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SUPERCURRENTS IN LEAD-COPPER-LEAD SANDWICHES

*
John Clarke
Cavendiéh Laeboratory; Cambridge, England

ABSTRACT

The resistance of thin-film.lead-copper—lead junétions has been
studied with the lead in the superconducting state. The junctions will

sustain a supercurrent up to a certain critical value above which a

‘voltege appears, rising smoothly from zero as the current is increased.

The effect ofra magnetic,field upon the critical current has demonstrated‘
th;t the séndwicheé behave phenomenolbgically as Josephson junctions.

The critical current rises rapidly as the temperature is lowered, decreases
exponentially with increasing thickness of>copper and increases with in-
crease:of the mean free pafh of the copper. A simplified version of the

de Gennes theory of the préximity effect has been used to account quanti-
tatively for this Dbehaviour. The experiments show that the cocherence
length of the paired electrons in the copper increases as the temperéture
decreases, implying that thermal fluctuations govern the decay of the pairs.
From the value of the decay length, the interaction parameter in coppér is
estimated to lie between +0.06 and +0.14. The properﬁies of these junctions

are compared with those of Junctions with insulating barriers.

* Pregent address: Department of Physics, University of California at
Berkeley, and Inorganic Materials Research Division
of the Lawrence Radlation Laboratory, Berkeley,
California, '
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I. INTRODUCTION

When a noanagnetic normal metal (N) is in good.electrical ééntact
with a superconductor (S), Cooper pairs are able to diffuse into the
normal metal which then exhibits some superconducting properties. In
addition, the presencevof the‘normal metal tends to lower the Cooper

pair density in the superconductor in the vicinity of the contact. This

phenomenon has become known as the proximity effect.
Two élasses of experimeﬁts have been used in the investigation of
the effect. In the first,.the transition temperatures of superposed thin
films of normal ahd superconducting materials were measured (for exaﬁple,
Hilsch 1962). "It was found that provided the superconductor was not too
thick, its tiénsition'temberature was signifiéantly lowered by the preSence
of the normal metal or even became too small to be measured. This effect
demonstrated the Quehching of the superconductivity bylthe adjécéntvnormal
metal. In the second type of experiment, an oxide layer was grown over
thé "normal" side of a NS san&ﬁich and a second normal metal deposited on
top of the barrier so as to form a tunnelliﬁg junction. The single-particle
i-v characteristics of this junctlon were related‘to the electronic density
of states at the surface of the sandwiéh. Tt was found that the excitation
spectrum contained a gap (for example, Adkins and Kington, 1966), clearly
demonstrating the existencé of pairéd electrons in the normal metal.
These‘experiments have shown that the ordering of the electrons may
extend into a nofmél metal adjacent to a superconductor over distances'df
at least several hundred Angstroms. This fact leads us to propose a
third type of experimen£<in which a normel metal is sandwiched between

two superconductors. Provided that the normal metal is not too thick, we
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might expect to be able to pass a supercurrent between the two éuper-

conductors through the normal metal. Preliminary experiments of this

¢

kind have been ﬁndertaken By'Meissner (1958, 1960) who measured the re-
sistance between two coppér-plated tin wires ﬁhich were pressed togethef
~at right angles. He showed that at low temperatures, the coﬁtacts were
resistanceless for thin enough layers of copper. However; because of the
uncerﬁainties in the contacf‘area and the thickness of the oxidé l;yer
between the metals,bthe results of thésé experiments are difficult to
‘interpret quantitétively.v The prééeﬁt baper describes a series of detailéd
experiments on thin-film Iead-copper-lead saﬁdwiches.v It was discovered
tﬁat'unde: appropriate conditions the sandwiches.Werevable to suétain\a '
supercurfént but thaﬁ.a voltage‘apﬁeared across the junction once é
certain critical current Was»exceeded;

There are of coﬁfse oﬁvious ahalogiés bétwéén this system and a
Jbéephsén junétioh (Josephson 1962) consisting’bf an insulator separating
two:superconductors. However; we shall ho£ assume a priori that we are
preséntly céncefned with Joéephson—typé'behaviour but brefer to first
.' deééfibe the experimental properties of the sandwiches and then to discuss
"the possible theoretical interpretatiqns of the results.

An outline of these resﬁlts was given at the Conference dﬁ the
Electronic Properties of Thin Fiims held at Orsay, France, in June 1967 .
and will appear in the COnference préceeaings. This paper also cbnﬁains

a review of the proximity effect experiments mentioned above.’
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TI. THE PREPARATION OF SPECIMENS

Choice of materials

The choice of the superconductor and normal metal from which speci-
mens afe to be made is of the highest impbrtance.‘ It is essentiél to
select two metals which do not férm intermetallic compounds (Chiou and
Klockholm 196k, 1966)'and whose mutual solubility is very low so that the
diffusion of one into the other is negligible (Rose-Innes and Seriﬁ . 1961).
in addition, if the prepared specimen has to be exposed to the atmosphere
prior to the expefiment, thevmaterials should not form a very active
electrochemicai cell, the action of which tends to oxidize the more ancdic
metal at the interface (Hauser et al. 1966). The superconductor is re-
quired to have a convenient transgition temperature and the normal metal to
be non—magnetic. Finally, it must be possible to evaporate both materials
without too much difficulty.

There are in fact remarkably‘few pairs of materials which'satiéfy
these criteria: Lead and'cdpper were eventually. chosen as the supercon-
ductor and normal;metal,respectively_ The.solid golubility of lead in
copper is not higher than 0.29 wt.% above 600°C and of copper in lead,
less than 0.007 wt.% (Hansen 1958). 1In order to test the quality of a
lead-copper interface, experiments were performed to»estimaté its equiva-
lent scatteringllength. Pb-Cu-~Pb sandwicheé were prepared by applying;é
.small quantity of iead to each side of an annealed copper sheet with a B
soldering iron. The sheet was typically 1/10 mm in thickness,.muéh too
thick to support a supercurrent; with.a registance ratio of 5,000. The
fesistance of the sandwich was measured with the aid of a superconducting

voltmeter (Clarke 1966) and the interface resistance calculated by
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subtracting out the bulk resistance of the copper. It wag found that A

the "boundary resistance" was equivalent to roughly one mean free path

©

of copper. ‘This result indicates that boundafy disorder and diffusion
of lead into copper are not too sérious,. Similar experiments performed
oann—Cu-In'specimens yielded an‘interface regigtance ﬁwo 6rders of
magnitqde greater, preéumébly bécausé of the much highervsblubility of
indilum in cépper. Thus Cu/In épecimenS'are unsuifablé for proximity
effect experimenfs.v | |
It was intended to reduce the effeéts of boundary disbrder_and inter-

diffusion in the @roximity effect specimens by using matefials of very
short mean free path. This also has an advantage from a‘thé§rétical view-
point'in that the eléétrénic'motion is governed by a relatively simple
diffusion equation. vIt was initially hoped to "dirtya the materials by
ailoying about 3% of aluminiumlwithvthe coppef and 10% of bismuth with the.
lead; both,élloys would then ﬁave a mean free path of about 1008 at helium
teﬁpératuréé. :Unfdrtﬁnatély, minute traces of bismuth dissolved in copper |
have étvery powerful embrittling effect (Voce and_Halioweé 1947) and it was
- found that Cu/Al-Pb/Bi épeéimens tended to be unreliable mechanicaliy.
There appears to be no other suitablé.ﬁaterial which adequately shortens
the mean free paﬁh‘of lead and it was finally decided to use pure lead

as the superconductpr,‘ The copper alloy was retéined a8 the normal metal
‘and contained 3.35f wt of aluminium. All three metals were 99.999% pure.
| A mumber of authors (for examplé; Hauser et al. 1964, Hilsch 1962)
have obtained specimensvwith short mean free paths by.evaporating fheir
films‘at low temperatures., This technique also has the‘advantége of

greatly'reducing the interdiffusion of superposed layers.: However,

i)
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Bassewitz and Minnigerode (1964) have demonstrated that copper deposited

-on a substrate at 77?K has a density of About two~thirds the bulk value.

Consequently, the results of'experiments on films preparg§ and kept at
loﬁ temperatures, although they may provide excellent evidence for the
existence of the'préximity‘effect, cannot be used to deduce information
on the bulk properties of the materials. The specimens used in the
presént expeiiments were}all'prepared at.room temperéture so that the

evaporated films had densities of approximately the bulk values (Bassewitz

and Minnigerode 1964).

'Specimen configuration
? G

Fach specimen wag prepared by evaporaﬁing successively onto a water-
cooled 3"x1" glass slide a TOOOR strip of lead (0.2 mm wide), a disc of
copper/aluminum dlloy (5 mm diameter) and a second strip of lead at right’
angles to the first (see Fig. 1). The specimen area was thus defined by
the ovérlap of‘the two lead stfips, to within an error of the order of
the ratio of the copper thickness to thevwidth of the lead strip (not
greatef than 1/2%). Six specimens of various thicknesses were connected
in series on each slide and the voltage across all six monitored.» The
eritical current of each junction was determined by passing a current
between the appropriate pair of lead strips and noting the value at-which

a voltage first appeared; for reasons which will emerge later, the current

was divided equally between the ends of each lead strip, as is indicated

in Pig. 1.~
That part of the copper film which is not included in the Junction

contributes a conductance in parallel with it. This conductance will not
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affect the magnitude of the critical current and an order-pf—magntidﬁe
calculation indicates that the attenuation of the voltage produced when
the junction becomes_resistive is negligible,

Determination of mean free path

For each film evaporéted; a strip wasAdeposited simultanéously on
“the same:glass slide. The residual resistivity (b) of each film was
estimated froﬁ the resistance of the appropriate strip'méasuréd in a four-
terminal:arrangement éf.loﬁ teﬁperatures. ‘The mean free paﬁh‘(l) was then

. : : . -1 10 -
" estimated from the relations (pf) . (9.420.7)x10" " @ 1

10 Q-l’

cm-2 for lead and

cm-2 for copper (Chambers 1952). The lead had

(}

-1 . N
(p2) = = (15.4x0.k4)xTo0
a mean frée path of about l0,000ﬁ,'much greatef than its coherence length,

£

q» SO that it was in the clean limit. The copper alloy was in the dirty

limit, having & mean free path of 1008. _

This method of détermining the méan free path'inbthe Cu/Al films has
‘ éome disad&antages} Tﬁe'measurémenf waé not made on the acﬁﬁdl material
of.fhe Jjunction and the two films may have héd a.different structure,_
being deposited»bn difféfent substrates. In addition,ithe resistance
was ﬁeasured 1qﬁgitudinglly_rgther than transversely; if the £ilms wefe
at all non-uniform, as seems likely in pfactice, this measurement gives
an incorféct value, The uncertainties in the mean free path, perhaps as

high as *20%, were the largest in the whole experiment.

The Xvaporations

.. Thé‘specimens were made in a Varian Aggoclates V12 ultra high vacuum
systemz which was baked out for 24 ﬁours prior to the evaporations. The
: pressﬁre‘typically rose from lO_lO torr to 10_8 torr during.the-course of

the evaporations, despite careful outgassing of the boats and materials.

-
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The‘ﬁime interval between successive gvaporations was usﬁally about
20 sec, essentiallyvtheltime required to rotate the mask changer, and
if is thought that muéh less than a monolayer of oxide formed at the SN
interface during this peribd; The lead was evaporated from an electrically
heatéd molybdenum boat. The Cu/Al films were prepared by evaporating to
éompletion tiny pellets dropped into a téhtalum boat from a drum operated
by a maghetic feedAtthugh from éutside the evaporator, It was hoped .
that'this}technique would produce alloy films of greater homogeneity.
The glass slide onto which the materials were evaporated was fifmly,'
clamped to a waterféoéled copper bldck to prevenf any temperature rise
dué’to heat radiafed from the boats. The thickness of each film was
estimated from the change in resonant frequepcy of a quartz crystal onto
which the material was simﬁltaneously‘deposifed (Haller and White 1963).
The absolute thickness of the films'(assuming bﬁlk values of density)
was thought to be accurate to 25% and the relative thicknesses to 2%,
When the evaporations were coﬁplete; the slide was quickly trans-
ferred to the cryostat, wired up, and cooled to nitrogeﬁ temperatﬁres in
an atmosphere of helium; the total exposure to the atmbsphéfé was about
30 min. The various leads>Were attached fo the films by means of small
péllets of indium, with the»eXception of the superconducting wires connected
~ to the superconducting voltmeter, for whieh 50/50 Fb/Bi alloy was used..
This material has a highef transition teﬁperaturg than pure lead so_that
meaéurements could be continued right up to fhe transitibﬁ temperature

of the specimens,
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Asymmetry of specimene

The method of 3peciﬁeﬁ preﬁaration just described may give rise to
some degree of asymmetry (Hauser et al.196k). 1966; Hilsch and Hilsch 1964).
'A.certain.emoﬁnt of 0xide:will:ineyitably develop:on a freshly;deposited‘
metal before the next layer is evaporated. The oxide growth~rate on lead
isigfeatef:than onrcopper,lso*that‘there:mayube_different.emounts of .oxide
at each'sN,intérfabe,L Tt is hoped<that;thethigh.vacua used rendersd this - . .
effect relatiVely unlmportant. The second cause.of asymmetry is ‘the depend-
ence of the morphology of a thin £ilm on the nature of: its substrate- lead
dep051ted on. copper may nucleate in-a. dlfferent ~way. from. lead on glass.i
However, slpceithe lead:waSjln‘the clean*limltg sllght dlfferenceS“in its

structure‘shouldtnOt introduce serious dlscrepancies,

3. EXPERIMENTAL APPARATUS

The'eryostat

 The eryostét'wasbdesigﬁed to operate between 1.2°K and 8°K and a
longitudinal sectlon of the lower part is shown in figure 2. A thin-~
walled 3 cm diameter copper—nickel tube, sealed at the lower end, supported
‘a vacuum can in the helium bath. The gpecimen slide, mounted on a copper
- plate, was lowered into the tube on a thin steinless steel fipe attachea
to_e gasetight plug at the top of the 3 cm tube. An expanded polystyrene
plug separated the slide from the voltmeter which was maintained af.the
1temperature of the helium bath by the exchange gas (helium at a.pressufe
of about 5 torr) in the 3 cm tube, The plug was notfgas-tight'but
‘inhibited convection of the exchange gas. The temperature of the slide .

was raised above that of the bath by'means of a heater mounted on the
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reverse side of the copper plate and measured by a germanium thermometer
(Texas Instruments, Model 340, Type 106), calibrated against a second
standardized thermometer.* It is thought that the temperature measurement
Was accurate‘to +20m°K, Thevcurrent in.the heater was controlled by a
éervomechanism deriving_its.input from.an Allen—Bradley resistance
thermometer to give a stability ofviBm°K and a timefconstant of a few
seconds, |

The magnetic field in the cryostat could be reduced to less thanb
5 mG by means of two Helmholtz pairs and a mu-metal can outside the
nitrogen dewar. A lead can around the specimenvehamber, iﬁ weak thermal
contact with the helium bath, could be used to freeze in "zero field"
by'wérming it to:above ité transition tempera%ure and cooling it down

again, A solenoid wound on the 3 cm tube enabled fields of a few gauss

" o be applied to the junctions.

The voltmeter

When the current through a junction exceeded the critical value,

the Voltage developed was detected by means of a superconducting galVano-

meter in series with a resistance of lO"7 Q (Clarke 1966)., The sensi-

13

tivity was 107" V and the time-constant about 0.3 sec.

The writer gratefully acknowledges the loan of a calibrated germanium
thermometer by Dr. C. R. Barber of the Natlonal Physical Laboratory,
Teddington, Middlesex.
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4. EXPERIMENTAL RESULTS

i-v characteristics

The i-v characteristic of a typical sandwich, measured with a
current source, is shown in figure 3. The voltage developed when the
critical current was exceeded was small; this is to be expected because
of the very IOW'resistance of the metal barrier. Figure 4 shows on a
larger scale ‘the region around the critical current; there was no veitage
steprhUtgrather a continuous rise in voltage as the current was increased
from the critical value. | »

The estimated resistance of the barrier was TX10 sl 0 and the
measured differential resistance at currents well above the critical

current approx1mately 5XIO a §la

Critical current measurements

The meaenrenente made cf critical.current* are nreSented in figures
5510. ‘With the ekcettion of the.last.tne;graphs,-each ncint represents
an average value of‘critical current cbtained fron two specimens prepared
'simultaneously; The agreenent well below the transition temperature of

... the eandwiches (T, .) was usually to within #10% but near Toyg the

CNS
discrepancvaas.often _mnch:.greater. This was attributed to the
presence of strains set up in the films by differentlal contractlon durlng
cooling which affected the transition temperature.

| Figure 5 shows the varlatlon of critical current dens1ty with

temperature for twelve thicknesses of Cu/Ale The estimated mean free

path of the latter is seen to vary by as much as *30% from specimen to

*
. We denote measured critical current by i and critlcal current density
by I »
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specimen; the importance of this fact is illustrated by the apparent
interchange of the curves obtained from the two pairs of specimens of
greatest thickness., It also seems morevthan likely that variations in
mean free path of the same order will exist across the copper film of
individualvspecimené. This would probably explain why some of éhe curves
do not seem to follow the general trend and, in particular, why two of
them intersect. The curve for the specimens of thickness_5,520 K geems
particularly anomalouS'and has in fact been neglected in the subsequent
analyses. We can give'no'dther reason for 1lts unusual behavibur; Figure
6 further demonstrates the importance of the mean freé path of the copper
in determining the criticai current; even though it is thinner, the
specimen with the shortef mean free path has a lower critical current.

Figure 7 illustrates an ekperimeht pefformed to investigate the
éffect of an oxidé barrier at one of the SN inteffaces. Two palrsg of
specimens were prepared, thé;first undef standard conditlons, The
second pair différedlin that the evaporatof was opened.to the atmosphere
for 15 mins prior to the deposition of the upper lead strip,,sé that the
Jjunctions were identical to the first pair exéept for the presence of an
oxide léyer at one of the copper~lead interfaces. As we might expect,
the critical current density of the second pair was greatly reduced, No
attempt. was made to investigate'ﬁhisﬂeffeét systematically but the
conéiderable attenuation of the proximity effect by a thin oxide lajer
between the two metals ig clearly demonstrated.

Figure 8 illustrates a geometric effect of considerable practical
significance, The eritical current was measured for two pairs of

specimens prepared simultaneously but with different cross-sectional areas;
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The critical current denslty was then‘célculated assuming évunifdrm
current fIOW'through each Junction. It appears that this assumption‘is
valid for low values of.critical current buf not for higher values.
'Figure 9 démonstrates arrelated effect, The critical currentvéf one
specimen was measured firstly with the current applied to one end only
of eagh lead strip and éecohdlx in the symmetric manner described in
sectign.E.v‘We see that the'results differ appfeciably at higher vélues
6f.critical_dﬁrrent. |

Finaliy;:;figure.310:Shows thé dependence.bf critical current oﬁ
'a magnefic field applied ﬁarallei to one of:the.lead strips.. The
genefal'fbrm of the result was t&pical although ﬁhe extent of the linear
region at low valﬁes ofbfield dependéd enormously upon the paraméters

of the specimen, as will be discusseds

5. DISCUSSTON AND TNTERPRETATION OF RESULTS
We shall briefly discués the possible méchénisms for the flow.
of'supercurfent through the‘junctions. Thé first.possibility is that
‘the current is carried by lead filaments which éxtend right ﬁhrouéh the
barrier and that the crifiéal current is.just thgt of these sﬁpercdﬁduc—
ting shorts. Secondiy)vthe sandwicheS'may'behave phenomenologicéliy
as Josephson junctiogiui; that the supefcurrent is related to_fhe

difference in the phase of the qrdér parameter across the Junction, ¢,

by an equation of the form (Josephson 1962, 1964, 1965): = .

I=I sing . o )



13- UCRL-18159

The critical current oecurs when phase coherence across the Jjunction is
broken. Finally, the critical current may be defined 5y the maximum
supercurrent that the @iddle of the Cu/Al film, where the ordering is
.weakest, is able to suétain; go that the bregkdown is sémething like é
thermodynamic phaée change; J

| The dependence of the critical current upon magnétic field strongly:
éuggests that equation (l).is applicéble, since no other mechanism could
give this type of behaviour. As we shall see below, the melf-field limitf,
ing ﬁroperties of the junction add further support to this aséumption.
The dependencé of critical current upon magnetic field and upon thé mean
" free path of the normal metal rules out the possibility of superconduéting
shorts. In addition, if the éﬁpércurrent were cérried by lead bridges‘
through fhe barrief, the critiecal current would flatten out as thé témpera-
ture was lowered whereas & rapid'increase is iﬁ fact observed.

The oniy evidence in févour of the thermodynamic behaviour is the shape
of the i-v characteristic. One possible explanation of the continuous
development of the voltage is‘tq guppose £hat superconductivity ceases Jus£
in the middle‘of the barrier as the critical Qurrent is exceeded and that
- this normal layer widens as the cufrent is further increased. However, on
this model it is difficult to explain why the measured resistance of the
junction is comparable with the estimated resisténce of the copper unless
one invokes‘a high boundary resistance between fhe normal and superconducting
phases, which in view of our earlier ﬁeésuréments seems unlikely., We
shall not discuss further the finite-voltage regime but clearly a detailed

investigation is required.
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We shall assume henceforward that the Jjunctions exhibit
Josephson behaViqur in so far as (1) is'applicable.and first
discusé the phenomeﬁological éspecta,‘naméxy the behaviour in a
magnétic_field and self-field 1imiting, on this assumption. We
~ shall then_describe'fhé theory which relatés the critical current
of the junctions to their varidus parameters and finally analysg

our data in the light of this theory.

Self-field limiting

It:is convenient to discuss first the results preseﬁted in

" figures 8 and 9. It hasvbéenvshown (Anderson 196k, Ferrell and

 Prange 1963, Jésephson 1964) that if thevjunétion area is large

gr the current density hiéh, the'seif—field generated by the current

Cis not.negligible and giﬁes fise'to a Méissner effect within the

Junction. Uhforﬁunately, a_quahtitative description for the pre—'

sent specimen configuration is hardly tractable bﬁt we shall very

briefly discuss the one-dimensional situation.: Our main purposé

is to determine which of our results are Seriouély selfjfield limited.
Coﬁsider the one-dimensional.junction_shown in-figure 11. The

junCtion‘is supposed to be infinitely long in a direction perpendigﬁlar

| to the page; the width of thefjunCtion is w. Consider first fhe gituation
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where the current is applied at A and C. The current will flow uniformly
through the junctioniif w 1s small compared with the junction penetration
depth given by (Anderson 1964, Ferrell and Prange 1963, Josephson 1964)

5 1/2

: | Hc ‘_
Ay = l6ﬁ(a+h)eIc R | ‘ (2)

N\ 1is the penetration depth of the superconductor, 2a the thickness of
the barrier and IC the eritical eurrent'deneity. iakiﬁg,the values
(a#\) ~5,000A and I, ~ 1 Amp em™> we find Ay ~ 1/5 mm. On the other hand,
if w >> kJ, the current will be confined by its self field to the edge
of the barrier nearer AC and the effective current-carrying w1dth of the
Junction will beg?xJ-(Ferrell;and Prange. 1963, Noteﬁthat,the-current
distribution is not exponential).)! If we instead divide the current
input equally between A and B and the output equally between C ahd'D,
the effective junction width becomes.hkd. Aesuming that a similar result
holds for thevtwo-dimeneionai case, we can immediately ﬁnderstand queli—
tatively the results of figure 9. |

For the one-dimensional case with a symmetrical input; it is clear
that self-field limiting shouid become significant when hJ S'w/h. We
should expect roughly the same result for the twoédimensional situation |
and figure 8 shows that the larger of the two paifs of specimens becomes
_se1f~field limited (critical current density reduced below true value
by'aboutAlO%) when A ~ w/ke We shall therefore assume that_critical
current for which A, > w/l are not significantly self-field limited.

For the size of specimen used and a copper thickness of 5,000 R, this
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criterion corresponds t6 a eritical current density ofvéboﬁt 15 R cm-e.
A1l subsequent measurements were taken with the symmetrical current input.
As we shall see, the fact that the two~d1mens1onal gelf-field
llmltlng problem has not been solved exactly' 1s unfortuante. 31nce:

not all of the data can be 1nterpreted quantltatlvely.

The effect of an external magnetic field

It was predicted by‘Jbsephson (1962) and demonstrated by Rowell
(1963 ) thatrthe magnetic field dependence of the critical current for a
bne-dimenéional Junction which was not self-field limited was of the

form - ‘
sin(ﬂ@/@o)

I(0) « e, | (3
= 2(at\)wH 1s the flux threading the junctlon (at right angles to the
page in flgure 9) and @ the flux quantum.‘ Similar results were obtained
for the Pb-Cu-?b spec1mens‘for which hJ >‘w/yf
| Figure 10 shows the béhaviour for*g'spécimen which was self-field
limited. When thé'field is.increased_ffém'zero, it is screened out
from ﬁhe'junction and the critical curfent decreﬁéés linearly; this ié
just the Meissner effect. Iét us cbnsider égaiﬁ the one—dimensional
symmetrical cases If the current is confihed fo fﬁe two edges of'the
“junctlon, the c1rculat1ng current generated. by'the applied field, cH/ hﬂ),
Lwill be added to the current at one edge and.subtracted from that at the
ofher.:vThe critical current will 5e reached when the greater of the
edge cuffents has its ﬁé#imum value, the other cuxrent then being smaller
by cH/(27m)s Thus the totai critical éurrent per ﬁnit 1ehgth is of the

form



~17~
UCRL-18159

T,(H) = AT - S S ®)

Now Josephson (1964, 1965) has shown that the flux will completely
penetrate the junction (as in a type II superconductor) at a field

TH_ /2, where ' N _
1 ‘ 16KT 1/2 16 n.T -

B o=\ ) = —22 (5)
) =\ melatn) - c . :

From (L4) and (5) we see that TH,, /2 is just that field required to reduce

: 1

the critical current to zero., For fields greater than WHC'/E the behaviour
. o : o 1

reverts to that described by (3). However, it may be energetically

favourable for the flux to penetrate at a field less than ﬂHci/Q, since
in general this value will not correspond to an integral number of flux
quénta. In this case the oécillatory behaviour will begin at a field
bel§W‘ﬂHCl/2. This problem has been discussea in detail by Owen aﬁd
Sealapino (1967).

The behaviour is more complicated when we have a two-dimensional

. N
Junction, as in the present case. The main problem is to deduce a value’

¥ ' :
A further complication arises in that the current distribution across
the lead strips is by no means uniform. The high current density at
the edges will probably distort the current flow through the junction.

of T, thé:,trUe,critical current density. We shall assume a highly
idealized mddel of the current distribution in a square junction in
which the current flows uniformly in a peripheral strip of width EXJJ
This 1s obviously a reasonable approximation if w >> kJ but of less

certain validity in the present case; the main objection is the neglect

of the high current distribution at the corners. On this model, the
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‘effective area of the junction is 8: J(w- 20 J,) 'so that I

¢
« ' - A 8 7. 24-1
Combining this relation with (2) we find A I %-’fm[.hﬂtel é'(a—i;)\) oy
2.7x10 5 em for the specimen of figure 8.. Thus Ic =105 A cm — and

W/XJ ~ 8.5.v Insertingrthe &alues of AJ:and Ié in (5) gives ﬂHcl 2 = 0,7 G, 
which, bearing in mind ﬁhe crudeness of the model, must be considered in
acceptable agregment wi£ﬁ the obsérVed value'of'O.TYiOoOE Go

If, instead, we assﬁmé a uniform édrrent distribution, we find
ic =75 A en™C.  This error of 28% should be compared with the experi-
mentaliy estimated error Qf‘about 20% é§>ﬁ/XJ'=.8.5 in figgre 8 o It ,”
appears that our approximétioﬁs are'Of ﬁhe riéht érder-énd, in addition;
that the self-field limiting corféction-inc%eaées reiativelyvslowly'with
W/KJ.

The period of oscillation at fields,gréater than ﬂHc /2 is 1.95%0.2

. ) ] . 1
G cm2, one flux quantum, to Withip the experimental error. The additional
4 paft of ah-oscillation‘bbtéined when the field is reduced to zero =again
is due to flux trapping in tﬁe barrier.

It éppears‘that_we can'satisfagtorily‘explain the generai feétures
of the behaviour of the Jjunction iﬁ avmagnetib field although a complete
guantitative deSCiiptipn is imbossible withoutla knowledge of thé current
distribution in the self-field limited sitﬁatioﬁ. ‘However, the‘éualitative
behaviour is of greatér impbrtance because-Of the informaﬁion which‘it

gives us about the nature and behaviour of the junctions.

Theoretical considerations

-t
-4
0
]
e}
€
[a¥

liscuss the theory of the proximity effect which 1s relevant

T Aapatowd S PR o v v v e 2 ad
to the understaniing of the expsrimental data.

= ic[BKJ(w-?KJ)]—l&

>
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According to the B.C.S. theory of superconductivity (Bardeen
et al, 1957 ), a metal may be characterized by the parameter NV, where
N is the density of states at fhe Fermi surface and Vthe effective electron-
electron inferaction,‘ The c¢riterion for the metal to be a superconductor
is V> 0. Morel and Anderson (1962) have pointed out that V is essen-
tially é'point interaction so that in a system consisting of two different
superposéd metals, We can suppose that the interaction parameter changes
instantaneouély on the boundarys It is the fact that the condensation
amplitude of the supereonducting electrons cannot change abruptly at
~ the boundary, but only over a distance of the order of a coherence léngth,
which gives rise to the proximity effect.

In the situation where NV varies spatially, the B,C.S. theory is
no longer applicable. Thé degree of order.becomes a function of
position and may be expressed as the condensation amplitude,
F(f) = (¥1(r) Y¢(£)> where ¥t(r) 1s an electron annihilation operator
(see, for example, Landau and Lifshitz, 1959 ). lF(E)ie is then essen-

tially the probability of finding a Cooper pair at r, that is, it repre-

sents the superfliild density. The péir potential, A(r) = V(r) F(r) is
Ahalogous to the energy gap, &, of the B.C.3. theory. 7

The de Gennes~-Guyon theory of the proximity effect (de Gennes énd
Guyon 1963, de Gennes 1964) uses the.GQr'ka self-consistent,iﬁtegral

equation (Gor'kov 1959) to calculate the spatial variation of A(r):

Ax) = [ &r'K(z,x',T) A(z') - (6)
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where X is the kernel with a range (coherence length):

fiv_, 1 1/2. - A
@(T) = <BTTEF-‘—> . ' (7)

v, is the Fermi velocity and ! the electronic mean free path. Equation

F
(6) e%presses the cooperative nature of the effect (just as the B.C.Ss
integral eqﬁation does) in that pairing at a point r is related tO'thét
at all other points {'. The theofy iérvalidvstrictly only for a dirty
system (<< &) near its transition temperature, where A(r) is sméll.

De Gennesv(l964) has used (6)'£d study the variation.of;F(x) across
a NS sandwich; He derives the following boundary conditions on the F(x)

at the interface (x=0)¢

7y(0) . Fg(0)

- e
W ‘VN§ o S _
_ - dFN(x)‘. : | dFS(x)
and Ve Iy Tam o Vs fs &m0 ¢ - (9)

:EduatiénL(B)Himplies that?the*fragtion?gf*electronSupaired-is
v conSeyved acnbss-thegiﬁterface:; Thisuis;sdaoniinf boundary: scatter--
ing may be coﬁpletely ignofed;-?HOWQVer,:as~We havé’seeg earlier,".
.the'scattéring resistanée=of'the:boundafy iSﬂéQuivalent to net .
mofe thén_one mean free paﬁh_so that (8),wi11‘be sufficient true in practice
provided the condition Z/g <1 is valid in both materials.

For the'case in which each filmbis much thicker thaﬁ a coherence
..1éngth, de Gennes obtaiﬁs explicitly the”épétial vafiation of F(x). In
the normal metal (0 > x > @N), far from the interface (in the "one-frequéncy

approximation," kNx‘>> 1), F(x) has the forms
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F(x) « exp (-kx), (10)
1/2
2

where ‘ Av. £ 1/2
: -1 - FN °N v ll)
- ky " =\"&mT L+ ﬂn(T7TCN)> (

’

represents the depth of penetration of pairs into the normal‘metal. It

N

the contribution of the superéonductor to the kernel in (6) is substantial.

should be emphasized that (10) is not true for x <k in which region

In the superconductor (-dS < x < 0) the condensation amplitude is considerably

depressed near the boundary by the presence of the normal metal over a

: GL’
' De Gennes (1964,1966) has continued his analysis to derive the current

carrying capacity of a SNS junction. However, we shall describe a highly

gimplified model which is édequate to enable us to interpret most of our
results.

We calculate first IFN(X)I in an NS sandwich by finding its value

‘at the boundary,lFN(O)L and then using (lO); We suppose that T. = O so

CN

that k, =‘gN and choose Ny = N so that both F and dF/dx

N S ES

are conserved at the interface. The gimplest possible approximation to the

and éN =

variation of |FN(x)] near the boundary is shown in figure 12, and from it we

see thatvIFN(O)l = IFO|EN/%{ﬁin the.limit gN/gGL << 1 which is.valid near

'TCS’ IFOI being the condensation amplitude in the bulk superconductor.

Thus from (10) we have IFN(X)[_= (gN/gGL)|FO| exp(-x/gN), We nOW'rgturn
to the SNS junction and assume that in the weak~-coupling limit‘a/gN'>>l

the currents which can flow are so small that theyvaffect only the phase
and not the amplitude of the order parameter. If the two boundaries are

at |x| = a and ¢a and ¢~a are the values of arg F at x = a and---a respectively,
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we have that

F(x) = |Fol (&y/t o ) expl(x-a)/e i 1 + exp [-(x+a)/e#ip 13, (12)

The supercurrent ig calculated from the expression I « (F*BF/BX - FBF*/BX),

giving _ |
I(T) = A |FO(T)]2 [gﬁ(T)/ééL(T)]  exp,[-ea/gN(T)] sin ¢ . (13)

A is é £emperature-indepéndent constant and ¢ = ¢a- ¢_a. We éee that I(T)

is_independent}of x'aé required and obtain fc(T) by comparing (13) with (1)

Our expression for IC(T) is similar to that obtained ?y de Gennes (1964)

CN

- except in that he réplaces EN by KNdl for the more general case T, > O,
It-shouid bevremarked that in the present expefiments the supercon-
~ductor was in the clean limit so that thére is some doubt as to the appli-
cability of (15), Probably,tﬁe immediate effect is to intrdduce-a multi-
plying constant into the boundary condition (8) which will not affect the
general form of (13). o
Finally, it ié of interest to compare (13) with the result for an
insulating junction (SI§). In this case there is no depression of the order
parameter in the superconductor.by'the'inSulatof and the tunnelling pro-
babilities are independent_of temperature. Near T, the critical current

CS
then has the form (Josephson 1965):

(o = alrgl® . ()

Temperature dependence of IéﬁI) near T,

5 -1/2
For temperatures close to T.g, §GL(T) and FO(T) vary as (1-t)

and (l—t)l/2 respectively, where t = T/TCS. Thus near T., for a given

CS

thickneés of Cu/Al the critical current may be written in the form:
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I (1) ~ B(1-t)°  (15)

4 where B(a) is'a.constant. _This resuit should be contrasted with that for
a SIS .junction for which i; & (1-t) near‘TCS (from (15))0 This qualitativev
difference is a significant one and (15) may be regarded as an important test
of the funetional form of the de Gennes boundary conditions;

Before emberking upon an analysis of the data, we should bear in
mind that in the present specimens the superconductors have a finite
thickness, namely 7,000 Zf> Wheh the temperature is sufficlently high for
ta
depressed by the copper throqghout’the lead and as the temperature is railsed

to become comparable with this figure, the order parameter will be

further, Ic(T) will drop off more rapidly than predicted by (15). Assuming

EPb(T) :_0.5‘50(14t)”1/2 near T,y and & ~ 830 A (Bardeen and Schrieffer

S
1961) we find that 3 (T) = 7,000 A aﬁ a temperature about 0.025°K below
TCS’ 8o that we might expeet an appreciable effect over a temperature range
of perhaps two or threebfimes this value, .

Aﬁother diffieulty arises in'tryiﬁg to estiﬁate the range of .tempera-

"

ture implied by "near TC « The de Gennes theory is valid for small A

]
. po . 1/2
and in the local limit, that is, (1-t)

<< 1, but in practice it is
often found that neither of these conditions iz very stringent., The
approximate temperature dependences of’Afﬁ(T) and €. are valid to a few

percent for about 0.56K below T.. and over this range the variation of the

Cs
exponential term makes a contribution of_cdmparable magnitude but opposite
sign. Tt would seem reasonable to expect (15) to hold to a few percent
down to about 6.6°K although this fact is apparently somewhat fortuitous.

Figure 13 shows the variation of Ii/é(T) with T for five thicknesses
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of-Cu/Al. We see that the dependence is sensibly linear until the lead
ceases to exhibit bulk behaviour, after which the critical current falls
off more rapidly.as predicteds The junctions are not significantly self-
field limited with the exception of fheEQOOO Z film, for which the linear
behaviour must be regarded as somewhat fortuitous. The extrapolations of
the linear regions should intersect the temperature~axis at the transition
tempersture of the superconductor. The réther large spﬁead,_about +0,1°K,
is éttribﬁted to strains in the lead films set up by differential contrac-
ticn during the cooling of the slide.
Despite the difficultiés in interpreting the data, it is felt that
these results do suggest that the boundary.conditions'on F and dF/dx are
| of the correct forms We cannot, of course, make any'stafement about
constant factors in (8) and (9). |
| One other_useful piece of infbrmation may be extracted from.figure
13, We have seen that fhe value of A in équation (13) is strongly dé—
péndent ﬁpon the amount ofroxide at the SN interface and it is therefore
of interesftto see how much A_varies from.specimen té'specimen. We méy

rewrite (13) in the form

D o(rm) e (@),  (16)

where C is a neW'constént énd we have repléced 5N by.kN-l. We calculate

the value of C for each specimen from the slope éf Ii/é-against T; the known
valug of a and the value of kN at 6;96K for the appropriﬁte mean free path.

The value of kN is derived from the data in a later section. No correctiqn

has been made for the mean free path dependence of C, which is prqportional
to Zl/h

; the correction is never greater-than 5%. The values obtained for C
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are shown in Table I.

Table I: Values of C for five different specimens

Thickness of Cu/Al (A) 2000 2250 3010 3250 3790

c (A-l/évcm'l °K‘l) 430 960 © 710 - 1180 840

The value.of C for the‘thihnest specimeh, for which there is sig-
nificant‘self~currenf limiting, should be discounted, The.remaining values
indicate that A(e« CE)Iis eonstant to within about #50%. This result is
- hardly very satisfactory but is perhaps as good as can be expected. The
fact that the lead was in the clean limit implied that A was highly sensi-
tive to slight ﬁoundary irregularities and the use of a dirty}suberconduc—

. o *
tor may well greatly reduce the spread in the value of A,

The values of c are of course strongly dependent upon the value of
kN_chosén; we shall see that the error in kN is about'ilO%. We have
here used the mean value of kﬁ whereas the minimum value makes A constant

to within *30%. However, there seems no a priori justification for pre-

ferring the latter value of kN;

Temperature dependence of IC(T) at low temperatures

Although (13) is strictly true only near TC it might be expected

S

 to hold approximately at much lower temperatures. Now between 1°K and L4°K,

Eop and A (xFO) are nearly  constant and'k&l changes by a factor of only

GL
2. Consequently the exponential term dominates the temperature dependence
of Ic(T) and we may write

I (1) =D exp(-61/?), (17)

where D and G are positive constants.
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A graph of In Ic'aga:‘u’xsrb_Tl/2 ié shown in figufe 1%, For T < 2°K,
there would seem to be some evidenée'for the validity of (17). quever,.
much of the data is subject to sélf~field limiting and the higher valués'
of critical cufrent should be sqmewhat increased. Thus the apparently
linear bghaviourfat the lower temperatures, with tﬁe exgeptibn of the
6,500»5 specimen, may be spurious, I (17) were approximately true below

a certain temperature, the linear behaviour would begin at the same tempera-

ture for all specimens; in fact the "knee" in the curves occurs at a variety

of temperatures‘and is probably govérnéd partly by the onset of self-field
limiting. Nevertheless, it appears that there is some evidence in favour -
of (l7)land clearly the behaviour is quite different from that of a SIS
‘Junetion for which IC(T), ﬁhich is proportiohal,to A?, tends to a finife.

limit - at IOW'temperatures.

The dependence of ic on £he,mean frée-bath.bf the Cu/Al

| Unfortunateiy, no systematié study was médevofrthe dependence of -
the critical currént on tﬁe méan free éath‘of the Cu/Al‘and the only
iésults are those presented in-figufe 6. - It'is obvious that the longer
:meaﬁ frée path has éiven riée to a m@ch»higher eriteal current, as we should
expect, siﬁce the coherence length, gN, is muchblonger; However, it is not

possible to direétlyvcompare the two curves as the'mean free path of the

upper one (220 ﬁ) is too high for the alloy to be in the dirty'limit; equation

(7) is no‘longervapplicable and we have no means of estimating Eyge It is
LClear that a proper investigation of the effect of mean free path is

required.

o
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The dependence of I on the thickness of the Cu/Al film

Aécbrding to equation (13), at constant temperafure, IC varies as

exp(-MZhl/ea), where M ig a positive constant. Unfortunately, the test

of this result is ~complicated by the'variaticn of the mean free path of
the Cu/Al alloy from specimen to specimen. |

| Figure 15 shows the variation of In Ic Wiﬁh thickness of Cu/Al at

three different temperatures. A correction has béen applied for those
specimens in which thevmean free path differed markedly from the averagé
value (differenf speciﬁens afe represented at differehtﬂtempeiaturéé SO
that the average mean free path is not necessarily the samé). The ob-
served vaiue of Ic Was correéfed for mean free path assuming the vglidity :
Aéf (13). It'shbuld“bé pointed-out. that in this respect we have not justified
the foimula in the present work, but in faét the:correction was mdde to
only three points. At each temperature,* & linear regression line has been-

fitted to the data points., The fit may be considered acceptable.

¥ ‘ : : ‘
- For the results at 7°K we have simply taken the value of critical

current for each specimen at a measured temperature of 7.0°K. Now
as 1ls evident from Figure 13 there is consideféble variation in
_fransition.temperature (Tag) from spécimen to specimen and since the
‘(TCS-T)E term dominates near Tug, it might;be more apprbpriate to
measure the critical current for éach speéimeﬁ at a fixed value of
(TCS;T). ~In fact, this procedure gives a valué of k&l remarkably
close to the value obtained but with a greater error. It appears
that within limits rather less than the error attached to fhe valué

of kﬁl, the two procedures give the same value. At the lower
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temperatures, where the exponential term dominates, it 1s more
appropriate to use the values of critical current at the measured

temperatures,

Self-field limiting.is not important for the results at 7,0°K, except
possibly for the thinnest specimen, but certainly is important for the
higher values of critical éurrent at the two lower temperatures. However,
the correction at 100 A <zm"~2 is about 20-30%, which on a‘logarithmic scale
vfmay hot be too significant and in any cése is probably smaller than the |
.randbm errors in the observed values due to the variation of A from

specimen to specimen.

The value of NV in copper
: : v - : - =1 '
From Fig. 15 we may obtain an estimate of kN at 7.0°K and by comparing

Cﬁ_in copper (or more striectly, Cu/3% Al)

it with éN deduce a value for T
using (11). We restrict ourselves to thé.data at 7.0°K since it is not
sélf—fiéld limited and the théory is strictly épplicable at thils teﬁberatﬁre.
We estimatevéN (froml(Y) ) by makiﬁgvuse of a relation between IvF and @Y,
where ¥ 1s the electronic specific heat éénstaﬁt of copper. In a cubic or
polycrysﬁalline metal, p = l2ﬂ3h/(Se2}) and Y = kQS(i7§;)/(12ﬂﬁ) (Pippard
1960); 7 and (i7;;) are average values over the Fermi surface whose area

is S. Combining these expressions and assuming that [(l;VF)]_l =

v, we’
| _ F
obtain by, = ﬂgke/(eayp).v The value of ¥ used to calculate'EN, 6.9x10_h '

o
joules/mole/deg” (Corak et al. 1955), is that for pure bulk copper. We find

by = 260 & and k&l = 310¢30 &, giving Toy = 6x1072°K with possible limits
(one standard deviation) of 3)(10—5 Tog

°K and UX10™"°K. The corresponding value

. of WV, derived from the B.C.S. relation T, = 1.1heD exp[-1/(W)] with
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6, = 344°K (Corak et al. 1955) is 0,11 with limits of 0.06 and 0.14. Tt
is evident that the experimental errors associated with the value of TCN
are enormous and that it should not be taken too seriously.
. Table ‘IT compares the present value of NV in copper with those obtained
Table II: Values of NV and the corresponding Toy

obtained by various authors for copper

Author : Method (wwv) Estimated | Corresponding
. . Cu s o :
) Limits - T X

CN
* , S 2

: Hilsch (1962) S , o 40,10 1.5%10
. , . ' -7

?CNS of NS +0.05 TX10
. -0.06 -
Hauser et al. (1964) Tayg OFf NS +0.,09 : 6510
Minnigerode (1966). Toyg Of T8 +0.116 ‘ 7><1o‘2
+0.06 %107

-Adkins and Kington Tunnelling -0.0L _ -

(1966) a ' - ,

-0.10. .
-1

+0.,1k kx10
Present work : Supgrcurrents +O,ll‘ v 6xlo‘2

: : in SNS .

+0.06 - 3xlo'5

by other authors. The expefimeﬁtal errors are large and in addition it
seems. doubtful whether £he‘theory is Sufficiently advanced to allow a
meaningful value of NV to be deduced from the data. TFor example,

~ Jacobs (1967)  has pointed out thet in the ¥icinity of the SN interface,

where the kernel in (6) contains contributions from both materials, it is
¥ See de - Gennes (l96h)
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not clear as to how one should treat the cut-off of the electron-phonon
interaction. He has ehowed further that different methods oflperforming
the cut-off. in the superconductor gave rise to markedlyvdifferent values
of NVTfor cOpper;‘this is a consequence of the fact that lead, which was
ueed as the suoerconductor in’all the experiments, is strong-coupling.

A particular difficuity arises in the thick-film limit-whicu is
trelevant to the present results, The experiment measures kN Which 1sv

'very 1nsens1t1ve to the value of T When T/TGN is large, as is obvious

CN
from (11); consequently small experimental discrepancies give rise to
1argekerrors iu the eetimate of WV, Nevertheless, it seems likely that
-a study of SﬂSsendwiches using a Weak-coupling'suﬁerconductor:and at very
©low temperatures may enable‘a much more accurete estimate of NV to 5e

obtained than is possible by other means.

The coherence length in copg_r

Table IIT compares the measured and estlmated values of g (T) at three
~tdifferent temperatures. At. the two lOWer temperatures, the observed value’

of kN has been divided by {l + 2/[ln(T/TCN)]} 1/2 to obtain EN, taking

Tog = 6><10 K |
Table IIT: Variation of &y with T
T(°K) 7 (R) gy B ()
. measlUred estimated
7.0 100 260+25 | 260
5.5 100 | o7ste0 | 295
3.0 B5 | b0 '_ 465
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§N rises with decreésing temperature as suggested by (7), indicating
that thermal fluctuations determine the decay length of the electroh pairs.
The form of.(7)'seems likely to be valid provided kT > A and, since A -is
very small indeed in copper, the exponential term in (13) may well remain

accurate down to very low temperatures;
6. DISCUSSION

The purpoSe of these experiments has been to examine the general
features of SNS sandwiches énd it is felt that we now have a reasonable
overall description of their properties. It_is clear that the junctions
behavé és Josephson junctions although there are marked quantitative and
qualitaﬁive distinctions between them and.junctions with insulating barriers.
For example, the insulator in a SIS junction is typically 10-20 )y thick
" with a resistance of 10 whereés the copper barfier'may be 5000 & thick

: 79' :

with a resistance of 10™'Q. This very low resistance implies that the

voltage produced when the eritical current is exceeded may be as low as

10-10 V compared with lO_5

V. for SIS junctions. Qualitativeiy, the most
striking difference is in the temperature dependence.of the cfi#ical
current.

The main sources of error in the experiments have been the irreéro-
ducibility of the Cu/Al alloy and the difficulty of estimating the correc-
tions for self-field 1iﬁiting. Pogsibly an»improﬁed evaporation technique
of . sputtering would yiéld greater uniformity of mean free path. The
self-field limiting problemncguld be most eésily overcome 5y ﬁaking‘the
lead strips narrower: with the aid of masks in contgct with the sub-

3

strate it should be possible to evaporate junctions of 5x10°~ ‘ecm square

, _ | , o
for which the self-field limiting would be negligible below about 250 A em &
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Junctions in which the.Cu/Al alloy 1is replaced by other metals are
.also worthy of stud&, In the‘ease of aluminum, for example, k&l would
become‘very large as the temperature was lowered. Thus we could not only
make a more thorough test of equation (13) but also use relatively thick
films of aluminium whose properties could ee more carefuliy controlled.
The possibility’of using a megﬁefic maferiel such as iren also seems interesting
at first sight; However, for a meeq free path of 50 ﬁ, k&l-~ 6 A (Hauser
et al 1966) and it'ié'doubtful'if continuous films of iron thin enough
to pass a supercuﬁrent coﬁld ever be prepered. quever,_if we used instead
ardilute magnetic alloy, k&l would still be relatively long; a‘study of
suchvjunctions might well Yield valuable information on the scattering of
veleetrbhs by localized magnetic moments;

Finaily a StudywefTSNS juncﬁiens at very low temperatures is not. only of
inﬁrinsicﬂintered;a&;hladditioﬁfibmaywell yield.a useful tooi for the
accurate determination of vefy lew frepeifion‘temperatﬁres. The cqherence
lengéh in fhe.normal metal would be very long so_that_it should be'possible

to use thiek Tayers with'relatively well}defined properties.
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FIGURE CAPTIONS

‘Specimen configuration, showing a "symmetrical current input
'to specimen 33 the voltage is measured across all six specimens.

~Iongitudinal section of cryostat.

The i-v charecteristic of a typical SNS junction.

An enlarged portion of the characteristic of Fig. 3.

Critical current density (Ic) against temperature (T).
(Figures refer to thickness of'Cu/Al and tnose in parenthesis
to its mean free path.) |

Critical current'density (Ic)vagainstvtemperature (T), shouing
its dependence on the mean free path of the barrier. | |
Critical curfent density (I ).ugainst temperatufe (T) showing‘
the effect of an oxide layer at one NS interface.

Critical current density (I ) agalnst temperature (T) for two
junctions of different areas, showing self-field limiting (IC

calculated as measured current divided by junction area).

 Critical current density'(Ic) against temperature (1) showing

the effect of symmetfic and asymmetric current inputs.

Magnetic field dependence of the critical current,

Section of 1-D.tunnelling junction. Two superconductors, AB
and CD, ere separated by a barrier of thickness 2a end width w,
The Jjunction is infiniteiy long'in.a direction perpendicuiar
to the page.

Simplest possible model to give value of " condensation amplitude

(l7]) at ST interface.
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Fig. 13 Ii/a against T near transition temperature of junction.
(Figures refer to thickness at Cu/Al and those in parenthesis
to its mean free path,)

L 1/2 _ ‘ ’

Fig. 14 Log Ic against T at low temperatures. (Figures refer to
the thickness of Cu/Al and those in parenthesis‘to its mean
free path. ). |

Fig, 15 Log Ic against thickness of barrier.
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¢ " This report was prepared as an account of Government
C sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
imp]ied; with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any iqfdrmation, appa-
ratus, method, or process disclosed in this report
may not.infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,

or for damages resulting from the use of any infor-

- mation, apparatus, method, or process>disc]osed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
- mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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