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SUMMARY

Thin films of tantalum of99.99ézpurity were prepared by thermal
evaporation using an electron gun in ultra high vacuum conditions.

The deposition conditions were varied in order to study their
influence on the microstructural, electrical and optical properties.

Results are given of the effects of deposition rate and substrate
temperature on the structure of films including grain sizes.

Three different crystalline structures were found:- pure f.c.c., pure
b.c.c. and a mixture of f.c.c. and b.c.c. phases.

The effects of the various deposition parameters on electrical
properties were noted; including normal resistivity (p), the variation of
resistivity with temperature, the transition frcm the normal to the super-
conducting state and superconauctihg current densities.

Results given for over 80 films show that there is a good correlation
between structural features and electrical properties. Not all films
exhibited superconducting properties and reasons are given for those which
did not.

The transition temperature from the normal to the superconducting
state decreased from the bulk value of 4.48°K (for thick films) to a wvalue
of 1.4°K for a film 1158 thick.

Empirical relationships between critical temperature of films (Tgp)
and resistivity ratio p3gg/P10 are given covering the range of ratios 1.2
to 6 at which value the transition temperature corresponded to the value
for bulk material. Other empirical equations give the relation between
Tcr and 0300 and Tcr and the temperature coefficient of resistivity.

An optical technigque is described for the determination of the optical
constants of cantalum with a superimposed oxide layer. The technique also
gives the optical constants and thickness of the oxzide layer, thus enabling

the thickness of film responsible for conduction to be evaluated.
Correlation between film structure and optical properties have also
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been found. Values of the optical constants n and k corresponding to
the different crystalline phases are given. 0
Attempts have beea made to explain the reduction of Tcp with reducing
film thickness, either by assuming that modifications to the phonon
spectrum occur through a reduction in the electron-phonon coupling
constant A or a variation of the density of states N(0) and/or an

alteration of the square of the electron matrix element both of which

affect A and through A the critical temperature.
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CHAPTER 1.

Introduction £

Kamerlingh Onnes liquified helium in 1908 and shortly afterwards began
an investigation of the electrical conductivity of metals at the new lbw
temperature below 2%,

To reduce the resistance caused by impurities, he studied mercury of
high purity and was surprised when he found no measurable resistance at
this temperature. The resistance did not decrease smoothly to zero but
dropped almost discontinuously to zero within a temperature range of 0.0loK
at about 4°K.

By 1913 he concluded that mercury had passed into a new state which,
on account of its rcmarkable electrical properties he called the supercon-
ductive state.

Although the fascinating phenomenon of superconductivity has been
known fcr sixty years, it is largely through the concentrated experimental
and theoretical work of the past two decades that a basic understanding of
the effect has been reached.

Furthermore, thin film studies have opened many new and interesting
areas of solid state research and have helped in the search for a better
understanding of this field.

It is well known that superconducting properties are affected by
microstructural defects. In order to understand the role of microstruc-
tural defects in superconductivity completely, it is desirable to have
qualitative cgrrelations between superconducting properties and structural
properties.

One of the aims of this research is an attempt to obtain some corre-
lations in thc case of tantalum films. In particular, the microstructural
Properties which have been observed by X-ray are grain size, crystal
structure and lattice paraméters.

To accomplish this purpose, thin films of tantalum have been laid
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down under different deposition conditions trying to correlate the micro-
structural properties' with the deposition parameters and fyrther cn with
the superconducting properties.

One difference found between the so-called "soft" and "hard" elemental
supeéconductors is that whereas the former are not easily contaminated by
gaseous impurities, the latter readily dissolves or reacts with large
quantities of such impurities, particularly oxygen water vapor and
nitrogen, this last gas in smaller proportions.

Thus, while the solubility of oxygen in lead and tin is quite small,
the solubility of oxygen, in tantalum is of the order of sewveral atomic
per cent (at %) depending on temperature. Dissolved oxygen in tantalum
changes many of its superconductive properties.

If thin films of tantalum are prepared in the presence of an
appreciable partial pressure of oxygen or water vapor, they must be
expected to contain gettered oxygen in appreciable amounts.

To reduce the oxygen partial pressure the gettering action, exhibited
by a freshly exposed surface of tantalum, was used. This can be best
accomplished by having present in the evaporation chamber a largz surface
(the chamber walls and metal shutters) on which the metal is constantly
deposited prior to and during film preparation. This constantly renewed
active surface is in competition with the surface of every film for the
available oxygen in the system, reducing its partial pressure.

To further decrease the incorporation of oxygen or oxygen compounds
on impingement on the growing film, the sticking coefficient must be
lowered, or the lifetime of the impinged oxygen on the surface must be
reduced and must be returned to the gas phase. This can be achieved by
increasing the film temperature during preparation. Therefore, in order
to reduce the gaseous impurity content of the tantalum thin films, which
is one of the purposes of this work, an ultra-high vacuum system was used
so that together with the gettering taking place in the system, this

objective could be achieved.
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Substrate temperature and deposition rate are another two parameters
which have been found to affect the purity of the samples. -

Different authors have reported in their works that electrical
properties of thin films are affected by microstructural parameters and
gaseous impurities, so we intend in this investigation to study the
influence of these two mentioned factors - the mean free path which in
turn will affect the electrical properties of the films, including the
normal to superconductive transition.

To achieve this end the samples have been prepared at as low as
possible a pressure and the other deposition conditions have been varied
in order to obtain a correlation between the deposition conditions and
mean free path through the structural properties and gaseous impurities.

Our investigation was undertaken in the expectation that the super-
conducting properties would provide, as well, a tool for studying the
factors which affect thin film resistivity. To this end we have investi-
gated the variation of the critical temperature with normal state resis-
tivity for evaporated tantalum films.

Thie critical temperature of tantalum is very sensitive to small
amounts of dissolved oxygen, only ultra-high vacuum techniques and high
deposition rates can give films approaching the critical temperature of
bulk material. By varying the substrate temperature during deposition, it
has béen shown that, if the temperature is lowered the transition tempera-
ture decreases.

However, Asada and dose(l)reported transition temperatureswhich were
too low to be solely accounted for by interstitial oxygen. It was suggested
that the discrepancy could be due to the decrease in grain size of very
thin films, although there was no confirmatory evidence to this effect.

In another.context, Mac Millantz}had derived an expression for the

transition temperature of a superconductor in terms of Debye temperature,

the electron-pheonon coupling ) and the Coulomb coupling constant u¥*,
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Leger and Klein(3}suggested that the enhanced transition temperature

observed in thin aluminium films was due to a modification ‘of the phonon
spectrum which in turn affects the electron phonon coupling parameter.

When Fhe average phonon frequency, as determined from the experiments was
substituted into the Mac Millan equation, the calculated transition tempera-
ture was found to be in good agreement with that observed experimentally.

In earlier work on thin niobium films prepared by evaporation in an
ultra-high vacuum system, Salter(4)came to the following conclusions on the
basis of his experiments:

1. Particle size was proportional to film thickness.

2. The temperature of transition frém the normal to the super-

conducting state, Tg, was a function of particle size.

The results showed a change in transition temperature from 9.2°K (as
for bulk material) for thick films with a large particle size Zlogﬁto 3.2°K
for a film 45X thick with a particle size of 303.

This is in contrast to results found by other workers on materials
such as aluminium, lead and tin which showed an enhancement of T¢ as the
particle size decreased. Tests in conjunction &ith this work have also
verified the enhancement of the critical temperature of thin aluminium
film as film thickness and particle size decrease.

Salter made an attempt to explain the results in terms of the Mac
Millan equation in which the electron-phonon coupling A was reduced by
cutting out low frequency phonons in the phonon spectrum. A reduction in A
leads to a reduction in Tc. The amount of experimental evidence was not
thought to be sufficient to reach absoiute conclusions.

One of the objectives of the present work was to investigate some of
the factors which affect the critical temperature of thin tantalum films
prepared by evaporation and to compare the results with the results
obtained previously with niobium, with particular reference to particle

size. If this effect was as large as Salter hali suggested, it should be
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possible to isolate phonons responsible by obtaining changes in grain

size in different crystallographic directions and observing the effect on
Tc. Another possibility was to consider the effect of reduced electron
-méan free paths on the electron-phonon coupling. Therefore tantalum fiims
of different thickness were prepered and consequently different grain sizes
and mean free paths were obtained. Both parameters were meésured: the
first by X-ray diffraction and the second by measuring resistivity.
Attempts were made to correlate the decrease in the transition temperature
with the decrease in the values of grain size and mean free path.

In order to achieve all the mentioned objectives, apparatus was
designed and built for the preparation and examination of thin tantalum
films. As it was intended to examine different pzrameters independently,
it was thought that it should be desirable to be able to lay down several
samples under exactly the same deposition conditions except one which would
be the independent factor, so a sample holder was disigned which would
carry elightsubstrates. The design was such that the temperature could be
varied independently and films of differing thicknesses could be deposited
in the same evaporation.

An ultra-high vacuum system and technique were employed to prepare pure
films without interstitial impurities. In this way, any observed decrease
in the transition temperature would be wholly attributable to the influence
of the grain size and mean free path on the phonen spectrum.

To examine the films electrically and . peasure T, it was necessary to
deposit the films in one system and examine them in a separate system.

Exposing the films to an atmospheric envirconment resulted in the growth
of an oxide layer on the films. In the absence of information on oxide
growth, it was considered advisable to examine the films electrically as
soon as possible, so a sample holder, to be used in the cryostat, was
designed, which was capable of hqlding four samples and the electrical

Parameters, and the transition temperature of four films could be measured



simultaneously.

To take values as frequently as possible when the temperature was be-
ing lowered, a wholly automatic system was designed and measurements could
be taken at intervals of 1.5 seconds.

Resistive transitions were observed and the onset of resistivity was
also observed at varying current densities.

Another objective of the present investigation was to study the optical
constants of tantalum films, and an ellipsometer was used for such measure-
ments. In order to reduce the time in sample changes and alignment, a
sample holder to support four samples was designed and the optical constants
of four samples could be determined in one run.

Initially it was hoped to make direct measurements of electron-phonon
coupling constant A by observation of optical properties in the
infra-red where interband transitions take place.

The same ellipsometric technique was used to measure the growth of the
tantalum oxide film.

Finally, in this work, we intend to correlate the different structures
of the samples determined by different deposition conditions, with their
optical constants n and k. The objective here being to assess the use
of the ellipsometer in structural determination in thin films and imperfec-
tion in surface layers.

The experimental details of all the investigations mentioned above,
the results and the interpretation and conclusions of the results, will be

presented in the followi.g chapters.
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' CHAPTER 2

Essential Theory

The different theories which are relevant for the interpretation of

results in this investigation are described in this chapter.

2.1 Film Formation

Thin films are prepared by condensation which is determined by
the interaction of atoms when they impinge on a surface or substrate
from the vapor phase.

The impinging atom is attracted to the surface and as a result
the atom loses its velocity component normal to the surface. The
vapor atom which is then physically gbsorbed, is called the "adatom",
the adsorbed atoms migrate over the surface during their lifetime to
form pairs which, in turn, act as condénsation centres for other
atoms.

The characteristic sequential growth stages are 1) randomly
distributed three-dimensional nuclei are first formed and rapidly
approach a saturation density. These nuclei then grow to form
observable islands 2) as islands increase their size by further
deposition and come closer to each other, the larger ones appear to
grow by coalescence of the smaller ones 3) when the islands distribu-
tion reaches a critical state, a rapid large-scale coalescence of the
islands result in a connected network structure 4) the final stage
of growth is a slow process of filling the emptv channels.

The influence of the deposition parameters on film growth may be
understood in terms of their effects on sticking coefficient, the
nucleation density and the surface mobility of adatoms. Their
effects are felt in some aspects of the physical structure of thin
films as grain size, lattice constants, crystalline structure and

orientated growth,
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2.1.1 Preparation of thin films

Some difficulties arise in the preparation of films of
high melting point materials such as tantaium.

Thermal evaporation techniques require heating the
material to temperatures of the order of several thousand
degrees kelvin, to achieve satisfactory evaporation rates.

Such high temperatures in the evaporation chamber lead to
increased outgassing rates and to a subsequent deterioration
of the vacuum.

The gettering action of freshlv deposited materials makes
it important that the evaporation pressure and particularly
the partial pressure of oxygen in the evaporation chamber
should be as low as possible.

The method used in this investigation consisted of heating
the tantalum material by means of eiectron beam bombardment,
instead of supplying energy by filament or by induction heating,

A stream of electrons is accelerated through an electric
field and focussed onto the evaporant surface. Upon impingement
most of the particle kinetic energy is converted into heat, and
tenperatures exceeding SOOOOK may be obtained.

Since the energy is imparted by charged particles, it can
be concentrated on the evaporating surface while other parts of.
the evaporant are maintained at lower temperature. Hence
interactions between evaporant and support material are greatly
reduced.

Electrical Conductivity

A theory of metallic electrical conductivity based on the average
velocities of conduction electrons was developed by Drudefs) This
theory was modified by Lorentz(ﬁ)using the Boltzman transport equation
and a simplified model for the collisions between the 2lectrons and

the atoms in the lattice.
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7 recalculated the conductivities

Subsequently, Sommerfield
along the lines of Lorentz's theory, but replaced classical statis-
tics by Fermi-Dirac statistics.

Electrical conductivity of a metal in the free-electron gas

theory of Drude-Lorentz-Sommerfield was given by

2

n Z (2.1)

= e

&= m

where n 1is the number of free electrons per unit volume
e 1is the electronic charge

m 1is the effective mass of the electron

7 1is the relaxation time of electron-phonon interaction.

If the Fermi electron velocity is Ve then

P (2.2)

where & is the mean distance travelled between scattering collisions
and is known as the mean free path.

Re-writing equation (2.1) to include the mean free path the

resistivity is given by

e - m Ve (2.3)

This simple relation is only correct for an isotrépic monova-
lent metal with a simple conduction band.

As a result of the wave nature of the electrons, they can pass
through a perfect crystal without suffering any resistance. The
actual cause of resistivity must therefors be sought in deviations
from the periodicity of the potential in which the electrons move.

The generalized reéistivity expression deduced from the free-

electron model in the Quantum Mechanical Theory consisted of



2.3

e R L) e

resistivity arising from electron scattering by an ideal lattice

and residual resistivity. The ideal resistance term was obtained

from equation (2.3) and was found to be proportional to temperature
(TOK) at high temperatures and (T5} at low temperatures.

The principally temperature dependent parameter in equation
(2.3) is 2, the mean free path. At high temperatures £ is
limited by lattice vibrations and therefore & increases with
decreasing temperature until close to the absolute zero of tempera-
ture it reaches an upper limit determined by impurities or specimen
dimensions. This limiting value of the mean free path corresponds
to the residual resistivity <

The dependence of the resistivity on the variation of tempera-
ture can therefore be explained in terms of the effect of temperature
on the mean free path. The mean free path is also affected by
impurities, lattice imperfections and the dimensions of the specimen,

(the size effect).

Matthiessen's Rule

When a metal contains impurities, the field in the vicinity of
the impurities is in general different from the periodicity of the
potential and act as scattering centers for electrons. Thus electrons
in an Impure metal are scattered by impurity atoms as well as by the
thermal vibrations of the atoms.

Denoting the relaxation times associated with each of these
processes by 7, and Zh\respectively, the resulting relaxation time
is given by

: ! (2.4)
F .4
Tin

L
y £

X

because the probabilities for scattering in this simple model are

additive and they are proportional to the reciprccals of the

relaxation times.
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o
Since the resistivity is proportional to 'Z} , associated

with electrons at the Fermi level, the impurity scattering leads to

a constant term in Matthiessen's rule

= g, rell) (2.5)

where 6& is a constant which incrcases with increasing impurity
content and 69(77 is the temperature-dependent part of the resis-
tivity.

Actually 77 will itself be slightly temperature dependent, but
in general the temperature-independent part predominates strongly.
For not too high impurity concentrétion !/’2} is proportional to the

impurity content and so is e -

Film Resistivity

(8)
Several authors have followed the original suggestion of Thomson

that the electrical resistivity of a thin film will increase when the
electron mean free path (mfp) is restricted by the surface of the
film. :

Physical effects arising because of the geometrical limitations
of the mfp are termed size effects.

(9)

The size effects theory was developed by Fuch for a spherical

Fermi surface and extended by Sondheimerflo'll)to explain the fact
that in thin films the resistivity is always higher than in bulk
material and increases rapidly as the thickness decreaées.

They postulated that ordinary scattering mechanisms in the bulk
material are carry over to the film; in addition, external surfaces
impose a boundary condition on the electron-distribution function

which enhances the thickness.-independent bulk EB to a thickness-

dependent total resistivity EF :



T

The result cf Fuch-Soncdheimer (F-S) theory for thin films is
oo -
-ya -1
N [;-—%3/ [ —//-:pee'm dQJ (2.6)
i ‘
where K’==f% is the ratic between film thickness t- and intrinsic
eletron mean free path 2.
p (a completely phenomenological parameter) is the probability
that an electron will be specularly refiected upon scattering

from a film surface and takes on values from O to 1.

The limiting values of equation (2.6) for thick and thin films yield

respectively to

e./6, =1+§— (1-p) y > (2.7)
and
oS ’ < e
8T A Y20 e
where eF is the film resistivity
e is the bulk resistivity which is thickness
B independent.
(12) . : .
Mayadas et al have shown that for evaporated polycrystalline

Aluminium films the assumption that es and &£ are constants with
thickness is incorrect and, in fact, eh decreases with increasing
thickness.

They concluded that the decrease in €8 or increase in &£ with
thickness was due to the increasing arain size. The total or
measured resistivity at any temperature must therefore depend on
thickness, not only through the ordinary Fuch-Sondheimer size-
effect theory but also Eecéuse the dependence of eB on grain size.

Usually this is the case, for although the scattering of
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electrons by grain boundaries may be substantial, the grain size is
normally much larger than the mean free path due to other scattering
phenomena, so that the grain boundary contribution to the resistivity
is small.

However, in the case of a thin film, the distance between grain-
boundaries D, is gznerally smaller than £ and hence the grain
boundary contribution can no longer be regarded as negligible.

The resultant resistivity is

/2

e = e, (:-7(;-p) d¢x

cos” i
/d" H(0,g) (Gi7o7)
-YoH (a,0) “f
X 2.3 - J
|-pe ¥H @, @) (2.9)

/ /2
where H(0,4) = 1+ Cos5(I-gx)
X: ;/,g as in the case of F-S5 theory.
,ﬂ is the mean free path within a grain.

e is the resistivity which a single crystal film
8  would possess if it were infinitely thick.

P is the same parameter used by F-S.

A plot of F-S and Mayadas equation is shown in Figures (61) and

(63).

2D Superconductivity

The behaviour of electrical resistivity was investigated by
Onnes(13)in 1911, after he had achieved the liquification of helium.
In measuring the resistance of a mercury sample as a function

of temperature, he found that at about 49k the resistance falls

abruptly to a value which Onnes could not measure. This extraordinary
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phenomenon he called Superconductivity, and the temperature at
which it appears, the critical temperature Tc R

From 1911 until Meissner's work in 1933, superconductivity was
considered to be simply infinite conductivity and attempts were made
to try to understand the lack cf scattering.'

Meissner had discovered that a superconductor excludes a
magnetic field and that the state with the flux excluded is a thermo-
dynamically stable state.

Meissrer'sexperiment showed that superconductors are something
more than materials which are perfectly conducting, they have an
additional property that a merely resistanceless metal would not
pPossess. A metal in the superconducting state exhibiting type I
behaviour, would never allow a magnetic flux density to exist in its
interior. (Figure(l)illustrates this by showing magnetic induction
B versus épplied field He for a perfect conductor and for a super-
conductor) .

An early step towards a phenomenological theory of supercconduc-
(14)

tivity was made by Gorter and Casimir who showed that the thermo-
dynamic properties of superconductors could be accounted for by
assuming that their conduction electrons were divided into two
fluids or phases.

The electrons in one phase were considefed to retain their
normal properties (nn) but a proportion (nS N+, ) was assumed to
be condensed into a lower free energy phase in which it could carry
current without Joule dissipation of heat. This proportion

(ns/éjnf-ns ) was assumed to be unity at the absolute zero of tem-

perature and zero at the critical temperature Tc
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In a perfect conductor, the equation of motion for an electron
of mass m and charge e in the presence of an electric field E
would be

mv = ekE (2.10)

with a current density of

J = ney (2.11)

where 7 is the number density of electrons, this leads to

.2 .
E - (tm—)u,_/cz)_/ (2.12)
where
3 mc’
L E—— (2.13)
L 4Trne

The parameter Au_has the dimensions of length and for a density
of clectrons corresponding to one electron per atom it has a value
of the order of lohscm.

Applying Maxwell equations one finds that
a - . 2
St = H A, (2.14)

For a semi-infinite slab extending in the x-direction from the

plane x = o, the appropriate solution is

F}(x)=/-}(o) exp (-x/)k,_) (2.15)

Equation (2.15) confirms that in the interior of a perfect
conductor the magnetic field cannot change in time from the wvalue it

had when the specimen became perfectly conducting.
(15)

To explain the Mesissner effect E and H. London proposed to

add to Maxwell's equations the following two relations in order to
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treat the electromagnetic properties of a superconductor

2 il .

E- L’W’\L/C o (2.16)

and
2

(‘177‘/1,_/c) curd J +H=0 (2.17)
Applying Maxwell equations to equation (2.17) leads to

2 £

VH:.H//{L (2.18)

Solution of this equation for any geometry now shows that H,
and not only H decays exponentiallf upon penetrating into a supexr-
conducting specimen.

For the semi-infinite slab described above, the solution of

(2.18) is

H(x) = H(o) exp(-x//lt) (2.19)

which now shows that for X))AL H{x)zo -in accordance with the Meissner
effect.
The London equations (2.16) and {2.17) do not, in fact, yield
the complete exclusion cf a magnetic field from the interior of a
superconductor. They predicted the penetration of a field such that
it decays to !/é of its surface value in a distance ;kg. This is
called the rondon penetration length.
In the two fluid model, the particle and current densities
f’=f1@ and J are given by the sum of superfluid (S) and normal (n)

components,

=0+ C : (2.20)

e, 2.21

Here Vs and Vn are fluid velocities.
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The Ginzburg—Landau(ls) (G-L) theory describes superfluid flow

fgv% in terms of an effective wave function with amplitude (%) and

phase X

\W(r) = I kf/(r)’c“ix(r) | (2.2;;)

The supcrfluid density 62 is assumed to be proportional to

)]

For E; = constant :
¥ *
mvszps-(e/c) A(r) (2.23)
wherep =|grad X(r) is the canonical momenitum determined by the
gradient of thz phase. We now interpretﬁ& as the momentum per pair
of electrons in the condensate state so thatrn*:=2n? and @*Qile
i.e. effective mass and charge of carrier respectively.

It can be noted that phase plays the same sort of role for
superfluid flow of electrons that voltage docs for flow in normal
metals. In normal metals the current density is proportional to
the voltage gradient, and in the absznce of current flow the voltage
is evervwhere the same. Correspondingly, when the superfluid flow
vanishes and there is no magnetic field, the phase is the same
everywhere.

The wave function does not describe a single particle or the
centre of mass of a pair of particles, but rather the motion of the
superfluid condensate as a whole.

In a very weak field4 2y O the function V remains practically
constant V=0, W~ ¥ and G-L Theory is equivalent to London's
where h was the low field(London) limit and was given by

* 4
R:\_/Z_C" Hc‘L
hc

(2.24)

*
where @ is the charge of the superelectron.
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nege
G-L predicted a pesitive interphase boundary energy when
W éeégc

k?)*ﬂéﬁiand that a superconductor with a pesitive interphase

boundary would remain superconducting up to a magnetic field

H., = V2 R H. (2.25)

<

without exhibiting the Meissner effect.

Abrikosovtlv)

called this Type II or hard superconductivity,
Figure (2). The state belcer‘1 but abovef{w was called the
mixed state. Superconductors which satisfy

k< I/V/2
were termed Type I or soft superconductor, Figure (3). It is
possible to produce films of the same material which exhibit type I

or type II behaviour.

Pippard‘la)introduced a phenomenological approach to supercon-
ductivity which like that of G-I, modifies the absolute rigidity
of the superconducting order parameter or wave function which is
implicit in the London model.

He suggested that the superconducting state could be character-
ized by a finite range of momentum coherence such that the order
parameter gradually change over a distance £, the "coherence
length".

The coherence length may be estimated from the Uncertainty

Principle by

= b~ hve (2.26)
Ap KT

Pippard estimated the value of £ to be 10-4cm from the

available data on the field dependence of the penetration depth.
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FIG. 2.- BEHAVIOUR OF TYPE II SUPERCONDUCTOR IN AN
EXTERNAL MAGNETIC FIELD.
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FIG. 3.- BEHAVIOUR OF TYPE I SUPERCOMDUCTOR IN AN
EXTERI AL MAGMNETIC FIELD.
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2.5.1 Microscopic Theory

The very small amount of energy invqlvéd,in the normal
superconducting transition ;10-8 ev/atom) made the task of
selecting the interaction responsible for a pfofound changé
in behaviour of conduction electrons accompanied by long-
range nrder a difficult one.

The first clue to the correct interaction was provided

by Frolichflg)

who showed that phonon mediated interaction
between electrons near the Fermi surfgce might be attractive.

Two electrons interact througn virtual exchange of
phonons (just as two nucleons inside a nucleus interact
through exchange of mesons). For metals which are bad conduc-
tors in the normal state (these metals often exhibit supercon-
ductivity) this interaction may be strong enough to dominate
repulsive Coulomb interaction leading *» a net attractive
interaction. (He also showed that the isotope effect of super-
conductors expressing isotopic mass dependence of the transi-
tion temperature would follow from such an interaction). The
next important step was taken by Cooper(ZO)who showed that
conduction electrons in metals could form a bound pair in the
presence of an attractive interaction.

Two electrons in the bound pair, called the Cooper pair,
have equal and opposite momenta and spin. Stability of the
pair is ensured, no matter how weak the iiteraction is, by the
presence of other electrons in a metal. This is in contrast
with the case of two isolated electrons in the presence of
attractive interaction. Any atiractive interaction can bind a
pair of electrons, if it is suffienﬁly strong.

Cooper's work established +hat Frolich-type of interaction
Produc.=2s a profound eorrelation between electrons having egual

and opposite momenta and energy of two electrons is lowered by
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going over to the correlated pair state. Thus the Fermi sea
is unstable against formaticn of Cooper pairs..

This prompted Bardeen, Cooper and Schrieffer(zl) to
assume that the superconducting ground state is one in which
ali electrons are paired among themselves.

The model proposed by BCS is a true many-body one.
Existence in a metal of a large number of states having
almost the same energy, rules out a conventional configuration-
mixing type of calculation and nobody knew how to solve the
model.

Here, BCS made a break-through. They made a remarkedly
correct guess of the variational form of superconducting
ground state function which was. linear combination of normal
metal configurations in which electron states were occupied in
pairs.

Following self-consistent variational procedure, they
correctly calculated the energy difference between normal and
superconducting phases and showed that there was an energy gap
in the eléctron density of states between normal and supercon-
ducting phases.

Physically, the BCS state is one in which Cooper pairs are
scattered by phonon-interaction against each other such that
momenita of the pairs are conserved. The net momentum of the
pair is zeru. Hence many pairs with individual momenta can be
formed.

Resistanceless state is actually due to inhibition of
random scattering of the pairs by the existence cf an energy
gaé. BCS also extended their calculation to higher tempera-
tures and showéd that their theory could explain almost all of
the experimental data collected on superconductors.

Further, the BCS function introduces in a2 natural way long-






