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ABSTRACT

An irnvestigation of the physical properties ofhthe superconductive

lead-indium alloy system has been carried out .as a function of hydro-~

static preasure; the results of which are presented in this thesis.
Samples were prepared in the form of tunnel junctions using
standardlvacuum deposx&ion techniques from extremely high purity

source elements Pressure was applied to the samples by suspending

~

them in a bath of solid helium and their conductance characteristics,.

.

through which most of the information was gained, were recorded using

phase sensitive harmonic detectibn techniques. . The chemical composition’

o~

of‘the particular alloys investigated (Pb881n12 and Pb641n36) was

.determined using residual resistance ratio methods.

The pressure dependence of the energy gap and transition temp-

erature were studied an# found to be in excellent agreement with
.Eﬁeﬁgkcenfvda;a of Hansen et al (1973) and Galkin et al (f973).
The\aUpercondncting energy gap‘was fonnd to decreaée at a greater
rate than the transitidn temperature indicating a trend towards
Lweaker,coupling. The magnitnde of thie q;en& was determined and»

found to be -in good agreement with the theoreticab_brediction of"
O /

. Trofimenkoff and Carbotte (197(¥

'Tne:pressure dependence of the princiﬁle pnonon peaks of the

fsysteﬁ;was also investigated including the localised mode first
. - .

onerVed by Rowell et al (1965), and the corresponding‘Grﬂneisen

v . . T .
mode gammas for these peaks calculated. Further information



.

o

regarding the pressure dependence of the phononfspeétnum-Was obtained

"using the McMillan invérsion programme (1965) fOr the Pb64 36’ alloy.

Data extracted by\this\process were used in conJunction with the:

{,

McMillan equation 'for (1968) from which fairly good agreemen& of

the predicted - pressure dependence of.Tc wit7 the directly obtained

I

experimental value was in evidence. .
. ‘ g

By eombining existing experimental data on the density of states

o e

. - . 't ' i e
‘at the Fermi surface with experimental -results obtained here far:' the

re-normalisation function, ‘the pressure dependence of the band

structure density of states has been derived. The values so obtained
are in obvious disagreement with that of the free electron gas. Based
on ex1st1ng experlmental évidence (Anderson and Gold (1965) and

Anderson et al (1966)) and simple assumptions therefore, a, value for

the pressure dependence of the band structure density of states at

- the Fermi surface has been derived for the case of,pﬂre 1e£d (which

.

is not expected to differ greatly from the case at hand).
N S ™

The use of tunnel junctions as sensitive-pressure monitoring - .

devices is strongly advocated. Their response to pressure.has been .

9

found to be sensitive and reproducible while being'aimost‘independent

\ LY

of temperature.

vi
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"CHAPTER I |

r INTRODUCTION .

ERR -

The intent of the author in writlng this chapter is to bridge_kp
the gap betWeen the Table of Contenté" and the ensuing ‘thesis

material. “

o

\\\An\éfffﬁff\ﬁii;iéen made 1in Chapter II to develop the theory

which underlies only th°3§~éfgfifi\relevant to the understanding of

e

the experimental measurethents. The ¢ \hapter\hegins therefore- (after

& B
a very brief historical introduction to superconductzvityQ\mith\an

Tm—
~

account of the theory leading up to. the development of-the super-
conducting transition temperature and energy gap for which a many body
' approach‘utilising the Bogoliubov-Valatin trahsformationa has been
. chosen in favour of the original (and more usually employed) many body
thepry of Bardeen, Cc. per and Schrieffer (1957) henceforth B.C.S.
Frequent recourse 1is however made to the B.C.S. theory. The advantage

of this choice is that it can be extended to encompass the theory of

’ -3

./

electron tunnelling which provided the analytical tool for the study at
-hand. Extension of the theory to cover the case of the so called strong
couplihg superconductors follows. The principle difference in the

phonon spectrum’of the alloys‘from that of pure lead is the ‘existence

3

of a localised mode of vibration; The final two sections of Chapter

IT consist: firstly of an attempt to account’ for the observation of

A
N

‘ phonon processes through electron tunnelling and secondly a simplistic

‘justification-for-the existence of the»localised mode.

j : T



by . .
Chapters TII and IV contain descriptibﬁé of'the‘experimental

apparatus employéd, the latter being devoted entirely to the electronic-
detection systéms (and their‘operation); Circuit analyses are

presented verifying the linear response of the two bridge circuits that

-

were used.

Experimental method is the subject of the fifth chaptff.j/

In Chapter VI, with the exception of section five, or&eriﬁg
of the réSul?s (and_ﬁiscussion thereof) has been baséd o;.the
;xper;meﬁtalééase with which they were obtained and more imporﬁantly, !g'

on the dependence of subsequent sections upon their predecessors.

s

7~



CHAPTER II

THEORETICAL CONSIDERATIQNS’

1. Towardskthe Microscopic Theories of B.C.S. and Bogoliubov
)

Before developiné_ih detail the theory which underlies the measure-
ments made, it is felt pertinent to very briefly'aCQUaint the reader
" with some of’the historical background 1eading~up'tgmshe shccessful

—a

theories of Bardeen, Cooper and Schrieffer (1957) henqeforth“fggﬁs.-

. - o T

and of Bogoliubov_(l958) the-iatter being, in the main, therbasis.gf a

approach used thereafter.

.The phenomenon of-;dpercoﬁductivity was discovered ip 1911 by
K.“Onngg_whilst studyinglthe elect;ical reéistan&e of mercur& at low
 5;;peratures when he no;iced tﬁat”ﬁt ‘some particﬁlar témperature,.the
resiétance of his specimen dropped‘téla value which he could not
. differentiate from zero. This temperature came ;o be known as the
transition (or critical)ltemperaturg TC aﬁd i$ probably thevbest-knoyn
property characteristic éf the supe;condpcting state. Subsequent
studies showed this state.to exist in numérous metals and alloys "«
and thaﬁ it was.reversible in the sense~of5;ther thermodynamic phasé
cﬁanges. Attempts to gxplain the physjcal_bgsis for the existence - _

of this new state were first proposed by Gorter and Casimir (1934) and

by F. and.<. London (1934-1935). =pqthﬂo£'thesewmodels‘were of a

phenomenological'nafurE~treating the electrons in the metal as two
. L]
- fluids, one component being ascribed the properties of normal electrons

whilst the other gave rise to the supercondﬁcting.properties. The

o



difference in the approaches was that Gorter and Casimir used a

thermodynamical treatment whilst the London treatment was electro-
dynamic in nature.

‘The first big step towards an understanding of the superconducting
v

stete at the mioroscopic.level was achieved by‘H\x:rohlich (1950) who

proposed that the critical temperature of a super
. ’ o v 1 . )
. to its isotopic mass according to T « M CPA thus indicating that the

nductor was related

lattice was instrumental in the onset of superconductivity. In arriving
at this result, Frohlich had considered the interaction of electrons

.

with the 1attice (virtual phonon exchange) and concluded that if such

1nteract10ns, which were attractive, could overcome the normal

electrostatic repulsion between these electr;;;,{hen the superconducting

state would be realised. This attempt prove quantitatively inadetuate

,__:'r—h—"*b zv“"' L ]
'-;_'-‘\ LT

but the lattfce 1nvolvément had been arrived at whlch was the key to the
eventual successful microscopic theories.

-In 1956; Cooper  showed thatttoo electrone of'opposite momenta and~
spin 1nteract1ng via a momentum dependant potentlal formed a bound. state
above the Ferm1 surface -if the interaction between them was attractlve.b /

- no matter how weakv ;% thi; time, evidence was groﬁing suggesting //
the existence of an energy gap in the single partrcle electron density//
of states near the Fermi surface. |

Based.mddnly on the mechenism_groposed by Froﬁlichrand’the'refine—"

"ments of Cooper, invoking the pair concept, an extensire and sueceesful

theory of the superconductiﬁg state westdeVeioped by Bardeen Cooper‘and

Schrieffer in 1957 and using a different mathematical approach by

Bogoliubov in 1958 from which such properties as the trans1t10n



temperature and the suggested single particle energy gap naturali&

arose. These theories were latép extended to describe the so céllgd

. ‘

strong—coupling-éupercondﬁggars Qﬁich were found to exhibit struct&xe:
- in the electronic density of gtates curve which could not be accéunted‘
 for by>either of the above meﬁtioned theoffes. These aﬁd‘other

deviations from the B.C.S. predictions have been attributed'to“the .
specific nitq;e of the lattice involvement/With'supercon&uctivity in

which for some classes of superconductors the electron phonon interaction

v

i weak and can be deséribed by the B.C.S. or Bogoliubov theories whilst for

others the interaction is strong and necessitates a different approach.

-

That clasé)of superconductors which can be adequately described by the

theories of B.C.S. or Bogoliubov have therefore become known as weak

»

coupling (or B.C.S.)vsuperconductors-as opposed to those in which the

-

lattice involvement is more prominent which are known as strong-

coupling superconductors. - - ' e

2. The B.C.S. Hamiltonian

-, . 3

In an attempt to arriyé at a pervasive theory for supefcbnductivity
the search leant towardk finding an interaction betweén electronsuwhich
. \ -
- would be attractive sinéé this would,lead to a lowering of fh? tqtal‘
| energy of the superconducting state with respect to that ‘of the_normél
state a; was being found experimentally.‘ In view of ;he-growing belief

that the lattice was involved with the onset of superconductivity and .

RN

with the success of the isotope effect, the Hamiltonian of Fréhlich

(from which the isotope effect evolved) %eemed an obvious starting



2 J

v

‘lattice. "In physical terms we may think of the 1nteractive.term as

- due to its chsnged electrostatic field: As the electron passes by,

pnint for the development of the theory. This Hamiltonian may be

written explicitly in the form

ot .

H =H + I [ ' _—

Fr © ksk's' q kkc;k +q,s k~q,s ks k's' , | 2-1

" wheré wkk' 18 a matrix element of the form ,Mqlzan\_ 2—2
1 ~ € - e 7 - M)

Ho represents the system of noninteracting electrons and phonons whilst

o

the slcceeding term represents the interaction of electrons with the .

representing a self-energy associated with the electrons 1n the .

v .

following way. .An electron moving through_the lattice distorts the

lattice (ion sites), the lattice in turn then reacts on the electron

the lattice is allowed to relax. Such distortions of thetiattice are
duantised,in terms of phonons and we may tHerefore think of the

. s ' i ' ' o
electrons moving through the lattice co stantly absorbing and re-emitting

phonons. This surrounding of the.electr ns by phonons has given rise
e ’ '
électrons. The ability of such

to the concept of '"dressed" or "clothed"

a dressed electron to repel a second eléq} on in its vicinity is

~ therefore reduced by this positive screeninﬁteffect and it is this

S - o a Wy *
reduction of its potential to repel that”‘is referred to as the self=

energy of the electron.“ It should be noted that the exghanged phonons
are very short lived and that as a consequen e of the uncertainty
N * It t . .
principle, energy need not.-be conserved in the process, to this end <:§§\\
, - PR ‘ »

the phonons involved are virtual.

I

Frohlich's proposal therefore was thst %he desired attractive.

.

interaction could be realised if this screening of the cornduction

°



uh

electrons,by the positive ion lattice sites”was such as to invoke an

[
K

effective attractive force between electrons whi%h »was larger than their.

ability to repel each other as bare electrons. Tbe lowering in total

n

energy (condensation energy) associated with the,superconducting
phase change as predicted by this model turned out to be'three or four

orders of magnitude greater‘than that obsérved. It can be seen from 2-171

that the Frbhlicbiﬁaniltonian included inte;actions between electrons of

all momenta and either spin and was in fact the reason for the over

]
estimate of the condensation energy.
A refinement proposed y Cooper in 1956 eventually led. to an

acceptable form for the Hamiltonian when he showed that if there was a

. [P o
. ) . .

net attraction‘between a pair or electrons just above the-Fermi surface
then .they could form a bound state. He also showed that‘sncp electrons
which could form this bound|state by phonon mediation mu;t be withlnv
an.energy range Eﬁmq.of the Fermi.surface where hwq is of’the‘order

of an average pbonon energy| of the metal, an&»that for’ maximum lowering
of energy all such pairs must have the same total momentum. This

model may be visualised as follows. One electron movigﬁ through the
lattice distorts the Jtrice thereby emitting a phonon. The second

electron in the vicinit = then affected by this disturbance (pbonon

absorption) as it propaga"zs through the lattice. If the energy of

~ the phonon which mediatec tk+ -rocess is-greater tﬁan the electronic

energy change invoked thereby_ t-en thé resulting interaction is

attractive. Such pairs of electrons are referred to as Cooper pairs.

"This pair concept was extended tb the macroscopic occupation °

level ,by Bardeen,; Cooper and Schrieffer who formulated a reduced -



) . 84 -

”problem in which only pairs whose constituents had equal and opposite' ' A

momeﬁtum were considered. This reduces the Frohlich Hnmiltonian to -

t o ot - -
H = ZE [od ;i 2 V 1 C 1 'C_ 'I' C_ C 1 . 2-3
BCS ks k ks k kk's kk'"k's k s ks ks . ;
wnereAka, = —zw—k;k k'-k_Ukk" | : o 2-4

Ukk' is a screened Coulqmb repulsion term added to the Frohlich

Hamiltonian of 2-1. If ka, is p051tive:then the ‘electron-electron

v

1nteraction is attractive. : ' : ' ' )
It can be shown that the ground state energy described by this

'Hamiltonlan 1s minimised if, in addition to pairing only electrons whose\\\\\\g

momenta- are equal and opposite, we also requfre«that such paired electrons
have opposite spin. Thus by imp031ng this restriction and applylng
‘the convention that an operator, preceded by a mlnus sign implies a .

spin down’ state whilst one with a positive sign implies ‘a spin up

S s S T . , i e .
tfstate e.g. Cpr = Crts Sy _‘F(Tk')lf we canvwrite.thevHamiltonian
of B;g;SfJas - '> T
\h ‘ = Ze (c + ¢,) - TV cf c %;i;_'
BCS “-kC-k k" k" ke € k%K o

kk'
It is at this juncture that we depart from th h;C.S. development
and proceed . instead to study the eigenvalues and e'genstates of this

Hamiltonian according to the Bogoliubov method.

w +

‘3. = The Bogoliubov Valatin Formdlism
. s ~ :!q‘.":: | -

L.

by:-

b




. S o
= Ul T ViCk R A e A A P
~an@{their conjugates ] - . ' _ 2%6
Tfiﬁwﬂ t ' . T t
L A Yo = Wl * v

u and v are chosen to be real constants related by the condition

wl+v2=1 » B A

Sucﬁ'a choice ensures thét the newly-defined operatqr5rsatisfy tﬁe

Fermi anticommutation laws namely -

AT 5 + S R : AR
= [A ,A J:= 0 A, m = C . 2-8
L4 p’ q] [_P q]* e -t ]+ ‘ 8pq : -

where the A represents either Ehe newly’creéted operators or the
’ -, . . - - . :

traditional electron (¢ tYpe) annihilation and<creatien operato;s.
In order to justify the relationship 2-7 one such eommdtation relation

for the new operator system is shown here.

L . 1:":: A |
< IVl = ) (“k K VkS k)(ukck o+ e Ve k)(ukck K k)

multiplying out and regrouping terms yields ' '-?
S _ 2 + _ i

=y leedy muvle,end, “kkac k’ck]+ +ulrel e kJ+

= uk2 + vk2 éAiQ;:“ﬁgihgwgesumptidn~2-7

. ’ .
T B
d B
[ 2
LS. "1,

The inverses of the B.Vgiiiﬁnsformafiqps are easily obtained in the

o

e e,
_following form:- -

N -

— t o L
“% T %k T Y B e A RN SN ;
: 2-9
+ + _
kT %k TV “kY-k Vi

~

We next proceed to transform the B.C.S. Hamiltonian to our new operator

system. Writing 2-5 as the sum of kinetic and interaction terms we’

have :-

s
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HBCS = HTA+AHVQé HBV (in th?,transformed system) : X . 2-10

4

Considepiﬁg first the term HT, we have:-

_ v + 1'
Hy = l)iek(ckck + c_kc_k)

[

[

t, ot i
Ze Loy + Vit G + vicYod + Yo = v

e _ +

(WY = v ) ‘
2 2y Lo tt 2,
Eee e MM+ Vi YoV e e PYaid Vi e

]

W Yo Vg T ukvk(YikYk + YY) 2-11

For si?plicity we write this expression term by term as

. Hy = Eek[P +Q+ R+ S+ T+ Ul/then using the anticommutation laws

k
.for the vy ) "
R+ U‘= 2u v (yiy | + ) v
s e MY T Y #
_ 2' + - 2 - + . »
Q= Vie Yo Yok = Vi =y, v )
5 = ¥ M ’"kf S Y

_o2, g2 ot
P + S__'Vk( + (uk Vi )YkYk‘

. 2 2 _ o2yt
T + Q Vi + (uk Vi )Y_kY__k

e

before're—collecting these terms, new number operators are defined

for the gammas in "analogy witln the electron number operators i.e.

_ . + - .
Yltyk =my a“‘_l YoV = Tk

Wejcan;thUS'write.HT in the following way,"

IVHT=Z€k_[(‘P+S-I:T+Q)+(R+U)_]
K .

to get:-
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= "2 2_ 2 ottt UNT - oein
Hy, Eek[ka f.‘uk v 5 (my + m_) + zukvk(ka—k+Y—kYk)J 2-12
The interaction term HV d%”equation 2-10 is treated in a.similar fashion )
(more extensive use 1s made bf the commutation relations and the
grouping of terms requires greater 1nsight due to the complexity of

9

this term) to yield

HV‘ -Iv k,[uk,vk,nkvk(l - mk.‘— m_k;)(l —‘-vmk - m_k)+

kk' K
uk.vk' 1 =-m, - m_k.)"(uk2 - )(Y kYk + ka T+
(fourth order of f diagonal terms) ‘ 2-13

The Hamiltonian is now diagonalised for the ground state of the

supgrconductor for which we assume that all the occupation numbers
such as m vanish. This is achieved by requiring that the sum of

“off diagonai contributions to HBV from Hi and HV caneei'one another

i-e. ’ . ) ©

oo oy 2 oy, t ‘
Ezek k k(YkY Yo ki,vkk'uk'vk'(uk Vi D Ok + Yo

=0 L ) | 2-14 -
in which the assumption is made that the expectation value of the
fourth order off diagonal elements is.negligible'in the ground'state

of the system. Elimlnation of the off diagonal elements in this manner

Q

‘enables us to consider the system as being composed of indépendent

fermlonsa Con31dering equation 2-14 term by term we get:- °
ZEkukvk (uk )Z ka A 0 . Lo 2-15

which dictates the form that u and v (the B.V. transformation) must

S

have to be con31stent w1th the diagonalisation condition. Siﬁge

“u and v are interrelated‘they may be defined in terms o: 2 single

-
.
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parameter as follows:~

LY

e e Gex0® amd 3 e man® 16
w = G -x) and . v, = (1+x) : ‘ 2-16
Equation 2-15 then becomes - - ‘ : .
. .1 _ L 2 4 ' Lo -
2e (6 = X )T 4+ 2 b o ” | ‘ \»2 17

where we have.introduéed‘é new quantity defined by:-

- 1 _ : 2 ;i ° ) - - i .—.

Ak. ."' Izc:'vkk'(k xk.'. ) [ - . 2-18

. * ; . ) e ) ..4

Thus Xo= . ey ‘ : i ?«.g. 2-19 .
7 7 _ L , : o
2(8k+ Ak. )11—4 | | e S .

substitution for X iﬁ'2—18_yie1ds a form'for'Aki—v
b o . ; o . . . .
by =,%£'ka, b 0 2-20.
‘ | (0" + A DE - | '

This latter équation represents an intégral equation’which can in -

v @

principle be solved if we know the form ofV;he interaction potential

kava In order to cdnser%é the.to%al'number of:particies-in the

. ) . T R M
system we must choose the Fermi surface as the zero level of energy

for the system. The proof of this is seen below which also enables

3

us to decide upon the sign in equation 2-19. The number Bf electrons

°

in the system is given by:-'

+ T : I
N = Z(ckck +-c_kc_k) ,

k- K

The expectation value of N is,.usihg equation.2-12:¥

-

'<o|N|o> = N<o|o> = <N> = Z<o|2v, *[o> + <o (u ? - v, ?)
+ 'k \

’

-x(mk + m;k)|o>'+ <o|2ukﬁk(7£yik + y_kYk)|o> 2-21

Now for the ground state of the systemvthe m = 0 in the sécond term -
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whilst the third term@déﬁqbe shown tp.produce only zero eigenvalues

by replacing the Yy according. to equhﬁion 2-6. fEhds the expectation

<

value of N reduces to:- : , \

N> = 52v

2 2 5( + 2x,)
k L k- x &

1f we had nd’interactions’i‘e. all the electrons reiided below the
Fermi surface then we know that N must have the\forw'
JERE : . a . ‘ % ' ) s
N> =3 2 <N> = 0 for k>k_ ~
i and . f ¢
k<k ’ ,
f -,
_ ) - . , o . LN :
~where the factor of two arises becduse of the dual spin nature of

K.

fermions. For the nqh.interacting case then we must put kay =0
. and thus'ffqm equéEion‘2-18, Ak = 0 also. By substitution then in

see for the non interacting case that:-—

2
S

. equation 2-19, ‘we

~'xk:.= s _ f .

" Where the positive sign is chosen to represent the system below the
. A\ . . . .
Fermi surface and the negative sign for above the Fermi surface

thereby_méking equatioh 2-22 consistent with -the realiphysicél

L A ,
situation of. equation 2-23. So’foﬁ;ﬁﬁé Jormal metal the B.V.
- . \

QVkaa‘j - // ./)XR'G

R o -t

- transformation has the form

o 7

ri- =

rsx‘—-ﬁ'

2

: /o . - ; ‘
- > ék: ‘/ ___n___,___jii,

€k'here~and henceforth will be used'tq denote measurements

Whére

- .

0 ;

with respect to the-Fermi’surgéce. Turning attention now to the

i ' 2-22

2-23

™
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interactlng case (ka.ﬁ 0) of a superconductor we can see from
equation 2 22 that for the number of parti les.to be conserved

' that x must_ke an odd function of (ek - €g) as w#s the case aboye

k
enq thus wechodsezﬁhe negative sign for xk and have therefore:- ‘.
x, = & - | 2-24
'(€2+A~2?f | ‘

Notlce that’ ka, +0 (and hence A ad 0) has the hlghly desirous effect
of encompassing the normal metal case. Equation.2-24 describes the
.form that the B.V. transformétlons(i.e. the res;riction on our
orig. il u aﬁd v)_mﬁsflhave for the Hamiltonian to Se of diagonal

ﬁorm‘and.are shown pietorially below. - _

F's . f‘f' J: :
— T S
* IS, : . o g
1 BN ' T k
. 1 _ i T
' — & S '
\_
Bardeen, Cdopef andechrieffer solved'equation 2—207for.de1ta usih%
a very simple potentlal for which they proposedvthe form
: , : ‘kk'
V= [V for) [e | & |z-:k'|<ﬁmD — 1 _I
- 0 otherw1se ; I ' s
. o ' (' . . "
'Expressed_in”integfal form; equation 2-20 becomes
.- . - - 00 Ak' *
SR D(ek') @ 4 e Vik' €t . 2-25
, Ekv A-kr ) - . . .
, . / - . . 1

(-0
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-Since“V K is constant and so isfhub (the Debeye energy) then it
followsLthat A .is constant and we ‘may therefore omit the subscripts
and take V outside the integral. D(Ek.).representS'%he density of

electron states (for electrons of one spin) and is assumed constant

.
ot

at the Fermi surface thus equation 2f25.feduces to : | ‘%\\\\\\\\\\\
- v de
2
| d
) This integral can now be easily solved using the substitution
. | s > ;
= A sinh x to yield
A = hwp/{sinh(1/DV)} ‘ 2-26

For a gteat hany metéls, estimates of the quantity (DV) yiéld values

- . . X
< .10 % whenge it is easy to see from the definition of the hyperbolic

@

function . > . IR
, simh x = Y(e¥ - &™) ‘ o :
that we may reasonably'mak% an“epproximation to 2-26 of .
A= ZﬁwDenp[-l/VD(ef)] . . o 2—27

Those metals for which the above “approximation is valid are said to
be weak-coupling superconductors. It can be seen from 2-27 that A
is an extremely small_duantity and that because of this the parameter .

Xy defined by equation 2-24 differs from- ks only Qery close ‘ T ..

*

(within *A) of the Fermi surface. Examini%gathis implication from

a wider v1ewp01nt we sae that as a consequence of X hav1ng.the ’

k

values *) in regions remote from the Fermi surface, the values of A

u and v become either unlty or zero and hence from equation 2-6

“_

]



r

16

we see that our newly introduced opéfators gamma revert back to a
single ¢ type operator as in the case of é normal metal.

| Welﬂave to this point th?q'built up a picture of a superconductor
which resembles a normal ﬁg§$$ except Qithin a_sma}l region bougding

the Permi surface where the electrons interact in a very .specific

manner. The nature of this interaction is the pair concept alluded

]

to earlier and the gamma operatorsiset forth at the beginning of
this sectioa are those which créate and“destroy sué# Cooper pairs.
The term quasiparticle is used to dgscribeva single electron while
in a paired state. The parameter A is associatefdl with the

energy of formatioﬁ (or degtruction)‘of such'pﬁ};s. It.is the very
small lowering of energy aésociated‘with the pa;ring‘of eiectrons

hY . .
qombinea with the fact that this pairing only occurs in a very

rrestpiqfsgfregion at the Fermi surface that accounts so nicely for

”wthe'pxperimental%y observed small lowering of the total energy of

s

the wetal when iQ‘EEf\ijiijﬁgndUCt}ng state.

’

4, The Superconducting Ground State and Energy Gap (T‘# 0)

-

" Having established in the previous section the condiiion that

the of f diagonal elements of Hyy = Hp + Hy vanish, we are left with the

diagonalised Hamiltonianx ‘ : . \\\g
- ya 25 ., 2_ 2 - , - ;
HBV ,Zek[ka +(uk Vi )(mk +_m_k)] z 'ka.uk.vk.ukvk )
: k , . k,k N
_ N\ .
A -my -m,0Q - - m_, ) : ‘ 2-28
" which in the ground state where the m'E'O reduces to “ - N

4

[
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i | - K SR}
Hyyg = Z260° T VgtV v / | 2729 .
k kk » , ‘
The ground state wave functionaﬁsbfor%the superconductor must be an -
eigenfunction of the diagonalised Hamiltonian so that for all

possible k:-

. yklwo>‘ - Y—R’wo> =0 + 2730

This in effect is an attempt to create a state lower than the‘ground
state defined by Wd; .In ordet;tovfind the form‘of Wo the following
argﬁﬁentxjs extended. Since the .gammas obey the usual Fermi anti;..'
commutation laws, productessuch_as Yng = Yo Y-k = 0 ano so equation
.2—30 is satiefied hy operating on the vacuum state with all of the

possible products of the operators Yic and Yok because such products

-

would always contain a product of the type kak and thereby yield h

a_ zero eigenvalue. For all possible k values therefore th1s may be

a

stated as
¥ > = (y, v ')|o> =[m(u,c, - v c+ Y(u,c , + v_cf)]|o> 2-31
o k k'-k T Kk kk k=k’“k™-k © 'k'k )
where again use has been made of the original definition of the
__gémmas. ' This expression simplifies by using the 27@icommutation .
relations and normalising throughout by the product of all of the
Vi to give'for'the ground state wave function /
_ ¥t
l¥,> = E(uk , ykc_kck)|o> ) . y L
It-is possible to justify the above expression on'a puxely mathematical

basis in which we first propose the form f r IW > as given in 2-32

and show that it is consistent with the 3hysica1 proposal of equation

N

R
L

2-30, the derlvation for wh1ch will no;/be presented here.'

¥ g R Fd
- Y
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Quasiparticle excitations of the system can be created simply

by acting upon the ground state wave function with the creation

operatore Yi and yfkn

o

The ground state energy of the superconducting state E can be
obtained by calculating the expectation value of the Hamiltonian
given by equatlon 2-29.

C o - - 2 _ , ‘

eg = <Hpye> T <o[328w 7 = T Viguviowilo>

k kk

Using the model potential proposed by B.C.S. we see that all of the

quantities . in the above éxpression are constants and therefore

e =126v,2- LV v 2-33
s T KK T Ek'gk'vk'uk k

" When excitations are present however (m # 0) we must revert to the
Hamiltonian of equation 2-28 the terms of which may be rearranged
to give o : S .

Hyy =g+ B +m )Ly ® - v e + P uk'vk']

+ higher order terms o : f © 2-34
and where use has been made of the expression derived for Ege
By substituting in equation 2-34 (using equation52—16; 2-20 and 2-22)
this expreesien can be rewritten in the ferm:f o

- A 2, A24% : : ' _
FBV = es + i(ek + A°) (mk tjm_k) +'......... . | 2-35

It can non be seen that thls‘represents a~sy$tem.&hose ground etate

energy.is'given by €g and whoee (quasiparficle) excitations are giyen
by:-
R =B+ AZ)!’2 o - L o 2-36

*

These quasiparticles cannot be created singly since any phys1cal



a

- u . ‘ N
process is represented by at least two ele@tron.operatbrs e.g.

scattering, which results in two gamma

type operators.

The minimum ~

energy required to create (or break up) such a pair of quasiparticles

~is 2A as can be seen from equation 2-361

broken up one electron can he excited a

When a Cooper pair is

cross the Fermi surface to a

state (e + A) whilst the other falls back into the Fermi sea (E

'untilre—pairingwith other electrons occurs.

gap in the single partlcle electron density of states that #s observed

can be visualised.

In analogy with the density of states of a normal metal,

In this way the energy

density of quasiparticle states for the superconductor can be

deduced from . :

k

dE

D(E) df dk

dE d€

where dk/d€ is the density of Bloch states of a normal metal.

Using equation 2-36 we find that:—

D(E) = 2D(€ ___[E]
(B2 - D% .
© 0

A
€

[ |

Normal

o

‘Pictorialiy this compares -with the normal metal as below

A)

the
_for |E|>A s
2-37
for |EJSA .
A E
D(€)
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5. Finite Téﬁperature Considerations and the Transition Temperature

o ..
.

In the previous section it had been assumed that the number of
- ) ) . Y .

quasiparticle excitationswas very small, i.e. A>>kT, a situation we-

> . .
might envisage as T + 0. We now treat the more physical case of

T # O where we no longer assume the number of quasiparticle
. excitations to be negligible. ~In,so doing we will arrive at a

modifled form- for the qua51part1cle excitation energies and energy gap, and

derive an express1on for the tran51tion temperature. In

proceeding we assume. that the Hamlltonlan for the system can still
r‘ B

be»diagonallsed (an aSSumption to be justified). We are left then-

with :the Hamiltonian given by equation 2—282 The energy required to

‘create a quasiparticle excitation‘will be given by:-

- d<HBV> - “ | , : . 2-38
P d<mk> 41.,::‘7"; .“\ o .

o
s

If we apply this to- equation 2 28 we get

=°§k(i7} + Vi ) + Eu kk kkiuk'vk'(l —.<mk,> - <m_k.?) 2-39

\

In defining the excitation energies as in 2-38 we may -treat the'problem.



\

as a system of.independentvfermions and obtain an approximate
[

solution by replacing the m by their thermal averages according

"\\1"' ’ C -

to Fermi—Dirac statistics. i - S

/

<m > =<m /> = 1 = £(E,) . 2-40
) e ~k exp(Ek/kT) +1 Ek ‘

The off diagonal terms are [treated in exactly the same way as in the

.

previOus case (T + 0) except’that we do not now assume that the m

vanish also,but rather they take the form of -their thermal average

as in equatidn‘2—40. The resulting expression is:-

28, u v, - (w? - )i ka,uk,vk,[l 2f(EkD].= 0 : 2-41

- ‘
. 9 -

'Comparinglazis with equati&n 2-15 we see that they differ only by'the
‘¢
e~squafé brackets contéining the Fermi fumtction.

factor in

We define a modified.gap function here which is teﬁpe;ature dependent :-
3w . '
b, (1) = z v k.(a xk.) [L-2£(8, D] . o L 4

-
fe .

The development is now as for-theocase of‘T + 0 (with the B.V.-

tranéfofmation x being temperature dependent) and leads to ‘the integral

gap equation for non zero T of:~ . °
8 (1) = lii'V T [L-26g 0] 243
| (602 +8,,2(D1% o =

€ R gl B~ .
i v
i

By substituting into the expression for E (equation 2-39) " as before
and 1nclud1ng the explicit form of the Fermi functions given by
equation- (2-40) we get for the quasiparticle energies

E = [82+ Ach)J!'i " | o  2-44

&

This expression is exactly tha;\cbtained eariier'bu£ with the temperatufe'

dependent gap function. . S .

.._..a
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Using the model potential of B.C.S. and solving as before
. P hY

thevintegral equation 2-43 for the gap .we find ohat
‘ _ﬁwD ‘
VD(Ef) - tanh[ (€2 + Af)%/ZkT]dé =1 . 2-45
(€2 + p2)*

NO T | L

Tnis clearly is a Very'complicaEed implicit expression fof\}he

Henergy:gap at finite temperature. uIt can be seen hoWever that as
T increases, the numerator decreeses and therefore for the left

" hand side of ;nis expnession to %emain éonstant’equal to unity,
the denominator‘must decrease also. This implies therefore that'A’

is a monotonically decreasing function of temperaéure.' Such is-

the case observed experimentally as shown below; typieally‘

>
[~

ol
N’

T~
Y

It is very satisfying that if T = 0 then this expression yields

identically che previous expression derived.

7
»

To obtain an expression for the transition temperature we

4Jneed to impose the condition that A + 0 as T » T in this 1ntegral

which can then be performed to yield:-

—
~

ch = 1-14ﬁ@Dexp[—1/VD(€f)] : - : 2f4§

having made use of the weak coupling approximation ch<<ﬁmD.

=’ :
ey

B oo e ereme
&
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Recalling the expression for the ‘T = 0 case for A(O) (equatlon 2-27)
and comparing with this we have’that, for the simple. constant potential
‘'model of B.C.S. in the weak coupling assumption::

"2A(0) = 3.53 UNIVERSALLY : . 2-47
kT - ’ :
Cc

This key result is often used experimentally as an expression of the

weak coupling approximation. " '

6. Theory of Tunnelling and the Density of States .

‘Considkration is now given to the transport of electrons across

. S .
~ an insulating barrier. This might be represented by the diagram

below for the case when both metals are in the formal state,

£ € -

[/‘,‘.‘ ’. N ;

"--E:fz B eV = € f-e

Dl(e) - 3 > ,Dr(E)

barrier

.where,the Fermi level energy.of metal one has been raised by an
amounttﬂ7with respect to that of metal two: The quantities D (e)
and D () repréEEht‘ﬁhe density of electron states in metals one
and two respectively. Notice that in accordance with the diagram

on page 19 that the dotted line represents the density of available
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states in a normal metal whilst the shadéd region represents the

density of occupied states as obtained b& mnltiplying the D(g) by
the respective Fermi function. -

¢ -

A Hamiltonian representing this system may be written as the

sum of three terms the first of which describes those electrons
o :

of metal one on the 1eft hand side and the second for those on

4

-the rlght whilst the third is a term relating to the transfer of

electrons from side to side. Thus'

+ t Lt
H= ZXe c, ¢ + g, d, d + I T,,,(c, d
ks k“ks ks ks k ks ks Kk's kk' *"ks

a ¢ 5" 2-48

Since it is proposed here to calculate the net unnel.current we

need only concern ourselves with the third term of this expression.i‘

The transition prebability in lowest order is
21 _ 2 : : .

| Tyger* = 1T1%. | |

Because of the applied potential diffe ence v\\the\energy

iven by

~

of electrons of metal one are raised in enérgy by an amo\ht ev.

\

These electrons of energy ek can then be elastically scattered

(tunnel) to an available state k' ingz7tal two whose energy is

given by (s + eV), in this way energy is conserved. A similar

—_—— _ \

. argument.applies\to\tgnnelling in %e'oppOSite direction. The

net flow og\electrons froﬁ\Left to right is therefore proportional

* t
to:- :

2 . - - . N - A _ " - : _
I |T2| £, f ) = £ Q- £)18(8, - & -eV) 2-49
" kk's . N .
where the fk represent the_probability ofloecupancy of a given

[

state k. Expre351on 2-49 may be interpreted physically if we

. associate f with the probability that the state k from which an

’
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o~

electron originates<is occupied and (1 - k,) with the probability

_that the state k' to which it tunnels is unoccupied, energy conservation

LA P IR

FTTN]
r

N

-

'being accounted for by the delta function. The tunnel current

'therefore may - be obtained from expression 2- 49 by putting it in

'r
Voes

1ntegral form. |

o« 2 ; o~ _ A~ A A ’ : A ) 9
Loy ST {f(ek) . f(ek + eV)}D(ek)D(eK+ ey)dek ‘ 2-50

.‘ . .- T
In obtaining this we have complied explicitly with the energy_

. . , . 2 .
conservation aspect. ' T? is taken to be the square of some average

4 - .
» . .
v

o

%unnelIing matrix element. If we were to proceed from this point:

using the phenomenological-approach we would assume that‘T2 and D?.
. ° : ‘ o
(arising from the density of states product) were constant and extricate

them from the integral, here however a brief explanation is given to

-
o~

Justify this procedure. Using the particle in a qu‘concept of

.

EES

- tunnelling across a nartow potential barrier it cdh be shoWn fairly

easily that the element T is given by:-
’ g > ‘
= Ak + B v B o T ©2-51

A and B being conetants and k being the wave vector .in the

direction that.tunnelling takes place. 'The kinetic energy ék

associated w1th the state k is simply -

€= khe»de = %%k . 2-52
m 4k m .
Thus .we see. from 2-51 and_2 -52 ; jﬁ;
frne— < Y " . w
T « d€ e el - 2-53
dk }""‘“' V ' . "’..N. N

Y P

But. - D(£) = g_ dN dk; 2-54

d€ dk?

o

. ’ i ; -
and we can see therefore that the energy dependence of the product

o
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. _ ' . ,
;PE(D in the integral disappears. If we make the justjfiable

assumption that dN/dk is constant in the region of the Fermi

»

'surface we have for I that ‘ . L

1 (P, (o )Tzf{f(ﬁ £ (8 FNE 255

KNy

- This model is consistent with the premlse that tunnelling takes
place at or near the Fermi surface and that €f>> eV.h
'The factor f(ek + eV) in equation 2-55 can now be expanded as‘
a Taylof series about Ek whereupon after neglecting terms containing

powers of (eV) squared and grba\er we have.

och(ef)D (e, Y2 feve" (&, HEEN , | .
N , B A A ' _ ' -
At low temperatures, f approximates to a delta function giving:- ’.,
o ‘ . ; ’ 2.
.. 2 . . N " . - ‘
Dl(sf)Dr(ef)T ev o . — . 2~56

For N - N (nqrmal'metal - normal metalj tunnelling thus, an ohmic .
dependence is predioted.l

Attention is mow turned to the case where one of the metals is

in the éuperconducting'state as depicted below. S TN, e

Dl(E) .<" v
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¢ et
-

Once again,'in an effort to derive an”expression for the

o

tunnel current we need consider only ‘the tunnelling term of the
.

" Hamiltonian of equation 2~-48 except that those operators previously

_assigned as”d’for‘states on the right hand. side (metal two) must;

(N

now be replaced by their quasiparticle counterparts in keeping

-

‘Wlth the B.V. fprmalism adopted earlier.; ﬁgplicitly we‘have'then:—

. 1

_— + SRS
Hyp = &,T[ck"(“k,,'."k' * Vk'Y—k') M 9—k(}’k"Y—k' Vk'Yk')

¥

jflz T + (uk'YZ' + vk.y WWe * (uk,y k'«T vk,yk,)c ] 2f57
Notice that the spin has been included explicitly here ‘in keeping with

" the Qair concept and has therefore been omitted from the summation

sign, it is -akso very relevant to recall ‘that’ if the interaction
potential ka, responsible for the pairing tends to zero then the Y's

: revert to 31ngle electron operators and we have- identically the

preceeding case for N - N tunnelling

r..~ Voo

The physical interpretation of equation 2- 57 is as follows. The
tirst term creates an electron on the 'left hand side of the barrier |

and either creates or destroys a quasiparticle excitation on the

right (above or below the Fermi: surface). Thé other terms may be

¥

interpfhted in éhﬂanalogousnmanner.

—

F - : 7 .
For a term such as ciyk, to cause a real scattering (tunnelling)

i

4 we must have that Ek' = € +veV for an applied potential V. Note
.that/in this case we are measuring energies with respect to the
Ferﬁirsnrface as was the case-in our previous application of. the

_Q.V._formalism. Similarly for the term ciyik, to cause a real

scattering process we must have‘r€k - eV = Ek"
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7kreplacing

”By noting that:~"

28

l

¢

; Extending this type of arguméﬁt to the remaining‘terms-iﬁ 2-57

““and proceeding as with the N - N case.we get:-'

H;zjﬂ%%ﬂ&@pu-fmwn—fmwnl—ﬂgnmmw—%—ev,

v HE@, )f(Ek ) - 1L - FEIIL - £ENOE, + By + &) |

2-58
having grouped togethet ter.msvinbu2 and v2. By multiplying out, ;?;’ &;
collecting terms and expressing in integral form we have ) Y

i 2 = 2 _ . . . . T
INSme.D(ék)D(E €k +reV) {uk,[f(ﬁk)_f(ék + eV)]‘+” ‘
. _ s L ‘ w T _
Vi [f(€k) 1 + £( ék ‘eV)}dék . -2-59
.‘ ’ ’ 3 N . “ ‘\. » “ . .
where the f functipns have been included eXpli%itly. Since the TN
. . : Lo - : -

metal on the right hand side of the barrier is a sdperconductor,'
the density of states function D(E) ‘has the form given by equation

y : Sy 9

2-37. s expression can beAfurther reduced.by noticing that

P

f( E) =1 - f(E) to give:~ - \

- I °=fT2D(€ )D(E + eV){f(é‘k) [uk,z + vk,2] - f(sk + ev)

)

' x [uk'2 + vk.z]?de : f ’ | T ' ,2‘60

assumption u? + v? = 1 hence we have

According to the original

)’ using 2-37) that:=

1 .«T?D, (£.)D_(e. E[ [f(é ) —f(!ﬁ + eV)]dé . 2-61
NS LT é?‘%’%fig SR e e “

where the T2D2 ferm agaln can be taken outside the integral. This

is the firét-p01nt at which the rigorous phy81cally_based‘theor§f
. N ‘ RN

‘coincides with the phendﬁenoidgical approach most often used. '

. {2 ‘c\,
£ . :
. : . el . >

Lokl S :
%
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. . { 1 for 0 <E <eVv ' "
f(€ : '

) - f(&, + eV) =
k o ko0 0 E>eV or E<O
. )
equation 2-61 becomes eV . '
I, .<T?D; (.)D_(e.) |E| dE : ’
1'""f" v - . .
- NS | (BT - ADE5 ‘ ~ .
0

hwhere dE = de 51nca at T 0, A is constant. Finally therefore

’ Tyt %, (e0_(e, [en* S . 7 2-62

e

For the case T ¥- 0 the integral is complicated but has ‘been solved

7 .

If we ndw d1fferentiate this expression for INS with respect to V.
and’ divide‘the result by the derivative of INN with respect to V,

we flnd that the ratio of these dynamlc conductances is:-

3

[(eV)? - 87T% | '

OnN -
This expreéédon is precisely the normalised density of states'fOr"*~

a superconductor as can be seen from the expression 2-37 derived earlier.

We have thus proVed that by measuring the normalised

dynamic conductance of an N = S tunnel Junction we are in fact

':“ 3

measuring the eIéctronic quasiparticle density of states of ‘the

iy

superconddctor. “Because of this, fundamental properties such as

\ ,\7 »

i'Tc and A(0) are dlrectly obtainable.

e
RN <
.

J- ' Strong Coupling Theory

[
3

Whilst the weak’coupliﬁé theory describes most superconductors
extremely well and all superconductors.to first order there’ are
some which deviate considerably from its predictions. Mercury and

lead are two such examples.. Experimental evidente shows the
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condensation energy for lead to be less than that predicted usihg
"the B.C.S. model and outside the limits of experimental error.
The "universal" constant of equation 2-47 relating the gap to

transition temperature for lead was found to be 4.47 instead of

3.53. - s

Yet another striking difference is exhibited by these

superconductors. in the density of states as obsegyed by tunnelling

in that there is considerable departure from the smooth function

-expected on the basis of eduation 2-37. This was first observed in

the tunnelling experiments of Giaver et. al. (1962) and Rowell et. al.

.(1963) and is illustrated belo; for the.case of lead which shows the

B.C.S. predietion and the experimentallyAobserved\Qunnelling density
-~ o \

&)

of states_df Rowell et. al. (curve (:) )_taken;from\R.D. Parks.

116, ) )

12— {+
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o

It became clear in the light of such experimental evidence
that the existing theory of superconductivity must be modified to

cexplain these .differences in behaviour in _a-class of metals which
|

T



have become’ known as strop@—coupling superconductors. The firét
attempt was to try and eﬁpend thé weak cou?ling theory by removing
the assumption on the product DV. This wasvdone by D.J. Thouless
(1960) who foundffhat even in the unphysig&l limit of DV > «

the ratib 2A(Oé/kBTc -+ 4,00 ahdvéithough tﬁis was 5 step in the
right directiqﬁ it could not fﬁlly account for the observed

4 B
The next step was taken by Swihart (1962) who replace

deviations.

the simp¥e B.C.S. constant potential with a more realistic one.
This/refinement met with some success but still could not account

for the structure jin the density of states curve. The correct-
 formalism was finally arrivgd'at through the realisation that §he
electron-electron inféfaction, which according to the B.C.S.

model was in;tantaneous, was in fact retarded. This can be understood
since the phonons involved with the pairing of eiectroné move with

2 phase &elocity.very mucﬂ less than the Fermi velocity of the
electrons and thus there is a time lag before the second elegtron

<

"feels".the existence (or is influenced by) the first. In addition.
e ’ . . - .

to ne{;rdation effects, lifetime effects were proposed associated

S
- o

wiﬁk,gﬁé damping of duéSipérthle éxcitationé. This approach was
‘adopted by Migdal (1958), Nambu and Eiiashberg (1960). and Eliashberg
(1962) using field theoretic Greens functions (since poteﬁcialscq

that are retarded in time cannot be treated with Hamiltonian dynamics).

The results of 5his analysis are presented below:-

: Cc
pw) = |dw'Re [ A' ] [K, (w,0") - N(O)U_] 2-64
4 :' (w.z - Avl)si N . \
. 0 T we
wll = Z(w)] = dio'Re {__ su' K_(w',w) " - 2-65
(w|2 - Av‘f)g .
0
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where

[+ o}

K, =§\ 'dvocxz(v)fk(\))[(w' + W +

v + 10D+ - w + v - 10 Y

0

vKﬁations 2-64 and 2—65 are refefre to as the strong-coupling- gap
equations. A third relationship is introducéd in ﬁhe form:-

A@) = PW)/2@) | | 2-66
W, répreseﬂts a cqt off energy‘usﬁally taken to be = IOQD, Uc is |

!

the Coulomb pseﬁdopotential charéiyerising the short range repulsive

‘ . e ;
‘force between electrons and z;w) is a renormalisation function given

by:-

e(k,m)'é €/Z(w)
where € repreéents a single parﬁiclé enefgy’(Bloch state).

We can see tha£ these.coupled equations’for A are complex as 1is
A itseif in_the general cése. Clearly A is also a funcﬁion.of
energy. It may be written in the form

Aw) = A1 W) + ‘mz (w)" ‘ _ 2}—'67

Theiakz(v) represents a coupling function associated with the electron

.phonon interaction whilst the function fk(v) takes accdunt of the

specific ﬁature of the phonon.spgctrum'pf'the particula# maﬁerial
ﬁnder&$gvestigation‘ Thus we see some marked differences in this
formgi;sm from the B.C.S. approach.alﬁhough in the weak‘cougling
1{#it the quantlty A(w) -+ A(O)enabling us to identify A (W) with '

the superconducting energy gap still To obtaln Aﬁu) we must first

solve the integral equations 2-64 and 2-65 self consistently and then

apply equation 2-66. An example of the form of the gap functioﬁ is

shown below for the case of lead due to McMillan and Rowell (1969)
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Real (—) _and imaginary (...) parxts of.the computed

energy gap ﬁpnction A(w) for Pb vs.w-A(0).

( | \J\ ) 7 ; w.f
30 AT S

‘z.o “ [\\,A \ A

a4 -
' z 1ok \ . VS 3y ,

F . ' A

g o > \ . - .

8 1.0 \ \/ - i e
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10" 20 30 40 ok
ENERGY (meV) :

The gap function assumes a constant value at some giyen energy
which is consistent with the minimum energy necessary for pair
creation. The point at which this occurs is known as the gap

edge and is the place at (or below) which the gap value is usuallyy

4

-

measureg.

We saw earlier that in the weak copﬁling approximation of

w

}DV o 10-} that a universal constant of 3.53 resulted for the ratio

v

*ZA(O)/kB?é'and,whilst this approximation is not valid for strong

coupling superconductors by definitiom,it is used instead as a guide
to the strength of coupling; the higher its value the stronger the

coupling is presumed‘to be. Clearly since Bpth A and Tc have the
) : 7%

- same functional dependence on thejproduct DV, then we would not

)

expect there to be any deviation in 2A(0)/kBTc as a résult of

increasing coupling strength DV. Lead for example, however~ exhiBTtF .
. -3 : . ,

N

a value‘of 4.47 for ZA(O)/kﬁTa' This is thought to_be due to

%

<
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inelastic phonon processes causing damping of quasiparticle states

and although this would reduce both ‘A(0). and T , the effect on TC

8-
1

would he greater since there would be more thermal phonons'present at
. ..
TC (as Té for lead is high). Such a calculation has been carried |
. out for lead .on this basis by Wada (1964) with a
: &
prediction.of ZA(O)/kBTc = 5.2 | |
An expression for‘ZA(O)/kBTC has been derived for strong coupling

superconductors by Geilikman and Kresin (1965) given by

. ) ) o 2 . ’ -
k,T , 2T w T

B'c . 0

o -

where W is the limiting frequency of longitudinal phonons.

. . t . ’ .
Another indicator as to the strength of the coupling is the

" nature of the quantlty DV = A which is regarded /f the electren-phoron

coupIing strength For weak coupling this was assumed to be of"the

' order 10.-l whiist for the system under con51deration here it is of
\ D

the order unity. The quantity A is given by ‘

o]
A=2  ldwol(@F@ . s S 2-69
‘ . 0 S RN
cand 1+ A =mk : | L . A\ 2-70

n
. where m* is the effective mass of the electron. A further‘indicator £

is associated with &, the coupling function appearing in the gap’

e

equation, which is. usually expressed as an average glven by:-
0 .

<a?> = J az(w)F(w)dw/'JF(w)dm o _2=71

Increases in the values of A, <a?> and 2A(0)/kB'._[‘c are associated

i

with increases in the coupling strength. 1In the experiments that’
were conducted A and T were directly measured whilst A and <a?>

ey
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o]

(together with other microscopic parameters such as p* the Coulomb

pseudopotential) were obtained indireatly by a process of

inversion of‘the strong coupling gap equations. The inveréion
, . _ - g o R
program will be discussed in more detail }n a later chapter. ~ =

An expression for the transitjon temperature of strong-coupling
. Kl N <]

superconductors has been proposed gy Mérillan (1968) in the form ' .
T = <w> “exp | - 1.046 (1 + A : - 2-72
¢ T2, X - W+ .62
If we differentiate this expression we get (aesumiﬁémdﬂ;7do nnnnn 0):= f»i*
dlaT, = din<w> + 1.04 1+ .,38u* ) dA ' 2-73 :
= dp O 62 Ap%) 2 dp'

Those ?uantities on the right hand side of this equation are

0

derivable from the inversion process whilst T is directly measurable
and we are thus able to check the overall "quality of the inversion"

3

technique against experiments S Y .

H

Scalapino, Schriég%er and Wilkins (1963, 1966) appiied the

By v

principles of strong-coupling theory to the calculation of the normal "

o

‘metal. superconductor tunnelling current and showed that the
A

expression 2-63 still holds in the‘following'form:—

.Gls.= ReIEVl : ’B-g—gﬁ_)' ‘ | ] : o : 2_74. N
[0 = ) D e . X

Using a very simple form for,the phonon:spectrum-of Jead which they
apprqximated by two lorrentzians situated at =4.4 meV and 8 5 meV
Schrieffer, Scalapino and Wilkins (1963) calculated the gap function and

then the normalised condﬁbtiVLty for the NS case at non zero temperature.'

These results are shown in the diagram on page 30 (fig <:> ) 1in which
\

we can see that there is excellentfqualitative agreement with the
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experimental observations of Rowell et. al. (1969).

v

8. OBservation of gﬁggpn Structure hy.Tunnelling

We have now seen that inclusion of the foerOf the phonon spectrum
;leads to structure in the normalised density of states curve obtained
by tunnelling (from the results of Rowell et. al. for example)
That this is plau31ble can be shown by examining the form taken by
the expression for the normalised conductivity ¢ = Oy /GNN in the

light of the strong—coupling theory a

0 =__  Relw| ‘ where @ = eV s ' 2-75
(w* - A% ()% ‘

eXpanding by the binomial theorem and using equatioﬁgZ 67 we get

/ 1+A (w)—Az(w) + ‘ - 2-76
207 '

Since A(w) clearly depends on F(w) (inherent in the strong-~ '

3

coupling equations)then the normalised conductivity that we monitor

in electron tunnelling experiments must also be 1nfluenced by the

- phonon spectrum of the metal. Quasiparticles whose energies coincide

v

with the predominant phonon modes of a given metal have a high
probability of-sphonon emission with subseguent‘decay to the peaked

region in the density of:states (at the gap edge). . We therefore

.1.

observe larger changes in the conductivity at these points.
Scalapino and Anderson (1963) have shown that such resonarnces in F(w)

give rise to points of 1nf1ection in the density of states This can

3
¢
i

alsone seen by careful study of the effects of A and A con

using 2- 76. We are therefore provided with a powerful tool for

ey N

;V‘
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resolving orincipleAphonon_peaké of a metal since differentiation of,
the conductivity curve wlll give rise to maxima and minima at theoe
inflection points. ) | | e | ’.

For the lead-indium system uhder'investigation the principle
phonon peaks are those of the lead lattice-but with the addition of "an
; extra peak at -the- high energy end of the spectrum. Th1s qftra peak
is associated with inclusion of a small amount of indium impurity

in the host lattice. Justification for its existence is tlie subject

of the next section.

9. ' The Localised Mode ! : - |

To verify the ekistencé of a localised mode of vibration in g ‘
- solid which contains a light substitutional impurity let us con51der

the simple one dimensional case beIOW'— '

us--l uo . s+1 ‘:us+2 -
1o T e
S ) . : I I : — gisturbed'
] -
! i . [
' l ' ~
': ' ] 1 ’ S
0 + ¢ +- (} » #——> , lagfice wave k
| B ' ] ' $A - : .
J ’ 'l ' ] . N .
3. & lr N é # _
F - ! _ : ‘ae host lattice (M)
I | : Ce 3
S 1 $ | - 3
) i . - | impurity site (M')
é L ' o l I l ‘
. s-1 s s+l 42
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We now consider the dynamical .problem arising wheén one row of

atoms M is replaced by the light’impurity M' as a longitiddinal wave

. ) R
passes through the crystal. Assuming only nearest neighbour

interactions anﬁ further that the force constant ¢ for these
interactions is constant (unchanged by the prescence of M) we

have for the equations of motion of the s plane of atoms

! 2

M'd2u = 'c(u +u - 2u) - T 2477
0 1 "1 o

dt?
and for the (s + 1) plane

Mi2y = c(u +u - 2u) g : " 2-78
1 2 o 1 , : o

de? -
K . R
where the u represent displacements of the planes of atoms from -

ane o

their undisturbed poSitions. Using a-trial solution of the form

ug =.u°(~1)5é"‘“te‘|5'“ | o _ 2-79.

a self consiétént solution is obtained for 2-77 and 2-78if"

% =M - M
S :

N

1l

hence
. . MZ ‘ ) - ) . . 2_80
. zm‘( — Ml 2 . - - . . .

€
]

4e
M

-

Similar treatment of the case when M = M' (no impurity) yields, for:

a travelling wave solution of the form Ugip = u(O)el(s+p)ka-lwt
w? = 4c Sin®ka . SRR
e R «

This has a,maximuﬁ value w? = 4c/M thué'substituting in 2-80 we get

w2 = o2 M2 _ ' 2-81
local max

2MM' -~ M'?

ey



as the prediéted frequency for the local mode of vibration.
For the case at hand of indium in lead we can treat the indium

as such a light impurity. Indium (face centred E@tragonal).élloys B -

. with lead (face centred cubic) to concentrations of up pd'65rétom1¢ 4o

In to give a substitutional f.c.c.s structure. Toﬂobiain‘hn

o -

3W§PPrbximate value for W ocal Ve put M = 207.2;¢M' = 114.8 (the atomic

weights of Pb and In respectively) and také.w£;*~to be’ the cut off

. . : o v
in the Debeye spectrum of'lead and we get that.

. Elocal = 9,83 meV

This prediction is in fact in:excellent agreement with that observed

- -

as will be séen. Whilst it is realised that such agreement is °
fortuitous in the light of the assumptions made it is noteworthy
- N '

that' the more complex Greens function approach using Dysdns equation

yields an expréssion identical to that of equation 2-81.



"CHAPTER III

~ EXPERIMENTAL APPARATUS

1. Y_The~Cr§osta£ . ' - 4 - -

A conventional-double glass dghar system was used to cool the

‘main body of the cryostat, a-cross section of which is shown in

o

figure 1. The ogiginal design and construction of the cryoséat was -

3

carried ouf by Franck. and Keeler (1968) for‘their-work on pure lead

and was uséd, after exteﬁsive modifica;ion,‘fbr this work. The cryostat

. basically consisted of three self contained systems. - o .

"The first of these was a berylliumlconér chamber (wﬁich will”
be referred to hereafter as the bomb) in which the tunnel junctions' ‘
".to be studied were actually‘mounted;'vCommefcially supplied high

.pressure capillary- tubing (Harwood Eng. Co. 3M series) was used to

' S v S ¥
connect the bomb to a gas compressor. -

The second system cohnsisted of a sm511‘copper:éhamber (~150 ml) )
attached to the TIower end ofsthe bomb by a iarge gopper»securihg nut

o

and washer. Quick connection of this chamber to the needle valve and

a roughing pump were made using swagelock couplings (not shown in

diagram). By first admitting liquid_heliu; into_this éhamber and
subsequently 1owering.ité vaﬁbur preésure by pumping,it;ﬁéer;tures
in the région ofllK -+ 2K'éou1d be att;ined;,‘An.indicaéio; that
such tempéraQure§ could be\gealised can be séen;iﬁ figure 2 which
shows a double gap 1n:a tuﬁnglmchéracberistic.qbtéined from a léad—:
‘in3ulator—aluminium jﬁnptioﬁ, Ehe‘presenée of this doﬁble gaﬁ is

™
? N
. - > . i
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t

¢ N ¢ : s

attributéd to the onset of superconductivity in ‘the aluminium film
.~‘;). ,' ' Tt . o
.(T f; I.ZK)fand although it is appreciated,that thin film effects can

\—\_’/vf %
cause a rise in T to perhaps 2K, this is. not thought to be the case

here since a temp 71K was confirmed‘by the thermometry. To obtain

.

)

the excellent thermomechanical contact necessary for such low
tenperatures the lower surface of the’bomb'was carefuliy lapped to
the upper surface of the chamber using a series of ExolonaAlZO3
-lapping compéunds-and,sMearing the mated surfaces with:a suspension of
copper powder in Apiezbn:N‘type vacuum grease |
The third sel} contained system took the form of a large copper
can (main vacuum can) enclosing the other two systems and connected to
a high vacuum oil diffusion pump. Except when using exchange gas, the
pressure~inside this can was maintained in the range 10_6 torr - 10_7
togt and provided therefore the necessary thermal isolation of the
bomb from the cryogenic fluid in which it was'situated
An 1ndium 0 ring seal was used to retain the high vacuum at
the exit’ polnt of the“high pressure capillary from this can. This
seal'was 1ocatedlseveral inches above the top of fhe can tovprogide
an extra degree of thermal isolation for the pressure tube and thus
reduce the poss1b11ity of blockage caused by cold spots -
-In order to. further mlnlmise the occurrence of blockage heaters”
‘ were placed at strategic points including a manganin resistance wire
inside the actual pressure tube and running its entire length.

Temperature regulation was also effected in part by these heaters.

: Relocation of the. needle valve from the can top to its present
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. ( . M : .
£ 3 . .
Ry . ) .
" - X ’ Ly
T A

fpdéition permitted tpe use of the very simple design shown whgpﬂ’was

_ ALt

not only leak tight but since it was always tétally immersed in the

liquid helium, was not susceptible to icing up.

Wires for the heater circuits were admitted to the cap‘through

3
-

" the high vatuum tube (via a room temperature epoxy feedthrough) and

TS

3"""ﬁ.f:hem.na'il.’.,f.)i,iv'g;nchored by winding several inches of their iength on a
cbpper'post and securing them ;ightly with varpish. 'T§o’such therma}
anchors were emplqyed; one af'AK situated at theAcan topxand thé;%

" other at ~2K and located at the boﬁb_top. Thé 2K anchor was cohstfug;éd

in such a way as to be removable in the event of failure of the main

‘wiring (to}be described). - _ J,*
After passing through the liquid helium tath, the thermoﬁete;f}
léads were led into the high vécuum can via an'epoxy feedthrough:gf
the ‘type described by Aﬂderson (1968). From here they were theﬁ
connec%gﬁwto tﬂé 1K puﬁping stage using a jumper qéble gired”t;
Amphenol miniplugé (for quick-cohneqtion) at which point Fhéy were
" firmly anchoréd,again using varnish.. S |

Ly o R

P A Y L . ‘
of from 1K + 40K.

ature range

The cryostat was used over a tempér
‘ ’ : - N .
That such e%gvated temperatures were necessary can be appreciated from

:'fthe‘phase diagram (figurg 3) in which it can beiseen for eiample th

"in order to fofm:a solid at 3.5 kbafltempéfatﬁreS'335Kiape’required.

» S
. : . » RAPERY) ,.,"\:.\,
2. liie Bomb . ‘ . ~ :

.3
.

';7Eigﬁté L shows . cross-sectional View of the bomb and low

'

. teﬂﬁé}aﬁpie;pumping stage,-fTheﬂbme‘itgéif was machined from,ancalloy.
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contalning approximately 984 copper and 2% beryllium (with traces of
Co’ and Ni) which after heat treatment had a tensile strength of .
.”200,000 p;s.i. The advantages of this alloy are that it exhibits
good thermal-conduetivit&land has a strength comparable to stainless.
steel without embrittllng at low temperature. | i |
The gas tight seal between the two halves of the bomb dis
achieved by compre331ng a specially des1gned stalnless stegi ring
(lense ring) whose edges had been bevelled at 37°. This particular
" method provides a self tightening seal since any increase in internal'
pressure serves to further force the ring onto the sealing edges of the
bomb. The core of the bomb was machined to " dia. and to.a‘depth

=

T oof ~2%" to accommodate the sample housing.

35} Sample Housing and Holder

rd

. <
Y -

In order to maximise ‘the use ble space in the bomb s experimenta

area a. spec1a1 housing was de51gned and constructed and is shown in |
- . > . N R \
figure 5 together with the.sample-holder. B ' : . \\

" The housing consisted of a thin Wsll stainless steel tube (whose .
diameter was chosen to be a close fit in the bomb)\which had been

milled as shown. A thin capillary -tube was then ‘swaged slightly at
each end and silver soldered to the back of this tube to allow passage-

of the wires.' An Amphenol miniplug was next turned to size, relieved

so as -to accommodate the capillary and then epoxied into position

as illustrated. Having attached a  lid to the top end, this device

was then secured in place'in the bomb top. The use of this'housing‘



%y

T~

FIGURE 5
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\

‘allowed the passage of the wires td the bottom end of thé;ﬁidg;where

they were 'secured in such a fashion as to be g%ppletely safeguarded
K i

against\bréakage.
-The‘sample holder was constructed by first fabricating the base
from stainless steel and silver soldering to this the beryll#im

copper clip arrangement which holds the glass substrate ‘(on which
o . _ :

_ the tunnel junctions are formed). Beryllium copper was chosen for the”;_
clips since cold working of stainless steel leadsto breaka%g in this «

case. This afrangement was then soldered to a compatible plug. The
two greatest‘advantages of this set?up were that it was very fast to
mount a specimen whilst eliminating completely, the handling of the’

! - . : . “’v' o f

specimeﬂ.itself.

4. High Pressure Production and Measurement

High preésure prqduction was. achieved using a Harwood Eng. Co.
compressor spééially adapted for use with gaseous helium four. Fronkh
. _ 5
an initial fupply at 800-1000 p.s.i. the gas was pumped in three . o

b

successive stages to the 3.5 kilobar range used for these measurements.

Isolation of the experimental chamber from the final compressor stage

was effected by a needle valve. .

o

. Three methods of preséure measurement were‘employed'namely a
Heise Bouréon gauge (0-100,000 p.s.i.), a manganin gauge andzthe,4
tunnel junctioné’themgelfes.»“Thg maﬁganin gauge sgpplied with thg
compressor monitored ﬁhe p;essure dependent resistance of akmanganin

+ wire using a Wheatétone bridge circuit and was supposedly accurate

1

ok
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to lz. 'This_gauge and the Heise Bourdon gauge'were used to éalibfate )
the tunnel junction byvreéofding its.zerp pias resistance as a function
of préssureT The final frozen in ﬁressure was always determined

-using the junction itself_since.the twé othé; methods would then only
,monitbf external pre;sure._ fhisﬂmethod is to(be discdééed in more
detail in a later chapter. Experiment sﬁowed‘that the tempgratupel
dependent peéistancg change of a sample was <.5% for a AT of 70K and
thus no correcfion to préssures was ;ﬁpiied in this regard.

o

5. The'High,Pressure Electrical Feedthrough

In coﬁddcting experiments at high pressures Lsing gaseous helium
as thelpressure transmitter oné is faced with the broblem of
introducing électricél wires into tﬁe experiffetal phamber withoﬁt
loss of pressﬁre. To ovefcéme this, a seal was constructed based
on the frozen oii mezhod employ;d by Dugdale and Hulbért (1957) and
~is illustrated in‘figdre’6.' An oil-epoxy feedthrough which incorporétes
this“prénciple has been describea_by Gor = et. ai{‘(1965),‘in which
heavy,emphasié is placed on the role of the époxy which separates the
gas-oil intefface. This particular seal was found to be éxtremely
' difficult to~construﬁf and its failure rate in gervice‘found to be
high, both éf these dréwbgcks being attributed to the presence of
the epoi&. Furthermore a close examination of the defunct feedthroughs
revealed that thé epoxy had in fact not penetrated the préssure tube

~

to any appreciable extent.' This latter problem was due in part to the
\ . R v : .
fact that in the experiments descriped herein, 6-9 wires were necessary
G o -

‘..
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~ FIGURE 6
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thus providing a major constriction in the pressure tubing.

To this end, a feedthrough was devised for use with large
numbers of wires which did not emoloy the use of epoxy filled tubes.
This‘feedthrough is in comparison very easy to construct and re-
fillable as well as incdrporating a.plug designed to protect mires from
accidental damage. d

SubjeCt to a specifically ordered fillingforocedure which .
prevents contamination of the experimental chamber, the feedthrough 2
illustrated not only survived the test of time but vented itself V

of oil when the liquid nitrogen level fell, again without contamination.

of the‘experimental chamber .
|

In order to construct the particular seal shown, approximately
twelve feet of 3/16" Q.D. .0025" bore stainless steel pressure - .
tubing (Harwood 3M series) was first coned and ‘threaded (for use |
with the $tandard fitting shown) and cut to the desired lengths for
the tubes T1, T2, and T3 These tubes were then laid out on a long
clean surface together w1th the Junction blocks and fittings in a
development which would ultimately lead to the final form shown.
Having passed. the required number5of wires through.the system and
allowing an excess at each'end, the fittings were carefully tightened_
and the feedthrough bent to shape. ‘

The principle-involved in retaining thé gas pressure with such
an arrangement would be to fill the tube T3 with oil by admitting it

through 0 in block C and then immersing T3 in liquid nitrogen. 1In

order. to prevent the preferential 1eakage of oil at the top of block

o
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C during filling l% was necessary to block T4. To this end a re-
usable device (upper seal in 1llustration) was cOnstructed which 3
not only blocked T4 but accommodated a plug so that the wiring

could be accessed without exposure to possible breakage. Since T4

was never called upon—t-g,\”7is"5ihmore than two or three thousand///
.p.§.1i. oil pressi_\r‘é_,kg‘ S,

pressure tube*was use

- T

(Harwood . 4L series)’

To assemble the upper seafg‘the main body of machined brass (U3) and the

the stainless steel cup (U5) were first slid onto the tube followed

as/

by the standard threaded collar ue6). The stainless steel cup was

held in posit1on and fllled with Stycast 2850 G.T. epoxy which was

!

allowed to cure. Some of this epoxy is also expected to enter T4 and
‘ although favourable, is not essential to the operation_of the seal,

‘The protruding wires were then attached to an Amphenol mlniplug (u1)

housed in the“machined brass . cap (U2). Finally the main body was -

ll" ' " .
raised into position and locked onto the tube and the cap secured.
. L 3

To fill the seal, very low pressure helium gas was pumped inta

,}- -

block A through G and allowed to leak'slowly from the vent V.
| Simultaneously; 0il was pumped at low pressure into block C through
0 and thus through tube T3 to block B and also allowed to leak from
V. It was felt that the steady stream of gas in T2 would prevent
the slight possibillty of oil leaking into this tube. Having
o establlshed a continuous bubble free flow of . 01l from the vent the
J . -

tube T3 was immersed in 1iqu1d_n1trogen. When the oil ceased to Y

. B
PN e
T

. -

Aq.
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flow, the oil pr sure was reduced to zero and the vent valye V
Y

s M
tightened whereup _He system pressure was observed to rise as

e#pected. The bomb remalned in position throughout the filling=
process. ‘The'system descriéEd is uow'ready for use and will reméln‘
so if the nitrogen level is maintained.

When not ln eétive use - (or when deliberately venting the oil
seal) the bomb was kept in pleée containing a few hundred p.s.i.
of gas pressure while the 0il supply line}O remained vented."Thig
practice ehsured ihet ig the nitrogen trap wa; left untended‘the ’
melted oil would be ejeCted from © and.eliminate any'possibility

of contamination of Tl via T2. Should this occur it would be necessary

to recharge the seal by repeatiug the.above procedure.

6. Vacuum Deposition

- The tunnel junctions were formed by evaporation in a dustomised-
Norton Research Company 3115 model high vacuum system. Masks were

fashioned fromﬂstainless steel to give the required film geometry

N e

and an enlarged contact area and located in a carousel which allowed

. up to six different source-mask combinations to be used. The carousel

t
was enclosedvin a'largé“glaés tube, with quartz glass divisions to

s

prevent mutual contamination of sources and masks.

Se

An arrangement cotmpatible with the sample holder described

previously wés incorporated in the carousel desigh in such a way as

to alldw any desired mask to be raised into contact with the substrate

Since the back of the sample holder hadfheen machined away, it was ;5*4:

> .7 A A”\,
. \
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possible (with the aild of a prism) to view the film during formation

<

7. Temperature Measurement /
.

Temperatures were measured with the aid'cf.a'commercially supplied

calibrated germahiumvresistance thermometer (Cryocal), the calibration

®

range being from 1.5K to 40K.

The 1.5K to 2.0K readings were based on the Helium Vapor Pressure

-3

Scale of 1958 wi'th an accuracy of 0 003K while the 2.25K to 13K
readings are traceable to the National Bureau of Standarde,Provisional
Scale of 1965 (2-20°K) through secondary standards main}hined by g

CryoCal Inc..with an accurac? of 0. OOSK ﬁrom 2K to 5K and O. 01K ‘from

5Ktol3K. . o o N “

: The 14K to 40K readings are traceable to the International
Practical Temperature Scale of 1968, again through secondary standards

maintained by‘CryoCal Inc. with an accuracy of 0.01K from 14K to

\

20K and 0. O4K from 22K to 40K

Eﬁesistance vallies were obtained to better than .17 using

v

potentiometric techniques.

Standard curve fittifig procedures were employed for: interpolation

(and . extrapolation where necessary) with excellent reliability.

o . Lo

-~

w

N



- CHAPTER 4

> i

> ELECTRONIC DETECTION TECHNIQUES
Ter

1,

'a
@

1. The Pr1ncip1e of the Measurement

’ [V

It was shown earlier (Chapter 2) that the quasiparticle densit;
of states in a superconductor was in one to one correspondence with
the normalised dynamic conductance & .as measured in a normal—'
_ysuperconductor (NS) tunnel junction.. Measurements of’this quantity were‘u{

made using standard harmonic detection techniques by applying a small
v ~-“ , IJ - -"_4/

constant a.c. signal aqross the tunnel junction and monitoring its

M Y e
< ’\ rd

a.c. response. Considering the - idealistically simple circuit shown

below
M v
;Q' i
= &
S A
o PRV . . o —_— - -"‘H
~s ’ Ry ' V = I o
8Coswt Ry I, (Vg RpI ). s
. ’ o
' l" ; ’ : ,
7 L o
e
. \ 4
- ‘ &

where a constant a.c..signal §Coswt (current or uoltage) is app}ied_
! . ; STT SRR

, . v & ¢
across the sample R together with a d.c. bias ngr;kt'l . The

) -

- signal developed across the sample resistance RT therefore _may. be I

] expressed using a Taylor series expansion as"— . -

R

- W



: ‘ -
V(I) = V(I_ + 8Coswt) = V(I ) 4y {dV]  SCoswt + 1 62 o
. Og (o] hry=y - :
dI I - 4 dI ;
. “ .0 -0 i
| - 1t
x(1 + Cos2wt) + ....... - ' e, 41 ﬁt
) " ’ " '}'7.:
where §Coswt here represents a constant a.c. current supply. h
If we now let §Coswt. represent instead a constant voltage supply , )
we obtain in a similar»magper:—
(V) = T(V_ + 6Coswt) = T(V.) + [dI] 6Coswt + 1 [d’I) &% .
-° L avj, L o(avE), .
o ' .o
, o . : -~
x(1+Co820t) + v..u... ~ 4-2  tw

wheré’in both‘eduations 4~1 and 4-2 use h: been made of a trigonometric

identity. _Thus we can see that if we can measure the components of the
©  signal across RT that are proportional to «. and 2« .we are ‘in fé’t’ o
. B - - -
N . .
,~/ﬁeasur1ng quantities direetly proportional to the dynamic resistance

(e~ cOnductance) and its derivative, The component proportional to w

1s used to yield ONS/GNN whllst the component proportlonal to 2w

.:'

”1s used to resolve structure in the‘ﬂen51ty o§ states.
. L’ . . -
- y ! L . . . t . )

N

2. Detection of the Harmonics

L - . . Y
L ! . . . ) PO S

- . o ‘ L
: .In'ordergto measuré the amPlitudes of the components Oﬁgg and

vt

‘;.

An a,c. 51gnah is applled across the tunnel jdhctlon Whlch is

A N .«“‘

= incorporated as one arm of a bridge c1rcu1t.?.By so d01ng we are
W e

Ly

"able to- balance o%; the 1arge component of fundamental ‘and observe

.only the.small ubn linear changes associated with dv/dI etc.f Theﬁpl

. P

]

T

‘L.
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response of the.tunnel junction is then fed to the input~of a phase

‘sensitive lock-in amplifler (P A.R.. HR8) whose phase is set 1n1t1ally "f “#

. (y )(
to 2~ and whose band pass is on the source frequency. %«%

viaﬂ%

.‘lqck—in amplifier and in this way we are able to observe the T .

Simultaneously a reference signal from the same source is fed to the
s .

component proportional to w. The source of a.c. supply should be as
stable in -amplitude as possxble and less critically, stable in

frequency. Variations in oscillator amplitude are most serious

since not only do they manifest themselves directly at the lock in

o

output, but sweep times associated with each curve traced might range .~ 8

up to an hour in durafgon, Slight drift in frequency 1s not so seridhs

(depending on the band paes) since the reference supply is derived : '5A

from' the scprce. The bridge circuit is balanced by minimising'the
_output from thevlock—in amplifier (for a specific d;c._bias condition)

both rec’atively and capacltively, in the lattenAdkse the phase at

24 v "?7
the 1ock in is shifted by QOD Heving_done this (and returned,thé
’ v - S Vg - ) A

phase of‘the‘detettor to zero) unbalancing of the cap§5gfive circuiti'

!

-

should cause no_appreciéble’effect'on the output of the lock in.

- Finally while locked“onto the resistive component of the sample the

- co . "A'.—b ' .
d.c. bias is changed slightly causing 4n unbalanced bridge condition:

and corresponding..output signal from the lock-in. Fine adjustments

" of the phase and frequency are then made to maximi'se this output. ] )

-~

". The system is/thﬁs tuned for maximum response to the first
i

. S o A
harmonic content. | In order to detect the second harmonic. component
: NI ' :

it is only-necesééryrtp change the oscillator frequency to w/2 while
L AR . Co
o
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.’/

_léaving the lock-in tuned to w. -

The output from -the lockrin is then fed to a recorder where
it 1is plotted -as a function of applied d.c. bias usingan X - Y
recorder. The desired amplification required is achieved by “the

" combined effect of the.variable gains of“lock—in.andfpen recorder.

3

- . . . - Ve e
: - O e,

3. Circuit DesignLConsiderations,
C ¥ . "‘n[

Since the tunnelling experiments carried out were in the Fermig,w”
. 2y
- : ‘..a"'. .
surface region it is essential that the measuring technique itself %%

should not interfere with the Fermi surface shape: The téhperatureﬁ

dependence of the Fermi surface shape is.often alluded toaas therma17 >
(

~ . (

'Smearlng, an effect ‘which becomes less’ pronounced as the temperature

I

d9creases. At 1K for example ghe thermal smearing:is ~ 86§38V r.m.s.

To this end it is essential that the a, c. level (modulation’inh : o

-

l
applied across the tunnel junction by the ‘eircuit be as: small as-

o
c,

possible and'less thannthe thermal smearing at the tempEratﬁre of’
P . "‘ ’ . . .-

«Q

the measurements.

" .

In the expansions‘giyen’byjeﬁuations 4-1 and 4-2, the component

”at‘of the

“of the first harmonic is already small compared to
fundamentalfbut with the further restriction of low apglied signal ‘ \
levels and- the fact that ‘the tunnel junction response ic

non linear it 1séhecessary to 1ncorporate tH% tunnel ju ion in a

balanced out. -

Two such bridge circuits were employed for this purpose o1

b



being a constant current de@iCe'of”the Cype used by Aﬂler énd\Jackson
(1966) and the other a constant voltage device due to Rogers'(l970).
S [ . , N

X o . . L. Y S . ‘ .
These circuits are shown in detail in Figures 8 and 9 respectively,
the  former showing the suppoft“systems which were used fbr both.

. 'The constant Voitage bridge was used for measurements in the
- A - . , . . t. N .

immediate energy gap region where the sample'resistahce approaches «.

\ .. 3 . | . R ",;' 3 \'h:a? L
This’avoids the problem of over modulatién associated with the !

éoﬁéfant curreht~bridge and coﬁséqﬁent smearing of data. _Both bridge
- ) P ’ : : .

.anircuits allowed four terminal measurements to be‘made ayd included.

“large resistors to swamp the normal state resistance of the film

electrodes. . T@é*aétailed circuit for d.c. biasing (sweep) is shown
in figure I0. T N

4. The Constant Current Bridge = o

L

The &iggram below shows a simplified form of the resistance bridée'

circuit used in which RT'represents the sample and RD the bridge

‘balahcing compqnéhts.

Lt NPINTN Y., .
1. - - ' S . .
. . : .
* N s . © oy . . -
. . . . - ) a
P’ ’
. i
;

~ : RD‘ s d.c. bias (sweep)
\;, 036;;7’ v |
- 2 1. .
£y

el

4.

S
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"
¢

If the current in each arm of the bridge is §Coswt then-
A= R
V4= Ry §Coswt

vV, = IORD-+ ng © 8Coswt +.l [dZV] 4%2(1 + Cos2wt) +';...,
4y I | |

2 < a1 4 d1?
o ' o

where = at balance. Thus:-
where Ry = Ry s y

. ’ ) 'l“.‘ 3 N /e
Vi, = §Ry- [gy} Coswt

dr S
21 . o :
o . | ;

We see therefore that detecting Vlzaw is in fact measuring the
¥ , -

required quantity dV/dI = g

Furthermore it can be seen that the bridge response is linear as
. . \

would be expected in a passive deviée. This bridge is claimed

" 5. The Constant Voitége Bridge

K

{

by its authors to be able to measure resistance changes of a few

parts in 105.

f

, ' L 7 ,
Calibration of the characteristics obtained can be achieved

by replacing RT by a standard vériablexresistance,

Y

19 x
' 1

This ecircuit is q;.the active variaty,and actually measures |
conductance as opposed to resistance.- A high gain operational /
-~ . Py \ . .

ampiifier is used to.provide tés necessary invei%;on to do this.

A fraction of theIOutput'volpage, o say, is fed back so as to maintain

a zero signal'conditién at the input subject to the condition that

A

3

. aA>>1 where ﬁﬁis the gain. o -

o . . . R . 5 " ,‘.
. Conductance measurements of a few parts in 10 are obtainable to’
: t L , .

~>

i -

S
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. I ) . . K - . . . ™~ Y
an accuracy of 1% and the response'of the circuit is linear.to .1%Z. . -~ |
Since the circuit contains an active componént a proof of its linear ;K. 0
response is given. RS
The constant veltage bridge may be repreéented in simplified
form as shown below.
{
-
’ R o R
I N
+ .
e
-~
N r - -
" o ]
1 o
’1 . l ' “ot R
- I . i
F
g ' !
“p _7 Rp fr R N
. N 4 . ' Yy
4 ' ‘
- \ ] i
R S B T
\ Gnd hY R 1
(e 2
. S N
_ i . ) ,
" t ) ] ‘ B ®
m . A R —-_f5> eout -
’ + N
By definition 'L ' ‘
A X i
+ “N . : ' AT
Lol T Ae o = A(e f e ) = A(IRD IR, SIRI) : 4-ux% |
‘ . t ‘ . . ¥ " /J
According to the dotted path.to ground we can see that )
. ) . . ) . . ' ) - / o
e ut ™ 6IRF + (I +-§I)Rr —,GI(RF + RT) + IRT : N 4-4
e
&




?
o8I =-1 Rll,.('“l—A) + AR} ' f . 4=5
(¥~ = S
Extracting_a factor B = RT/mF + Rf we can write 4-5 as:- oo
I = _BA -1-1 5 t ﬂ . B 4
: l+BA,[A RDJ ' L _

YR

If the feedback resistor R had a value of 105 ohm with the

e

amplifier gain‘being = 105 thEn for tunnel junction resistances

~

>

RT > 10 e prefactor in equation 4-6:1s approximately unity Thus’

v
A

neglectlng the small quantity 1/A and writlng the tunnel conductance

1/RT as GT we have i. : cl,' o o -

8T = I[R Gy - 18 I N
substituting into equation 4=4 and simpllfy1ng yields:~

| OREG £ I - R e

Cleariy therefore the output of thlS bridge ie’also linear in response

but this t1me in conductance To calibrate.the curves pbtained, two
. , AT it

points only arevrequ;red._ Tue most convenient points‘being'those l

obtained in an open circuit,condition (zero conductance) and at the

. 4 »
balance condition wHere G l/RD h . )

_ The conditlon ifposed upon allowable sample resistances by R? o,

and ‘A were well satisfied in the,experiments performed
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EXPERIMENTAL METHOD -

b ' \

1. 'Sample Fabrication

Prior to the fabrication_of;the tunnel junction itself, alloys

[
3

containing various known atomic condentrations of indium in lead
. . . . &

-«

were produced in a cleaned environment from extremely high purity

‘constituéntsk69 purity) which were supplied commercially /"»minco

Co.). The tunnel junctions formed from these alloys were of the
- 3 ! .

traditional metal—insulator—metal type prepared by yacuum deposition.

-

Alumlnlum was choden for the second electrode for two main reasons.

o

First lt does not itserf exhibit any appreciable structure which

o [

might cloud observation of the alloy in the energy range of intefest .

and secohd it oxidises readily thereby providing a very convenient °

-method of pro ticing the insulating barrier.

E

A 1" by "1/4" section was cut from a standard glass mlcroscope
}

~

. _slide and after belng cleaned and fire polished was mounted in the

sample holdej prev1ously described Thls provided the substrate for

the tunnel juncmion -and from thlslpoint onward it was never. necessary
_..-« ko]

.to touch the sFide again. The sample holder was then constrained in

a Jig while indium- metal contacts were applied to the surface of the
glassgin places predetermined hy the evaporator geometry. Six such

coﬁtactsvyere made'andrwired to the amphenol plug in order to allow

Lo~

- four terminal measurements to be made on two jdpctig!s simultaneously.

) —

The sample holder was placed in the evaporator which was

Py ; i . ¥ o
' ’ U -

S .. 68



*.  whereupon it was_poséible to check iﬁSfantly the approximatertuﬁnel

NS

/ Fisher Isotemp oven in order to form an oxide layer.bn.thb
. -9 .

2. 'Mounting Procedure _ ~ . S

}of'thé films, was plugged int0<the'5pecia¥ly designed housing = - : \.

69

Pl

pumped to a pressure of Better than 1 x 10—7 torr bef%fe depositing

th§ a1uminium electrode from a multistrandea tungsten filament.

-

?ﬁe sample-was'then removed from the evaporator and placed irn a

D

aluﬁiﬁium, ‘Oxidation temperétdres uged ranged'from 100°¢ to

'130°Q and were éppliéd”fbr durations of from 1 minute to 5 minutes.

t

This resulted in finai‘tqpnel fesis;ances 6f'fromv50ﬂohm to 300 ohm. "
SeQeral'aftémbts were made to control the oxidé;iéﬁ;gchess Qithin

the gvaborato;, one of these consisting of avgloé A&schafge in low
éresqg;e oxygen and while_ghe glow diséﬁarge,method waSEVéry
re@cﬂﬂé ﬁhe oxide léygrs so. produced did not 1n general su;'vuive téhe

‘ation .of pressure. Having returned the sample to the evaporator,

app

‘thevalloy;eléctrodes'wefé déposited'using a molybdenum boat. * Both

the glloy;%nd aluminium electrodes had an approximate width of 1/16"

3

with therlatter running the length of the substrate.

A

T

< ' 8 ' ' : -

. After filling,the_oiI seai,a.dow'stéédyféfﬁ<_@ of helium gas

N

was allowed tb}pass through the compressor to the experimental area. Lo

Simultaneously the electronic datection system was readied for an

immediate check on tunnel resistance. The sample was then removed

from the evaporator and, subject to a satisfactory visual inspection
: ' ' L 4 o

. : \ _ - H
resistance. i?his was achieved by presetting the modulation level ‘for .

~

\A .. ' . » . . ' - » :



) . " .
a nominal 100 ohm sample and noting the change upon senple contact;

The bémh was then screwed.loosely into place while being flushed

with helium during which time a more accurate check of the tunnell

i} - ' . .
N

resistance was made.

After tightening,thimbOmb into place the helium pumping

" chamber was secured (as shown in figure 4) and thermometer

connections established. The vacuum can was then soldered into E?K j
Tons e o o ' S6 ' /
. .

place using Woods metal énd\evacuated to a-pressure of appfoximately"

'10_5 torr at which point the ‘system was cobled to liquid nitrogen \;;:

e

Wy

temperature. Pumping of’ the system was then continued to the

lowest attainable_ptessqufin arder to provide good thermal e
. , D"“\i ‘ ., . ,:’ :“‘ § ':v ) " “,.":.'_‘
isolation between the cryogenic fluid and the B&WH." ' o
LT . |

3. ValidIty Checks - D

a
TS
i)

Before collecting all of the data requlred from a sample, f;?g

certain checks were ‘made both on the sample 1tself and the Q-stem.'

_resistance of the sample to establish reoroducibility in this féspéct.

"‘ NS [
At liquid nitngEn temperature a tunnel characteristic was recordedi

-

P RUT TR, A .,
for E = + 30. meV to E = - 30 meV in- ordéf”to“check fOr major P
~7 " . ."f'lm LI
abnormallties and n01se levhls. Pressure approachlng tﬁdt used for

0

S:(

actual measurements was then applied wh11e monitor;ng the'zero bias

In addition this orovided a check on.the pressure system itselﬁk N
. - . . g \--‘5‘ <o : . - . " . . ;
including the feedthrough: Between the. cool dowa from liquid nitrogen

to liquid helium;temperatures,;the“needle;velve opgration was checked.
- x A ) / . Ay

S~

' The'transition”tempetature was also recorded during-this process.

s
"



s
e : s ' o

L

The sample was then further cooled to the ultimate limit attainable

and examined for the existence of the localised mode.‘ This was

€ -7

" most easily resolved by“observing‘the seddnd dekivative curve

It}
-

N v :
2V/dlz. At this temperature the resistance in the gap region at

" Py . .

tzero bias was checked in comparison to its nortnal state value.

e “

r:VVH :Since by requiring that this ratio be” <10 -3 at ~1K we can ;ﬂfely neglect

'any non—tunnelling contributionutq the current.
4. gAn Experimental Run : r; .

_ Having“uestabl’ish‘ed_ the' validity af .2 given samp” aud that )

support systems here operating eff2c1ently the vario Poow ;emperaturé

-

- e .

. zero pressure characteristics of the sample were recbrded The 2. .

&y . » s

icryostat was then Ieft until the -level of the HeA bath vas Ju;
@ - ]

. ﬁ S Rl "” ;
Q 4 ~ M Q : Vf.’

below that: of “the, vacuut oan I was usually found that this préctlce
- aR,

u w

£

a

resulted in a temperature slgghtly in excess of that pred1bted by :‘ L

the Simon equatlon (1937 and 1953)f

32

B approximately 50, 000 p.s.i.g. &BDurﬁng the actual,gressurisation
. o
the pressure tubing‘were

process, heaters’around and 1n31de

a

used to inSure agaiﬁst capi]]ary blockage Monitorlng of the zero

ks

o b1as tunnel resistance -as .a function of pressure -was also carried

;-

¥

4 ¢ out at this tlme for the prime purpose of determln;ng the final

“frozen 1n pressure although it was alsd poss1ble to detect the

[
Y

occurrence of capillary bloakage 51nce _when this ocCurred the
[ . - -
: _fqexternal pressure rose whlle the sample re51stance ‘remained constant.

. T =

; ‘-‘f Freezing at conspant pressure wa§ then achleved by opening .

‘the needle valve while simultaneouiiy maintalning\the external pressure

5, ?
< s S - . . )
. . N
- . . - - N . S
- co - . [
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¥

. o
¢ '

at a constapt\ value. 1In @Lew of the location of . the 1K cooling
- stageh.it was expecte‘é that ‘the solid would.. fdrm from thé bottom

N - . N
. w e .

& "l On the ocda’ o% when both junctions on the same substrate

were pseable 1€ was possible to determine the pressure %t; two

%

points 1n, t&%lid separated by = L, .:I‘he, pressure variatlon over
g ' . M

this distance was found to be ‘of the, order of lA and greaﬁly supports

. iy
the" belief that the(,tebhnique used did in faé‘%’

oduce pressurés 0

&'z’ o
wh1ch were hydr%‘static-. Wlth the sample now suSpeﬁedi "J!I.i sgglidr
% . /l- v vw.-"ﬁrr .
helium Et constant presSure t'he llquid helium was reﬂ:o?ed"?f% a

By, -s""'.
1,_7 L

level several 1nches aboveg tite 1ndium,0 )&% seal and ‘the‘"c(ryostat

fﬂJ
Qallowed to” cool to the reglon of 1K, at which p01nt‘ the fln!t:‘!é{j
-~ . H . ;

essure characterlstics were recorded& a7y -

- © e . ‘, )

The @enultimate stage of each experime_n‘k,ébl T™un provided the'\
& -, % \.;
challenge of relea51ng the pressure yfitt)iou‘

; t(roy:,ngl the’ _sample-
L7 o S

-3

and ﬁié"}qiring. It was natural not'A p‘ 3
G ‘ . ,.,.A..‘ . ‘ ,,}., 1‘ . ;,.

tewrature necessary to do this W :tle the‘ level of 'the he¥ium was

e . b ]

blgh and so heaters were emplqyed to boil off the helium to. a level

below the can. Hea!t was then applied to tb.e bomb and theﬁuﬁ:

presSure c'apillary When the temperature reached a value Just below

y

A ﬁ o v "
~that at which free21ng 1n occurrled the .external p‘ressure was

i -L 1 ) . W : \\

ralsed to just above the frozen h pressure ‘and heating contlnued .

S

When the fluid phasq was: I:ealised the pressure 1ndicdted "Sy the

&

) Helse Bourdon gauge showed a suddenv change in Value corres and ing:

-

~ to the equallsatlon of pressures. This changg was also noted at

e the sample Jitself via the zer ' ias .,re'.s\istandg. Early attemptsv t_'o

hia

G .k“

qigi

»

{e to-attain. tHe - ¢

\\

<
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u

- hellum hlgh in the cap1llary tube wh1ch 1tse1f is evidence th@t fﬁ&l;

“the cry

*
ol e

-check on the reproduc1b§lity was;made both on the reé&‘tance value and ;» *g

1o

s

'wﬂose compo 1t10n was known the f1nal com 051t10n of the vaporated
P L)

Qw}v-Determinition of Sample‘Compositiof

3 i > ~ (.. 6 . *“‘ . k
'“g" Despite? fact that the sample was formed from an alloy ) L

73

. - . S ~
' releﬁ%e the‘pressure atﬁtemperatures slightly*above the melting

, L)
l - N -

temperature resulted in destruction of both sample and w1r1ng

i J o LY :
This was ¢t ought to be dug to the retentlon of % plug of solldﬂ . [

EY

the cryostat temperapure 1s¢non unlform dUring this process

An alternatlve methgd of de—pressuriSafa@ﬁ‘would be to wait until

) : r-ﬁ'
" the hellum level fell nqgurally to‘the ggsired leyel but 51nce;

-

suigﬁents,nthis

{fstat must be full duipg tHe a

would always be am.ex&?bmely lengthy wziﬁ.; Iﬂ‘ﬂbntrast the / .
method used 12£glved theOuSe of elevated‘temperatures‘da dlsad aatage“‘»'~'

r«}‘ B .
whlch-wasstofbrated subject to - the carg§61 monitoring}of the i ocess —

,4Q3_ e E ;
oﬁf(er returnlng the system pfessure to’zegb*again a furtherg S 4

~

A:-. gy s PSP
: L‘N&}A« = . L, . - N 4 e y !

.ot [+3 - . . ",,,

the, observed structure catlon. . e e

. . ) . Ay '::,. .
. . % .. o L ) AL - 9o g

S~ S A
., r (4 . A . . -
e A . . .

|
& .. “.\ ., v

e

NT Mg

. ,
elect de remainedto be determlned since the vapour pressures of/the

g v
eleme ts, d1ffer widely (see for example Nesmayanov (1963)) To do"

thls, re51dual resistance ratlo technlques were employed (see for S

- -

: ‘example Rosenbergg in whlch the ratlo R293/R for the samples was’ R

compared to a- callbratlon curve oﬁ.ehe same qua 1ty that H d been . .

ey ——

-obtalned by measurlng a ser1es of alloys of known comp031t10n.

}
Several pleces of each kﬁown_alloy were taken from various places
‘- : N Sy
o o o 3

- EE . |

b



r-

was used to ©. .. these speciments'but wit

s

rolled ingot were then cut,to_slightly'less than the size of ChlS v

Sy

R ' S 2 : 74
ﬁ% - f
. . v v i ° ) v
on the ingot and :olled out to x OOl" in thickness. . The same . _ N
. - - R 7 .
sample holder t was used for the tumpe‘ ”-asurements (flguﬁb 5)3¢x"

a sllght var1at1on. A :
"y : \

plain glass bllde was f1rst placed in the holder and’four indlum

D

contacts were soldered across its width Wires were then‘attached-

&
i

to these contacts at the edgeg and also to the plug. - Pieces of the

1 e . ~ . W

e

! kX < R

,glasslslide andfplaCed'on top'in such a&uay as to cover the~raisEd

N

coo Nl
1nd1um contacts: A secand sllghtly smaller g}ass slide ﬁhs then

7 .

placed on top (thereby sandwichlng the samgle qgt‘ithe contaets) and

held in place w1th maskrng tape. e '}i" . -
. 5_’ -

The«sample holder was then placed &n a dlpstick arrangeﬁent

wired fq; a four termynal resxstance measurement. Re$1Stance .
LA b S
measuremgﬁ?s were then made using a Cambrldge Instruments h1gh N
: . - : - %)" -
resolution potentlometer both at room temperature §3d at’ llqund

oy
3 - o L1

-

. hellum temperature. The latter measurement Was made by placing the

' : ¥
sample at the. centre of a Westlnghouse 21 Kllogauss superconductlng

1)

magnet and'applylng thé'necessary fleld to 1nduqe the normal state.

< s . t v ©

All measurements were carried out for currents 1n both d1rect10ns

K k ‘e ¢

and averaged ovef(all samples ftom“an ingot of a. partlcular

~-~

a
-

4‘ , : T T
‘whconcentratlon. It was' 1n &uﬂ:found-in this bay that the original - , /

procedure is shown in flgure 11%

,allhys wene homogeneous;v The cal}bratlon curve dBta1ned by thls

= . . ‘- "

© A determlnatlon of the. ratio R293/R r the_pure;lead from .

PN .

Which the allpys:were made'yielded a value _ = 21,000 thereby ;

2

~
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- Aluminium‘_\ o

R b v .
. / ‘

attestingktg its hjgh degree of purity.

!.‘~

76

’

Before the xatio R293/ 4

for the actual fillns that were tunnelled through c%uld be determlned

3

N

a four terminal resistance measurement.

the diagram below which. shows an enlarged view of one tunnel

junction.

L4

. ~ Loe ¢ ‘ . Pq : :
it was necessary to\apply two @J;e contacts to the film.to enable, \

This was done as shown in R

“uy
- g,

t,

/.3,.;,4'
3

s

Pben1 -x.

Alloy

- e N ~n

- ’ S
‘gm® In Solder Contacts

!

-

Lrehy lAgK::PaS‘t‘e C'on‘gtects o

Ry

>Ind1um was ﬂirst deposited at two places as; close as p0551ﬁ1e to the

9 ' Y

s | S
existing contacts and“wires attached.

'
Bridges between these points and the.

e

film itself were then formed using'sfiver paste. Several such coats

s

of silver paste resulted in very low re

sistances from A - B of the

order of a fraction of an ohm. Once dgain the same sample, holder

was-utilised, Indium metal was,chosen

soses due to“its abllity\to wét"jgl
’ /"f’;p,c',, &"‘v_.“ . »

'partiéhlar é%piication it was\essentlal

'to the f11m itself wiﬁh indlum since no

-8 not survive the-proc@ss,butpgwre\lmport

R 4

-~

ass;‘howevér;.for this-

. ‘ °
W 3 4

throughout -for conticting

'. 'Q} ": “,-n""
't t¢ attempt to solder

D

t only\would the fllq probably

.
\ \
antly 1f41t‘did, it would not E

k4



5 : 17
! K . v.'\v\ ’
. o ‘ ‘ A .
U“be possible:to say with any certein£y1that iﬁdium from this sourde
. . N . w B -
oo had not itself diffused }nto the film.f Contacts using silver paste .
13 5 / .
alone, to secure/the wires were tried but fouﬂ& to be unreliable ]
PR @ .
at lOW'temperatune. ; Fen L e
n S g - b
o s qps ‘very reassuring to nqpice“during thegg experiments that
..C',.c- “ o R & jﬁ.
"the potential difference across the: alloy films vapished (as would s
% 2 'b::.', . % . U' O !
ﬁe expected)g sﬂthe*superconducting state wasi realiﬁed regaxdl .
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of the samples to withstand hlgh pressure, led thlS audhor to limit:

"

| "
i . “\‘ VA
CHAPTER VI

. , B v

EXPERIMENTAL RESULTS AND DISCUSSION

[ . : . . " ’ : . . ‘v“gz

1. Introduction

[

It has been observed by several worksrs (see Adler (1967) for-

exgmple'and Sood (l97l))-that the?major properties of interest do not

'Hlffer 51gn1ficantly over’ samples whose 1mpurity concentratlons vary

i

by ~2 at % which, coupled with thi inabllity of a large proportion

1nvestigations to the concen3> 1"§5.Pb64 36 and Pb881n12 » Such,a

from samples whose impurity concentfations vaxy by the above mentioned
| ,

tolerance (ZAX while‘still being indieatlve of any trends in the
‘xi . r .

data which are concentratlon dependent (as a consequence of ‘the
) : : AL
~25 at, f difference). Except where spec1f1cally ment;oned therefore,

~

results quoted henceforth fndicate averages for the partlcular

'.lfl
, comp051tlons over those samples whosewconcen@?gtlons (as determlned

I

the above conditxggﬁ.&1z o ‘ .
The capac1tance of each sample ‘was determlned in order to

estimate the thickness of the oxide layer (wh{ch constituted the

‘f barrier). These values ranged from 0. 038uF ‘to O OSluF over nine‘_>'

< - 3.. _,\ . P .

: samples wh1ch included both the. Pb88 12 and Pb64 36usamples (since

~the’ ox1de layer 1s dependent only on the oxidat10n condltions of

the aluminium electrode which*is common “to both alloys). Assuming

s

FREGRE ~ C e 78 - VI
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the tunnel junctions to be simple parallel'plate capacitors of area
' , ] . o .
2.25 x 10-6m2'and obeying tThe relationship C = €A/d, the barrier
N - N : . 0 .
thitkness is estimated to be ~50A where the/iielectric constant

-

273

By measuring the resiStance of the alloy electrodes (which were

of the AL,0, has been taken as 9.34 from G\ay (1972) .- - e

of "the order 1.5 ohm - .2 ohm) and assuming the value of 21uohm cm

P for the resistivity of lead, as taken from Meaden (1965), the ©
iy . - =0 > H ,
Y . . - M . " " ] . 0 .
‘thickness of the alloy electrodes is estimated to be from 4400A - "
ot 0o’ L ' - o A . :
% 5800A. S - . - e .
[ . ) e -
doks e - .l _ o .
.i‘~'véh2,\ Pressure Dependence of the Transition Temperature )
LA TRy j - T g o
¥ S . . I f
v . _ _

a? 3fﬁ The development of the energy gap in the electrénic @Pa51particle

N

den31ty of states of the superconducting electrode of the tunnel

- Junctions prov1ded a very convenjent method of determining the

v b R . , J’
. r e : . N . E :

B transigtion temperature of the alloys under investigation This = . =
Q- ﬁ’é ,
od 1nvolved monitoring the tunnel conductsnce of the samples

"y L ";',’»

1

at zero bias (in' the middle of the energy gap region) and noting the

4__———~temperaturerat “which the sample conduétance exhibited a sharp

decrease ALeheugh—the—WIdthfof—the*superconducting transition .

' 1.
. has been shown by Adler et al (19652 to. be ,~5 x-10 gK for the fu

lead- indium a]loy system (up to 26 at % In), the transition :”

-

as temperatures measured in this way are still very*accurate (better4,

Vad /_‘ "
-

-

_ ¢ than * 10 nK). This is so.51nce the conductance undergoes ‘a very .
[ . - . ) S

‘large change over this temperature and is readily observable with *

QQQth highigain detection system’that 4as employed for‘the whole of . 3
& AR e . . .

; ‘ . - : . . ] . . L )

) Lo , s R - . 'q’ . .
- . N . . . . . .
. P » . . . R o

i . “ e
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‘lling experunents performed.

e

’ The measurement of the transition temperature for each sample
‘was-repeated at least five times and averaged. Experimental accuracy

of this data was limited mostly by the resolution of the electronlc

c1rcuitry assoc1ated with the germanlum resistance thermometer ‘ *y
and ﬁg a lesser extent by the uncertainty in the pressure determiﬂation.
Included in Table 1, which contains the numerical averages:

‘obtained, are average values for the ratio of room temper re
N l)

resestance ‘to liquid helium temperature re51stance of the alloy >

films (R293/R ) for the respective compos1tions By referring

to figure 11 a more precise‘yalue fa. the/aJerag ‘yample conceptrationv
# could be Sbtaired than.the nomiral & é andf s@% figures' which - ‘.
, o ; . oA ) B

¥ 'y

ot
have been rounded to "the tnearest oné;M t ahd whlch Wlll be used

" #  henceforth.”

¢

L o ‘TABLE 1 .

.‘7\\
Pressure Dependence of” the Tran31t10n Temperature

' 4

Coneentration §.1-1 fT'(P=§pOnp.s;i.5
(at'% In in Pb) -293 ¢ ’

. ] } c o
AN AR, & T dp . - dp

(1079K bar~ 1) - (1076 \har_l)

vrf‘v. ‘:)
’%T @

— ‘ . e .' . 2 . SN t

/ , - - ' .
) r2f 3.69 7.110 - +.008 -3.19 %.16 | -4.48 +.22
! A - 1 . ) S ) - o .
| 236 238 | '332‘.75 © £.008 ~3.06 £.157 | %4.53 +.23
o . A .‘ . . - R v.ﬁ . . . -" -

~ - : , '

_For cOmparison purposes, Ta%leHZ'lists the»%alues of T determined--

by other workers at zero pressure (for impurity concentrations as

. close as p0551ble to those of interest here) .G

e >



;. - »
B ‘ 81
r;_.! \)x 'l}': . TABL‘E 2
- - Comparative Tran31t10n Temperatures (at Zero Pressure)
d B : :
‘ .
I _ -Concentration T, (P=0) i
Q| Authors . (at % In*in Pb) Sy
) , . . . . e "
- Adler'et'al (1967)- 12 L ,7.097
| Farrel et al (1969)- w0 T . 7.05,
T : Farrel et al (1969) 2 40, S 6'57ﬁ
’ '/' Al ’ ' ;'. .
' Adler et al (1967) T40 s
Wu (1967) 40
. - *Theoretical ““: -
e L vh
! Several factors can affect the‘eritlcal temperatu;e of A=
w. conductor when determlned from a thln f11m sample. Theﬂmost important..

i

%&% of/ﬁhese being efféﬁts of structure, 1mpurity content aﬁdﬂétress. y

e

<. :tFor samples whieh~are forme&'at,roomutemperature°the Eéyézfﬂpihé‘a'
v structure is generally mot that dlfferent from that of: tg% bulk | ..
” prov1d1ng the.fllm is suffic1ent#¥;thick and ijtlcal temperatures
measured ]I;thls casezare 1nd1cat;ve of those for the bulk materlal ﬂ;;s
+The tran31t10n temperature of supe‘ onductors dep031ted at low .Q "C;\é
i temperatures however éan exhlblt cons1derable enhancement as for the
Cadst e , y
.:> casé’ of alumlnlum for’wélch tfan51t10n bemperatures up t:

o

\

- An extreme example of thls effect

Qbe underlylng teason'lsathat at Iow dep051tlon

'

o moblllty\bf the condensateils low and the

rowth 19 1nh1b1ted y1eld1ng an amorphous structure

, observed by Lazaren et al (1957)




,Mathiessens rule the decrease in Tc in this;regar s 1inear and ‘ws-.”
) b 3 . -, 3 N ’
\ . C : st = :
. § e . N E P LT . N
ive bt 7 o . o . . e
given by\y TN CoL L N
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T ‘= L : - 1&» &
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“is ‘that of beryllium.whichrin its normal crystalline state is a non

superconductor whilsg.if deposited at low temperature exhibits a .
tran51tion temperatdre of 8K. If annealed‘ the transition temperature
of a sample exhibiting this kind of T enhancemerl reverts to that

of the "bulk“ state.' Since the samples used ‘in 'these eTperiments

- . E

were produced at room temperature and'a finite time necessarily
elapsed before cooling, structure enhanced T s a;e not expected /

Impurities constitute .a. more significant effect on the I

tran81tion temperature by generally decrea81ng the va}ue of $ j

X e

linearly with decreasing electronic mean free path Accordingdto
L “ . - .

. \:

[

where K is a constant associated w1th the solute—solvent pair and

o
'

res is the residual re81stance. Since the samples usedqﬂere

'produced by vacuum dep051t10n, the main source of unwanted impurities

temperature “die to the 1nc1usion of 1mpurit1es was minimised however
/ .

was employed to a531stJ1n,the pumping as: well

.backstreaming of oil from the diffusipn pump Lot u\

e

would be ‘gaseous 1in nature. Doping of indium with oxygen for example

- \ . . I

depresses its transitlon temperature. Depression of the transition

. 4 v ~-

— v’v ~

¢

,by depositing the films from extremely pure source materials after

»
f

first attaining the hughest p0551ble vacuum. A llquid nitrogen trap

\as to reduce the \\V-
AL - . - . \(
- . . \

- - 1

Stress effects as-a result of dléferential contraction between

3

2 : Do .ﬁ!‘ VoL ER

the substrate and the film have the effect of enhancing the transition s

Y,
Y

- : T e,

»



. B 7 .
temperature., This problem has been 'finve‘stiggted‘ by Téf,;‘ten‘_("l%l) for

the ‘(iasé of indium on fuseé quartz substtates who calcukated an
v . .- ' . ; "
expression for the change in transition temperature given by:-

;o AT, = 52 - 750 . o
% R 4 daZ v ) a |

where d is in Angstromsw' For a film of: thickness SODOA this amounts

I - . E

© ot an increase in T, of ~10mK. " ‘ _
A . <& .

e .

. 4
L . T 9»"' .'} . ‘§ .
effect of the previous factors although for thick films (>3000A) *
y bulk %&ee o;f T for lead at least‘,- s&n to he in close agreeﬂé’n_i/-
i
o with%xose *obtained using tunnelling techniques (see Franck & Qeeler e

- Fs "
£l - : . - “
f - . 4

(1967)),..' ,? o «;‘ '_v At v.' f.‘,"n 'j¢;~1;

et C,a% ]'Pt %& digficufﬁ”‘to make a quantitative ‘assessment of the net

&

N
]
.

TR It ca\n b een from Tables 1 and 2 that there 15 good a?reement .

P M —

a, e

e Determination of the .ﬁ.:up'erconc'h’xct:ir'tg.J enérgy gap wés’-‘less direct

than was the determination of the t\ansit:ion temperature. A't the >

flni«te temperatures employed here, the conductivity does not exhlbit

. a sharp discontinuity at biases c&ose to the energy gap region

: DA 2
E but 'appears as a smooth"»f‘continéous function- Coﬁuently Y
. ‘\ A B ‘
.a criterion has to be establlshqd for deciding at whic"k{ point to L.

}171./1¢\' Q

s 4. . - ZEU .
- e B , . . R W
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: ST ) . .
evaluate the gap. Fijure 12 shows typical characteristics of a
o % . A% J. - ) . L. ) ;—F - . . -
. Pb_,In,, junction both at low andvhigh'pressure recorded at a )

64736
dtemperature of ~2. SK in wh1ch it can be seen that although a large

ﬂecreas@ in conductance occurs, no one obvious poxnt is in evidence

N
- . AR

el

fo§ the :gap determination. - %‘ .
. -\‘; :
One such criterion which is widely used is that proposed by

P ..
[ N [y

» Al 5

McMillan & Rowell (1969) for example in whlch oné makes’ ‘the . =

)

%qmeasurement from zero apﬂiﬁejhbias to the mid~point of the cuisent Sl

e characterlstic of the superconductor.- W

oy .
PERS ]

o Jjump in the current volt;s
¥ . . L \ v ] W .

f On the condugtance curved that were recorded here ‘this point
- y .‘_" o R

corresponds to the lnflection point on the loﬁfenergy 51de of o

c

/ v

Ped

P o oy

‘ o. LGN N N N N -Cl'
‘the conductance maximumﬂ / S R A~19 o

. AR ‘ E 9

The'normalised@conducténce*of/aJBiC.S; supercpnﬂuitor'atvfinite
R )I R ~ B N ~ ‘(.:,i;. .
temperatures has been tabulated by Bermon (196&) as a functlon of the . ’
. P 9 .
reduced parameters (bles/energy gap) and (enefgy gapﬁk T) where k Ly
"y T g
g ¥

.

i

7.

) R
1s Boltzman 5 constant and T the temperature in Kely b ﬁy comparﬂng
s . . \Q i o 5

IR the conductance plots oqtalned in. these experlmentiﬁwlth this_ tabulatlonﬁ

C H o < 3

S and 1dentify1ng the one which most closely approx1mate§|the eXperl ental 13
—

<7 «

s

.curve the value of the latter reduced parameter yas 1denﬁ!§1eﬂ An7 ¢ {-.

e AR o . "‘S,._} SR . ‘ : - ol <

e u /
. 51nce ‘tHe’ tempenaturd of the experlmental determlnatlon was knewd . L

SR 1t was poss1ble to calculate the gap In employing this procedﬁre, ;_-",.L

. / ..,‘v'
* energy reglon where the gap edge mlght be expected and where\the._4
[ o

. ) - ,. s “ | ' '-; o

- ,error 1n the conductance measurements was 1east. The—céltgrlon of.
e . - . . \ '\
McMillan and Rpwell rs implic1t in, thlS approach 1f"wh h the parametef‘,tﬁ-*

1;‘



