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ABSTRACT 

A study has been made of some energy and momentum properties associated 

with the electrons of superconducting indium. In the experiments, an electric 

current was induced in the indium sample and measurements were made to detect 

any effects of an increasing super-state electron density on the current. By 

lowering the sample's temperature appropriately, the electron density could 

be controlled. 

The indium sample studied was in the form of a thin film, constructed 

by vacuum evaporation onto a glass substrate. Two indium wires connected 

the ends of the thin film to a copper wafer, forming a complete electric 

bircuit. This circuit was electrically isolated and measurements of the 

current through the thin film were made with a search-coil coupled to the 

current's magnetic field. 

A relationship between the current changes observed and some momentum 

properties of superstate electrons was then established. The assumption that 

al l "virtual pairs" in a superconductor have a common momentum proved 

consistent with the experimental results. 

Theoretical calculations are given which suggest that only those normal 

electrons with a preferred momentum can take part in increasing the super­

conductive electron density. This implies that a superstate electron system 

may effect the transformation of internal energy into work. However, the 

experiments carried out have not been sufficiently sensitive to show this 

conclusively. The inference stated above is based on the experimental results 

in conjunction with the required agreement of theoretical calculations with 

accepted theory. 

The indium-copper junction resistance had a resistance value which was 

markedly temperature dependent in the region below 3«^°K (the transition 



temperature of pure indium). A variation of resistance between the extremes 

?o4 x 10~ 1 0_n- at 3«1°K and 8 x 10~ 1 0-A- at 1.2°K was found. The cause 

of this large resistance change is ascribed to various effects but probably 

the most important one is the diffusion of copper impurity into the indium. 

Arguments in favor of this explanation are given. 

A number of suggestions are also included which may be helpful to the 

design of experiments similar to the one reported in this thesis. 
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1. 
Chapter 1 

INTRODUCTION 

l o Superconductivity and He I I sup e r f l u i d i t y 

Superconductivity may be compared to the very s i m i l a r phenomenon of 

su p e r f l u i d i t y i n l i q u i d helium,, Of t h e i r unusual and no n - c l a s s i c i a l 

properties, the most outstanding are zero v i s c o s i t y i n He I I and zero 

r e s i s t i v i t y i n superconductors. A phase change to these quantum states occurs 
i 
at a well defined temperature indicating that the low temperature phase i s 

due to a c o l l e c t i v e behaviour of the p a r t i c l e s . The superflow properties are 

caused by only a f r a c t i o n of the available p a r t i c l e s ; helium atoms for 

su p e r f l u i d i t y or electrons for superconductivity. With decreasing temperatures, 

t h i s f r a c t i o n increases. 

2. Cooper-pairs 

Despite the s i m i l a r i t y of the superflow properties, they are exhibited 

by p a r t i c l e s which have very d i s s i m i l a r a t t r i b u t e s , whereas helium atoms are 

neutral p a r t i c l e s obeying the Bose-Einstein s t a t i s t i c s , the electrons responsible 

for superconductivity are e l e c t r i c a l l y charged and obey Fermi-Dirac s t a t i s t i c s . 

This difference i s s i g n i f i c a n t i f s u p e r f l u i d i t y i s considered to be a boson 

condensation (Einstein, 1924; London, 1938). 

However, these objections against the parallelism of the two phenomena 

can be overcome. Shafroth (1955) has shown that a condensation of electron-

pair bosons might be the basis of superconductivity. The B.C.S. theory also 

ascribes the superconductive properties to electron pair interactions and 

experimental evidence gives support to this concept (Deaver and Fairbank, 1961; 

D o l l and Nabauer, 196l). 



2. 

3« Theories 

At the present- time, the description of superconductivity has progressed 

to a stage more detailed than thermodynamics and phenomenological equations. 

Many aspects of the phenomenon can now be better understood microscopically in 

terms of quantum mechanics. 

The most successful microscopic theory i s one proposed by Bardeen, Cooper 

and Schrieffer (1957)» Experimental corroboration of B.C.S. theory has been 

extensive and i t i s shown to be es s e n t i a l l y correct. The results of experiments 

reported here support the tenet of B.C.S. theory that the t o t a l momentum of 

a l l electron pairs i s the same. However, other theories propose a common 

momentum feature also and outstanding examples are the boson condensation by 

Schafroth and London's phenomenological description. London's equations lead 

to the result that the mean l o c a l momentum i s constant. 

4„ Common momentum experiments i n He I I and superconductors 

In the He I I , the feature of a common momentum for the superstate 

p a r t i c l e s has gained experimental support from the r e s u l t s of Reppy and 

Depatie (1964). Their experimental procedure was as follows. At a tempera­

ture just below the lambda point, a quantity of helium i n a beaker was set 

into rotation. After the beaker was clamped, normal f l u i d v i s c o s i t y reduced 

the normal component's ro t a t i o n to zero but allowed r o t a t i o n of the super-

f l u i d at rates below a c r i t i c a l v e l o c i t y . The superfluid density was then 

increased by decreasing the temperature of the helium. 

At various lowered temperatures heat pulses destroyed the s u p e r f l u i d i t y 

and allowed the measurement of the t o t a l angular momentum possessed by both 

f l u i d components of the He I I . I t was found that the t o t a l angular momentum 

at the lower temperature was greater than the momentum of the superfluid at 



the higher, i n i t i a l temperature i n proportion to the increased superfluid 

density. Prom t h i s r e s u l t i t can be concluded that the "normal" atoms with 

a thermal momentum equal to that of the "superfluid" atoms are preferred over 

others for entering the superstate. 

This thesis i s an account of experiments with superconductors which can 

be regarded as analogous to those of Reppy and Depatie» However, the super­

conductivity case i s considerably modified since we are dealing with charged 

p a r t i c l e s instead of neutral atoms and the interaction of magnetic and induced 

e l e c t r i c f i e l d s with the electrons reducing the electrons' freedom of motion. 

Because of Lenz's law, the self-induced e l e c t r i c f i e l d s would cert a i n l y reduce 

i f not prevent, any effect analogous to the He I I case. The f e a s i b i l i t y of 

increasing an e l e c t r i c current i n a superconductor by increasing the super­

state electron density must cert a i n l y take into account the experimental 

geometry. Another problem encountered i n the superconductivity case i s shown 

by the application of thermodynamics. The detection of an effect i s more 

d i f f i c u l t due to a much smaller in t e r n a l energy change than i n the He I I case. 

5» General topics 

Topics helpful as a theoretical background w i l l be discussed more f u l l y 

i n the next chapter. This w i l l include a general description and a resume of 

some successful superconductivity theories. A section i s also devoted to the 

s p e c i f i c application of theory to the experiments reported here and the 

derivation of equations to be used again l a t e r on. 

The experiments have not exploited the potential range of investigation 
t 

extensively. Consequently, a substantial amount of information about super­

conductivity could become available through research i n t h i s d i r e c t i o n . To 

f a c i l i t a t e the design of similar experiments, some suggestions are made which 

may prove useful. 



In the calculations which follow, an attempt was made to keep the notation 

f a i r l y consistent. The symbolism used i s usually quite standard for low 

temperature physics but some of i t i s an indiv i d u a l style. A l i s t of the 

symbolism i s made i n Appendix C which should c l a r i f y t h e i r d e f i n i t i o n s . With 

regard to units, the intention was to use MKS units throughout. 



Chapter 2 

THEORY 

A. General Theory of Superconductivity 

The most peculiar feature of superconductivity, discovered by Kamerlingh 

Ounes in 1911, is the immeasurably small electrical resistivity. All attempts 

at obtaining a value for it have yielded such a low maximum value that the 

resistivity is now considered to be essentially zero. It is less than the 
-14 

value for pure copper by a factor of 10 (Quinn and Ittnet, 1962). 

However, the low resistivity is only a single manifestation of an 

unusual phenomenon and since its discovery numerous other properties have 

been revealed. A l i s t of some of these important experimental discoveries 

is given on.the following page. 

At present, more than twenty metallic elements and numerous alloys and 

compounds are known to exhibit a superconductive state. In most of these 

superconductors the features associated with the superstate show a remarkable 

similarity and this indicates that a specific consideration of the distinguish­

ing properties of the metals involved is not necessary. That is, an elementary 

theory of superconductivity requires only a rudimentary amount of information 

of the metals in order to successfully describe the features of the super­

state, and a test of the theories is the description of the properties, 

listed on the following page, completely and fully. The experimental results 

listed in this thesis should therefore be applicable to other superconductors 

besides indium. • 

A theory of superconductivity, presented by Bardeen, Cooper and 

Schrieffer (195?) gives results which are in excellent agreement with 

experimental data. It is based on the Fermi model of a metal and assumes 

that the superstate phase is caused by a small interaction between 



Important properties of the superconductive phase 

I n f i n i t e conductivity and c r i t i c a l 
magnetic f i e l d 

Thermal conductivity change 

Discontinuity i n s p e c i f i c heat 

Meissner effect 

Isotope effect 

Energy gap for electrons 

Flux quantization 

Josephson tunneling effect 

Modification of nuclear spin 
relaxation and ultrasonic attenuation 

Kamerlingh urnies, 1911 

de Haas and Bremmer, 1931 

Keesom and Kok, 1932 

Meissner and Ochsenfeld, 1933 

Maxwell, Reynold et a l , 1950 

Goodman, 1953 
Giaever, I960 

London (theoretical) 1950 
Fairbank and Deaver, 1961 
Doll and Nabauer, 1961 

Josephson (theoretical) 1962 
Anderson and Rowell, 1963 

Bardeen, Cooper and Schrieffer, 
1957 



electrons and the l a t t i c e . This in t e r a c t i o n i s by means of phonons which, 

according to the theory, leads to a resultant a t t r a c t i o n between electrons 

and t h i s , i n turn, lowers the i n t e r n a l energy to create a stable phase. A 

description of the B.C.S, theory i s given i n a concise summary by the 

authors a3 follows: 

" . . . the interaction between electrons r e s u l t i n g from 
v i r t u a l exchange of the phonons i s a t t r a c t i v e when the energy 
difference between the electrons' states involved i s less than 
the phonon energy, -frto . It i s favourable to form a super­
conductivity phase when t h i s interaction dominates the repulsive 
screened Coulomb interaction. The normal phase i s described by 
the Bloch i n d i v i d u a l - p a r t i c l e model. The ground state of a 
superconductor, formed from a l i n e a r combination of normal state 
configurations i n which electrons are v i r t u a l l y excited i n pairs 
of opposite spin and momentum, •>« lower i n energy by an amount 
proportional to an average (f!uS) , consistent with the isotope 
effect . . . " 

• An important concept of the B.C.S. theory i s the grouping of electrons 

into " v i r t u a l p a i r s " of equal t o t a l momentum. In the ground state the t o t a l 

momentum of the pairs i s zero, whereas a current flowing i n the metal w i l l 

excite the common momentum to a non-zero value. 

A s i m i l a r r e s u l t was obtained by London (1950) by means of a phenomeno­

l o g i c a l description of superconductivity. The two features of zero 

r e s i s t i v i t y and perfect diamagnetism (Meissner ef f e c t ) are described 

respectively by two electrodynamic equations: 

fx(JLj) = " h 

As i s shown by London, a consequence of these two equations i s that the 

mean l o c a l momentum i s constant throughout a superconductor. The super­

conductive state i s therefore characterized by a long range order and a 

wide extension of the wave-function describing the superstate electrons. 
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Comparing the r e s u l t s of London and the B.C.S. theory, an agreement i s 

obtained i f the " p a r t i c l e s " described by London are i d e n t i f i e d with the 

" v i r t u a l p a i r s " of the B.C.S. theory. Such a modification of London's equations 

amounts to doubling the charge of the p a r t i c l e s and increasing the mass by 

3 o m e factor (not necessarily two). 

The existence of electron pairs i n the superconductive phase allows the 

description of the phenomenon i n terms of a Bose-Einstein condensation. 

Properties of a charged boson-gas have been calculated by Schafroth (1955) 

and he shows the existence of a condensation and of a Meissner effect but 

whether such a model i s v a l i d f o r superconductivity remains to be determined. 

In the B.C.S. theory, although a pairing concept i s used, the electron pairs 

are not bound. Hence, the Cooper-pairs are described as v i r t u a l - p a i r s and 

t h i s concept d i f f e r s s l i g h t l y from the single p a r t i c l e bosons described by 

Schafroth. The electron-pair concept has been shown experimentally to be 

e s s e n t i a l l y correct. 

London, using the empirical equations, has shown the conservation of the 

f l u x o i d , defined by the r e l a t i o n 

= //i>- ̂  + c j xrJs 

The calculation i s applicable to a multiply connected superconductor which 

encloses a magnetic f i e l d "h" and has a current density " j " through i t . 

By a quantum mechanical description of the superstate electrons, London 

shows that the f l u x o i d i s quantized. Using the wave function ^ — Vo ^ 

for the electrons, the requirement that this be a single valued function 

yie l d s a quantization of the f l u x o i d i n units of ( ) • ^ e e l e c t r i c 

charge "e" of the superstate p a r t i c l e s determines the value of the f l u x o i d . 



Such a quantization has "been demonstrated i n the experiments of Doll and 

Nabauer (l9 6 l ) and of Deaver and Fairbank (l96l)» Their results showed that 

the magnitude of the f l u x o i d unit i s smaller by a factor of two than the value 

predicted by London. However, London had used the electron charge for the 

value ^ ^ and the substitution of twice the electron charge ( i . e . for 

Cooper-pairs) establishes an agreement between experiment and theory. A 

result of the B.C.S. theory, that electron-pairs are formed, i s therefore 

confirmed by the experiments. 

Below the t r a n s i t i o n temperature the entropy of the superconductive 

phase i s lower than i n the normal phase with a difference depending i n the 

temperature. This increased order of the superstate can be e n t i r e l y associated 

with a f i n i t e f r a c t i o n of the metal's free electrons and the formation of th i s 

f i n i t e f r a c t i o n i s actually the condensation responsible f o r superconductivity. 

Although a r t i f i c i a l , the d i v i s i o n of the free electrons into a "normal f l u i d " 

and a "superfluid" leads to "two-fluid" models which give a good qualitative 

description of superconductive properties. In the phenomenological theory of 

Gortef and Casimir (1934), the temperature dependence of the superstate electron 

density has the form, , s / , _ T \ 

Complete order i s associated with the electron-pair density "n" and the ' 

temperature dependence i s i n f a i r agreement with experiment. 

The B.C.S. theory also gives a temperature v a r i a t i o n of the density 

close to the form above. However, the London equations only contain the 

density as a parameter which has to be evaluated by other methods. At 
27 3 

absolute zero, the electron-pair density i s of the order of 10 'm i n most 

idea l bulk superconductors. 
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Bo Theory of Experiment 

Those electrons i n a superconductor which are not i n the superstate belong 

to the one-particle Bloch functions (Cooper, I960),, But even though one can 

make the separation between independent-states for normal electrons and 

correlated-states for superstate electrons, the electrons themselves are not 

r e s t r i c t e d to a single one of the two phases. A continuous interchange of 

electrons between the normal-states and the superstate occurs. S t a t i s t i c a l 

fluctuations of the superstate electron density are therefore expected but 

the time-average of the density i s determined by the temperature of the super­

conductor. 

The flow of an electron current through a superconductor excites the 

superstate electrons above the ground-state energy l e v e l . But even with the 

exchange of electrons between the normal and superstate, no energy loss by 

the current can be detected for currents below a c r i t i c a l value. With a 

current flowing, the superstate electrons are therefore i n a metastable state. 

It can be concluded that, at a constant temperature, the momentum 

d i s t r i b u t i o n of the electrons leaving the superstate must be id e n t i c a l with the 

d i s t r i b u t i o n of the normal Bloch electrons entering the superstate to maintain 

equilibrium conditions. Such a process i s possible i f the superstate electron-

pairs are selective about the momentum of electrons entering the superstate. 

S e l e c t i v i t y occurs i f a normal electron can enter the superstate only with a 

momentum suitable for a vacancy created i n the superfluid. The requirement 

that newly-formed electron-pairs must have a momentum equal to that of the 

superstate-pairs o r i g i n a l l y present would produce such a s e l e c t i v i t y . This i s 

consistent with accepted theories of superconductivity. 



• - - • • . . . . . . 11, 
When the temperature i s decreasing, a similar concept for the selection 

of normal electrons can be used. However, instead of a constant electron 

density, the superstate density increases by the creation of.more pairs. And 

i f these newly-formed electron-pairs have a common momentum equal to that of 

the other electron-pairs, effects are" produced which can be tested experimentally. 

On account of. the theory above, a measurable effect i s expected when the 

temperature of a current-carrying superconductor i s decreased. The current 

density i n the superconductor should increase i f a l l newly-formed Cooper-pairs 

have the expected non-zero momentum. 

A theoretical calculation of the effect on a current f o r a s p e c i f i c super­

conductor c i r c u i t i s given below. The c i r c u i t i s a model of the actual 

experimental design and the result of these calculations w i l l also be compared 

to the experimental r e s u l t s . 

C„ Theoretical Calculations 

A schematic diagram of the sample c o i l c i r c u i t i s shown i n Figure 1 

below. Other de t a i l s of the sample c o i l are given i n Appendix A. The 

thickness "d" of the superconductor i s of the order 10 -^ cm. which permits 

the approximation of a uniform current density. Oither de t a i l s of the c i r c u i t 

are l i s t e d beside the diagram. I t w i l l also be assumed that the e l e c t r i c 

f i e l d i s a constant since the vector magnetic potential i s roughly constant 

within the superconductor. This i s only true for an i n f i n i t e l y long solenoid 

and the f l u x leakage through the ends of the c o i l are neglected to simplify 

the calculations. In the c a l c u l a t i o n , the electron-pair density w i l l be 

considered as a time dependent parameter. 

i i 
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l o Using London's equation 

The current "i" i n Figure 1 i s described by Faraday's law as, 

L||- = - l e -iR (2.1) 

The dimension 1,' d, and w of the sample are given i n Appendix A. Substitution 

of London's equation e =• <£(-̂ )for the e l e c t r i c f i e l d makes the equation 

soluble f o r the current. But since the electron-pair density i s time 

dependent, the parameter i s also time dependent. 

3i " (TT^xy 

Henc e < 

and ^ * !—r7T\ (2.2) 
2. Using an energy method 

For the i n i t i a l conditions, a current i s assumed to flow i n the c i r c u i t . 
r 1 2 The t o t a l energy Cf consists of the potential energy ^ L i and the k i n e t i c 

energy of the super-current. 

Therefore, , £T ^ j L i2- ^ (^>V) j ^ ^ 

tr " x (2.3) 

Dissipation of this energy, associated with the super-current, occurs at 
2 

the rate i R. There are two special cases to consider for the increase of 

the electron-pair density: 
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The increase in density i s produced by electrons of selected 

momentum* With a current flowing, the total momentum i s non-zero 

and therefore some energy i s contributed to the electron system. The 

energy gain occurs at the rate, 

i 
_L- /wt < V s i— 

or 

Therefore, 

and hence. 

a 

Clir , — [ L R -+ 

With the assumption that the newly-formed electron-pairs have a 

total momentum of zero, irrespective of the other pairs, the energy 

change associated with the current w i l l be zero. This corresponds 

to a process with no selection of normal electrons. 

Therefore, dtj- LZ & 

and using ( 2 , 3 ) cji ^ - L?L_£ (2.8) 

In this case there i s no selection of the normal electron momentum 

for the. transit ion. The normal electrons therefore contribute no 

energy to the current. But the electron-pairs are s t i l l considered to 

attain a common momentum. This is only a hypothetical case and no 

explanation can be given of the approach to equilibrium. 



14. 

3. Using Quantum Mechanics 

With a -function description of the superstate electrons, the 

behaviour of a current i n a closed superconductor loop has been calculated by 

Ke l l e r and Zumino (l°6l). The resultant behaviour of the current was found to 

"b " 

1 ~~ ( i_ -f c<X) (2.*) 

At a constant temperature, the quantization of the current and also the 

fl u x o i d i s apparento However, the temperature dependence of indicates 

a consequent temperature dependence of the persistent current. The temperature 

va r i a t i o n of " i " and i t s quantization are not mutually exclusive events since 

i t i s only the unit of quantization that i s changing. 
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Chapter 3 

EXPERIMENTAL DETAILS 

A. Design of apparatus 

The cryostat i s designed to permit a va r i a t i o n of temperature i n order to 

study the "behaviour of e l e c t r i c currents i n a superconductor. A l i q u i d helium 

bath for the sample,contained i n a silvered glass dewar of 3 - l i t e r capacity, 

provides the necessary low temperatures for the experiments. Variations of 

the temperature are brought about by pumping off the helium vapour above.the bath 

with a high-speed pump. In general, the design i s quite conventional. 

The pumping rate of the helium vapour i s controlled by a system of valves. 

A 2-inch valve and a smaller by-pass valve permit rapid cooling of the bath 

and p a r t i c u l a r openings of them determine a consequent temperature range. Varia­

tions of the temperature were easy to obtain by th i s method. 

Long-term temperature regulation i s made with a "cartesian diver" type 

manostat (£i |T/> o vi t j \°\^(o )„ No d r i f t of temperature was noticeable with the 

manostat i n operation. 

To establish a thermal equilibrium between the superconductor and helium, 

the sample i s actually immersed i n the bath and, since i t i s i n the form of a t h i n 

f i l m , excellent thermal contact i s made. 

Because the temperature of the bath changed often, a problem with non-uniform 

temperatures was anticipated. To counteract such conditions two corrective 

measures are employed. F i r s t l y , a heater at the bottom of the dewar creates 

convection currents and turbulence i n the bath. The s t i r r i n g action prevents 

pockets of denser helium from c o l l e c t i n g i n the dewar bottom. Secondly, a 

copper jacket surrounds the sample to reduce any v e r t i c a l temperature gradients 

i n the v i c i n i t y . Large openings i n the. jacket's top cover s t i l l allowed 
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evaporation of helium. 

Temperatures i n the range 1.2°K to 4.2°K are available with the cryostat. 

However, a l l experiments were done below the indium t r a n s i t i o n temperature of 

A copper tube connects the inside of the dewar to a mercury manometer. 

Measurements of the dewar pressure determined the bath temperature on the basis 

of the 1958 conversion (Physica 2k, 1958). Since measurements by such a method 

correspond to the surface temperature of the bath, a carbon r e s i s t o i was also 

placed into the helium close to the sample. When the temperature changed rapidly, 

readings of the r e s i s t o r were used. 

The superconductor sample i s a 4-turn c o i l which has a very low resistance 

connected across i t s ends to form an L-R c i r c u i t . Details of i t s dimensions 

and construction are given i n Appendix A. Currents i n the sample were induced 

by establishing a f l u x through the c o i l and then switching o f f the external 

magnetic f i e l d . A Helmholz c o i l of inside diameter s u f f i c i e n t to f i t over the 

dewars produced the external f i e l d . The current supply to the Helmholz c o i l 

consists of a remote controlled motor-generator and f i e l d s up to 500 gauss were 

attainable. Induced currents i n the sample were less than 1 ampere. 

The inductance of the c o i l could not be measured at room temperature because 

of i t s large resistance. To get the value of i t , two other methods were employed. 

From the dimensions of the c o i l a standard formula v a l i d for wire c o i l s 

was used to give an approximate value. Also, by constructing a r e p l i c a of the 

t h i n f i l m c o i l with copper wire of the same width, a direct measurement could 

be made. Both of these methods gave sim i l a r values and this was used i n the 
-7 

calculations for the actual inductance. The value i s L = 3 x 10 henry 
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Since the magnetic f l u x produced by the superconductor c o i l i s proportional 

to the current through i t , a search-coil magnetometer i s calibrated to give 

current values. Calibration of the magnetometer was made by passing known 

currents through a r e p l i c a of the sample c o i l . 

Details of the 3000 turn search-coil wound with #37 wire are shown i n 

Figure 2. It connects to a galvanometer and i s movable through a fixed 

distance within the sample c o i l . Deflections of the galvanometer are 

proportional to the f l u x change i n the search-coil. A stainless s t e e l tube, 

passing through an 0-ring seal i n the dewar cap, moves the search c o i l through 

a fixed distance within the sample c o i l . The i l l u s t r a t i o n i n Figure 2 shows 

the experimental arrangement. In operation, the search-coil i s displaced by 

means of the tube leading through the dewar cap. This i s done by hand.' 

Readings of the galvanometer deflection were always made on the downward 

stroke of the search-coil, with the galvanometer close to i t s equilibrium 

position before each deflection. During the switching of the Helmholz c o i l 

current; a short c i r c u i t protected the galvanometer and also kept i t i n an 

equilibrium position. Figure 1 shows a schematic diagram of the search-coil 

and sample c o i l c i r c u i t s . 

The magnetometer ratings are as follows: 

Number of turns on the search-coil . . . . . . . . 3000 turns 
—3 

Magnetometer s e n s i t i v i t y to sample current . . . . 5 x 10 Amp/mm 
—8 

Galvanometer s e n s i t i v i t y . . . . . . . . . . . . . . 2 x 10 Amp/mm 

Magnetometer s e n s i t i v i t y to magnetic f i e l d . . . . .01 gauss/mm 

In order to reduce possible thermal emf's i n the wires leading to the 

galvanometer, they are made continuous except for the connection to the 
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search c o i l . Both leads of gauge #27 are soldered into hollow tube Kovar 

seals i n the dewar cap. 

B. Experimental procedure 

The procedure consisted of inducing a current i n the indium sample and 

then, as the temperature changed, observing i t s behaviour. Observations were 

also made within the temperature-held constant. 

Measurements of the current, i n terms of galvanometer deflections, were 

made at regular 15-second intervals over a period of about 5 minutes. The 

length of each stroke of the search-coil had been standardized during the 

magnetometer's ca l i b r a t i o n . 

The current induced i n the sample was proportional to the f l u x through 

the sample c o i l i n i t i a l l y . By using a t r i a l and error method the current 

was brought close to i t s c r i t i c a l value, which i s a temperature-dependent 

quantity. This was done by increasing the magnetic f i e l d of the Helmholz 

c o i l for each successive t r i a l u n t i l measurements showed a maximum value. 

The experiment consists of two separate parts. In one part the current 

behaviour was observed with the superconductor at constant temperatures while 

i n the other the temperature was decreasing during the measurements of the 

current. 

1. Constant temperature part 

With the temperature held constant by the manostat the current i n the 

L-R c i r c u i t of the sample was observed for a period of about 5 minutes. 

This procedure was then repeated at various other convenient temperatures 

i n the range 1.2°K to 3°2°K. By p l o t t i n g the observed current values against 

time on a semi-log graph, the behaviour of the sample current could be 
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analyzed e a s i l y . A t y p i c a l result of these measurements i s shown i n 

Figure 3. 

2. Variable temperature part 

At a temperature of 2,9°K, which i s close to the indium t r a n s i t i o n 

temperature yet s t i l l low enough to permit a f a i r l y large current to flow i n 

the sample, a current was induced by means of the Helmholz c o i l . Measurements 

of the current were then repeated every 15 seconds as before. However, the 

temperature remained constant only for about one minute. After observation 

of the current f o r such a period, the temperature of the helium was rapidly' 

reduced. Repetitions of t h i s procedure at various pumping rates and with the 

current flowing i n a reverse d i r e c t i o n completed the investigation of a 

possible temperature effect on a supercurrent. 

The observed current values were plotted against time on a semi-log graph. 

Typical r e s u l t s of t h i s procedure are shown i n Figures 6, 7 and 8. 

Since the temperature was rapi d l y decreasing during the pumping procedure 

i t was d i f f i c u l t to obtain accurate temperature readings. A l i s t of elapsed 

pumping time and approximate temperature i s shown i n Table I . 

v 
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Chapter 4 

RESULTS AND ANALYSIS 

Ao Introduction 

By considering the inductance of the indium sample's L-R c i r c u i t and 

also the momentum of the superstate electrons, a description of the current i s 

given by equations 2.2 (2.6) or 2.8. 
U ex. dJL\ 

With an eriergy gain, £ = [K t ^ j ' ( 2 > 2 ) ^ { z 6 ) 
r — 

With no energy gain, d i _ _ ( R "+ -2. ^ ̂  
dt '" — -77"" 

(2.8) 

The parameters "<?k" and "J\_" are constant f o r the sample c o i l an'd are 

given by the physical dimensions. Their values are calculated below. 

Expansion coef f i c i e n t s at the temperature below 3°3°K are assumed to have a 

negl i g i b l e effect. Prom the dimensions of the indium superconductor (see 

Appendix A), the value of i s 

9 - 1 
= 1.4 x 10 m where p< = .1 

w.d 

An estimate of W J L M can also be made on theo r e t i c a l grounds. Since the 

superstate electrons carry current as v i r t u a l pairs, t h e i r charge i s twice 

the electronic charge and the p a r t i c l e mass i s approximately twice the 

electronic mass. The correct value of the l a t t e r quantity i s the effective 

mass but this i s unknown at the present time. Using the pair density "TI." 

as a parameter, the value of "JLl* and i t s derivative are then given by, 
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X = 4 x 10^ henry-meters 
n 

dJ\- = 4 x 10 dn henry-meters 
dt 2 dt second n 

There i s considerable uncertainty i n the electron-pair density of the 

sample. Using jthe magnetic f i e l d penetration depth'^(o) = 6.4 x 10 ̂ cm for 
_ 2]_ _3 a bulk sample of indium (Lock, 1951)? one gets the density n(o) = 3 x 10 cm 

at 0°k. 

Where ^ 2 ( T ) = c^_ ^ (4.l) 
AIT mir) 

However, a correction must be made for a t h i n f i l m due to the reduction of 

the mean free path (Pippard, 1953). Assuming that the mean free path of the 

indium sample i s the thickness " d " of i t , the correction required f o r the 

density i s the .factor l/2 (Waldram, 196l), 

Therefore, n(o) = 1.5 x 10 2 1 cm"3 

The temperature dependence of the density i s given by the equation 

~4 
(Ly&ton, 1962): n (T) = n(o) / 1 - T^ \ (4.2) 

\ T c 

Even though equations 4.1 and 4.2 are idealized r e l a t i o n s , good agreement with 

experiments i s found. Applying equation 4.2, the density at 2.9°K i s 

n(2.9) = 6 x 1 0 2 0 cm"3 

Table I 

Pumping time (sec.) Temperature (°K) 

0' 3.0 
!- 30 2.1 

120 1.5 
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An estimate of the density can also be made by a second method. 

According to the Fermi model of a metal and the B.C.S. theory, the f r a c t i o n 

" r " of electrons involved i n the superconducting condensation are those 

within a distance kT Q of the Fermi surface E p (Rosenberg, 1965"). 

Therefore, . = kT^ = 1 Q - 4 

E F 
22 -3 

Since the density of free electrons i n indium i s 10 cm , the Cooper-pair 
+18 

density i s n = 10 cm '. This d i f f e r s by two orders of magnitude from 

the value obtained with equation 4.1. 

B„ Constant temperature results 

At a constant temperature, JUs a constant also and equation 2.2 can be 

simp l i f i e d to 

di = - _R i 
dt L + <*Ju 

I f R i s independent of the current, the solution of the equation above i s an 

exponential decay with a time constant L given by: 

_ n . t ,, \ 
Where . ( 4 . 3 ; 

The observed current values also showed an exponential decay, thus 

establishing agreement with equation 4 . 3 . A t y p i c a l result for the current 

values i s shown i n Figure 3 for temperatures of 1.2°K and 2.9°K. The straight 

l i n e f i t t e d to the experimental points i s always within t h e i r uncertainty. 

The time-constant of the c i r c u i t was found to be temperature dependent. 

It increased with decreasing temperatures as shown i n Figure 4 . This figure 
o „ " |\ " 

also suggests that the t r a n s i t i o n temperature i s about 3«3 K. Since -J<*-
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decreases with decreasing temperatures due to the electron-pair density-

v a r i a t i o n , i t cannot cause the temperature dependence of the time-constant. 

Therefore the resistance must be strongly temperature-dependent to overshadow 

any effect by Thus R must decrease with decreasing temperatures. 

An estimate of -A- shows that i n comparison to L, c*-l\- can be neglected 

f o r a f i r s t order approximation. Using the electron density calculated above 

from equation 4.25 for the indium t h i n f i l m at 2.9°K, the density i s 

n (2.9) = 6 x 1 0 2 5 m"3 

Therefore, c^Jt = 8 x 10~''^ henry 

This value, which i s a maximum for <̂ -̂ , i s much smaller than the inductance L 
-7 

where L = 3 x 10 henry 

In comparison to t h i s , the value of can be neglected. This permits the 

ca l c u l a t i o n of R from the time-constant and the re s u l t s are plotted against 

temperature i n Figure 5. A re p e t i t i o n of the experiments, made after an 

elapsed time of 3 months, showed that the junction resistance had increased 

(Dec). The increase was by a factor of 1.2, constant almost for a l l tempera­

tures. 

The v a r i a t i o n of resistance with temperature may be caused by a layer of 

indium, i n contact with the copper wafer, remaining normal even below the 

indium t r a n s i t i o n point. The depth of such a layer may then depend on 

temperature to produce.the resistance v a r i a t i o n . Using the r e s i s t i v i t y 

of indium and the resistance change from 2.9°K to 1.2°K, an estimate of the 

6 depth b i s then 

f where A = surface area 

= 3 x 1 0 " 1 0 — 
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This gives ^ ^ 1 0 ~ 3 cm 
-5 This i s much larger than the coherence length of 10 cm for the superstate 

electrons. However, copper impurities i n the indium close to the copper wafer 

may lower the t r a n s i t i o n point of indium to such a depth. This i s especially 

probable since the indium was fused'to the copper by heating them. I f so/' 

the increase i n resistance over a period of 3 months may have been due to 

greater d i f f u s i o n of the copper into the indium. 

Although the resistance was temperature-dependent, at a constant tempera-
i 

ture i n the range covered the resistance was ohmic. This can be seen i n 

Figure 3 for two temperatures. Other temperatures gave sim i l a r r e s u l t s . The 

resistance R was found to be independent of current i n the range from 0.3 

amperes to 0.06 amperes. 

With the current i n a reverse direction, the junction resistance at 1.9°K 

and 2.9°K was found to be lower by a factor of 0.9 than the value i n the 

forward dire c t i o n . The resistance i n the reverse d i r e c t i o n was not measured 

at other temperatures. However, the reverse resistance was found to be ohmic 

at the two temperatures. 

C. Variable temperature re s u l t s 

The temperature dependence of a supercurrent was studied dynamically i n 

the range 1.2°K to 2.9°K. The method consists of decreasing the temperatures 

ra p i d l y and observing i t s effect on the current. 

After inducing a current i n the sample, measurements of i t were made at 

regular intervals of 15 seconds. During the f i r s t minute of the measurements 

the temperature was kept constant to check the behaviour of the current. 

Then, after these i n i t i a l observations, the temperature was decreased rapidly. 
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The,maximum rate of decrease i s given i n Table I.. A graphical plot 

of the current values, using the maximum pumping rate, i s shown i n Figure 6. 

The rate of decay during the constant temperature phase i s known from 

the previous results above. From those results a straight l i n e of the 

correct slope i s drawn through the constant temperature current values. The • 

l i n e i s also extended, by means of dashes, past the constant temperature region. 

Using t h i s as a reference l i n e , the behaviour of the current can be. deter­

mined when the temperature decreases. An example of t h i s construction can 

be seen i n Figure 6. 

From the graph of Figure 6 i t can be seen that the current i n the sample 

decayed at a slower rate i n the region of the decreasing temperature than i n 

the region of constant temperature. This i s indicated by the departure of-

the observed values from the dashed reference l i n e . 

The current behaviour i n the decreasing temperature region has 3 

characteristic features: ' 

a) A slow rate of decay occurs i n the f i r s t 15 seconds of temperature 

decrease. This appears as a rapid departure of the current values 

from, the dashed l i n e . , 

b) The rate of decay then increases again approaching the rate at the 

constant temperature. 

c) F i n a l l y , the rate of decay appears as a considerably smaller value 

than the constant temperature rate at the beginning. 

Results s i m i l a r to those i l l u s t r a t e d i n Figure 6 have been obtained i n 

a l l repetitions of the procedure where the temperature decreased rapidly.-

The currents had been induced to flow i n the same di r e c t i o n except for one 

case. Those r e s u l t s , with the current i n a reverse d i r e c t i o n , are shown i n 
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Figure 9« Similar results are also found for that case. 

The data has been obtained during two periods. Whereas the ini t i a l 

results are from September, later results are from the period of December. 

These two periods are shown on the graphs. In Figure 8 (Dec), two points 

are not within experimental accuracy with respect to the smooth line approxi­

mation. This remains unexplained and Figure 9, which was obtained later on, 

does not show this apparent error again. 

Parts b) and c) of the three characteristic features above can be 

explained by the resistance's temperature dependence. However, part a) 

cannot be explained on that basis and the feature will be referred to as an 

"anomaly". An enlargement of the anomaly in Figure 6 is shown in Figure 10. 

The anomaly appears as a region where the current's rate of decay is 

very small. A simple argument will show that the temperature dependence 

given in Figure 5 cannot be responsible for i t . 

The assumption that the resistance's temperature dependence is causing 

the rate of decay to change implies that the rate of decay.of the current " i " 

will be monotonically decreasing with time. Therefore the function F(t) will 

also be monotonically decreasing. 

Where F(t) = log i 

Since the resistance is monotonically decreasing with temperature, which is 

also decreasing with time, the derivative F (t) must be monotonically 

increasing since: 

A quantity ^ is defined below, where t^ is the time at which pumping is 

initiated and f t . 
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or 

R -I _ Flt) - FlKj 27. 

1 ,t ( 

Therefore, i f " - — — I p ' i t ' U t ' ~ , f ^ , 

or 
£ l t ' ' , JZL. 1 fr-"(t<) t' °it' 

/. v 11. x Since F (t) i s a monotonically increasing function, i t s derivative F (t) 

must therefore be positive everywhere. Therefore, 

£[?'' ̂  0 

and hence, Q e V C t V h e "/"d. 

From the data of Figure 6, values of ^ are calculated and shown i n 

Figure 11. I t can be seen that T does not have the property derived above. 

Therefore, the assumption made above that R i s responsible for the anomaly 

i s not v a l i d and some other explanation i s required. 

An explanation of the anomaly i s given by the theoretical calculations-

of the experiment i n Chapter 2, part C. I t i s based on the common momentum 

feature of the Cooper-pairs. 

Since the exact current behaviour i n the anomaly i s not known, an 

approximation w i l l be made, as shown i n Figure 10. The piecewise lin e a r 

approximation of the anomaly consists of an i n i t i a l constant current (for 

roughly 6 seconds) followed by an exponential decay. Theoretical calcula­

tions i n Chapter 2 are i n good agreement with the experimental results 

approximated i n the above fashion i f R +" <̂  = 0(10 ̂ ) . Substitution of 



c27 b. 

Figure loi ENLARGEMENT OF ANOMALY int- FIO-UI^E 6. 



28. 

values from the sample c o i l dimensions and other constants of the indium 

superconductor into equations 2.2 or 2.6 i s shown below. Calculation shows 

that the value of t and n are of magnitude such that the requirement a§ 

current can be s a t i s f i e d . 

From Table I, the. pumping rate i n the f i r s t 30 seconds produces the 

average "decreasing-temperature" rate: 

AT = 3 x io"2 

At sec , 

Hence, over a period of ^"t = 6 seconds, AT=, 0.2°K ^ 

Now, since has the temperature dependence -̂ kiH^ s» / J L-^-

therefore, „K-(2.9) = 1.5 -A.(2.?) 
A A. = - J V( 2- C )) 

To s a t i s f y the requirement -t «<-d̂ -fc, 0 > "the value of -A_(2.9) i s now 
calculated. 

15 (2 ft) ~ 1 * ,0"'° S l -Using the values, 1 -/ 

we get a, C At*. • 

24 3 
and, n(2.9) = 5 x 10 m 

This value of "n** i s smaller than the value obtained from penetration 

depths. However, the density i s of the order calculated on the basis of 

equation 4.25. 
o 

With a current of I = .3 Amps flowing through the indium c o i l at 2.9 K, 
24 -3 

the density n = 10 m i s large enough to keep the k i n e t i c energy of the 

Cooper-pairs below that of the energy gap 
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That i s Z 

or 

Hence 

and since = .2 at 2.9°K, therefore 2 £(T) = k^T^ = k x 10~ 2 3 Joules 

The current i s therefore less than c r i t i c a l (as required) for the density-

used above. 

The calculations using equation 2.6 and the evaluated^ parameters- ©C , 

and n are therefore not inconsistent with the experimental results of 

Figure 10. The quantitative calculations above also apply to the experimental 

res u l t s obtained i n repetitions of the decreasing temperature procedure. 

These res u l t s are a l l very similar including the r e s u l t s for the reverse 

current. 

Equations 2.2 and 2.6 are i d e n t i c a l even though different methods were 

employed for t h e i r derivation. They were shown to describe the experimental 

r e s u l t s to within the experimental accuracy. However, equation 2.8 d i f f e r s 

from equations 2.2 and 2.6, due to different assumptions for i t s derivation, 

but i t also gives a good description of the experimental r e s u l t s . 
/ o -L. J- oL dJir ) . Equation 2.8 has, di, = ( *• ~ 2~ dt_J ^ 

d t \ ) 

This equation was obtained with the assumption of a common momentum of the 

electron-pairs, but i t was also assumed that no selection of the normal 

electrons occurs and t h i s distinguishes the resul t from equation 2.£ . 
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There i s a difference between the equations by a factor of 2 i n one 

term.. Siiice only orders of magnitude are s i g n i f i c a n t , the experimental 

results obtained for t h i s thesis are not s u f f i c i e n t l y accurate to decide the 

correctness of the two d i s t i n c t equations. However, theoretical calculations 

based on generally accepted theory indicates that equations 2.2 and 2.6 are 

correct. This i s shown i n part E below. I t i s also shown i n part E that an , 

experimental method can be used to v e r i f y the accuracy of equations 2.2. and 

'2.6 even though electron densities and effective masses of Cooper-pairs 

are not accurately known at present. 

D. Discussion of Errors -

The anomaly i n the current behaviour, caused by decreasing the 

sample temperature, has been explained on the basis of the common momentum 

feature. In addition to this feature, the prin c i p l e of selection of normal 

electrons has also been used. To examine the v a l i d i t y of the explanation, 

thermodynamic principles are applied. The assumptions which had been made 

for the calculations are also discussed. 

1. Thermodynamic requirements 

Equation 2.6 i s derivsd by assuming that normal electrons entering the 

superstate are selected according to their momentum. The newly-formed pairs 

must have a momentum equal to that of the other pairs o r i g i n a l l y present. 

This produces an increase of the k i n e t i c energy associated with the current. 

E s s e n t i a l l y , the process i s a transformation of internal energy into 

available work, and since the eff i c i e n c y of t h i s transformation must be 

less than 100$, the experimental results can be tested on this requirement. 

The calculations are given below. 
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Using the sp e c i f i c heat of indium at 2„8°K as c = 12 x 10~ 3 j/°K mole 
-11 3 

the sample, of yolume 5 x 10 m , has the heat capacity: 
—8 C = 3 x 10 joules/deg. s 

Therefore, A\X = C^L'l = 6 x 10~ 9 joules 0.2°K 

Prom Figure 10 t,he energy gain i n the anomaly over a period of 6 seconds i s , . 

lZK At = 2A x 10~ 1 0 joules uyk^e. I - .3 A 

The observed energy gain of the current system i s therefore less than the 

change i n internal energy as required by the second law of thermodynamics. 

2. Correction factors 

The electron density n = 5 x 1 0 ^ m3 at 2.9°K, calculated by using 

equation 2.6 and the data of Figure 10, was considerably less than the value 
t 26 calculated from the penetration depth (n = 6 x 10 ). However, the data gave 

a density which i s s t i l l consistent with theory. The assumptions made i n 

deriving equations 2.2 and 2.6 may require modifications to give a better 

description of the experiment. 

It i s assumed that the current i n the sample i s uniformly distributed 

across the t h i n f i l m . However, since the cross-section of the indium f i l m 

i s a f l a t rectangle, edge effects are l i k e l y to create a non-uniform current 

d i s t r i b u t i o n . This appears as a reduced cross-sectional area which consequently 

increases oC . Therefore a correction for the edge effect increases the 

calculated electron-pair density. 

A similar problem i s associated with an incomplete t r a n s i t i o n of the 

sample into the superstate. This i s especially prominent close to the 

t r a n s i t i o n temperature. Should i t be the case that the current i s r e s t r i c t e d 
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to superconducting channels within the t h i n f i l m (Pippard, 1951 )> "the cross-

sectional area i s again decreased. The region outside of the channel may 

then become superconductive at lower temperatures. As well as decreasing 

the cross-sectional area of the t h i n f i l m , the effect i s to enhance the 

increase i n the t o t a l number of electrons involved when cooling the sample. 

I t i s the t o t a l increase of electrons which appears as an energy gain 

(equation 2.4). Therefore, the temperature-dependent increase of the cross-

sectional area increases the calculated electron-pair density. 

Since the energy gap of a superconductor i s modified by a current,.the 

electron-pair density i s also affected (B.C.S. theory; Parmenter, 1959). 

Therefore the penetration depth measured by Lock.(l95l) may not give an . 

accurate value of the density i n the sample with a current, comparable to the 

c r i t i c a l value, flowing through i t . 

The theoretical calculations were applied to an exaggeration of the 

anomaly. Instead of a constant current during the i n i t i a l cooling period, 

the current actually decreased, but at a reduced rate. Therefore, an over-

adequate condition was established for the calculations. • 

An additional inaccuracy may be introduced by using.m = 2 m for the 
e 

mass of the Cooper-pairs. Their effective mass may actually be higher than 

the value used. 
. 2k\ 

Although the minimum value of the density (n = 10 ) was required to give 

a constant current as calculated from equation 2.6, consideration of a l l the 

factors, mentioned above would improve the value su b s t a n t i a l l y . Each correction 

discussed tends to increase the calculated density. The density has been 

made a test f o r the agreement of the calculations with the data. 
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3. Thermoelectric effects 

I t has teen shown above that the change i n the junction resistance i s 

inadequate i n explaining the observed anomaly. However, the copper i n the 

junction may produce a thermal emf even though superconductors are not known 

to give measurable voltages.. 

The effect of a thermal emf on the. current, which may be responsible 

for the anomaly, i s examined below. I t i s shown that thermoelectric effects ' 

are not adequate for explaining two aspects of the anomaly. 

(a) . Since the sign of.a thermoelectric voltage depends on the thermal 

gradient, a reversal of the current d i r e c t i o n i n the sample i s not expected . 

to reverse any thermal voltage i n the sample c i r c u i t or i n the search-coil 

c i r c u i t . However, the anomaly observed with the current i n a reverse 

d i r e c t i o n was found to be similar to that with a forward current. This 

res u l t i s contrary to the expected anomaly with a thermoelectric effect. 

(b) The anomaly i n the observed current corresponds to an energy gain 

(over a period of 6 seconds) of 10 joules. The voltage V required to 

generate this energy i s given by, 

V 2 i n " 1 0 • i — = 10 joules 
it 

or, V = 1 0 - 1 0 v o l t s 

This voltage i s an unreasonably large thermoelectric effect for a copper 

wafer immersed i n l i q u i d helium at about 3°K. The t h e r m o e l e c t r i c 

power of pure copper i s l e s s t h a n 10 v o l t s / K (MacDonald . ,1955), 

Therefore, i t i s u n l i k e l y that a thermal effect produces the observed 

anomaly. 
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4. Experimental accuracy 

The experimental uncertainty i n the current measurements i s - .5 mm 

as observed on the meterstick. This corresponds to uncertainties i n the 
-3 

current of 5 x 10 - amperes. As can be seen i n Figure 6, the anomaly i s 
within experimental accuracy. However, i n Figure 7 (Dec.) two data points are 

not within the uncertainty. These occur shortly after the anomaly and their 

departure from a smooth l i n e approximation cannot be explained. Since only 

incremental deflections of the galvanometer were measured, slow d r i f t i n g of 

i t was not effective i n causing errors. In fa c t , no such d r i f t i n g of the 

galvanometer was observed. 

An analysis of the experimental results suggests that the explanations 

based on the common momentum feature and the prin c i p l e of selection i s v a l i d . 

Other explanations, based on effects i n the junction resistance, were found to 

be inadequate. 

E. .General discussion 

The calculations based on equation 2.6, which assumes a selection of the 

normal electrons, are i d e n t i c a l to calculations based on accepted theory. I t 

has been shown above that, using London's equation , the description 

of the current behaviour i n an L-R c i r c u i t i s given by equation 2.2.= This equation 

i s i d e n t i c a l to equation 2.6. 

For an inductive c i r c u i t with no resistance, the current behaviour has 

been calculated by K e l l e r and Zumino ( l 9 6 l ) . Using quantum mechanical methods 

t h e i r resultant equation ( i n terms of the notation used i n this thesis) i s , 

(4.4) 
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Using equation 2.6 with the s i m p l i f i c a t i o n R = 0, we get, 

dt L. -r ̂ -A, 
This equation can be integrated d i r e c t l y to .obtain, 

- -7 — (4.5) 

Therefore, the temperature dependence of the current i n t h i s equation i s 

i d e n t i c a l to that of equation 4.4. However, the l a t t e r equation shows the 

additional propery of f l u x quantization. This i s purely a quantum mechanical 

feature. 

Upon making the s i m p l i f i c a t i o n R = 0 for equation 2.8, the resul t i s , 
J; J-ocd-b-

- = - ^ <?L- I 

This equation can also be integrated d i r e c t l y to obtain, 

t — • (4.6) 

But t h i s result ,is unique and i t s v a l i d i t y i s contradicted by accepted theory. 

Because of the difference i n the temperature of the current between, equations 

4.5 and 4.6, experimental measurements with no resistance i n the c i r c u i t can be 

used to determine the accuracy of the'two equations. 

Discussions' and calculations i n this thesis have been ent i r e l y r e s t r i c t e d 

to t h i n f i l m superconductors. By means of a modification of the superconductor 

thickness, application of the equations can be made to bulk samples. Since 

the currents i n a superconductor are e f f e c t i v e l y r e s t r i c t e d to flow i n a depth 

given by the penetration depth f\ , substitution of /I for the thickness d 

of a t h i n f i l m gives a s i m p l i f i e d description of the current i n a bulk sample. 

Therefore becomes temperature-dependent and i s now defined to be, 
« - A. 

A w 

This value can be substituted into a l l the equations above to obtain t h e i r 

application to bulk samples. 
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Chapter 5 

CONCLUSIONS 

It has been shown i n the previous chapters that a study of the temperature 

dependence of supercurrents provides a method for obtaining information of basic 

processes i n a superconductor. The feature of a common momentum by the electron-

pairs i n indium i s shown to be i n agreement with the experimental r e s u l t s . 

Not only i s t h i s feature s u f f i c i e n t to produce the res u l t s observed, i t was 

found to be necessary for providing an explanation. Other conjectured causes 

were found to be inadequate. 

The assumption that only those normal electrons with a preferred momentum 

are selected by the superconductor to increase the superstate density i s also 

consistent with the experimental r e s u l t s . The preferred momentum requires that 

newly-formed Cooper-pairs have a t o t a l momentum equal to that of other Cooper-

pair s . However, th i s selection pr i n c i p l e i s not necessary for an explanation 

of the observed r e s u l t s . The experimental accuracy has not been s u f f i c i e n t 

to resolve any expected effects caused by the selection of normal electrons. 

It should, however, be possible to detect t h i s p r i n c i p l e by an improved 

experimental design. In order to obtain agreement between theoretical calcula­

ti o n s , (assuming that Cooper-pairs have a common momentum} and calculations 

derived from generally accepted theory, i t i s necessary to assume a selection 

p r i n c i p l e . 

The assumption of t h i s p r i n c i p l e also offers an explanation of the meta-

stable state of a supercurrent. I t provides a mechanism for a supercurrent 

to have fluctuations i n the electron-pair density without dissipating energy. 

The dissipation of energy due to tra n s i t i o n s of electrons between the excited 

current-carrying state and the lowest ground state i s compensated for by the 
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selection of electrons which again provide an energy gain to the current. 

The re s u l t s obtained by studying the e l e c t r i c current flowing i n an 

indium t h i n f i l m and i n an indium-copper-indium junction are. as follows: 
i 

(1) At a constant temperature, the behaviour of a persistent current i n a 

superconducting indium c o i l connected across a low resistance i s an exponential 

decay. The rate of decay i s given by the time-constant of the c i r c u i t . 

Starting at 2.9°K, a rapidly decreasing temperature reduces the rate of decay 

to a value considerably below that observed at a constant temperature. The 

decrease i n the rate of decay occurs i n the i n t e r v a l 2„9°K to 2.7°K. Subsequently, 

the rate of decay increases again to a larger value. 

(2) The indium-copper junction has a temperature-dependent resistance i n the 
0 o 

range 1.2 K to J.2 K. Shortly after constructing the junction the resistance 

had the values 8 x 10~ 1 0_n^ at 1.2°K and 9-4 x 1 0 ~ 1 0 _ J i _ at 2.9°K. Three 

months after constructing i t these values had increased to 1 x 10 —n_ at 

1.2°K, 1.05 x 10~ 9_n_ at 1.9°K and 1.1 x lo"9-Ti_ at 2.9°K. With the 

current flowing i n a reversed di r e c t i o n , the resistance at 1.9°K i s 9.5 x 10 ̂ " 

The temperature dependence i s a monotonically increasing function with 

temperature. Close to the indium t r a n s i t i o n temperature of the indium the 

rate of increase i s faster than at lower temperatures. At constant tempera­

tures the resistance i s ohmic over a current range from .3 to .0(5 amperes. 

Although useful r e s u l t s were obtained, considerable improvement of the 

experimental design can be made. In performing the experiments, p r a c t i c a l 

guidelines were obtained for improved experimental methods. A l i s t of some 

suggestions i s given below. 
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( i ) To extend the experimental range closer to the t r a n s i t i o n tempera­

tures and also to increase the accuracy of the experiments, a magnetometer of 

greater s e n s i t i v i t y i s desired. 

( i i ) To obtain a more detailed observation of the sample current, an 

automatic recording method should be used. 

( i i i ) Increasing the r a t i o of length to cross-sectional area for the 

sample would enhance the momentum effects to be studied. 

(i v ) A s i m p l i f i c a t i o n i n the analysis of the data i s made by keeping 

the junction resistance at a constant temperature. 

(y) An experimental study of a superconductor with no resistance i n 

the c i r c u i t i s suggested. To improve the accuracy of such a design, the 

inductance should be reduced to minimum value. 
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Appendix A 

CONSTRUCTION OF THE SAMPLE COIL 

Construction of the indium t h i n f i l m was by vacuum evaporation onto a 

glass tube substrate. To obtain a simultaneous deposit around the tube, the 

bulk sample to be evaporated completely surrounded the substrate. This was 

achieved by using a heater i n the form of a c i r c u l a r loop which enclosed the 

tube symmetrically. 
-6 -k 

At a pressure of 10 mm Hg before evaporation, the value rose to 10 mm 

Hg during the evaporation procedure. 

To shape the f i l m into a c o i l , the substrate was f i t t e d to a lathe and 

carved into the desired geometry. By using the threading mechanism of the lathe 

and a blunt wooden t o o l , the k-turn c o i l took i t s shape with no d i f f i c u l t i e s . 

A diagram of the c o i l i s shown i n Figure 12. The dimensions of the c o i l are 

as follows: 

Length 1 = .25 m 
-it-Width w 9 x 10 m 

Thickness d = 2000 1 

Inductance L = 3"x 10 H (4-turns) 

Connections to the ends of the c o i l consisted of indium wires which 

were simply soldered to the t h i n f i l m and substrate. By measuring the r e s i s ­

tance of the c o i l at room temperature and i t s dimensions, the calculated 
o 

thickness was found to be 2000 A. However, measurements of the inductance 

could not be made d i r e c t l y at room temperature due to the high resistance of 

the f i l m , but measurement of the inductance of a copper wire r e p l i c a served as 
- 7 

a value to be used i n the c a l c u l a t i o n . The inductance i s 3 x 10 H. 
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Appendix B 

CONSTRUCTION OF THE JUNCTION RESISTANCE 

The junction resistance consists of a thin copper wafer which has indium 
2 

contacts soldered to "both large surfaces. A contact area of 1 cm is made 

by each lead. In Figure 12 a section view of the junction can be seen. 

After cleaning the surfaces of the copper wafer, the indium contacts 

were fused to the wafer by heating the parts to the melting temperature of 

indium. It was necessary to use acid flux in order to get the indium to "wet" 

the copper properly. Calculations of the junction resistance at 4°K gave the 

value 5 x 10~^-A_. The measured value is 9 x 10 h_ at 3°K. The 

dimensions of the copper wafer are: 

Width = 1.3 cm 

Length = 1.4 cm 

Depth .05 cm 
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Appendix C 

LIST OF SYMBOLS 

A l i s t of the symbols used in the calculations i s given below. There is 

some overlap in these definit ions but such cases are usually redefined or else 

obvious. 

d T thickness of thin f i lm 

1 -• length of-the indium f i lm 

w - width of the indium c o i l 

V - volume of the indium co i l 

- parameter defined by a 2- - V I 

- parameter defined by °< — - — 

T - time constant of the L-R c i rcu i t 

A - penetration depth into a superconductor 

& - an effective depth 

m - mass of the Cooper-pairs 

q - charge of the Cooper-pairs 

n - density of the Cooper-pairs 

v - d r i f t velocity of Cooper-pairs 

e - e lectr ic f i e ld 

j - current density 

i - tota l current 

T - temperature of the sample 

T c - transit ion temperature of the sample 

L - inductance of the sample c i rcui t 

R - resistance of the junction 

k - Boltzman constant 

Ej, - Fermi energy 

c - speed of l ight 
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