb-rich phase. This is consistent with the fact that there is a 

limited solubility of Sn in Pb under equilibrium conditions. The criterion for the 

determination of the superconducting transition temperature (Tc) from the magnetization 

measurements is to equate it with the temperature of the onset of the Meissner transition. Fig. 

5.2.7 shows the temperature dependence of the magnetization measured under ZFC 

conditions for the Pb-Sn biphasic particles nanodispersed in Al, measured at a low applied 

field of H = 45 G. The M-T data for nanodispersions in Al indicates a weak onset of 

superconducting transition at 3.1 K, which is much lower than the Tc of either Pb (7.2 K) or 

Sn (3.7 K).  

Figure 5.2.6: Temperature dependence of the low-field magnetization of the as-
cast alloy showing Tc = 6.9 K. 

Our results indicate a large reduction in the Tc of the nanodispersed system. The 

detailed TEM data do not show the formation of either metastable phases or large interphase 

boundaries which can be invoked to explain this reduction. Decrease in the Tc with 

decreasing particle size has been observed in some superconductors as discussed in Chapter 

3.22 However, in the case of Pb, recent measurements23 as well as our own data (chapter 4) 
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have established that a decrease in Tc can be expected only when the particle size is below ≈ 

10 nm. In the present situation, it is quite clear from the particle size distribution (Fig. 5.2.5) 

that the large majority of particles are well above this size. Hence, it is likely that some other 

mechanism is responsible for the large suppression of Tc. The biphasic (Pb/Sn) system 

nanodispersed in Al exhibited an onset of Tc of ~3.1K, which is much lower than the Tc of 

either bulk Pb (Tc = 7.25K) or Sn (Tc = 3.7K). Hence, the possibility of proximity effect 

between Pb and Sn alone cannot explain the observed Tc. We show that it is essential to take 

account of the effect of the Al matrix in proximity with the composite to explain our 

observations.  

We will first investigate how the proximity effect between Pb and Sn alone affects the 

Tc of the system. For a strong coupling superconductor in contact with a normal metal, as 

discussed in Section 1.3, the effective Tc predicted by proximity effect24 is: 

14.1ln1ln
ln * −−

Θ
=

λλ
λ

cT                                     (5.2.1) 

where Θ is the Debye temperature. <λ> is the effective electron phonon coupling strength 

and ( ) ( )λµλλ +−= 1** ; with µ* being the Coulomb pseudopotential term. Silvert has 

shown that for a strong coupling superconductor of thickness dS in contact with a normal 

metal or a superconductor with a lower Tc of thickness dN,  

NNSS
NNSS

NNNSSS
NdNd
NdNd

λβλβ
λλ

λ +=
+
+

=            (5.2.2) 

NNNSSS Θ+Θ=Θ lnlnln λβλβλ             (5.2.3) 

Figure 5.2.7: Temperature dependence of the low-field magnetization of the 
rapidly solidified sample (Pb/Sn nanoparticles in Al matrix) showing Tc = 3.1 K. 
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where: N
NNSS

SS
S NdNd

Nd ββ −=
+

= 1  

Here NS and NN are the densities of states at the Fermi level from obtained from the free 

Fo  average 

volume

e Al matrix is about 2% 

by volu

thick normal/superconducting metal (of lower Tc) and find out how proximity effect 

electron theory of the superconductor and the normal metal respectively. 

Figure 5.2.8: Variation of Tc with volume % of  Pb for the Pb/Sn nanocomposite 

r the Pb/Sn nanocomposites with 54 atomic% of Pb, we can find the

 per cent of each component within a single particle of a specific size and hence 

obtain the ratio of the length of the sides of each component within the particle assuming a 

cuboid geometry.  TEM study indicates that this estimation is reasonable. Assuming NN(Sn)= 

0.212N0 and NS(Pb)= 0.276N0 (N0 = Avagadro number), Tc was evaluated from (Eqs. 5.2.1-

5.2.3) for the Pb/Sn nanocomposite as a function of the volume% of Pb (see Fig. 5.2.8). It is 

also clear from the above equations that the Tc remains the same as long as dS/dN is constant 

(provided dS and dN are within the ‘Cooper limit’25). Fig. 5.2.8 indicates that for 57% by 

volume of Pb, the Tc for the Pb/Sn nanocomposite should be ≈ 6.16K, which is much higher 

than the observed value of 3.1K. Note also that the observed onset of Tc is even less than the 

lower of the Tc’s of the two components (Tc(Sn) = 3.7 K). Since such a situation is not 

predicted by proximity effect, it is clear that the Al matrix (Tc(Al) = 1.17 K) must 

significantly influence the effective onset of Tc of the entire system.  

We know that the total amount of Pb+Sn nanocomposite in th

me. For all practical purposes, the Al matrix can therefore be taken to be of infinite 

extent with respect to the Pb/Sn composite particles of average size ≈20nm. We can then 

compare this situation to the case where a thin superconducting metal is in contact with a 



 

influences the effective Tc of such a system. The proximity effect theory for a N/S interface in 

the thick clean limit has been worked out by Werthamer. For a thin superconducting metal of 

thickness DS in contact with a normal metal of infinite thickness, the Tc is given by: 

( )( ) [ ][ ] 2/1112/1 1/2cot12/ −−= −−− ttds ππ            (5.2.4) 
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 where and t = Tc/TcS is th redu ed temperatu , whe

or the en

superconducting layer. Here lS is the mean free path at low temperatures and vFS is the Fermi 

replace the thickness of the superconducting layer (d

superconductor. Obviously, when the particle size of Pb is very small, the Tc of the system 

tio of 54:46 by volume) dispersed in the Al matrix, where 

the Tc of the nanocomposite phase (reduced by proximity effect) is taken to be 6.16K, as 

e c re re Tc is the 

transition temperature f tire system and TcS is the transition temperature of the 

velocity for the superconducting layer. For simplicity, we first consider small 

superconducting particles of Pb dispersed randomly in an Al matrix (dilute limit). We assume 

that each Pb particle is smaller than its coherence length and compare this case to that of a 

thin superconducting layer in contact with a thick normal/superconducting layer. Here, we 

will tend towards the T

Figure 5.2.9: Variation of Tc for Pb-Sn nanocomposite in Al matrix. 

S) by the particle size of the dispersed 

c of the Al matrix (1.2K), as shown in Fig. 5.2.9. This is consistent 

with the results reported earlier. 

In the next step, we replace the single phase, dispersed superconductor (Pb) with the 

Pb/Sn composite phase (in the ra
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obtaine

e onset of Tc is from the 

Al mat

two distinct types of systems with random dispersions of superconductors 

and normal metals. The first system was a nanocomposite of Pb and Ag prepared by co-

ved a monotonic decrease of the superconducting transition temperature 

and w

d from Fig.5.2.5. Similarly, the Fermi velocity of the composite is taken as the 

weighted average of the Fermi velocities of Pb and Sn, and the mean free path is assumed to 

be limited by the particle size (i.e., lS ≈ DS). The resulting plot of Tc versus the particle size 

for the Pb/Sn nanocomposite dispersed in Al, is also shown in Fig. 5.2.9. It is clear that the 

distribution in particle size (as is the case in our system) will result in a distribution in the Tc. 

However, the actual onset of superconductivity is expected to be governed by the larger 

particles since the volume average lies close to 100nm. We do find a distribution in Tc, 

though the observed onset is slightly higher than that predicted from the theory. However, the 

prediction from proximity effect is quite accurate in view of the rather gross assumptions 

made in the estimation of the Fermi velocity and the mean free path. 

In summary, we have shown that the onset of superconducting transition (~3.1K) in a 

random dispersion of Pb-Sn biphasic nanoparticles in an Al matrix, is governed by the 

proximity of the metals to each other. The maximum influence on th

rix. The superconducting proximity effect as applicable to bilayers and multilayers can 

be invoked successfully to understand the observed superconducting transition in this 

complex system. 

 

5.4 Conclusions 
We have studied 

sputtering. We obser

(Tc) with the concentration of Pb in the nanocomposite films. This variation in Tc can be 

understood on the basis of the superconducting proximity effect which is valid for bilayers 

and multilayers if the ratio of the thickness of the superconductors and normal metal is 

replaced by the ratio of the volume fractions of the superconductor and normal metal 

nanoparticles. We have also observed that Pb, a strong coupling superconductor in the bulk, 

behaves as a weak coupling superconductor when randomly distributed with a normal metal.  
The second system studied is the biphasic nanoparticles of Pb-Sn randomly 

distributed in an Al matrix. This was prepared by rapid quenching of the ternary melt 

consisting of Al, Pb and Sn. The bi-phasic nanoparticles of Pb-Sn is equi-atomic proportion 

ere around 2% by volume of the Al matrix. The system showed a weak 

superconducting onset at a temperature of 3.1K which is much lower than the Tc of either Pb 

or Sn. This could be explained by invoking the theory of superconducting proximity effect as 
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valid for bilayers firstly between Pb and Sn and then between the biphasic (Pb/Sn) 

nanoparticles and the Al matrix. The distribution in particle size leads to a distribution in Tc 

as well. 
Thus, from the study of these two systems, we conclude that the theory of 

superconducting proximity effect is indeed valid for such random nano-dispersions of 

superconductors and normal metals. 
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Chapter 6 
 
Summary and Future Directions 
 

6.1 Summary 
In summary, the main goal of my thesis was to understand the mechanism of the evolution of 

superconductivity as a function of particle size in elemental nanostructured superconductors. 

Traditionally, finite size effects in superconductors have been attributed to two different 

mechanisms: (i) The discretization of energy levels arising from quantum size effects and (ii) 

the phonon softening at the surface of the superconducting nanoparticles due to reduced 

coordination number. The aim of my thesis was to study the possible interplay of these two 

effects in two distinct systems, namely, the intermediate-coupling superconductor Nb, and the 

strong-coupling superconductor Pb, in which the nature of the evolution of superconducting 

properties with decreasing particle size is quite different. 

Nb shows a 50% decrease in Tc from the bulk value of 9.4K as the particle size is 

reduced from 60 to 8nm, below which it becomes non-superconducting - consistent with the 

Anderson criterion. To understand the mechanism influencing Tc, we measured the 

superconducting energy gap of the nanostructured Nb films by point contact Andreev 

reflection spectroscopy (PCAR). Measurement of the superconducting energy gap and its 

temperature dependence in nanostructured superconductors is crucial (though so far often 

neglected) for the understanding of the evolution of the electron phonon coupling strength 

with decreasing particle size. Our results show that there is no change in the electron-phonon 

coupling strength with decreasing particle size in Nb and it remains an intermediate coupling 

superconductor down to the smallest particle size of 8nm. This indicates that it is the decrease 

in the density of states at the Fermi level arising from the quantum size effects that is 

probably responsible for the reduction in Tc with decreasing particle size in this intermediate 

coupling superconductor. In addition, Nb also shows a non-monotonic variation in the upper 

critical field (HC2) with decreasing particle size. It shows a 2.3 times increase in HC2 as the 

particle size is reduced from 60 to 20nm, below which the HC2 starts to decrease. This non-

monotonic variation in HC2 can be explained by the competing effects of the decrease in 

particle size and the decrease in the density of states (due to quantum size effects) at the 

Fermi level. Finally, Nb also shows a size induced metal-insulator transition. Films with 
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particle size ≥ 8nm are metallic and superconducting while films with partcle size < 8nm are 

weakly insulating and non-superconducting. From the temperature dependence of the 

conductivity in the weakly insulating films we found that there are two characteristic energies 

associated with the transport of the electrons in the nanostructured Nb films. The lower of the 

two energy scales arises from the discretization of the energy levels and is associated with the 

intra-granular transport. The higher energy arises from the potential barrier present at the 

grain boundary (due a physical oxide barrier at the interface of the grains) which controls the 

inter-granular transport. 

Nanostructured Pb films, on the other hand, show only a small (10%) decrease in Tc 

as the particle size is reduced from 60 to 7nm, below which it abruptly becomes non-

superconducting, consistent with the Anderson criterion. However, the measurement of the 

superconducting energy gap in planar tunnel junctions of Al/Al2O3/Pb, shows that there is a 

substantial increase in the electron-phonon coupling strength with a reduction in particle size 

in this strong-coupling superconductor. The small decrease in Tc appears to occur due to the 

competing effects of phonon softening and quantum size effects. Also, contrary to the case of 

Nb, nanostructured Pb shows a monotonic, 3.6 times increase in the upper critical field as the 

grain size is reduced from 60 to 7nm. I have shown that this variation in HC2 with particle 

size is consistent with the observed small decrease in Tc.  

The third part of my thesis dealt with the study of the variation of the superconducting 

transition temperature in nanocomposites of superconductors and normal metals. In both the 

systems studied, namely namocomposites of Pb-Ag and bi-phasic nanoparticles of Pb-Sn 

randomly distributed in an Al matrix, we have shown that the superconducting proximity 

effect (which is usually invoked to explain the behavior of bilayers and multilayers of 

superconductors and normal metals) can be suitably modified to explain the observed 

dependence of the Tc on the component fraction of the superconducting phase. 

 

6.2 Future directions 
We have studied the size dependence of the superconducting properties of two elemental 

superconductors in detail. From the variation of the electron phonon coupling strength with 

particle size we could see that the mechanism influencing the superconducting properties in 

Nb and Pb were quite different. Hence, it will be interesting to see how the coupling strength 

changes with particle size in the weak coupling superconductors like Sn, Al etc. Though there 

are measurements of Tc in these systems as a function of particle size, there are very few 
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systematic studies on the variation of coupling strengths with particle size as determined from 

a careful measurement of the superconducting energy gap. In future, we would like to carry 

out a systematic study of the variation in the superconducting properties in the weak coupling 

superconductors such as Sn. 

 Our studies on Pb indicate that there is an increase in the electron phonon coupling 

strengths with reduction in particle size though there is only a small (~10%) change in Tc. In 

future we would like to obtain a quantitative estimate of the the coupling strength. This can 

be obtained from the tunneling data which gives the superconducting density of states. By 

inverting the tunneling data (by a technique suggested by McMillan and Rowell1 it is possible 

to get the complete phonon spectrum which can show the occurrence of soft phonon modes in 

small particles. Furthermore, it is possible to eventually calculate the electron phonon 

coupling strengths. This calculation may further explain the reason for the observed small 

change in Tc (~10%) with reduction in particle size, in spite of showing an increased electron 

phonon coupling strength. For this calculation, tunneling spectroscopy has to be carried in the 

Al/Al2O3/Pb tunnel junctions at very low temperatures (at 300 mK, to reduce the effect of 

thermal smearing). This would require the fabrication of fresh tunnel junctions with the 

nanostructured Pb films (as the previous Al/Al2O3/Pb tunnel junctions are unusuable after 

thermal cycling). 

 In the nanostructured Nb films, we had carried out electrical transport measurements 

to acertain if they were forming a random network of Josephson junctions. However, to get 

the proper estimate of the critical current density, JC, micro bridges with a well defined 

geometry needs to be made by lithographic techniques on the nanostructured Nb films. In 

future we would like to carry on these measurements and hence, get the temperature variation 

of JC and see if it follows the classic Ambegaokar-Baratoff2 relations charactersistic in 

granular superconductors.  

 In future, we also plan to extend our studies on 1-dimensional nanowires of Pb and Sn 

grown by electrodeposition through porous alumina templates. There are very few reports on 

the evolution of superconductivity in 1D nanowires of diameters less than 10nm. We hope to 

explore this by studying single superconducting nanowires of diameters less than 20nm 

through electrical transport measnurements where the contacts will be made by electron beam 

lithography. 

                                                 
1 W. L. McMillan and J. M. Rowell, Phys. Rev. Lett. 14 108 (1965) 
2 M. Tinkham, Introduction of Superconductivity, 2nd edition, McGraw Hill (1996) 
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In addition to the main work related to my thesis, I participated in several problems in 

collaboration with collegues from other departments. Two of the problems studied have 

resulted in publications in peer reviewed journals. I will briefly describe the main work done 

by me in these two areas and attach the published manuscripts for details. 

 

Appendix 1 

 
Size effects on the local magnetism and Kondo behavior of 
isolated Fe impurities in nanocrystalline metallic hosts 
 
 

The aim of this work was to study size effects on the local magnetic behaviour of dilute 

magnetic (Fe) impurities when implanted in metallic hosts (both bulk and nanocrystalline) of 

Cu and Ag. The Cu and Ag nanosprticles were synthesized by DC magnetron sputtering onto 

Cu plates with the substrate kept at liquid nitrogen temperature. The nanocrystalline powder 

was removed from the substrate and pressed into pellets of 6mm diameter. Fe was impanted in 

these pellets (both bulk and nanocrystalline) in the Pelletron Accelerator Facility at TIFR and 

the hyperfine interactions were studied by the γ-ray perturbed angular distribution (TDPAD) 

technique. Our results showed a decrease in the Kondo temperature in the Cu nanoparticles 

compared to bulk Cu. In Ag, on the other hand, we observed an increase in the local Kondo 

temperature in the nanoparticle pressed pellets compared to that of the bulk. To explain these 

results, magnetization measurements were carried out in a MPMS SQUID magnetometer for 

the Cu and Ag bulk and nanoaparticle samples. From the bulk measurements we noticed that 

the nanoparticle samples showed an increase in the Pauli susceptibility compared to their bulk 

counterparts. These results indicated that the host spin polarization influenced the Kondo 

behaviour of the isolated Fe impurities.  

 

In this work, the synthesis of the bulk and nanoparticle samples of Cu and Ag, their structural 

characterization and magnetization measurements in MPMS SQUID were carried out by me. 

The Fe implanation and the TDPAD measurements and analysis were done by Prof. S.N. 

Mishra of the Department of Nuclear and Atomic Physics, TIFR. 

 

The published manuscript is attached. 
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Size effects on the local magnetism and Kondo behavior of isolated Fe impurities in nanocrystalline
metallic hosts
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Measurements of the local susceptibility and 3d spin relaxation rate of single Fe impurities embedded in Cu
and Ag nanoparticles indicate a strong influence of lattice size on the magnetism and Kondo temperature,TK.
With a reduction in particle size,TK increases in nanocrystalline Ag, but decreases in nanocrystalline Cu.
Supported by macroscopic host susceptibility data that indicate enhanced Pauli paramagnetism for Cu nano-
particles, we suggest that size-induced host spin polarization stronglyinfluences the Kondo behavior.

DOI: 10.1103/PhysRevB.71.094429 PACS numberssd: 75.20.Hr, 73.22.2f, 75.75.1a, 76.80.1y

Local magnetism of 3d impurities in nonmagnetic metal-
lic hosts is a subject of intense experimental and theoretical
investigations. A key problem is the study of Kondo effect
arising from antiferromagnetic exchange interaction between
the impurity moment and host-conduction electrons leading
to moment instability below a characteristic temperatureTK.
While extensive studies have been carried out for manyd
and f impurities in bulk metallic hosts1,2 little information is
available on the Kondo behavior of single magnetic impuri-
ties in nanocrystalline materials. Recently resistivity studies
in thin films and nanowires of AusFed, CusCrd, and CusFed
alloys have revealed the suppression of Kondo interaction
below a critical thickness and width.3 The results, initially
interpreted as being due to confinement of the Kondo
screened electron cloud, were later shown to arise from size-
induced magnetic anisotropy effects.4

Nanocrystalline materials have recently attracted consid-
erable attention due to their novel physicochemical proper-
ties and practical applications. Since the energy bands of a
bulk solid split into discrete levels with a reduction in size,5

physical properties of nanoparticles show marked differences
from those of bulk materials. Size dependent changes in
structural, electronic, and magnetic properties have been ob-
served in many metals.5 In this context, one can ask: Does
finite host lattice size affect single impurity local magnetism?
If so, how does it influence spin fluctuation and Kondo in-
teraction? We approach this problem by studying the local
magnetism and 3d spin dynamics of isolated Fe impurities in
nanocrystalline Cuand Ag hosts using theg-ray perturbed
angular distributionsTDPADd technique. Fe in noble metal
hosts is a typical local moment system for whichTK values
have been measured accurately.1,2,6 By comparing the mag-
netic behavior of Fe in bulk and nanocrystalline noble met-
als, we can obtain crucial information on finite size effects
on local moments and Kondo interaction. Preliminary results
for Fe in Ag-nanoparticles have been reported earlier.7

In this Brief Report we show that the local susceptibility
and 3d spin dynamics of54Fe implanted in nanocrystalline
Cu and Ag reveal a strong influence of particle size on the
magnetic moment of Fe, particularly on the Kondo tempera-
ture TK. While size reduction in Ag leads to enhancement of
TK, data on Cu nanoparticles indicate a drastic suppression of
the Kondo interaction. With the help of macroscopic suscep-

tibility data for the host matrix, which reflects an enhanced
Pauli paramagnetism for nanocrystalline Cu, we show that
the sign and strength of the size-induced spin polarization of
host conduction band electrons play an important role on the
magnetism and Kondo behavior of Fe in nanocrystalline ma-
terials.

The TDPAD experiments were carried out at the Pelletron
Accelerator Facility at TIFR. The magnetic response of Fe
atoms in the hosts of interest was studied via hyperfine in-
teraction of the 10+ isomeric state of the54Fe nucleussT1/2
=360 ns,gN=0.728d produced by the reaction
45Scs12C,p2nd54Fe. The recoiling54Fe nuclei were implanted
deeps,1 to 2 mmd inside the host matrix at concentrations
well below 1 ppm. Measurements were performed within a
time window of 10 ns to 2ms immediately after implanta-
tion. These experimental conditions ensure negligible
impurity-impurity interaction and the results reflect the mag-
netic response of a truly isolated impurity. Observations were
made in the temperature range of 17–300 K and applied
magnetic field of 2 T usingg-ray detectors placed at ±45°
with respect to the beam direction. Further details on the
TDPAD method can be found in Ref. 8.

Nanocrystalline samples of Cu and Ag were prepared by
dc magnetron sputtering from a target of 99.99% pure metal
onto thin s0.05 mmd Al or Cu substrates cooled to,100 K.
The sputtering was carried out in flowing argon at a pressure
of ,100–200 mTorr. The deposition thickness was
,5 mg/cm2. We also prepared a thin disk of the nanocrys-
talline sample by scraping and mildly pressing the sputter-
deposited particles. The samples were characterized by x-ray
diffraction and electron microscopy. Details of nanoparticle
synthesis and characterization are available in Ref. 9. The
mean crystallographic domain size “d” was calculated from
the instrument-corrected Scherrer broadening of thef111g re-
flection of Cu/Ag using the formulad=0.94l /B cosu.10 The
virgin sunpressedd nanocrystalline films had an average crys-
tallite size of 7s2d and 30s4dnm for Cu and 19s2dnm for Ag
while the particle size for the pellets was,20 nm. The lat-
tice constants of the nanocrystalline samples were close to
the bulk values within ±0.25%.

Figure 1 shows typical spin rotation spectra,8 Rstd, and
their Fourier transforms for54Fe in bulk and nanocrystalline
Cu and Ag hosts. All the spectra exhibit a single frequency
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with high anisotropy suggesting that the implanted Fe
atoms occupy a well-defined lattice site that is likely to
be substitutional. The narrow frequency distribution also
indicates that a large majority of the Fe atoms are embedded
within the nanoparticles rather than in the grain boundaries.
The spectra were fitted to the function:8 Rstd
=s3/4dA22 exps−t /tNdsinf2svLt−fdg to extract the Larmor
frequencyvL and the nuclear relaxation timetN. The local
susceptibility of Fe, xloc;b−1 calculated from2,8 vL
="−1gNmNBext3b is shown in Fig. 2. In both bulk and nano-
crystalline samples,xloc shows a strong temperature depen-
dence, which indicates a large local moment for Fe.

To examine the effect of lattice size on the local magne-
tism of Fe, we now compare thebsTd in nanocrystalline and
bulk hosts. The datasFig. 2d clearly show that the magnetic

properties of Fe embedded in nanocrystalline metals differ
significantly from that in the corresponding bulk metal. Fur-
ther, the size-induced change inbsTd relative to bulk hosts is
different for Cu and Ag. WhilexlocsTd is reduced in nano-
Ag, it shows a substantial increase in nano-Cu. ThebsTd
could be fitted to the Curie-Weiss law:b−1=C/ sT+TKd
where the Curie constantC=gmBsS+1dBs0d /3kB provides a
measure of the Fe magnetic momentmFe=gS and TK is the
Kondo temperature. Here,Bs0d is the magnetic hyperfine
field at T=0 K andS=Simp+Shost is the net spin due to the
impurity atom sSimpd and possible spin polarization of host
conduction electronssShostd. The derived values forC and
TK are summarized in Table I. ThemFe estimated using
Bs0d=−46 kG for Ag andBs0d=−100 kG for Cu Refs. 11
and 12 are shown in Table I. For Fe in bulk Cu and Ag the
magnetic momentmFe,3mB corresponds to impurity spin
SFe=3/2 which agrees with earlier results.11–13 In nano-Ag,
the mFe is slightly smaller than its value in the bulk metal.
These results suggest that the host spin polarization in bulk
Cu and Ag is negligible, and that theShost for Fe in nano-Ag
is small and negative. In contrast, the Curie constant ob-
served for nano-Cu yieldsmFe=5.82mB for 7 nm and 4.66mB
for 30 nm. TakingBs0d to be as high as −140 kG,14 the Fe
moment in nano-Cus7 nmd comes out to be 3.59mB which is
still much larger than the value ofmFe=2.9mB in bulk Cu.
This clearly indicates a large ferromagnetic spin polarization
sShostd for nano-Cu. We point out that measurements in CuO
and Cu2O show nonmagnetic behavior of Fe withb,1.0
which assures us that the results observed in the nanocrys-
talline samples cannot be ascribed to extrinsic impurities but
are genuine lattice size effects.

Figure 3 shows the temperature dependence of the mac-
roscopic magnetic susceptibilitysxd of the unimplanted bulk
and nanoparticle samples measured using a superconducting
quantum interference device magnetometer. Clearly, the
nanocrystalline metals show a much higher susceptibility
than their bulk counterparts. In particular, nano-Cu shows a
strongly enhanced, Pauli-type susceptibility with a magni-
tude comparable to that for exchange enhanced metals such
as Pd and Pt.1 SincexP,mB

2rsEFd, the nano-Cu data imply a
high density of states at the Fermi energy,rsEFd
,1.7 states/eV atom, probably due to a large contribution
from the Cu d-band electrons which move closer to the

FIG. 1. Spin rotation spectra,Rstd sleft paneld and their Fourier
transformssright paneld for 54Fe in bulk and nanocrystalline Cu and
Ag hosts.

FIG. 2. Local susceptibilitybsTd of Fe in bulk sopen symbolsd
and nanocrystallinesclosed symbolsd Cu and Ag as a function of
1/T. The solid lines correspond to fits by Curie-Weiss law:bsTd
−1=C/ sT+TKd. The data for Fe in CuOsnd and Cu2O s¹d indicate
nonmagnetic behavior.

TABLE I. Summary of Curie constant, Kondo temperatureTK,
and magnetic momentmFe for Fe in bulk and nanocrystalline Cu
and Ag.

Host Curie constantC sKd TK sKd mFe smBd

Cusbulkd −11.0s10d 25.5s15d 2.92

Cusnano:7 nmd −17.5s10d 8.5s15d 5.82

3.59a

Cusnano:30 nmd −14.9s10d 16.6s15d 4.66

Agsbulkd −5.2s5d 2.3s8d 3.05

Agsnano:19 nmd −5.0s10d 17.2s8d 2.86

aFe moment estimated using the maximum value ofBs0d=−14 T
sRef. 11d.
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Fermi level with decreasing particle size. Note that Fe in Pd
and Pt is known to cause strong ferromagnetic spin polariza-
tion of hostd-band electrons.6,15 It is therefore not surprising
that Fe in nanocrystalline Cu induces a similar effect. In
nano-Ag, the incremental susceptibilitydx=xnano−xbulk,2
310−5 emu/mol is much smaller than in Cu. Since the 4d
band in Ag metal is located,4 eV belowEF,16 a small shift
in its position due to size reduction does not contribute much
to the rsEFd. The x data in this case is consistent with a
slight increase inrsEFd mainly due tos-electrons. This also
explains the weak negative host polarization observed in the
bsTd. We will show that the spin polarization of host con-
duction electrons plays a crucial role in the Kondo behavior
of Fe.

Next we discuss the spin fluctuation of Fe in nanocrystal-
line Cu and Ag hosts which scales with the Kondo tempera-
ture TK obtained from the Curie-Weiss fitting of the local
susceptibility data. ThebsTd response of Fe in nano-Ag
yields a Kondo temperatureTK,17 K which is substantially
higher than the valueTK=2 K observed in bulk Ag. On the
other hand, compared toTK,26 K for Fe in bulk Cu, the
bsTd data in nano-Cu yields a significantly smallerTK s,8 K
for 7 nmd concomitant to the substantial increase of the Cu-
rie constantsC=−17.5 Kd discussed earlier. The highTK of
Fe in nano-Ag suggests a large enhancement of the Fe-3d
spin fluctuation rate,tJ

−1. In contrast, our data for nano-Cu
indicate a drastic suppression intJ

−1. A reduction oftJ
−1 in

nano-Cu is also visible from thetN data shown in Fig. 4.
Compared to bulk Cu, the strongly dampedRstd spectra in
nano-Cu reflects a significantly lower value oftN which in
turn implies a sharp reduction oftJ

−1 Ref. 17 that exhibits a
Korringa-like temperature dependencestN~tJ

−1~Td.
What is the physical reason for the suppression of the

Kondo interaction in nano-Cu while there is a large increase
of TK in nano-Ag? The Kondo temperature of Fe expressed
as18 TK,TF exph−1/fJrsEFdgj can increase or decrease, de-
pending on the magnitude of the effective antiferromagnetic
exchange interactionJrsEFd between Fe-3d and host conduc-
tion electrons. Here,J,−Vkd

2 /ed is the exchange constant
which depends on the hybridization strengthVkd and the po-
sition of the Fe-3d level sedd with respect to the Fermi energy
EF, andrsEFd is the density of statessDOSd at EF. As dis-
cussed earlier, the DOS for the nanocrystalline samples is
larger than their bulk values.16 Assuming the Fe-3d level to
be pinned nearEF due to a higher DOS and the consequent
increase in thes-d exchange interaction, theTK of Fe in the
nanocrystalline samples is expected to be larger than its cor-
responding bulk value. The observed magnetic behavior of
Fe in nano-Ag withTK=17 K is consistent with such a
model. The higherTK of Fe in nano-Ag is also supported by
recent Mössbauer data.19 An increase inTK has also been
reported for Ce in nanosizedsCe,Ald alloys.20 Extrapolating
this trend and assumingJ to be antiferromagnetic, one ex-
pects Fe in nano-Cu to be nonmagnetic withTK@103 K.
Instead, theTK for Fe in 7 nm-Cu turns out to be,8 K,
suggesting a sharp decrease in the effective exchange inter-
action strengthJrsEFd. This is confirmed from our spin re-
laxation datasFig. 4d. Using tJ

−1=4p"−1fJrsEFdg2kBT,18 the
data yieldJrsEFd,0.06 for nano-Cu as compared to,0.11
in the bulk metal. From the trend of Fe magnetism in bulk
and nanocrystalline materials, particularly the observation of
large Shost and the concomitant decrease ofTK in nano-Cu,
we believe that the induced spin polarization of the host
conduction band electrons leading to a ferromagnetic cou-
pling with the Fe moment can effectively reduceJrsEFd and
result in lower spin fluctuation and dimishedTK. The sup-
pression of Kondo interaction observed for Fe in nano-Cu is
consistent with the basic features of the results of thin films
and nanowires,3 though the disagreement with respect to the
size dependence ofTK needs to be investigated further.

The magnetic behavior of Fe in nanocrystalline Cu shows
a striking similarity with that of 3d impurities in exchange-
enhancedd-band metals such as Pd and Pt, in which the
ferromagnetic spin polarization of the hostd-band electrons
leads to giant moments with extremely smallTK.2 Suppres-
sion of the Kondo temperature due to ferromagnetic host
spin polarization is also observed for 4d impurities in differ-
ent metallic hosts.21,23 It is quite plausible that the ferromag-
netic spin polarization causes a strong interatomic interaction
between the impurity and host conduction electrons and
competes with the usual antiferromagnetic exchange interac-
tion, thereby successfully suppressing spin fluctuation and
diminishing TK. This model is also consistent with recent
theoretical calculations,22 which predict that the ferromag-
netic interaction between the impurity and host conduction
electrons drastically reduces the Kondo resonance nearEF.

In conclusion, we have studied the local magnetism and
Kondo behavior of isolated Fe impurities in nanocrystalline
noble metals by the TDPAD method. A comparison of the
local susceptibility and 3d spin dynamics of Fe in nanocrys-
talline Cu and Ag with similar data from the respective bulk
metals reveals a strong influence of particle size on the Fe

FIG. 3. Temperature dependence of macroscopic susceptibility
for unimplanted bulk and nanocrystalline Cu and Ag.

FIG. 4. Nuclear relaxation timetN as a function of temperature
for 54Fe in bulk sopen symbolsd and nanocrystallinesclosed sym-
bolsd Cu and Ag. The linear dependence oftN with T ssolid linesd is
indicative of the Korringa-like relaxation process.
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magnetism, and especially the Kondo temperature,TK. While
the magnetism of Fe in nano-Ag, with a highTK, is consis-
tent with enhanced antiferromagnetics-d interaction, we
have shown that the magnetism and Kondo temperature of
Fe in nano-Cu are strongly influenced by the ferromagnetic
spin polarization of the conduction band electrons of the
host. The interpretation of our results provide an important
basis for the understanding of Kondo interaction of magnetic

impurities in metallic hosts including nanocystalline materi-
als. This also illustrates the important common role of ferro-
magnetic host spin polarization on the spin fluctuation and
the Kondo behavior of 3d and 4d magnetic impurities in bulk
metals as well as nanosized solids.

We thank S. M. Davane and N. Kulkarni for help during
the experiments and the Pelletron accelerator staff for their
cooperation.
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Appendix 2 

 

Hot ion generation from nanostructured surfaces under intense, 

femtosecond laser irradiation 
 

The aim of this work was to study the effect of nanostructured surfaces on the emission of 

ions and electrons from intense femtosecond laser produced plasma. A polished Cu target 

was half coated with Cu nanoparticles (15-20nm particle size) deposited by DC magnetron 

sputtering. The target was bombarded with focused 50 fs, p-polarized laser pulses (1-6 mJ) 

from a 806 nm, 10Hz, Ti-Saphhire laser (THALES LASER, ALPHA 10). The hard x- ray 

spectra in the 20 – 200 keV range were measured using a calibrated NaI(Tl) scintillation 

detector coupled with a multichannel analyzer. The ions emitted normal to the target 

surface was detected by a channel electron multiplier (CEM) and a Faraday cup (FC) 

arrangement. Electrons from optically polished copper targets coated with copper 

nanoparticles (CuNP) were observed to be “hotter” than those from uncoated polished 

targets. Also a nearly two-fold enhancement was observed for ions in the range 14-74 keV. 

However, ion yields decreased by a factor of 2 in the 74-2000 keV range. Our results 

further showed that the total ion yield measured was greater from the CuNP targets than 

those from polished Cu targets when measured with a large area Faraday Cup indicating 

greater beam divergence due to surface modulations. 

 

In this work, the sputter deposition of Cu nanoparticles on polished Cu targets, and its 

structural characterization were carried out by me while the laser-matter interactions were 

studied in Prof. G. Ravindra Kumar’s group at the Department of Nuclear and Atomic 

Physics, TIFR. 

 

The published manuscript has been attached.  
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Studies of ion emission from nanostructured metallic surfaces excited by intense �0.5–6.3
�1016 W cm−2� 50 fs laser demonstrate that “hotter” electrons need not to give rise hotter ions,
contrary to conventional expectation. Such surfaces produce twice as many ions as planar surfaces
in the moderate energy regime �16–75 keV�, but their yield in the higher energy range
�75–2000 keV� is substantially lower. Surface modulations also influence ion beam divergence.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2715108�

The advent of ultrashort, intense solid state lasers has
enabled the production of good quality particle beams with
high energy and brightness.1,2 The physics of these ultrashort
duration beams is very interesting in terms of their potentials
in areas of fundamental research and technological
applications.3 When an intense laser pulse interacts with the
target, rapid ionization occurs at the beginning of the laser
pulse and the electrons in the plasma then absorb the light by
a variety of mechanisms such as resonance absorption.4 The
electrons which gain energy through these mechanisms form
a distinct “hot” bunch well separated in energy from the
colder electrons in the bulk plasma. Ion acceleration occurs
when the hot plasma expands and an electric field is created
due to charge separation. Ion acceleration in plasma with
multiple electron temperatures has been explored in
simulations5,6 and in different experimental situations. Many
studies have reported particle production from solid,2,3,7

cluster,8 and microdroplet9 plasmas. Efficient coupling of la-
ser energy into the short-lived plasma thus plays a crucial
role in ion generation. Enhanced coupling of laser energy �up
to 80%� to the plasma has been achieved by the creation of a
preplasma before the arrival of the main pulse, by modifying
target composition in the case of clusters8 and by the intro-
duction of sublaser wavelength surface modulations on solid
targets.10,11 A more pertinent question is whether the optimi-
zation of the target properties will work for enhanced gen-
eration of hot electrons as well as higher energy ions. This is
based on the expectation that hotter electrons should lead to
hotter ions.2,6 In this letter, we report the influence of surface
modulations on the characteristics of the ions emitted by a
femtosecond laser produced plasma. Specifically, we present
results for targets coated with copper nanoparticles.

The experiment is performed with focused 50 fs,
p-polarized laser pulses �1–10 mJ� from a 806 nm, 10 Hz,
Ti:sapphire laser �Thales Laser, Alpha 10�. The target is a
polished copper block �50�50�5 mm3�, half of which is
coated with a thick layer of copper nanoparticles �CuNP�
with an average diameter of 15 nm. The nanoparticles are
deposited using high-pressure dc magnetron sputtering
technique.12 The crystallite size is determined from the
Scherrer broadening of the Cu �111� x-ray diffraction line.
The partially coated target ensures exactly the same laser and

detector conditions for measurements from the coated and
uncoated portions. The typical coating thickness of the NPs
is about 0.2 �m which is large compared to the optical skin
depth of a few nanometers. The base pressure of the experi-
mental chamber is 10−6 torr. The target is scanned across the
laser beam for each shot. The laser is focused by a gold
coated off axis parabolic mirror, in an f /4 focusing geometry
with a spot size �full width at half maximum� of 10 �m,
giving peak intensities in the �0.5–6.3��1016 W cm−2

range.
The energy of the ions emitted normal to the target sur-

face is measured using the time of flight �TOF� technique
and the ions are detected by a channel electron multiplier,
kept at a distance of 97 cm from the focal spot, along the
axis of the TOF, viewing the plasma plume directly with a
solid angle of 26 msr. Measurements of the ion charge state
distribution have been carried out with a Thomson parabola
spectrometer �TPS�, into which the ions enter through a
500 �m aperture. The ions are detected by a 40 mm micro-
channel plate coupled to a phosphor screen. The signal from
the phosphor screen is imaged with a charge-coupled device
camera. An 241Am �-particle source �energy of 5.4 MeV�
with known emittance is used to calibrate the setup. Four
annular Faraday cups13 �FCs� placed at different angles ���
of 4.6°, 8.1°, 11.6°, and 16.6° with respect to the axis of the
time of flight spectrometer are used to measure the total flux
as well as the divergence of the ion beam �Fig. 3�a��.

The hard x-ray spectra in the 20–200 keV range are
measured using a calibrated NaI�Tl� detector. The brems-
strahlung spectra from both the polished Cu and CuNP
coated surface measured at the input intensity of 3
�1016 W cm−2 show a clear enhancement in the hard x-ray
spectrum. The hot electron distribution in Cu plasma is a
single Maxwellian with a temperature of 9.3±1.1 keV,
whereas the CuNP plasma shows two temperatures: 9.5±1.7
and 33.9±6.4 keV, confirming that the enhanced coupling of
laser energy into NP coated surface is facilitated by the nano-
particle coating in tune with the previous results.10,11,14

Measured energy spectra �where n�E� is the number of
ions emitted within the energy range of E to E+dE� of the
ions obtained from the TOF spectrometer is shown in Fig. 1.
A clear difference in the ion energy spectrum is observed
from the NP coated surface compared to that from polished
Cu. The polished Cu surface, at lower input intensities,a�Electronic mail: grk@tifr.res.in
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shows two main features representing two different ion spe-
cies of 50–80 and 220–257 keV energy. With increasing in-
put energy, the two peaks merge, giving a single distribution
of the ions in the 220–340 keV energy range. In contrast, the
CuNP surface gives three distinct peaks at 25, 46, and
324 keV at low incident laser energy. This evolves into a
two-peak feature, indicating the presence of two sets of ions
with energies of 46–61 and 238–324 keV �B and C in the
Fig. 1�. Though the number of particles emitted from both
the Cu and CuNP targets is almost the same in the low en-
ergy range of 4–16 keV �region A of Fig. 1�, the number of
particles emitted from the nanoplasma is nearly 1.5 times
more in the intermediate energy �16–75 keV� range �region
B of Fig. 1�. Above 75 keV �region C of Fig. 1�, the number
is lower by a factor of 2. The total ion yield from nanostruc-
tured surface is almost 40% more than that from the polished
target. Thomson parabola traces taken for 64 laser shots,
which show ion traces from polished Cu, are shown in the
inset of Fig. 1. The blob on the right is the “zero” point
representing the photon impact along the spectrometer axis.
The most distinct parabolic trace corresponds to protons.
Three different parabolic traces on the left represent copper
charge states of Cuq+. More detailed studies will be presented
elsewhere.

At all the incident laser energies used in our studies, the
maximum ion energy as well as the average energy from the
CuNP are observed to be lower than the corresponding
values from polished surface. The cutoff ion energy mea-
sured from TOF spectra from both the CuNP and Cu surfaces
over the input laser energy is shown in Fig. 2. The cutoff
ion energy from the Cu plasma increases from
1.58 to 3.80 MeV as the laser intensity increases from
0.9 to 3.6�1016 W cm−2. The corresponding values are
1.0–2.0 MeV for CuNP plasma indicating a reduction of
around 50% in the highest ion energy. Above an intensity of
3.2�1016 W cm−2, the cutoff ion energy from the CuNP
plasma is almost the same as that for Cu. A similar behavior
is observed in the ratio of total x-ray yield from CuNP coated
surface to that from the polished Cu surface at different input
laser energies, corresponding to the intensities in the range of
�0.9–3.6��1016 W cm−2 �inset of Fig. 2�. The yield from
NPs is approximately four times that from the polished Cu
surface, up to an intensity of 2.5�1016 W cm−2 after which
it gradually decreases to approximately 1.5 times, indicating

the damage to the NP coating, in agreement with our previ-
ous results.15

We also examined the possibility that, protons could be
preferentially enhanced in their energy in the nanoparticle
coated target. This is ruled out by the time of flight spectra
and TPS traces. This clearly shows that though more laser
energy is coupled to the NP coated surface than the polished
surface and generates hotter electrons, the ion emission from
the NP coated surface gets enhanced only in an intermediate
regime �16–75 keV� and the highest ion energy decreases
for the NP coated surface. This is in contradiction to the
usual expectation that the generation of hotter electrons
should lead to hotter ion emission.6 To get the overall ion
yield as well as the divergence of the ion beam, we measured
the ion currents using multiple FCs as described above,
27 cm from the targets. Figure 3�b� shows the total ion flux
collected by the FC placed at an angle of 8°. Linear fits to the
data have different slopes, indicating energy dependent di-
vergence of the ion beam. This is reinforced by Fig. 3�b�
�inset�, which shows the ratio of the total charge �YCuNP/YCu�
accumulated by each FC �i.e., the angular spread� at different
laser energies. It is therefore evident that the divergence of
the ion beam from the CuNP plasma is larger than that from
polished Cu.

To look at our results from a comparative perspective, let
us first consider the ion emission from the polished �unstruc-
tured� copper targets. As per the standard conceptual picture,
the hot electrons produced by the intense laser, together with
the colder electrons form a two-temperature plasma.5 The
two-temperature plasma gives rise to the formation of a
sheath layer across which the ions are accelerated and
emerge as the hot ions.5 The field developed across the
sheath is Eaccl=kBTe /e�max�Ln ,�D��, where Ln is the local
scale length of the expanding plasma and �D is the Debye
length.2 The model assumes isothermal expansion which
may not be strictly valid, but the general features are well
reproduced even under this approximation. The critical point
is that hotter electrons are expected to generate hotter ions in

FIG. 1. �Color online� n�E�-E spectra of ions emitted from CuNP and Cu
surfaces at laser energy of 5 mJ ��3�1016 W cm−2�. The inset shows the
parabolic traces of the emitted ions from the TP spectrometer.

FIG. 2. �Color online� Ion cutoff energies as a function of input laser energy.
The arrow �↑� indicates the convergence of both the data sets at 5.5 mJ after
the destruction of NPs. The inset shows the ratio of total x-ray yield from
CuNP and Cu surfaces with laser energy.
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this �two temperature� picture, which is clearly contrary to
our present observations.

In a separate study, we are investigating the reduction in
the maximum ion energy as well as multispecies ion accel-
eration using particle-in-cell simulations as in Ref. 16 In this
letter, we offer some plausible physical explanations. Firstly,
the nanoparticle coating causes significant deviation from the
assumption of planar one-dimensional expansion. The nano-
particles act as the first sources of the plasma because of the
enhanced laser intensities in the immediate vicinity of each
particle.10 Considering the critical plasma density at 806 nm,
for Th=9.3 keV, the Debye length ��D� is approximately
17 nm, which is of the same size as the nanoparticles. The
actual �D for colder temperatures achieved on the rising edge
of the laser pulse is much smaller. The plasma is likely to
expand away from these hot nanospots with significant non-
planarity, guided mainly by the initial shape of these ellip-
soidal particles. The effective �D is thus larger and leads to
reduced electric fields. It is also possible that the nanopar-
ticles perturb the plasma by “lightning rod” effects9 and
these can prevent charge buildup and disturb sheath forma-
tion resulting in lower sheath voltage and hence lower ion
energy. Numerical simulations and experiments show that
particle emission occurs normal to the surface and hence
nonplanar plasma expansion gives rise to increased beam
divergence, �Fig. 3�b��. Divergent ion and proton beams from
laser produced plasmas due to the increased scale length
caused by surface modulations have been observed
earlier.17,18 All these arguments are supported by our recent
observations of the survival15 of these nanoparticles at inten-
sities as high as 2�1016 W cm−2. The present study is sig-
nificant because it shows that hot electron generation need
not cause hotter ion emission. We point out that, in general,

optimization of each signal from the plasma requires an un-
derstanding of the actual dynamics of the process. In our
case, hot electron generation is enhanced by the local field
enhancements which increase the effective light intensity.
This process takes place on the time scale of the laser pulse
�tens of femtoseconds�. The ion acceleration, however, de-
pends on a subsequent process, namely, the plasma expan-
sion and energy exchange. We believe that this is signifi-
cantly modified by the same nanoparticles in a counteracting
manner and leads to enhanced number of ions in the inter-
mediate range �16–75 keV� and reduces the high energy
ions above 75 keV.

In summary, we have presented a comparison of the ion
energy and flux measurements from polished targets and
those from targets coated by copper nanoparticles. A signifi-
cant and surprising observation is that the nanoparticle
coated targets give hotter electrons but colder ions. The en-
hancement of x-ray emission and selective suppression of
high energy ion emission can prove very useful in designing
brighter hard x-ray sources with reduced damage from ion
debris.19 The total flux of the emitted ion beam measured at
different angles indicates the energy dependent divergence of
the ion beam from the nanoparticle coated surfaces resulting
in the colder ions. We expect that this result will help in the
design of femtosecond laser driven x-ray and ion sources.
More experiments with variations in nanoparticle type,
shape, and size are in progress to better understand the phys-
ics of ion emission.
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FIG. 3. �Color online� �a� Schematic representation of the four annular
Faraday cups placed at different angles � from the axis of time of flight
spectrometer. �b� Total ion flux collected using a FC at an angle of 8° from
the axis of time of flight spectrometer. Linear fits with different slopes
represent the presence of energy dependent divergence of the ion beam. The
inset shows the ratio of total ion flux collected by FCs at different angles
with increasing laser energy.
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