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Recent superconducting thin films studies have attempted to create pure metal 

layer films of Niobium and Titanium with the same properties of superconducting NbTi 

wire used in industry. These studies have all reported depression of the superconducting 

properties of the pure metal films which has been attributed to the proximity effect. The 

purpose of this research project was to construct several NbTi films composed of alloyed 

layers to overcome the proximity depression of superconducting properties. These films 

are unique in that they are the only films with both alloyed Nb/ Ti superconducting and 

normal layers reported in the literature. Films with several different compositions and 

bilayer geometries were designed, constructed and their superconducting properties 

characterized. 

The films were created by the RF sputtering of alloyed targets at ambient 

temperatures. Characterization of the composition of the films was performed by 

microprobe analysis at two different electron beam voltages. A simulation of the electron 

beam excitation volume of the microprobe was performed to determine the difference in 

the two analyses and to determine whether the substrate would be found upon 

microprobe examination. X-ray diffraction was utilized to determine the bilayer spacing 

and to give a qualitative understanding of the alignment of the film microstructures. The 
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critical temperature and upper critical magnetic field were measured to determine the 

superconducting properties and the extent of the proximity effect in the films. 

The microprobe analysis found most films to be very pure alloys except for films 

6001, 6002, 6003(1) in which there were between 1 8 wt% of impurities. All films 

contained compositional variations on the order of 10 wt% from the design values. X-

ray diffraction indicated agreement with the designed bilayer spacing in all films but 

6003(2), 6005(1), and 6005(2) which had bilayer periods larger than originally 

designed. 

The proximity effect was not observed in any of the film's superconducting 

properties examined. Tc and fic2 properties for the films without impurities had 

properties equal to that of bulk Nb/47wt% Ti. Films 6001, 6003(1) had depressed Tc 

and lic2 values which were attributed to their impurity contamination. 

The low Ti composition in many of the films points to the inaccuracy of the 

deposition parameters when the films were first processed. The lack of Tc and fle2 

depression normally seen in other film studies with bilayer periods between 10 30 nm 

demonstrates that alloyed layers should be used to overcome the proximity effect in 

multilayer thin film superconductor studies. Overcoming the proximity effect should 

translate into a better understanding of flux pinning mechanisms in the material and 

increased superconducting critical currents in these films. 
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THIN FILM MULTILAYER SUPERCONDUCTORS AND THE
 
PROXIMITY EFFECT
 

I. Introduction 

Niobium-Titanium alloys are the most popular materials choice for the 

commercial use of superconductivity. This is due to NbTi's superior manufacturing 

properties which include a higher ductility, large upper critical magnetic field, 

compatibility with copper stabilizers in wires, and low manufacturing cost compared to 

other materials.' NbTi is mostly used as wire in solenoid magnets which provide high 

fields for applications such as particle accelerators, magnetic resonance imaging, 

magnetic energy storage, and research magnets. For all the commercial work with NbTi 

alloys there is still a need to improve the understanding of the material's superconducting 

properties. The better our understanding of critical temperature, field, and current 

density in NbTi wire the better and more cost effective the wire produced will be. For 

example, the greater the critical current density in NbTi wire the less wire required to 

produce a given field, which lowers the cost of a magnet.2 

Increasing the superconducting properties of bulk NbTi wires has been the focus 

of many researchers for the past thirty years.3 In order to increase these properties one 

must understand the mechanisms of superconductivity at the microstructural level. Bulk 

NbTi wires endure an intensive manufacturing process involving high strains and many 

heat treatments. NbTi alloys used in industry have a two phase (a-13) microstructure, 

shown in the phase diagram of figure 1. Heat treating the material allows the two phase 

phases to evolve. Drawing the wire down to final size cold works the alloy and creates 

nucleation sites for the precipitation of the a-Ti phase and refinement of the 

microstructure. The end result is a 10 micron diameter 13-(NbTi) matrix with a-Ti 
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Figure 1. Nb-Ti Phase Diagram from D. Moffat. (Ref. 20) The solid 
line is the experimentally determined phase boundary while the dotted 
line is a calculation of the phase diagram. 
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ribbons approximately 2-5 nm in thickness running longitudinally along the wire. A 

transverse cross section I EM image and a longitudinal schematic of the wire are shown 

in figure 2. This processing leaves the wire with the needed flux pinning microstructure 

to produce superior superconducting properties, but it also creates a system which is 

chaotic and difficult to characterize. 

The thin film technology available today can produce films ofmany different 

materials with highly defined structures. Thin films of Nb and Ti can be adapted to 

model the microstructures seen in the conventional NbTi wires described above. Yet 

problems arise when attempting to create films with metal layers. In past studies on 

NbTi the depression of the superconducting properties in multilayer films has been 

observed and attributed to the proximity effect. The proximity effect of deGennes and 

Werthamers predicts the depression of superconducting properties when in close 

proximity to a normal metal layer. As can be seen in the superconducting phase diagram 

of figure 3, the critical current (Jc) of the superconductor scales in a complex manner 

with the upper critical magnetic field (Ha) and the critical temperature (Tc) of a material. 

The lower a material's Tc and He2 the lower the Jc for the material. 

In this project NbTi thin films were designed and manufactured to both simulate 

the composition and structure of Nb/47wt% Ti superconducting wires used in industry, 

and to overcome the proximity effect. The film's superconducting properties were 

examined and the relationship between these properties and the geometrical 

characteristics of each film analyzed. This was accomplished by the creation of several 

different film types of varying compositions and layer thicknesses. Work on this project 

was started by former students Jeff Norris' and Kenny Faase7 who studied earlier sets of 

films with pure Nb and pure Ti layers. 

The sets of films reported here are the newest sets prepared for this project. 

These films differ from previously studied NbTi films in their use of alloyed multilayers. 
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Figure 3: Schematic of the superconducting phase diagram. Beneath the 
surface is the superconducting state, above it is the normal state. 
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Each layer of the films is a NbTi alloy consisting of either a Nb rich or Ti rich 

composition. Each film also has a different superconducting or normal layer thickness. 

The layer spacing of each film was designed to match one of the two flux pinning 

theories at a specific applied magnetic field. These two competing flux pinning theories 

describe the mechanisms which affect the current density of a material. For each film the 

two superconducting properties most affected by the proximity effect, critical temperature 

and upper critical magnetic field, were characterized. The geometrical characteristics of 

each film were compared to their superconducting properties to analyze the effect of 

different layer spacing on the films superconducting properties. This research project 

explores the relationship between the structure and composition of the designed thin 

films and their superconducting parameters. These films bridge the gap between previous 

thin film projects and Nb/47wt% Ti wires used in industry. The newest sets of films 

have overcome many of the problems other researchers have found with the depression 

of Tc and Ha. due to the proximity effect. 

II. Background 

Basic Superconductivity 

The change in state from the normal to the superconducting phase is seen in the 

change of the electrical and magnetic properties of a material. Resistance less current 

flow and the Meissner Effect are the two primary examples of changes in behavior that 

occur when a material becomes superconducting. It is the change in a material's 

properties that make superconductors so interesting to study. In a normal conductor 

when electrons move through the atomic lattice they interact with phonons, quantized 

thermal vibrations between atoms in a solid. Through these interactions electrons will 
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lose and gain energy, seen as heat. These electron-lattice interactions determine the 

resistivity of a pure metal or semiconductor and under the right conditions transform a 

material into the superconducting phase. 

When a superconductor is cooled below its critical temperature it changes to a 

new thermodynamic state. This superconducting state is a more highly ordered, lower 

free energy state, than the normal state. In this new phase electrons move through the 

material without a net energy loss. An applied current will not have the normally 

associated voltage drop and as such there will not be any resistance measured across the 

sample. The material will remain resistanceless as long as the current density is below 

the material's critical current density. 

A superconductor in an applied magnetic field forms screening currents on its 

surface to prevent the penetration of magnetic flux into its interior. These small currents 

flow without resistance and form a magnetic field with the opposite polarity of the 

externally applied field. This screening field cancels the magnetic field inside the material 

and as the applied field changes strength, the screening currents react to cancel the 

magnetic flux within the superconductor's interior. It is this expulsion of flux from 

within a superconductor which is known as the Meissner Effect. In actuality, the 

magnetic flux is not totally canceled within the superconductor. The screening currents 

which flow along the material's surface have a finite current density which falls off 

exponentially from the superconducting-normal boundary. The depth to which this 

current density flows in the material is known as the penetration depth (X). 

Superconducting materials are normally characterized by three independent 

parameters; the critical temperature (Tc), a critical magnetic field (Ho), and critical 

current density (J,). The specific value of each parameter is the point at which the 

material will cease to superconduct. For pure niobium the Tc is 9.25 Kelvin, the H c2 is 

2.25 Tesla, and the J, in amps /mm- varies depending upon the processing of the 
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material. When plotted together these parameters form the critical surface of a material, 

figure 3, which determines the boundary between the superconducting and normal 

phases. 

Ginzburg-Landau Parameter 

In the superconducting state a material has two distinct types of electrons: normal 

electrons and superelectrons. Superelectrons have a longer range (coherence) over 

which their order extends than normal electrons. In 1957 Bardeen, Cooper, and 

Schrieffer theorized that a superelectron is able to move through a material without 

scattering by pairing with another superelectron of equal but opposite momentum, 

forming a Cooper pair. The superelectrons pair, or interact, through the transfer of 

momentum from the emission and absorption of a virtual phonon in the crystal lattice.' 

The phonon exchange allows the electrons to 'bind' together and negate the influence of 

the atomic lattice. This pairing is possible because the decrease in potential energy from 

forming a Cooper pair is greater than the increase in kinetic energy from bringing the two 

negatively charged electrons together.9 

Pippard in 1953 theorized that due to the nature of superelectrons their density 

could not change rapidly with position but could change only over a set distance known 

as the coherence length (),I° The coherence length is on the order of 1 gm for most 

pure metals. In alloys and select metals it can be significantly lower due to defects in the 

atomic lattice. For NbTi it is approximately 5 nm. 

There are two distinct types of superconductors. Both have the same properties 

well below their critical magnetic fields, but as the applied field approaches the critical 

magnetic field each type behaves differently. The two types of superconductors can be 
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distinguished by the Ginzburg-Landau parameter (x), the ratio of a material's penetration 

depth (X) to its coherence length 

Equation 1 

if lc < : type I Superconductivity 

if x > 1/42 : type II Superconductivity 

Type I materials have a single critical magnetic field, the thermodynamic critical field, 

(He) defined as: 

Hc = (2/110)[gn gs] 

where [to is the permeability of free space and [g gs] is the Gibbs free energy 

difference between the normal and superconducting states in the absence of a magnetic 

field. These materials cease to superconduct when the applied field exceeds this critical 

field. 

The Mixed State 

In type II materials there are two critical fields, Hc, and Hc1. When the applied 

field on a type II superconductor reaches Hc, it enters a new state known as the 'mixed' 

state. At Hci the applied magnetic field, which had been shielded by the Meissner 

Effect, now has enough energy to penetrate into the interior of the superconductor. This 

point can be predicted by the Ginzburg-Landau parameter: 

Hci = Hc / K, 

Where Hc is the thermodynamic critical field, as before. In the mixed state the magnetic 

flux entering the superconductor creates volumes of normal material, knows as fluxons. 

When a fluxon enters a material the surface area of the normal-superconducting interface 

is increased and the free energy of the system changes depending upon the K of the 



10 

superconductor. When lc is less than 1/42 the free energy in the system increases when 

a normal-superconducting interface is created. This normal-superconducting boundary 

region is said to have a positive surface energy and is found in type I superconductors. 

For this reason, flux is excluded from type I superconductors at all fields below Ho and 

the Meissner effect is observed. 

However, in type II materials such as niobium, vanadium, and alloyed materials, 

< X. and x is greater than 1/42. As can be seen in figure 4, the superconducting-normal 

interface will have a negative surface energy and the free energy of a type II system will 

be lowered when there is an increase in the superconducting-normal surface area. By 

introducing volumes of normal material the free energy, in a superconductor, increases 

by: 

(1/2)7E 21..10Hc2 per unit length of core Equation 2 

This larger normal to superconducting surface area now decreases the free energy 

in the material by: 

(1/2) it 21.10 HA2 per unit length Equation 3 

For an applied field larger than Ho the sum of equations 2 and 3 will be negative. The 

applied magnetic field will penetrate the superconductor decreasing the materials's free 

energy. 

The magnetic flux entering the interior of the superconductor will take a 

cylindrical shape. This geometry allows the greatest surface area to volume ratio for each 

fluxon, which maximizes the superconducting-normal boundary region. The larger the 

superconducting-normal boundary area the greater the free energy decrease in the 

system. Fluxons will also occupy the smallest cross sectional area possible, to maximize 

their number and increase the overall surface area of the penetrating field as well. In 

1957 Abrikosov proposed that the smallest amount of magnetic flux a fluxon can hold, 
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moo, is constrained by quantum mechanics to have a flux density equal to an integer value 

of h/2e, where h is Planck's constant. The cross sectional area will have a diameter of 

24 and form in a hexagonal lattice known as the Flux Line Lattice (FLL) with a spacing 

of: 

dRA, 444D0 (4(3)HApplied)* Equation 4 

where cI30 is the quantized value of flux density (2.067x1eWb). The flux line lattice is 

shown schematically in figure 5. 

Flux Pinning 

The Flux Line Lattice is an important concept in theories which describe the 

mechanisms of critical current density. In a type II material carrying a transport current 

applied across it, a Lorentz force (Fd will act upon all fluxons in the FLL causing them 

to move perpendicularly to the applied current. The work required to move the FLL 

creates a voltage drop across the sample causing the resistanceless properties of the 

material to no longer be observed. For currents below Jc a pinning force (Fr), equal and 

opposite the Lorentz force, opposes the FLL motion. The critical current for a material 

depends upon the applied magnetic field (HApphed ) and the Lorentz force by: 

FL = J X HApplied 
Equation 5 

The pinning of a fluxon is due to defects within the material's crystal lattice, such 

as precipitates, grain boundaries, and dislocations. At these defect sites the energy 

required to forma fluxon is much less than at other highly ordered areas of the atomic 

lattice. Figure 6a graphically represents the free energy in a superconductor with a single 

fluxon `sitting' at a void site. Figure 6b represents the potential energy well formed at 
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Figure 5: Schematic of a hexagonal flux line lattice (FLL) in a magnetic field. The 
black arrows represent the penetration of the magnetic field through the fluxoids. 
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this pinning site when the fluxon is present. Figure 6c is a model of the pinning force of 

the fluxon at the void site. The strength of the pinning force is related to this energy 

difference between the pinning site and the defect free crystal lattice. The lower Fp is in a 

material the lower FL needed to reach a material's critical current. To increase Jc the 

pinning of the fluxons in the FLL must be increased. 

The FLL can be thought of as a pseudo-solid of fluxons. The fluxons act as 

atoms in a crystal lattice, repelling each other as like charged particles do, propagating 

applied forces, and even shearing under a tensile load. When the Lorentz force has 

overcome the pinning force of a weakly pinned fluxon, as in figure 7, the repulsion from 

the other strongly pinned fluxons surrounding it will hold it in place. By increasing the 

pinning of many fluxons in the lattice the FLL as a whole will have a greater pinning 

strength. This increased opposing force will allow a larger transport current to be 

applied across the material. 

Core and surface pinning are two of the competing theories behind the 

mechanism of flux pinning." The core pinning theory asserts that the maximum 

pinning force for a FLL is in a material where the pinning sites are the same width as a 

fluxon diameter, 2;. Those sites should be spaced by (sqrt(3))/2* dpLL which depends 

on the applied field, as shown in figure 8a. The greatest energy difference between the 

pinning site and the matrix will be when the geometry of the pinning layer is matched to 

the FLL spacing and the fluxon diameter. This maximum energy difference will give the 

greatest core pinning force to the FLL. 

Surface pinning differs from core pinning theory in its view of the pinning site. 

Surface theory predicts the pinning of the fluxon occurs due to contact with the normal 

areas inside the material. The currents flowing along the normal-superconducting 

boundary in these normal areas repulse the currents flowing along the boundary region 

of the fluxons. By opposing the motion due to the Lorentz force the normal site 'pins' 
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Figure 7: FLL reacting to the Lorentz Force (FL) of the applied current. The 
'white' fluxon has a lower Fp but is kept in place by the more strongly pinned 
'black' fluxons. 
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the fluxon by preventing its motion. Maximum pinning in the surface theory would be 

due to very thin layers of normal material spaced to match the fluxon lattice, shown in 

figure 8b. These two theories both are valid bases for pinning mechanisms, yet each 

predicts a different ideal microstructure for the maximum pinning force. 

Proximity Effect Theory 

The chaotic microstructures of conventionally processed NbTi wire make it 

difficult to analyze which pinning theory is dominant. The small dimensions and random 

orientations of the cc-Ti ribbons within NbTi wire do not lend themselves to an analysis 

of pinning theories. Thin films are an ideal method for modeling NbTi. Thin films 

permit a high degree of control over layer spacing and compositions, allowing the 

influences of a film's microstructure on superconducting properties to be investigated. 

Yet, as seen in past film studies the proximity effect, in pure metal films, degrades the 

superconducting properties of the sample. 

The proximity effect theory of deGennes and Werthamee describes the behavior 

of superlattices consisting of superconducting and normal layers. The theory predicts a 

reduction in the superconducting properties of a superconducting-normal junction as the 

layer approaches the coherence length of the superconducting material. The reduction in 

the superconducting properties of a film will depend upon the thickness of the 

superconducting and normal layers and their size compared to the coherence length of the 

superconducting layer. 

Figure 9a illustrates the superconducting electron density (ns) profile of a two 

layer film of Nb and Ti in which the bilayer period (A) is larger than ce;Nb. The layers in 

this junction are said to be decoupled. A transport current would only run through the 

superconducting layer of the film and the superconducting properties would be similar to 

those of a film composed of only pure Nb. 
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Figure 9a: A >> 4. A Nbfri bilayer with a large bi-layer thickness in which the superelectron 
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Figure 9d: A multilayer film with a layer thickness on the order of 4 of Nb.
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Figure 9e: A 5. 4. A multilayer film with a very small layer thickness. In this film the 
interface region affects the overall volume of superconducting material 
in the bilayer period. 

Figure 9. Bilayer / Trilayer Model 
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Figures 9b and 9c are trilayer films of Nb and Ti. The layer spacing is smaller 

than the coherence length and the superelectron density has been changed from it's 

maximum value. The change in ns will depend upon the ratio of the thickness of the 

superconducting and normal layers. In Figure 9b the matrix layer (ds) of Nb is larger 

than the pinning layer (dN) of Ti, and the bilayer period is less than 4Nb. The 

superelectron density cannot fully change from 0 to 1 between the layers and they are 

said to be coupled. Since the superelectron density of the superlattice will be lower than 

one with the same composition but larger layer thickness, it will take a smaller free 

energy increase to shift this film into the normal state. The film in figure 9b will still 

superconduct but it's superconducting properties will be depressed compared to bulk 

Nb. Figure 9c is an N-S-N trilayer in which the Ti layer surrounds the superconducting 

Nb layer. The layers will be coupled but ns will be severely depressed and the 

superconducting properties will be very poor compared to the bulk values of Nb. 

Figure 9d is schematic of a Nb/Ti multilayer film. Unlike the S-N junctions in 

the previous figures, the repetition of layers does not allow ns to fully reach it's 

maximum or minimum value at any point throughout the film. Figure 10 presents data, 

taken from literature, of the Tc depression in Nb/Ti films as their A decreases7'1216. The 

larger A films have the high critical temperatures of decoupled layers, as in figure 9a, 

while the smaller A films show the proximity depression of coupled layers such as those 

in figure 9d. 

The increase in Tc for very small A, in figure 10, is attributed to a trilayer effect 

in thin films.'2 Ledvij et al. postulated a thin film model which is an extension of the 

proximity effect theory of deGennes and Werthammer. This model incorporates an 

interface layer between the two pure metal layers. When the normal and superconductimz 
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Figure 10: Tc vs. A data, taken from literature, to show the Proximity Effect. 
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layers approach very small thicknesses, of only a few nanometers in scale, the interface 

region between the two layers becomes very important. Interdiffusion, deposition 

irregularities, and surface roughness between the two pure layers create a mixed interface 

layer which, due to the small layer spacing, has a thickness on the order of the 

superconducting and normal layers. A is now given by: 

A = dN + ds + 2d1 

where d1 is the thickness of the interface region shown in figure 9e. The interface layer is 

now a large percentage of the overall composition. In Nb/Ti films the interface region 

will have an alloyed composition in which the coherence length is smaller than in the 

pure Nb layer. The volume of superconducting material within one trilayer, figure 9e, is 

greater than the volume of the bilayer model, figure 9d. Since the 4 is smaller in the 

alloy layer, and the overall composition of the film has a larger superconducting portion, 

ns will be greater in the figure 9e film and it's Tc will be closer to that of bulk Nb-Ti. It 

is the depression of superconducting properties due to the proximity effect that must be 

designed around to create films with the properties of bulk Nb-Ti wire and study flux 

pinning mechanisms. 

Previous Nb/Ti Thin Film Studies 

Other researchers have been investigating artificial pinning layers in low Tc films 

for many years. Those researchers have had great success in producing films of 

differing bilayer thicknesses with enhanced Jc characteristics. Many different film 

compositions and geometry have been analyzed, but most have suffered from proximity 

effect limitations. Most materials used for the pinning layer vary but all have the same 

characteristic of being pure metals, unlike those studied here. 
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Two past film studies included in figure 10 were reported by Qian et al." and 

Qian studied a single type of film composed of a Nb 50 at% Ti superconducting 

layer and a pure Nb normal layer. The bilayer periods ranged from 0.6 625 nm with ds 

: dN ratio of one. The films Sato studied were composed of pure Nb and pure Ti layers 

in ratios varying from 1/3 3. Bilayer periods were much smaller than those of Qian's 

and ranged from 0.2 10 nm. Both studies experienced Tc depression when the bilayer 

thickness was between 10 100 nm. Tc returned to that of bulk NbTi for bilayer periods 

less than 10 nm in agreement with the Ledvij's tri-layer model of the proximity effect. 

There have been several studies published on NbTi films in the last few years. 

Obi et al." studied films composed of a Nb65Ti35 alloy with pinning layers of either pure 

Ti or pure Nb. Bilayer periods ranged from 6 100 nm, each layer the same thickness, 

ds : dN = 1. Tc was depressed in all films, as predicted by the proximity theory, but the 

pure Nb pinning layers had a smaller scale of depression than the Ti pinning layer films. 

Hc., behavior was also significantly depressed compared to commonly used NbTi alloys. 

Hc2 vs. A data showed a peak Fp for a 30 nm bilayer dropping sharply for higher and 

lower bilayer spacing. 

Another study of a superconducting layer composed of Nb65Ti35 alloy with pure 

Nb pins by McCambridge16.17 did not show Tc depression, but did show depressed Hc,. 

The films' superconducting layer consisted of a 20 nm NbTi alloy interspersed with 3 

nm pure Nb pinning layers, giving a range of ds : dN ratios from 2 7. Though there was 

not a Tc depression reported, the Hc2 depression is consistent with the proximity effect. 

Record Jc data of 10,000 A/mrn2 @ 5T and 4.2K were presented for a A of 25 and 26 

nm. 

Kadyrov et al.'s studied NbTi films with Cu pinning layers. These films 

consisted of changing ds layers over a range of 10 100 nm with a static Cu dN layer 10 

nm in thickness. Kadyrov reports significant Tc depression, in which Tc decreases as ds 

9 

http:McCambridge16.17


24 

layer thickness decreases logarithmically. Hc2 could not be measured beyond 10 T but 

when projected beyond this limit does not appear depressed except in the 10 nm ds layer 

in which there is a slight Ho depression. A fit to the ds vs. Jc curve, done by Kadyrov, 

predicts a power law dependence upon layer spacing and a maximum Jc for films with a 

15.7 nm ds layer, or an approximate ds: dN ratio of 3:2. 

K. Faase et al.' 9, who's work is continued in this investigation, explored the 

microstructural characteristics of films versus their superconducting properties. It is 

important to differentiate influences which stem from the fabrication and quality of the 

layers from those of geometry and superconducting mechanisms on the properties of 

films. The films studied consisted of pure Nb or Ti layers with many different layer 

spacing and bilayer periods. One set of films in particular labeled the `multi- multilayer' 

consisted of a matrix layer composed of many atomically thick Nb and Ti layers which 

were surrounded by a pure Nb layer. This configuration was to have emulated an 

alloyed layer utilizing only pure metal layers. 

Faase's characterization of the film's microstructure determined that the 

separation between the different layers and layers thicknesses matched those of the 

designs. Even though the films characterized by Faase were of high quality, the Tc and 

Hc2 data of the films was depressed, matching the proximity effect. The information 

gathered by Faase was utilized in a numerical analysis of the Ledvij trilayer mode1.12 The 

numerical analysis of Faase agreed with his experimental results and predicted lattice 

spacing and alloyed layer compositions that would yield a maximum pinning force in 

Nb/Ti multilayer films for ST and 8T fields. 

Alloyed Multilayer Films 

Based on Faase's predictions several different films were proposed for this 

research project. Two groups of two different films, one for each pinning mechanism 

http:mode1.12
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model, were produced. In each group films were optimized for maximum pinning at 

several different fields below the Ho of Nb/47wt% Ti. The thickness of each 

superconducting and normal layer was determined from equation 4 to model either core 

or surface pinning theories. 

To overcome proximity effect depression, and other problems seen in studies of 

pure metal layer films, layer compositions were designed to match industry standard 

wire. Alloyed layers were predicted to return the properties of NbTi films to those of 

bulk NbTi alloys. For all films, the matrix layers are a Nb/44wt% Ti alloy and the 

pinning layers are composed of a Nb/90wt% Ti alloy to resemble the a-Ti ribbons of 

standard wire. The Tc and H0 values of these films should be very close to those of 

bulk NbTi alloys and wires used within the superconductor industry. 

III. Experimental Procedure 

Sample Fabrication 

Fabrication of the alloyed multilayer films was performed at the Basic Industrial 

Research Laboratory (BIRL) at Northwestern University. The films were sputter 

deposited in vacuum at temperatures between 200-300 °C in an RF sputtering system. A 

unique composite sputter target was utilized to deposit the alloyed layers. The sputter 

targets were composed of small blocks of pure Nb or Ti which attempted, in the target 

holder, to match the designed composition of each layer. Silicon wafers with varying 

buffer materials were used as substrates for the films. The substrates have a specific 

(110) orientation, in which their [110] direction is perpendicular to their surface. The 

deposited layers are polycrystalline and have a wire texture in which grains have a 

specific direction perpendicular to the surface but are randomly oriented in the plane of 
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Table 1. Design parameters of 6000 series films. All samples 
were processed at ambient temperatures. 

Nb/Ti Multilayer Alloy Film 

IN Nb/44wt% Ti Layer Nb/90wt% Ti Layer1111 Substrate 

Figure 11. Multilayer schematic of the 6002 film. 

ds = 6 nm dN = 11 nm 
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the layer. Table 1 lists the label, thickness, and layer specifications for all films. Films 

6001 and 6002 were designed to model core pinning films with large dN thicknesses 

compared to their ds layer. Films 6003 6005, which have very thin dN layers, were 

designed to model surface pinning microstructures. Figure 11 is a schematic of the 6002 

multilayer film, for which dN is 11 nm, ds is 6 nm. 

Electron Microprobe Analysis 

An electron microprobe analysis was performed on multiple areas of each 

different type of film at the OSU Geo-Sciences Electron Microprobe Facility. It was 

determined, from previous experiments, to probe for Nb, Ti, Si, Mg, Fe, Ni, and Cr 

elements during the first analysis. A beam voltage of 15 KeV was initially utilized, and 

then lowered to 10 KeV for a more detailed probe of the Fe concentration in selected 

films. The 10 KeV beam setting was determined by empirical means to be the lowest 

allowable voltage to excite the Ti atoms in the samples but decrease the fluorescence of 

Fe atoms. A line scan consisting of five points over an average range of 20 pm was 

performed on each sample. Nb and Ti standards supplied by the OSU Cryogenics Lab 

were used to calibrate the Nb and Ti analysis and standard bulk samples from the 

Microprobe Facility were used for the other elements scanned. 

A simulation of the excitation volume of the film at 15 and 10 KeV was 

performed utilizing the Electron Flight Simulator (EFS) program. The EFS program 

uses a Monte Carlo calculation to model the volume of atoms in the sample that are 

excited by the electron beam. The calculation uses parameters provided by the user on 

the electron beam, geometry and composition of the sample. For the EFS simulation an 

average composition of the film was based on the data from the actual microprobe 

analysis. The simulation gives the excitation volume and an approximate depth, into the 

film, that the microprobe analysis examines. This model was performed to compare the 
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two different voltage scans to determine how different the excitation volumes were 

between the high and low voltage analysis, and whether the electron beam penetrated 

through the NbTi layers to the film's substrate. 

X-Ray Diffraction Characterization 

X-ray diffraction was performed at Willamette University by Dr. Roberta 

Bigelow on a Siemens D5000 Diffractometer. A Cu Ka x-ray source, with a Ni filter to 

suppress the CuKP x-rays, and a texture goniometer were utilized for the measurements. 

A film consisting of pure metal Nb and Ti layers was used as a standard for these 

measurements to ensure reproducibility and accuracy of the diffractometer. 

High angle measurements were performed by taking data between 1-90° (20) in 

0.2° steps. The number of counts registered by the x-ray detector, labeled as the counter 

in figure 12, are plotted against the diffraction angle in degrees 20. The angles with the 

highest number of x-ray counts typically appear as sharp peaks against a much less 

intense background. The angular position of these peaks is used to determine the Miller 

indices of the diffracting planes. For a wire textured (110) oriented film only the planes 

which became parallel to the surface during rotation formed peaks and were observed. 

Low angle superlattice scans were also performed on the films. Counting times 

varied depending upon the difficulty of extracting superlattice peaks from each film, but 

were generally between 1- 30 seconds per 20 increment. The bilayer spacing was 

calculated from low angle superlattice scans and Bragg's Law, A = XcL, / 2(sinO, 

sin02), where 0, and 0, are the superlattice peak positions in degrees 0, and A is the 

superlattice spacing in A. 
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Figure 12. X-ray diffraction pole figure measurement schematic. (Ref. 22) 
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A pole figure analysis was performed upon the first film set. The rotation angles 

x and 4) and the rotation axes are defined in figure 12. By rotating the samples about 

these axes the different diffracting planes can be observed and insight into the 

crystallographic alignment of the multilayer microstructure obtained. Each scan was run 

in continuous mode and the samples rotated from 0 to 81° x, and 0 to 180° in 4) at 3 ° 

step increments. Data was analyzed in two different methods. Texture analysis software 

was utilized to determine the (I) and x values needed to plot the 3-D figures. Another 

program was used to translate the count statistics of the peaks into full width half-

maximum (FWHM) values. 

Characterization of the Superconducting Properties (Tc, Hc2) 

Critical Temperature 

Characterization of the critical temperature (TO was performed in an inductive 

coil probe. A sample was placed in the probe between two coils, the pickup and 

excitation coils, perpendicular to the coils' central axis. The samples wereencapsulated 

in the Tc probe and immersed in a liquid helium (LHe) bath at 4.2K and zero field. A 

lock-in amplifier generated an AC voltage which produced an AC magnetic field on the 

excitation coil. This field was sensed by the pickup coil and a voltage measurement was 

recorded. When the sample was brought below Tc the Meissner effect shielded the 

pickup coil and the resulting voltage drop was recorded. 

Temperature control was performed by heating elements wrapped around the 

sample holder and instrumentation, shown in figure 13. The temperature was monitored 

by a Cernox resistive sensor which was controlled by a Lakeshore Cryotronics DRC

91A temperature controller and the laboratory computer through a GPIB interface. The 
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Figure 13: Side and top views of the Tc / Hc, probe.
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temperature sensor was calibrated for each run by measuring three standards after each 

sample measurement without removing the probe from the LHe bath. The primary 

standard, taken as the first point in the calibration, was the LHe bath itself, which boils at 

4.24K at 766 mmHg. Two pure metal superconducting coils, with well known 

transition temperatures, were utilized as 'witness' points. A Pb coil and a Nb coil, 

having Tc's of 7.2K and 9.22K respectively, were independently measured after each 

sample run. As in the sample measurement, when the temperature decreased below Tc a 

transition was seen on the voltage measurement of the witness coil. The data from the 

witness coils was fit with a second order curve to determine the calibration of the 

theimometer, shown in figure 14. The sample data was then recalculated with the fit to 

determine the actual Tc of the sample. Tc is taken to be the 50% of the transition height 

and AT as the difference between 90% and 10% of the transition width. 

The inductive coil probe has a limited sample area. A sample from each film was 

`broken' from the larger original piece down to the required dimensions utilizing a 

diamond tipped cutter and ruler. The samples were then clamped into place with the 

screws shown in figure 13. Along the edge of the sample there was significant damage 

done to the film and peeling from the substrate observed. Yet, a much larger portion of 

the film was left intact when compared to the amount of damaged film to measure a 

strong accurate signal from the probe. 

Critical Magnetic Field 

The same probe used for the Tc measurement was utilized for the Hc., 

measurement as well. The sample is kept at 4.2K in the LHe bath in the bore of a 

Cryomagnetics NbTi 9 Tesla magnet. A 100 mA current is applied across the sample 

from two of the four contacts shown in figure 13. The voltage across the sample is then 

measured as a function of applied field from the magnet. The field of the magnet was set 



33 

Tc Correction Plot 
10
 

9
 

8
 

7
 

6
 

5
 

4
 
4 6 8 10 12 14
 

Witness Measurements (K)
 

Y = MO + M1*x + ... M8*x8 + M9*x9 
MO 3.3715 
M1 0.076868 
M2 0.030927 

R 1 

Figure 14. Calibration Curve for 6000 series Tc measurement. 
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by a Power Ten 125 amp current source. Control of the Power Ten was performed by a 

LabView 4.0 program over a GPIB connection through a Keith ley 213 voltage source 

which converted the digital GBIP signal to the analog one read by the older Power Ten 

voltage supply. Ideally as the applied field is increased and the upper critical field of the 

sample approached the voltage drop across the sample increases until a maximum is 

reached and the sample is no longer superconducting. The onset of Hc2 was defined as 

the field value at 90% of the transition height and Hc2 was defined as 50% of the 

transition height. 

IV. Results 

Electron Microprobe 

Table 2 is a listing of the elemental concentration, in weight percent, of each film. 

The total concentration, shown in the table 2 for each film, is the average of all the 

analyses collected for a particular film. All seven films in the 6000 series were 

examined. A more detailed table of the results is available in the appendix. 

The first set of films, 6001, 6002 and 6003, was found to contain Ni, Cr, and Fe 

contaminants. Within the first film set the addition of the Ni, Cr and Fe impurities alters 

the composition significantly. Yet, accounting for the inclusion of the contaminants there 

is still a large difference between the intended and the actual composition of the Nb-Ti 

alloy layers. In fact none of the films match the specified composition exactly. 

The second film set, 6003(2), 6004, 6005(1) and 6005(2) do not contain any of 

these impurities. These films have a smaller disparity between the intended composition 

and the actual composition. However the Nb concentration is too high by 10 wt% from 

the designed composition. 



ktifoAffiTi; -Tkc11117,. 

6001 33.00 67.00 39.31 52.23 0.59 1.17 4.53 97.83 
6001 33.00 67.00 38.62 52.79 0.53 1.26 4.80 98.00 

set 1 6002 26.24 73.76 63.07 36.79 0.02 0.19 0.51 100.58 
6002 26.24 73.76 63.92 38.20 0.03 0.00 0.03 102.18 

52.17 47.83 28.92 58.59 0.67 1.46 5.58 95.22 
52.17 47.83 29.95 60.90 0.08 1.48 5.99 98.40 

52.17 47.83 62.03 38.13 0.00 0.00 0.00 100.16 
set 2 6004 53.29 46.71 63.62 39.17 0.00 0.00 0.00 102.79 

53.91 46.09 63.98 38.01 0.0.0 0.00 0.00 101.99 
6005 2 53.91 46.09 64.27 35.07 0.00 0.00 0.00 99.34 

Table 2. Compositions of the 6000 series films. The actual 
composition data is taken from the 15 KeV analysis. 
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Figure 15. 10 KeV, 0 deg. beam angle EFS profile of the 6001 film. An 
approximate depth of 10 microns was assigned to the film and an average 
density taken from the initial microprobe data. 
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Figure 16. 15 KeV, 0 deg. beam angle EFS profile of the 6001 film. An 
approximate depth of 10 microns was assigned to the film and an average 
density taken from the initial microprobe data. 
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Figures 15 and 16 show the depth profile created by the Electron Flight Simulator 

software to model the excitation volume of a 0 degree, from the perpendicular, beam 

angle on a NbTi film 10 microns thick. The figures illustrate the small change in the 

depth the electron beam penetrates for a 5 KeV change in beam voltage. The actual beam 

angle of the microprobe is 40 degrees from the perpendicular. This lower beam angle 

decreases the difference between the two excitation volumes as well. The 10 KeV beam 

voltage analysis was performed on the first set of samples, shown in Table 3, and does 

not show a significant difference in composition from the 15 KeV analysis. 

X-Ray Diffraction 

Low angle superlattice x-ray diffraction measurements find very good agreement 

with the designed bilayer spacing for the first set of films. Figure 17 is a low angle 

superlattice scan of film 6005(1) from which the bilayer spacing was calculated. The 

data in this figure is the addition of many scans of the same sample which simulates a 

very long count time measurement. The peaks shown indicate a superlattice of 26 nm 

which is close to the film's design specifications, and is typical of the second film set. 

Table 4 is a comparison of the designed layer spacing and the superlattice x-ray 

diffraction measurements. There is good agreement between the measured bilayer period 

and the design specifications in all films except 6004. This film did not exhibit any 

superlattice peaks even for very long counting time measurements. 

Figure 18 is a 20 vs. intensity scan of the 6004 film, where the peak labels show 

the diffracting planes. The peaks in figure 18 are sharp and have a high intensity, which 

is typical of the high angle scans of all the films. The diffraction pattern indicates an 

ordered microstructure which, though not as highly aligned as an epitaxial film, is not 

randomly ordered. It is typical of high angle 20 measurements to see a substrate or 

buffer layer peak such as the Si (400) peak in figure 18. Yet the appearance of the Nb 
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Figure 17. Low angle 20 superlattice scan of film 6005(1).
 
The distance between peaks computes to a 26 nm bilayer period.
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Set 1 Films 10 KeV Beam Volt. 
W %(Fe) W%(Ti) W %(Nb) Total: 

5.33 51.99 40.95 98.27 
0.45 34.03 62.3 96.78 
5.86 61.37 30.4 97.63 

Table 3: 10 KeV Microprobe analysis on films 6001 - 6003(1) 

Designed Layer Spacing Bilayer XRD Data 

Sample ID ds [nm] do [nm] Bi-Layer [nm] 

Alloy Targets 2 ) 

6001-Zr 11 11 22 22 

6001-BN 11 11 22 22 
6002-Zr 6 11 17 17 

6002-BN 6 11 17 

6003-Zr 11 1 12 

6003-BN 11 1 12 

6003-2 11 1 12 19 

6004 16 1 17 

6005-1 21 1 22 26 
6005-2 21 22 26 

Table 4: The designed layer spacing and bilayer period for the 6000 series films 
and the actual bilayer thickness calculated from the low angle superlattice scans. 
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Figure 18. High Angle 2 theta x-ray diffraction scan of a 6004 wire-textured film. 
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Figure 19a. Nb (110) Pole figure of 6002 film. The high intensity and 
sharpness of the peaks points to a highly aligned film. 
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(200) plane in the scan should not be seen in a (110) wire textured film. Since the (200) 

plane is not parallel to the (110) surface it's appearance implies a lack of texture and an 

additional (200) orientation in the many of the grains within the films. 

Figure 19a is a pole figure of the 6002 film Nb (110) plane with sharp, high 

intensity peaks. Figure 19b is a contour plot of the same plane in the 6002 film. This 

figure shows the width of the peaks seen qualitatively in figure 19a. From figure 19b the 

width of the rings can be obtained and a qualitative determination of the alignment within 

the film made. The Nb (110) ring has a FWHM of 10° x which indicates a high degree 

of alignment in the 6002 film. These results contrast to the 6001 and 6003(1) pole figure 

scans which had lower intensities and broader peaks averaging 20° x in width indicating 

greater misalignment within the microstructure. 

Critical Temperature 

Figures 20a and 20b are typical Tc measurements for the 6000 series films. The 

average transition width, AT, for the measurement in set one is 0.25K and for set two it 

is 0.22K. Tc and Hc-, data for the 6000 series films are summarized in Table 5. Values 

of Tc in the second set of films show a close match to the bulk NbTi Tc of 9.2K. 

Figure 21 is a graph of Tc vs. contaminant wt%. Tc decreases as the impurity 

content increases. Comparing films 6003(1) and 6003(2), which have a high and a low 

impurity concentration respectively, the difference in Tc illustrates the effect of impurities 

on films with the same microstructure. 

Critical Magnetic Field 

Figure 22 is an lic2 measurement for the 6003(1) film. This plot has a typical 

appearance for an Hc2 measurement, yet the 6003(1) film is the only film of the 6000 
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Figure 20h: Tc curve of film 6005(2). 



At(it-q1.0i0'
 

01,1 

6001-Zr 7.55 
6001-BN 7.05 
6002-Zr 9.00 
6002-BN 9.15 
6003-Zr 5.62 
6003-BN 5.70 

6003-2 9.02 
6004 8.91 

6005-1 8.89 
6005-2 9.22 

7.40 
6.90 
8.87 
9.00 
5.54 
5.61 

8.93 
8.84 
8.70 
9.15 

7.70 
7.11 
9.11 
9.30 
5.83 
5.79 

9.13 
9.04 
9.08 
9.26 

0.30 
0.21 
0.24 
0.30 
0.29 
0.18 

0.20 
0.20 
0.38 
0.11 

lokftiLl!;olliV 
Pt 

.r1 

>9.0 
>9.0 
>9.0 
>9.0 
7.66 
7.78 

>9.0 
>9.0 
>9.0 
>9.0 

411,!(; 

>9.0 
>9.0 
>9.0 
>9.0 
7.41 
7.12 

>9.0 
>9.0 
>9.0 
>9.0 

,41,11,c); 

>9.0 x 
>9.0 x 

>9.0 x 

>9.0 x 

8.06 0.65 
8.26 1.14 

>9.0 x 

>9.0 x 

>9.0 x 

>9.0 x 

ATc Set 1 Avg: 0.25 
Set 2 Avg: 0.22 

Mid-point Tc Set 1 Avg: 7.35 
Set 2 Avg: 9.01 

Table 5: The Tc and Fic2 results for the 6000 series films. The (>9.0) 

symbol denotes an Hc2 higher than our capabliity to measure. 
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Tc vs Contaminent % 
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6003(2) 0.00 9.02 
6004 0.00 8.91 

6005(1) 0.00 8.89 
6005 2 0.00 9.22 

Figure 21. Tc vs. wt% Contaminent for the 6000 

series films and table of TC vs. Contaminent %. 
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series to have a flu transition. It can be seen in Table 5 that all the films, except 6003(1) 

have an upper critical magnetic field greater than 9T, the maximum applied field available 

from our laboratory magnet. 

V. Discussion 

Film Quality 

In past film studies the microstructural characteristics, such as layer configuration 

and composition, have played an important role in the superconducting properties of the 

films. High quality films, like those characterized by Faase, don't necessarily translate 

into improved superconducting properties. Yet, poor quality films, such as those with 

impurities, may not yield reliable and accurate results. Characterization of a films 

microstructural properties allows one to determine the reliability of the superconducting 

properties measured. 

The EFS results perform a check on the microprobe analysis of the film samples. 

The simulations show that there should not be a noticeable difference between the low 

voltage and high voltage scans and that the microprobe should not be able to detect the 

substrate material. Both of these predictions were found to be true in the microprobe 

analysis. 

The microprobe results show a variation of the composition in the films from the 

design specifications. There are several different reasons why these compositions could 

be different from the design values. As is seen in the first film set the impurity 

concentration alters the total Nb and Ti composition in the films. Yet, accounting for the 

5-8 wt% impurities in films 6001 and 6003(1) by increasing the Nb and Ti 

concentrations artificially does not adjust to their the composition to the designed one. 

Different layer thicknesses could also alter the composition from the original 

specifications. Films 6003(2), 6005(1) and 6005(2) measured different bilayer spacing 
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than their designed bilayer periods. Accounting for their different geometry in their 

overall compositions there is still a difference between the designed and the actual 

composition of these films as well. 

The composition for every film's superconducting layer was designed to be Nb 

44 wt% Ti. Since the pinning layers were designed to be Ti rich the overall composition 

of all films should not be less than 44 wt% Ti. Yet, films 6002, and 6003(2) 6005(2) 

all have Ti concentrations lower than 44 wt%. Since the superlattice measurements, in 

the first film set, match the designed bilayer periods and the compositions are also not the 

designed compositions, it must be the case that one or both of the layer compositions are 

inaccurate. 

The texture and superlattice peaks seen in the all films, except 6004, imply that 

they have the multilayer microstructure that was intended. Though the pole figures 

indicate that the microstructure has a degree of misalignment to it, this misalignment was 

seen to the same degree in the films Faase characterized. 

The absence of superlattice peaks in the low angle scan of 6004 gives cause to 

question whether or not this film actually has a multilayer structure. It is highly possible 

the samples do not have the bilayer structure designed and are in fact a composed of 

randomly oriented grains of NbTi. 

Though high quality films do not create superior superconducting properties, 

geometrical effects such as inexact layer structure, incorrect composition, and impurities 

can lower a film's superconducting properties. The x-ray data indicates that deposition 

of the multilayer superconducting and pinning microstructures, from composite sputter 

targets, was successful and can be accurately controlled. Though the overall Nb and Ti 

concentration of the films varies from the designed compositions for most films, the 

compositions are still on the order of what was specified. Characterization of the film's 
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superconducting properties shows the effect the alloyed layer compositions have on the 

proximity effect as well as the effect the impurities have on the films. 

Superconducting Properties 

Even though the film's microstructural qualities did not fully match the designed 

parameters the Tc and the Hc2 of the films showed the outstanding characteristic of not 

being proximity depressed. Figure 23 plots Ho2 vs. T for a bulk NbTi alloy, bulk pure 

Nb and different NbTi films. Data for the plot was calculated from the He2 at 4.2K and 

Tc at zero field for each film utilizing the Hc2 Tc relation: 

Ho = Hc2 [ (1 - (T/Tc)2 [ Equation 6 

where Ho is the critical field at zero Kelvin. The 5003 film plot in figure 23 is thin film 

data taken from Faase7 of a pure Nbil'i layered film with a 170 nm bilayer period. This 

film shows typical proximity depression and has very similar properties to those of the 

bulk Nb plot. The plot of the 6003(2) film is an estimate of Hc2(T). Since this film, and 

all others except 6003(1), have an He2 higher than our capability to measure, an estimate 

is projected from the minimum possible He2 at 4.2K which is the maximum possible 

applied field of the testing magnet, 9.25T. In these films the superconducting properties 

are a much closer match to those of bulk Nb/47wt% Ti than the 5003 films. Since their 

properties are similar to those of bulk NbTi alloys the critical current of the 6000 series 

films will be greater than those of Faase's films and more closely match that of 

Nb/47wt% Ti. The 6003(1) film displays the effect that impurities have on the alloyed 

superconducting films. The plot of the 6003(1) film has depressed superconducting 

properties. The Flo of the film is midway between that of pure Nb and the NbTi alloy, 

yet this film has the same microstructure as 6003(2) film previously described. 
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Figure 23. lic,2(T) plot of Nb/47wt% Ti, pure Nb and several NbTi films. 
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Figure 24. Hc2 vs. Tc of several NbTi films. The 6000 series films are much 

closer to the superconducting properties of Nb/47wt% Ti than the 5000 series 
films of Faase's. (ref. 7) 
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Figure 24 highlights the superconducting properties of the first and second film 

sets and the measurement limits of the OSU Cryogenic lab. Several pure metal films 

with different bilayer periods from Faase7 are included for comparison. The films in the 

6000 series do not exhibit the proximity depression seen in Faase's pure metal films 

thereby overcoming the proximity effect through the use of alloyed layers. 

The only films in the 6000 series which exhibit depression in their 

superconducting properties are 6001, and 6003(1) which have the high impurity 

concentrations. The non-contaminated alloyed layer films are not affected by the 

proximity effect. Having properties very close to those of bulk NbTi wire used in 

industry will allow a comparison of the superconducting properties between the films 

and wire in later studies. 

VI. Conclusion 

The goal of this research project was to construct several films, with different 

compositions and bilayer geometry, which overcome the proximity effect and have the 

superconducting properties of bulk NbTi. By characterizing the Tc and Hc2 of the films 

it was shown the properties of the films do match those of bulk NbTi and do not show 

proximity depression. The Tc and lic2 of the films has been enhanced which, as can be 

seen in the superconducting phase diagram of figure 3, will ultimately increase the critical 

current of the films. The absence of the depressed Tc and Hc2 normally seen in other 

film studies with bilayer periods between 10 30 nm implies that alloyed layers should 

be used to overcome the proximity effect in future multilayer thin film superconductor 

studies. 
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Though we do not have a full understanding of the geometry of the samples we 

do have knowledge of their overall composition and bilayer period. The low Ti 

composition in many of the films points to the inaccuracy of the deposition parameters 

when the films were first processed. In order to determine the actual composition of 

each layer high magnification SEM or TEM techniques requiring an intensive amount of 

sample preparation would have to be employed. 

Future work on this project should include characterization of the critical current 

of the 6000 series films in order to understand the pinning mechanisms in bulk 

superconductors. This will involve photo-lithography and reactive ion etching of the 

films to create the critical dimensions needed for a critical current study. These facilities 

are not available here at OSU and an outside source will have to be obtained. 
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