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ABSTRACT

A study has been made of some energy and momentum properties associated
with the electrons of superconducting indium. Inh 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 dehsity on the current. 3By
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
¢ircuit. _This circuit was electrically isolated and measurements of the
éurrent through the thin film were made with a search-coil coupled to the
durrent's magnetic field. -

A relatiogship between the current changes observed and some momentum
. properties df superstate eiectrons was then established. The assumption that
all "virtual pairs" in a superconductor have a common momentum proved
¢onsistent with'the experimental-results.

Theoretical calculations'are given which suggest that only those normal
¢lectrons with a preferred momentum can.take part in increasing the super-
conductive electron densify° This implies that a superstate electron system
may effect the transformation of internal energy into work. However, the
experiments carried out havé 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 B.QOK (the transition
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temperature of pure indium)° A variation of resistance hetween the extremes

10 loﬁll— at 1.2°K was found. The cause

9.4 x 1072% _n at 3.1% and 8 x 10”
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.
Argumenfs'in favor of this explanation are given.

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

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

INTRODUCTION

1. Superconductivity and He II superfluidity

Superconduétivity may be compared to the very similar phenomenon of
superfluidity in liquid helium. Of their unusual and non-classicial
properties, the most outstanding are zero viscosity in He II and zero
resistivity in superconductors. A phase change to thesé quantum states occurs
;t a well defined temperature indicating that the low temperature phase is
due t0 a collective behaviour of the particles. The superflow properties are
caused by only a fraction of the available particles; helium atoms for
superfluidity or electrons for superconductivity. With decreasing temperatures,

~

this fraction increases.

2. Cooper-pairs

Despite the similarity of the superflow properties, they are exhibited
by particles which have very dissimilar attributes, whereas helium atoms are
neutral particles obeying the Bose-Einstein statigtics, the electrons responsible
for superconduc£iyity are electrically charged and obey Fermi-Dirac statisfics.
This difference is significant if superfluidity is considered to be a boson
condensation (Einstein, 1924; London, 1938).

Hoﬁever, these objections against the parallelism of the two phenomena
can be overcome. Shafroth (1955) has shown that a condensation of electron-
pair bosons migﬁt be the basis of superconductivity. The B.C.8. theory also
ascribes the superconductive propertiés to electron pair interactions and
experimental evidence gives support to this concept (Deaver and Fairbank, 1961;

Doll and Nabauer, 1961).



3. Theories

At the present time, the description of superconductivity has progresséd
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 is one proposed by Bardeen, Cooper
and Schrieffer (1957)° Experimental corroboration of B.C.S. theory has been
exterisive and it is shown to be essentially correct. The results of experiments
reported herelsupport the tenet of B.C.S. theory that the total momentum'of
all electron pairs is fhe same., However, other theories propose a commoén
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 local momentum is constant.

4, Common momeqtum experimeﬁts in He IT and superconductors

“ In the He II, the feature of a common momentum for the superstate
particles has gained experimental support from the results of Reppy and

Depatie (1964)v Their experimental procedure was as foliowso Af a tempera-
ture just below the lambda point, a quantity of helium in a bgaker was set
into rotation. After the beaker was clamped, normal flgid viscosity reduced
the normal component's rotation to zero but allowed rotation of the super-
fluid at rates below a critical Veloéityo The superfluid density was then
increased by deéreasing the témperature of the helium.

At various lowered temperatures - heat pulses destroyed the superfluidity

and allowed the measurement of the total angular momentum possessed by both
fluid components of the He II. It was found that the total angular momentum

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



?he higher . initial témperature in proportion to the increased superfluid
density. From this result it 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 i8¢ an account of experiments with sqperconductors which can
be regarded as analogous to those of Reppy and Depatie. Héwever, the super-
conductivity case is considerably modified since we are dealing with charged
particles instead of neutral atoms and the interaction of magnetic and induced
electric fields;with the eledtronslreductng the electrons' freedom of motion.
Because of Lenz's law, the self-induced electric fields Qould certainly reduce,
if not prevent, any effect analogous to the He II case. The feasibility of
increasing an -electric current in a superconductor by increasing the super-
state elec%;on density must certainly take into account the experimental
geometry. Another problem encountered in the superconductivity case is shown
by'the application of thermodynamics. The detection of an effect is more

difficult due to a much smaller internal energy change than in the He II case.

5. General topics.

Topics helpful as a theoretical background will be discussed more fully
in the next chapter. This will include a general description and a resume of
some successful superconductivity theories. A section is also devoted to the
specific application of theory to the experiments réported here and the
derivaticn of equations to be used again later on.

The experiments have not exploited the potential range of investigation
extensively. Consequenly, a substantial amount of information abouf sﬁper—
conductivity could become available through research in this direction. To
facilitate the design of similar experiments, some suggestions ére made which

may prove usefuio
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In the calculations which follow, an atfempt was made to keep the notaéion
fairly éonsistent° The symbolism used is usually quite standard for low
temperature phyéics but some of it is én individual style. A list of the
symbolism is made in Appendix C which should clarifyvtheir definitions. 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 ha&e ylelded such a low maximum value that the
resistivity is now considered to be essentially zero. It is less than the
value for pure copper by a factor of lO_lLP (Quinn and Ittnet, 1962).
However, the low resistivity is only a single manifestation of an
unusual phenomenon.éhdAsince its discovery huméroﬁs other properties héve
been revealed. A list of some of these important experimentél 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
éimilarity and fhis 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 1s 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 excellen£ 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

Infinite conductivity and critical
. magnetic field :

L;Thermal conductivity change
Discontinuity in specific heat
Meissner effect

Isotope effect

Energy gap for electrons

Flux quantization

Josephson tunneling effect

Modificafion of nuclear spin
relaxation and ultrasonic attenuation

Kamerliﬁgh Onnes, 1911

de Haas and Bremmer, 1931
Keesom and Kok, 1932
Meissner and Ochsenfeld, 1933
Maxwell, Reynold et al, 1950

Goodman, 1953
Giaever, 1960

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 lattice. This interaction is by means of phonons which,
according to the theory, leads to a resultant attraction between electrons
and this, in tufng lowers the internal energy to create a stable phase. A
description of the B.C.S. theory is given in a concise summary by the

authors as follows:

", . . the interaction between electrons resulting from
virtual exchange of the phonons is attractive when the energy
difference between the electrons' states involved is less than
the phonon energy, fw . It is favourable to form a super-
conductivity phase when this interaction dominates the repulsive
screened Coulomb interaction. The normal phase is described by
the Bloch individual-particle model. The ground state of a
superconductor, formed from a linear combination cf normal state
configurations in which electrons are virtually excited in pairs
of opposite spin and momentum, i=s lower in energy by an amount
proportional to an average (ﬁhﬂz, consistent with the isotope
effect . - . "

. An important concept of the B.C.S. theory is the grouping of electrons
.into Uyvirtual pqirs" of equal total momentum. In the ground state the total
momentum of the pairs is zero, whereas a current flowing in the metal will
excite the common momentum to a non-zero value.

A similar result was obtained by London (1950) by means of a phenomeno-
logical description of superconductivity. The two features of zero
resistivity and perfect diamagnetism (Meissner effect) are described

regpectively by two electrodynamic equations:
ML E)
ot
Ux(ag) =~ h

—

As is shown by London, & consequence of these two equations is that the
mean local momentum is constant throughout a superconductor. The super-
conductive state is therefore characterized by a long range order and a

wide extension of the wave~function describing the superstate electrons.



Compafing the results of London and the B.C.S. theory, an agreement is
obtained if the "particles"™ described by London are identified with the
"yirtual pairs" of the B.C.S. theory. Such a modification of London's equations
amounts to doubling the charge of the particles and increasing the mass by
some factor (mot necessarily twe).

The existence of electron pairs in the superconductive phase allows the
description of the phenomenon in terms of a BosefEinstein'condensation°

Properties of a charged boscn-gas have been calculated by Schafroth (1955)
and he shows the existence of a condensation and of a Meissner effect but
whether su¢h a model is valid for superconductivity remains to be determined.
Invthe B.C.S5. theory, although a pairing concept is used, the electron pairs
are‘nbt bound. Hence, the Cooper-pairs are described as virtual-pairs and
this ‘concept differs slightly from the single particle bosons described by
Schafroth. The electron-pair concept has been shown experimentally to be
esséntialiy correct. )

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

fluxcid, defined by the relation
g, = //B.AS + leéf\—}’ds
© 3

The calculation is applicable to a multiply connected superconductor which
encloses a magnetic field "h" and has a current density "j" through it.

By a quantum mechanical description of the superstate electrons, Londop
‘shows that the flu#oid is quantized. Using the wave function. (# = ¢, eLS
for the electrons, the requirement that this be a single valued function
yields a gquantization of the fluxoid in units of (t%%) . The electric

chafge "eM" of the superstate particles determines the value of the fluxoid.
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. Such a quantizatibn has been demonstrated in the experiments of Doll and
N8bauer (1961) and of Deaver and Fairbanic (1961). Their results showed that'
the magnitude of the fluxoid unit is smaller by a factor of two than the value
predictgd by London. However, London had used the electron charge for the
value (k%§\> 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, is therefore
confirmed by the experiments.

Below the fransition temperature the entropy of the superconductive
phase is lower than in the normal phase with a difference depending in the
temperature. This increased ordér of the superstate can be entirely associated
with a finite fraction 6f the metal's free elecfrons and the formation of this
finite fraction is actually the condensation responsible for superconductivity.
Although artificial, the division of the free electrons into a "normal fluid"
and a "superfluid" leads to "two-fluid" models which give a good qualitative
descriptidn of superconductive properties. In the phenomenologiéal theory of
Gortey and Casimir (1934), the temberature dependence of the superstate electron

. L
density has the form, (1) = o (o) (I _ %“)
Complete order is assoéiafed with the electrén-pair density "n" and the
temperature dependence is in fair égreement with experiment.

The B.C.S. theory also gives a temperature &ariation 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

2T -3

absolute zero, the electron-pair density is of the order of 10" m ° in most

ideal bulk superconductors.
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B, Theory of Experiment

Those electrons in a superconductor which are not in the superstate belong
to the one-particle Bloch functions (Cooper, 1960)o But even though one can
make the separation between independentfgtates for normal electrons and
correlated-states for superstate‘electrons, the electrons themselves are not
restricted to a single one of the two phases. A continuous interchange of
eiectrons between the normal-states and the superstate occurs. Statistical
fluctuations of ‘the superstate electron density are therefore expected but
the time-average of the density is determined by the temperature of the super-
conductor.,

The flow of‘an electron current through a superconductor excites the
superstate elecfrons above the ground-state energy level. 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 critical value. With a
current flowing, the superstate electrons are therefore in a metastable state.

It can be concluded that, at a constant temperature, the momentum
distribution of the electrons leaving the superstaﬁe must be identical with the
distribution of the normal Bloch electrons entering the superstate to maintain
equilibrium conditions. Such a process is possible if the superstate electron-
pairs are selective about the momentum of electrons entering the superstate.,
.Selectivity occurs if a normal electron can enter the superstate only with a
momentum suitéble for a vacancy created in the superfluid. The requirement
that newly-forméd electron-pairs must have a momentum equal to that of the
.superstate-pairs originally present would produce such a selectivity. This is

consistent with accepted theories of superconductivity.
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When the temperature is decreasing, a similar concept.fof the selection
of normal eledfrons can be used. However, instead of a constant electron
-density, the superstate density increases by the creation of more pairs. And
-if these newly-formed electron-pairs have a common ﬁomentum equal to that of
the other electron—pairs, effécts‘are‘produced which can be tested experimentally.

On account of the theory above, a measurable effect is expected when the
temperature of a current-carrying'supérconductor is decreased. The current
deﬁsity in the superconductor should increase if all newlyfforméd Cooper-pairs-
have thelexpected non-zero momentum. | |

A theoretical calculation of the effgct on a current for a specific éuper~
conductor circuit is given below; The circuit is a model of the actual
exﬁerimental design and the result of these calculations will also be compared

to the experimental results.

C. Theoretical Calculations
A schematic diagram of the sample coil circuit is shown in Figure 1
below. Other details of the sample coil are given in Appendix A. The

5

thickness "d" of the superconductor is of the order 10~ ° cm, which permits
the approximation of a uniform current de_nsity° Other details of the circuit
are listed beside the diagram. If will also be assumed that the electric
field is a constant siﬁcé the vectér magnetic potential ié roughly constant
within the superconductor. This is only true for an infinitely long solenoid
and the flux leakage through the ends of the coil are neglectea'to simplify'

the calculations., In the calculation, the electron-pair density will be

considered as a time dependent parameter.,
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1., Using London's equation

- The current "i" in Figure 1 is described by Faraday's law as,

di .
Lg = -le -iR | (201)

The dimension 1, d, and w of the sampl‘e are given in Appendix A. Substitution
of London's equation &= gt('n'é’)for the electric field makes the equation
soluble for the current. But since the electron-pair density is time
dependent, the parameter »J\— is also time dependent.

= =4 dg) =R where M= 27
dt L

Therefore, L

Q_FL_
jarul Pags

dy .
(Lawh)di = - (R7=G0) ¢ 7 2%

Hence, df
and CTf = "'—"'( I o(JL) (2.2)

2, Using an energy method

Por the initial conditions, a current is assumed to flow in the circuit.
.2 . .
The total energy (.C-r consists of the potential energy % Li” and the kinetic

energy of the super-current.
2

'z |
Therefore;, . 5—,— = j‘L'L + <MV>ZMV

ALY ¢
£ = :iz, (L% ) - (2.3)

or

Dissipation of this energy, associated with the super-current, occurs at
the rate i2R. There are two special cases to consider for the increase of

the electron-pair density:
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The increase in density is produced by electrons of selected
momentum. With a current flowing, the total mqmentum is non-zero

and therefére some energy is contributed to the electron gystem., The
energy gain occurs at the rate,

dt 4 dt

or dé — —ldad | B
| ot 2t (2.4)
Therefore, dér = - LZ R -+ f_{_é
At clt
and hence de - R+ ”‘}%) L (2.6)
9 At (L + =L ) °

With the assumption that the neﬁly-formed electron~pairs have a
total momentum of zero, irrespective of the other pairs, the energy
change associated with the current will be zero. This corresponds

to a process with no selection of normal electrons.

— LR

Therefore, dEr —

ar

(2.8)

ddL
. + 5%
and using (2.3) Qiﬁ — <fi____,———€Qt‘2

dt | (L + =t )

In this case there is no selection of the normal electron momentum

'

..for the transition. The normal electrohs therefore contribute no

energy to the current. But the electron-pairs are still considered to
attain a common momentum. This is only a hypothetical case and no

explanation can be given of the approach to equilibrium.
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3. Using Quantum Mechanics
" With a 9/ -function description of the superstate electrons, the
behaviour of a current in a closed superconductor loop has been calculated by

Keller and Zumino (1961). The resultant behaviour of the current was found to

m/(}‘c/@—>
( L _/-0(-}\,> _ (2.9)

bey

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

fluxoid is apparent. However, the temperature dependence of _A— indicates

a consequent temperature dependence of the persistent current. The temperature
variétién of Mi® and its quantization are not mutually exclusive events gince

it is only the unit of guantization that is changing. -
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Chapter 3
- EXPERIMENT AL DETAILS
A, Design of apparatus

The bryoétat is designed to permit a variation of tempefature in order to
study the behaviour of electric currents in a superconductor. A liquid helium
bath for the sample,contained 'in a silvered glass dewar of 3-liter capacity,.
provides the necessary low temperatures for the experimentso Variations-of
the temperature are biought about by‘pumping of f the helium vapour above . the sath ‘
with a ﬁigh—speed I;ump° In géneral, the design is guite conventionaio.l'

The pumping rate of the heiium Vapour is controlled by a éystemigf valves.

A 2-inch valve aﬁd a smaller‘by—passlvalve permit rapid cooling of the bath
and pafficular openings of them determine a consequent témperature range., Varia-
tions of the'témperature were easy to obtain by this method.

'Long&tefﬁ temperature‘fegulation is made with a "cartesian diver" type
manostat (Gilvwo‘ﬂ't) 1946 ).. No drift of temperature was noticeable with the
manostat in operation.

To establish a thermal'equilibrium between the superconductor aﬁd‘helium,
the sample is actually immersed in the bath and, since it is in the form of a thin
film, excellent thermal contact is made.

Because the témperature of the bath changed often, a problem with non-uniform
tempera£ures was antiéipated° To counteract such conditions two corrective
meagu;es are employed. Firstly, a heaﬁer at the bottom of the dewar creates
convection cﬁrrenté and turbulence in'the.bath° The stirring action prevents
pdékets eof denserAhélium ffom collecting in the dewar bottom. Secondly, a
copper Jjacket surrounds the sample to reduce any vertical temperature gradients

in the viéinity° Large openings in the - jacket's top cover still allowed
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evaporation of helium.

Temperatufes in the range l.ZOK to 4020K are avaiiable with the cryostat.
Hoyever,‘all ekpefiments wére done below the indium transifion temperature of
3.4°K. | |

A copper tube connects the inside of the de%ar to a mercury manometer.

. Measurements oflth% dewar pressure determined the bath temperature on the basis
of the 1958 conversion (Physica 24, 1958). Since measurements by such a method
correspond to the surface temperature of the bath, a carbon resistor was also
placed into the helium close to the sample. When the temperature changed rapidly,
readings of the resistor were used. |

The superconductor sample is a 4-turn coil which has a very low resisténce
connected across its ends to form an L-R ci;chit. Details of its dimensions
and‘construction are given in Appendix A; Currents in the sample were induced

-by es£a£lishing a flux thfoughvthe coil and then switching off the external
magnetic field. A Helmholz cqil of insideAdiameter sufficient to fit over the -
dewars produced the external fi’eld° Theléurrent supply to the Helmholz coil
consists of a remote controlléd motor—generétor and fields up to 500 gauss were
attainable. Induc;d currents in the saﬁple were less than 1 ampere.

The inductance of the coil could no£ be measured at room temperature because
of its large resistance. To get the value of it, two other methods were employed.
From the dimensions of the ¢oil a sténdard formula valid for wire coils

was used to give an approximate value. Aléo,.by constructing a replica of the
thin film coil with copper wire of the same width, a direct measurement could

.be made. Both of these methods gave similar values and this was used in the

7

calculations for the actual inductance; The value is L = 3 x 10 henry
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Since the magnefic flux produced by the superconductor coil is proportional
to the current through it, a search-coil magnetometer is calibrated to give
current values. Calibration of the magnetometer was made by passing known
currents throqghb;:¥;ﬁiica of tﬁe sample coil.

Details éf the 3000 turn ;earch—coil wound_with #37 wire are shown(in
‘Figure 2, It connects tq a galvaﬁometer and is movable through a fixed
-distance within the sample coil. Deflections of the galvanometer are
proportional to the flux change in the search-coil. A stainless steel tube,
passing through an'O-ring seal in the dewar cap, moves the search coil through
a fixed distanc; within the sample coil. The illustration in Figure 2 shows
the experimental arrangement. In operation, the search~coil is displaced by
means of the tube leading through the dewar cap. This is done by hand.’ |

Readipgs of the gaivanometer deflection were alwéys made oﬁ the downward
stroke of the éearch—coil, with the galvanometer close to its equilibrium
position before each deflection. During the switching of the Helmholz coil
current. a short circuit brotected the gaivanometer and also kept it in an

. equilibrium position. Figure 1 shows a schematic diagram of tpe search-coil
and sample coil circuits.

The magnetometer ratings are as follows:

Number of turns on the search-coil « « « o « « . . 3000 turns

3

Magnetométer sensitivity to sample current . . o » 5 X 10 °Amp/mm
Galvanometer sensitivity . « o o o o o 0.0 o o .. 20X 10-8Amp/mm
" Magnetometer sensitivity to magnetic field . » » . L0l gauss/mm

In order %o reduce possible thermal emf's in the wires leading to the

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

seals in the dewar cap.

B. Experimental procedure

The procedure consisted of inducing a current in the indium sample and
then, as the temperature changed; observing its behaviour. Observations were
also made within the temperature-held constant.

Measurements of the current, in ferms of galvanometer deflections, were
made at regular l5-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 calibration.

The current induced in the sample was prcportional to the flux through
the sample coilzinitially° By using a trial and error method the current
was brought close to its critical value, which is a temperature-dependent
gquantity. This was done by increasing the magnetic field of the Helmholz
coil for each successive trial until measurements showed a maximum value.

The experiment consists of two separate parts. In one‘part the current
behaviour waé observed with the superconductor at constant tempgratures while
in the other the temperature was decreasing during the measurements of the

current.

1. Constant temperature part
With thé temperature held constant by the manostat the current in the
L-R circuit of ﬁhe sample was observed for a period of about 5 minutes.
This procedure was then repeated at various other convenient temperatures
in the range 1020K to 3020K° By plotting the observed current values against

time on a semi-log graph, the behaviour of the sample current could be
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analyzed easily. A typical result of these measurements is shown in

Figure 3.

2. Variable teﬁperature part

At a temperaturé of 2.9OK, which is closé to the indium transition
‘temperature yet still low ehough to pefmit a féirly large current to flow in
the'éample, a currenf was induced by means of the Helmholz coil. Measurements
of the current were then repeated every 15 seconds as before. However, the
temperature remained constanf only for about one‘minute° After observation
of the curfent for such a péribd{ the temperafure of the helium was rapidly
reduced. Repetitions of this procedure at vgrious pumping rates and with the
current flowing in a reverse direction completed the investigation Qf é
possible temperature effect on a supercurreﬁt°

Thé observed currenf values were plottéd against time on é semi-log graph.
Typical results of this procedure are shown in Figures 6, 7 and 8. |

Since the temperature was rapidly decféasing during the pumping procedure
T it was'diéficult to obtain accurate température readings_° A list of elapsed

pumping time and approximate temperature is shown in Table I.
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Chapter &4

RESULTS AND ANALYSIS

A. Introduction
By considering the inductance of the indium sample's L-R circuit and
also the momentum of the superstate electrons, a description of the current is

given by equations 2.2 (2.6) or 2.8.

 With &n erergy gain, % = - ot ) (2.2) and (2.6).
o (L+ =) |
- _ L addey
. . Lo eld .
With no energy gain, -~ dai  _ (R+ 2 c/,g__) L (2.8)
. dt i " - °
(L- -+ chL) _

The parameters'"cg" and " A" are constant for the samplé coil and are
given by the physical dimensions, Their values are calculated below.,
Expansion coefficients at the temperature below 3o3°K are assumed to have a
negligible efféct° From the dimensions of the indium superconductor (see

Appendix A), the value of oL 1is

ol = 1.4 x 107 m? where o = _1

w.d
3 4An‘estimate of " A" can-also be made on theoretical é'rounds° Since ‘the
superstaté elecfroné carry cufrent as %irtuél_pairs, their charge i$ twice’
the electronic charge and the particle mass is approximately twice the
electfonic mas;, The correct value of the iatter quantity is the effective
‘mass but this is unknown at the present time. Using the pair density "m"

as a ‘parameter, the value of " A" and its derivative are then given by,
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.

=4 x 10 henry-meters
n
ah =4 x 107 dn henry-meters
- dt n2 at second

There is considerable uncertainty in the elecfrqn-pair density of the
sample. Using ,the magnetic field penetration depth'A(o) = 6.4 x 10_6cm for
a bulk sample of indium (Lock, 1951), one gets the deris‘ity%(to_) =3x 102! on™3
at 0°k.

Whére )?(T) = EE_ ;221__ *ywé? ' , (4.1)

47T i"m(ﬂ |
However, a correction must bermade for a thin film due to thelreduction df
the mean free path (Pippard, 1953). Assuming that the mean free path of the
indium sample is the thickness "d " of it, the correction required for the
e 0 AR R

density is the .factor 1/2 (Waldram, 1961)

Therefore, n{o) = 1.5 x 102} om™

The temperature dependence of the density is given by the equation.'

(Iyston, 1962): n (T) = n(o) <1 - j | C(5.2)
L R

Even fhough equatidns 4,1 and 4.2 are idealized relations, good agreement with
experiments is found. Applying equation 4.2, the density at 2,9°K is

n(é,9) =6 x lqzo'cm-3

Table I
Pumping time (sec.) Temperature (°K)
0 3.0
o300 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 fraction
ftpn of electrons involved in the superconducting condensation are those

within a distance»ch of the Permi surface EF (Rosenberg, 19695).

Therefore, ;o kTC _ 10-4 | (4.25)
Ep
Since the density of free electrons in indium is lO22 cm-39 the Cooper=-pair
-1
density is n = 10+18 cm “. This differs by two orders of magnitude from

the value obfained with equation 4.1.

B. Constant temperature results
At a constant temperature, Juis a constant also and equation 2.2 can be
simplified to

di = - _R i
dt L +HM

If R is independent of the current, tﬁe solution of the equation above is an

expohential decay with a time constant T given by:
~ L+

R

R t
Where ) . Tl raN (4.3)
L_—sboé

The observed current values dlso showed an exponential decay, thus
establishing agreement with equation 4.3. A typical result for the current
values is shown in Figure 3 for‘temperatures of 1.20K and 2,90K. The straight
line fitted to the experimental points is always within their uncertainty.

The time-constant of the circuit was found to be temperature dependent.

It increased with decreasing temperatures as shown in Figure 4. This figure

. o " 114
also suggests that the transition temperature is about 3.3 K. Since .JM~
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decreases with decreasing temperatures due fo the electron-pair density
variation, it camnot cause the temperature dependence of the time-constant.
Therefore the resistance must be strongly témperature—dependent.to overshadow
"any effect by ‘JL-, Thus R must decrease with decreasing temperatures.

An'estimafe of J\ shows that in comparison to L, o\ can be neglected
for a first order approximation. Using the electron density calculated above
from equation 4.25 for the indi&m thin film at_209oK, theldeﬁsity is

n (2.9) = 6 x 10%° n73

Therefore, oA = Bx 10‘*0 henry

This value, which is a maximum for c%JL, is much smaller than the indﬁctance L

. where L= 3 x 1077 henry

In comparison to this, the value of oM can be neglected. This permits the
calculation of‘R from the time-constant and the results are plotted,against
temperature in Figure 5. A repetition of the experiments, madé after an
: elépsed time o£ 3. months, showed that the junctioﬁ-resistance had increased
(Deco)o .The increase was by a factor of 1.2, constant almost for all tempera-
tufes°

The variation of resistance with tgmperature_may be caused by a layer of
indium, in contabt.with the copper wafef, remaining normal even below the
indium transition pointQ The depth éf suéh a layer may then depend on
temperature to produce .the resistance variation. Using the resistivit&
of indium and the resistance change from 2.9OK to l,ZOK, an estimate of the

depth S is then

-

g‘f R where A = surface area
— — A —7 .
= 2,4 x 10 ' _S. -cm

A - £

3 x 10-lO -
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This gives 3 371710-3 cm

This is much larger than the coherence length of 10—5

cm for the superstate
electrons. However, copper impurities in the indium close to the copper wafer
may lower the transition point of -indium-to such a depth. This is especially
probable since the indium was fused to the copper by heating them. If soy
the increase in resistance over a period of 3 months may_have been due to
greater diffusion of the copper into the indium. |

Although the resistance was temperature-?ependent, at a constant tempera-
ture in the raﬁge covered the resistance was bhmico This can be seen in
Figure 3 for two temperatures. Other temperatures gave similar results. The
resistance R was found to be independent of current in the range from 0.3
amperes to 0.06 amperes.

With the current in a reverse direction, the junction resistance at 1°9OK
and 2°9oK was found to be lower by a factor of 0.9 than the value in the
forward direction., The resistance in the reverse direction was not measured

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

at the two temperatures.

C. Variable temperature results

The temperature dependence of a supercurrent was studied dynamically in
the'range 1920K to 2.9OK, The method consists of decreaéing the temperatures
rapidly and observing its effect on the current.

After inducing a current in the sample, measurements of it were made at
regular intervals of 15 seconds. During the first minute of the measurements
the temperature was kept constant to check the.behaviour of the current.

Then, after these initial observations, the temperature was decreased rapidly.
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Theﬂmaximum fafe of decreasé is gi&en in Table I.. A graphical plot
of the cur:eﬁt values, using the maximum pumping rate, is shown in Figure 6.

The rate of decay during the constant temperaturé phase is known frdm
the previoué results above. From those results a straight line of the
correct slope ié drawn through the constant temperature current values. The
line is also éxtended, by means of dashes, past the constant temperature region.
Using this as a reference line,.fhe behaviou% of the current can be deter-
mined when the temperafure decreases. An example of this construction can
be seen in Figure 6.

~From the éfaph of Figure 6 it can be.seen that the current in the sample
decayed at a slower rate in the region of the decréasing temperature than in
the regiohvof chStant temperatu:c‘eu° This is indicated by the départure of-
the observed values from the dashed refefencé line.

The current behaviour in fhe decreasing temperature region has 3:

characteristic features: !

a) ‘A slow rate of decay occurs in the first 15 seconds of temperature
decreaseo This appears as a raéid departure of the current values .
from. the dashed line.

b) The rate of decay then increases .again approaching the rate at the
constént‘temperature.

c) Finaliy, the rate 6f decay appears as a considerably smaller value
thén tﬁe constant temperature rate at the beginning.

Results similér to those illustrated in Figure 6‘have been obtained in

all repetitions ofifhe procedure wheré;the température decreaéed rapidly,
The currents had been induced té flow in the same direction except for 6ne

case., Those results, with the current in a reverse direction, are shown in
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Figure 9. BSimilar results are also found for that case.

The data has been obtained during two periods. Whereas the initial
results afe from'September, later results are from the period of December.
These twoAperiods 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 it,

The assumétion 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) = logi

Since the resistance is monotonically decreasing with temperature, which is
/
also decreasing with time, the derivative F (t) must be monotomically

increasing since:
1 R
F (t) = -L

A quantity 7? is defined below, where t, is the time at which pumping is

1

initiated and t = tlo
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o T et
or A ‘jtp’(é') dt'
_ ,(g-t,) J,
T , i / Flee)
Therefore, ‘2L~ = J/ chfg et — ]:-Ea
. CH: | ({"t:’) 'y ( g
STl | | rt 1 / /
f'} = — 2 ]1‘ (e todt

or . At (’I:’t’) .

] .- ' ' 11
Since F'(t) is a monotonically increasing function, its derivative F (t)

must therefore be positive'everywhere° Therefore,

a0
dt
and hence, OL/E— | e\/CV‘vahﬁﬁ"&

s

From the data of Figure 6, values of T are calculated and shown in

Figure 11. It can be seen that T does not have the property derived above.
Therefore, the assumption made ébove that R is responsible for the anomaly
is not valid and some other explanation is required.

An explanation of the anomaly is given by the theoretical calculatioﬁs-
of‘fhe experiment in Chépfer 2, part C. It is based on the common momehtum
feature of the Cooper-pairs.

Since the exact current pehaviour in the anomaly is not known, an
apbroximation will be made; as shown in Figure 10. The piecewise linear
approximafion of the anomaly conéists of an initial constant current (for
roughiy 6 secénds) followed by an exponential decay. Theoretical calcula-

tions‘in Chapter 2 are in good agreement with the experimental results

'approximated in the above fashion if R f@ifﬁ? = 0(10_10). Substitution of
, -k
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values from the. sample coil dimensions and otﬁer cbnstants of the indium
superconduct;or into equations 2.2 or 27,6'is shown below. Celculation shows
thét the value of 0<,J\' and n are of magnitude such that the requirement o;c The
current can be satisfied. 4
From'Table I, the pumping rate in Athe first 30 seconds produces the
average "decreasing—teﬁperature" rate; |
él- = 3x lO-.‘2 _O;IS
At sec

Hence, over a period of At '= 6 seconds, AT 0.2%

¥
AT 1=
M) | - Tn"/T;L/

Now, since M- has the temperature dependence

therefore, Mz9) = 1.5 Nz.7)
AL = -5 N(24)

and,

To satisfy the fequiremént R+ *?.':.J.ng o, the value of -f\_(2.9) is now

dt
calculated. |
‘ -10
= xlo Lo
Using the values, R (2. ) = 9 ] N
K = LYy x 1o lg %8
we get | | . = [ nec.
| o - 18 el
j\_‘(2.°0 - A7 X0 L=~ e
and, ) 1'1(2.9) - 5x 1024 m._3

This' valué of "n" is smaller than the value obtained from penetration
dépths. However, the: deﬁsity is of the order calculated én the basis of
équation 4,25, | '-

With a current of I = .3 Amps fl‘owing through the indium coil at 2..9OK,
the density n = 1024 m-.3 is large enough to keep the kinetic energy of the

Cooper~-pairs below that of the energy gap P 5("’),
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Lopr s < o2 €
That is < :

= . = 3@ ' ﬁrl
N (Loa) M o QEM where L= Zmj
or 2 y4 “
-2 ‘9—\4»2044
T x 1D :
Hence ;5”““ A ;2‘ ?V,
and since %’T; = .2 at 2.9°K, therefore 2 E(T) = kBTC - 4 x107%7 Joules

The current is therefore less than critical (as fequired) for the density
used above. | |

The calculations using equation 2.6 and the'evaluatedzparametefs' =GN
J and n are therefore not'inconsisfent with the experimental results of
Figure 10. The quantitative calculations above also apply to the expérimentél
reéults obtained in repefitions of the decreasing temperature prccedure.
These results are all very similar including £he results for the reverse
currenf° ) |

Equations 2.2 and 2.6 are identical even though different methods were
employed for their derivétion. They were shown to describe the experimental
results to within the experimental accuracy. However,. equation 2.8 differs
from equations 2.2'ana 2.6, due to different assumptions for its derivation,

" but if also gi#es a good description of the experimental results.

, L aht) |
Equation 2.8 has, ai __(R‘f a"‘og,_) h
| at ( L+ =)

This equation was obtained with the assumption of a common momentum of the
electron-pairs, but it was also assumed that no selection of the normal

electrons occurs and this distinguishes the result from equation 2.6 .
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There is a difference between the equations by a factor of 2 in one
term. Since only orders of magnitude are siénificant, the experimental
results obtained for this thesis are not sufficiently accﬁrate to decide the
correctness of the two distinct equations. However, theoretical calcﬁlations
based on generally acceptéd'theory indicates that‘equations 2.2 and 2.6 are
correcf. This is shown in part E below. It is also shown in part E that an
" experimental method can be used to yerify.the accuracy oflequations 2.2.and

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

are.hot_acéurately known at present.

D. Discussion of Errors -

The anomaly in the current behaviour, caused by decreasing the
sample temperature, has been explained on the basis of the common momentum
feéture° In addition to this feature, the principle of seleétion of normal
electrons has also been used. To examine the validity of the explanatioﬁ,
thermodynamic principles are applied. The assumptions which had been ﬁade

for the calculations are also discussed.

1l. Thermodynamic requirements
Equation 2.6 is deriv:d 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 originally present. -
This produces an increase of the kinetic energy associated with the current.
Essentially, the process is a transformation of internal energy into
available work, and since the efficiency of this transformation must be
1es$ than 100%, the exper;méntalrresults can be tested on this requirement.

The calculations are given below.
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Using the specific heat of indium at 2.8%C as ¢ = 12 x 10"3 J/OK mole

the sample, of volume 5 x 10-11 m3, has the heat capacity:

C,=3x 1078 joules/deg.

Therefore, A u_ = CS AT =6 x 10—9 joules u'&uLm; 0.2%K

From Figureilo the energy gain in the anomaly over a period of é seconds is,

.2 , _ -
LCRat L2 x 10 10 joules where L= -35

The observed energy gain of the current system is therefore less than the

chahge in internal energy as required by the secbnd law of thermodynamics.,

2. Correction factors

L =3

The"electron density n = 5 x lO2 - at 2.9OK, calculated by using

equation 2.6 and the data of Figure 10, was considerably less than the value '

calculated from the penetration depth (n=26x 1026)

o However, the data gave
a density which is still consistent with theory. The assumptions made in
deriving equations 2.2 and 2.6 may require modifications to give a better
description of the‘experimentu

It is assumed that the current in the sample is uniformly distributed
across the thin film. However, since the cross-section of the indium film
is a flat rectangle, edge effects are likely to create a non-uniform current
distribution. This appears as a reduced cross-sectional area which consequently
incfeases oL, Therefore a correction for the edge effect increases the
" calculated electron-pair density.
A similar probiem is associated with an incomplete transition of the

sampie into the superstate. This is especially prominent close to the

transition temperature. Shculd it be the case that the current is restricted
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to superconducting channels within the thin film (Pippard, 1951),4the cross—
sectional area is again aecreaseda The region outside of the channel-may
then become supgrconductive at lower temperatures. As well as decreasing
the cross-sectional area of the thin film, the effect is to enhance the
increase invthe fotal number of electrons involved when cooling the samﬁlea
It ié the total increase of glectrons which appears as an energy gain
(equétioﬁ 2.4). " Theréfore9 the temperafure-dependent increase cof the cross-
sectibnal area inéreases the calculated electron—paif density. |

Since the energy gap of & superconducfor is modified by a current,.the
electroﬁ-pair density is also affected (B.C.S. theory; Parmenter, 1959),
Therefore the pénetration-depth measured by Lock (1951) may not give ar
‘éccurate value of the density in the sample with & current, comparable to the
critical Value, flowing through it.

The(theoretical oalculations were applied to an exaggeration of the
anomaly° Instead of a constant current during the initial cooling period9
the currenfiéctually 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
mass ofvthe Cooper-pairs. Their effective mass may‘actually be higher tﬁan
the value used.

Although the minimum vélue of the density (n = 1024) was required to give
a Qonstant current as calculated from equation 2.6, consideration of all the
factors mentioned ébove would improve the value substantially. Each correction
discussed tends to increase {he calculated density. The density has been

made ‘a test for the agreement of the calculations with the data.
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3. Thermoelecffic effects

It has been shown above that'the change in the junction resistance is
inadequate in egplaining the observed anomaly. Howéfer, the copper in the
junction may produce a thermal émf even though superconductors are not known
to give meaéurable ?oltageso,

1The effect ‘of a thermal eﬁf on the. current, which may be respdnsible
for fhe anomaly, is examineé below. It is shown that thermoelectric effects
are not adequatve for expla;ning two aspects of the anomaly.

(é), Since the sign of a thermoelectric voltége depends on the thermal-:
gradient, a reversal of the qﬁrrent direction in the sample is not expééted.
t0 reverse any thermal voltage in fhe sample circuit or in the search=-coil
circuit. Héwgver, the anomaly observed with the current in a reverse
direction was found to be similar to that with a forward cuirento This
result is contrary to the expected anomaly with a thermoelectric.effecto

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

(over a péribd of 6 seconds) of 10_1O joules., The voltage V required to
generate this energy is given by,
2
%f o= 10-10 joules
or, ') = 10_10 volts

This voltage is an unreasonably large'tﬁermoelectric effect for a copper

wafer immersed in liquid helium at about 3 K. The thermoelectric

power of pure copper is less than 107° volts/ K (MacDonald,1855),
Therefore, it is unlikely that a thermal effect produceé the observed

anomaly.
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4, Experimental acéuracy

.The expérimental uncerfainty in the current measureménts is : 5 mm -
as observed on the meterstick., This corresponds to uncertainties in the
current of §5 x 10_3. amperes. As can be seen in Figure 6, the anomaly is
within experimental accuracy. However, in Figure 7 (Dec.) two data points are
not within the uncertainty. These occur shortly after the anomaly and their
departure from a smooth line approximation cannot be explained. ‘Since oﬁly
incremental deflections of the galvanometer were measured, slow drifting of
it was not effective in causing errors. In fact, no such drifting of the
galvanometer was observed.

An analysis of the experimental results suggests that the explanations
based on the common momentum feature and the principle of selection is valid.
Other explanatiénsg based on effects in the junction resistance, were found tp

be inadequate.

E. .General discussion

The calculations based on equation 2.6, which assumes a selection Af the
normal electrons, are identical to calculations based on accepted theory. It
has been shown above that, using London's equation &= %ﬁfi) , the description
of the current behaviour in an L-R circuit is given by equation 2.2.: This equation
is identical to:equation 2.6.

For an inductive circuit with no resistance, the current behaviour has
been calculated by Keller and Zumino (1961). Using quantum mechanical methods
their resultant equation (in fe;ms of the notation used in ‘this thesis) is,

L. o g) | |
(L+<d) )
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Using equation 2.6 with the simplification R = 0, we get,

d[____’_ dgﬁ:n— .
dt T ian ¢

~This equation can be 1ntegrated directly to obtalng

R
(4.5)
(4 )

Therefore, the temperature depehdence of the current in this equation is

identical to that of equation 4.4. However, the latter equation shows the
additional propery of flux quantization. This is purely a quantum mechanical
feature.

Upon making the simplificaticn R = O for equation 2.8, the result is,
L .
S = - 2 g,

ﬁ'v Lo+ oI
This equation can also be integrated directly to obtain,

[ = Cootent | (4.6)

AN L 44k

But this result is unique and its validity is contradicted by accepted theory.

Because of the dlfference in the temperature of the current between. equatlons
hos and L6, experimental méasurements with no resistance in ‘the circuit can be
used to determine the accuracy of the two eqaatlons.

Dlscu831ons and calculatlons in this thesis have been entirely restrlcted
to thin film superconductors} By means of a modification of the superconductor
"thickness, application of the equatioﬁs can be made to bulk samples; Since u
the currents in a superconductor are~effectively restricted to flow in a depth
given by the peﬂetration depth ﬂ. . substitution of Z ‘for the thiekness d
of a thin film gives a simplified description of the current in a bulk sample.
Therefore o becomes temperature?dependent and is now defined to be,

' o = _ﬂf
Aw

This value can be substituted into all the eqﬁations above to obtain their

application to bulk samples.
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Chapter 5

CONCLUSIONS

It has been>ehewﬁ‘iﬁ the pre&ious chaptefsltﬁat a study of the temperature
dependence of supercurrents provides a method for obtaining information of basic
processes in a superconductor. The feature of a common momentum by the electron-
pairs in indium is shown to be in agreement with the experimental results.,

Not only is this feature sufficient to produce the results observed, it was
found to be necessary for providing an explanation. Other conjectured causes
were found to be inadequate.

The assumrption that only those normal electrons with a preferred momentum
are selected by the superconductor to increase the superstate density is also
consistent with the experimental results. The preferred momentum reqQuires that
newly-formed Cooper-pairs have a total momentum equal to that of other Cooper-
pairs. However, this selection principle is not necessary for an explanation
of the observed results., The experimental accuracy has not been sufficient
to resolve any expected effects caused by the selection of normal electrons.

It should, however, be possible to detect this principle by an improved
experimental deeign. In'order to obtain agreement between theoretical calcula-
tiohs,(essuming'that Cooper-pairs have a common momentu@) and calculations
derived from generally accepted theory, it is necessary to assume a selection '
principle.

The assumption of this principle also offers an explanation of the meta-
stable state of A supercurrent. It provides a mechanism for a supercurrent
to have fluctuations in the electron-pair density without dissipating energy.
The dissipation of energy due to transitions of electrons between the excited

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

The results obtained by studying the electric current flowing in an

indium thin film and in an indium~copper-indium junction are.as follows:

]
(1) At a constant temperature, the behaviour of a persistent current in a
superconducting indium coil connected across é low resistance is an exponential
decay. The.rate of decay is given by the time-constant of the circuit;
Starting at 2.9OK, a rapidly decreasing temperature reduces the rate cf decay
to a value considerably below that observed at a constant temperature. The
deérease in the rate of decay occurs in the interval 209°K to 2q?0K° Subsequently,

the rate of decay increases again to a larger value.

(2) The indium~copper junction has g temperature-dependent resistance in the

o ,
range 1.2 K to 3.2OK. Shortly after constructing the junction the resistance

0 O o at 2.9%. Three

9

had the values 8 x 10 20_n_ at 1.2 and 9.4 x 10+

months after coﬂstructing it these values had increased to 1 x 10 ~ — at

1.2%K, 1.05 x 1077 at 1.9° and 1.1 x 107 - at 2.9°K.  With the

current flowing in a reversed direction, the resistance at 1090K is 9.5 x 10-10 o
The temper@ture dependence is a monotonically increasing function with

"temperature. Close to the indium transitibn temperature of the indium the

rate of increaée is faster thaﬁ at lower temperatures. At'cbnstant tempera—_

tﬁres the resistance is ohmic over a current range from .3 to .0§ amperes.
Although useful results were obtained, coﬁsiderable improvemént of the

experimental design can be made. In performing the experiments, practical

~guidelines were obtained for improved experimental methods.” A list of some

suggestions is. given below.
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' (i) To extend the experimental range closer to the transition tempera-
tures and.also to increase the accuracy of the experiments, a magnetometer of
greater sensitivity is desired.

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

automatic recording method should be used.

(1ii) Increasing the ratio of length to cross-sectional area for the

sample would enhance the momentum effects to be studied.

(iv) A simplification in the analysis of the data is made by keeping

the junction resistance at a constant temperature°

(V) An'expérimental étudy of a superconductor with no resistance in
the circuit is'éuggested. 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 thin film was by vacuum evaporation onto a
giass tube substrate. To obtain a simultaneous deposit around the tube, the
bulk sample to be evaporated completely surrounded the substrate. This was
achieved by usiﬁg a heater in the form of a circular loop which enclosed the
tube.syﬁmetricaliy.

At a pressure of 10-6 mm Hg before evaporation, the value rose to 10—4 mm
Hg during the evaporation procedure. |

To shape the film into a coil, the substrate was fitted to a lathe and
carved into the desired.geometry° By using the threadihg mechanism of the lathe
and a blunt wooden tool, the 4-turn coil took its shape with no difficulties.

A diagram of the coil is shown in Figure 12. The dimensions of the coil are

as followss

Length 1 = .25 m

Width w = 9x 107" a
Thickness d = 2000 %

Inductance L = 3x 1077 H (4-turns)

Connections to the ends of the coil consisted of indium wires which
were simply soldered to the thin film and substrate. By measuring the resis-
tance of the coil at room temperature and its dimensions, the calculated
thickness was féund to be 2000 X. However, measurements of the inductance
could not be made directly at room temperature due to the high resistance of
the film, but measurement of the inductance of a copper wire replica served as

a value to be used in the calculation. The inductance is 3 x 10-7H.
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Appendix B

CONSTRUCTION OF THE JUNCTION RESISTANCE

fhe junction resistance consists of a thin copper wafer which has indium
cOntacfs'soldered-tp both large surfaces. A contact area of 1 cm2 is made
by eaph lead. ‘in figure 12 a section view of the junction can be seen.

After cleéning the surfaces of the copper wafer, the indium contacts
were fused-fo thé wafer by heating the parts to the melting temperatdre of
indium. It Qas necessary to use acia flux in order to get the indium to "wet"
the copper prdperly; ‘Calculations of the junction resistance at 4°K ga&e‘the
value 5 x’lo_lo_ﬂ_. The measured value is 9 x lO_lq_b_ 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 list of the éymbols used in the calculations is given below. There is
some overlap in these definitions but such cases are usually redefined or else

obvious.

d - thickness of thin film

1 - length of the indium film

w - width of the indium coil
v ~ volume of the indium coil
o~
M. - parameter defined by AL = 5?7;
A . - parameter defined by' x = —fé
: a ‘ oew
T - time constant of the L-R circuit
A - penetration depth into a supercondﬁctor
§ - an effective depth
m - mass of the Cooper-pairs
a - éharge of the Cooper-pairs
n - density-of the Cooper-pairs
v -~ drift velocity of Cooper—pairé
e -~ electric field
J - current density -
i - total current
T - temperature of the sample
Tc - transition tembérature of the sample
L - inductance of the sample circuit
R - resisténce of the Junction
'k’ - Boltzman constant
'EF - Fermi energy

c - speed of light
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