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ABSTRACT

The magnetic properties of the proximity effect indueed supercon¬

ductivity in very pure thick silver (3-30 um) in contact with niobium, have

been investigated in the temperature ränge 5X10"4 Tcns < T < Tcns- Here

Tcns is the transition temperature of the proximity system and in all the

speeimens studied in this thesis Tcns is equal to Tcs. the transition tem¬

perature of the superconduetor S (Nb), since the condition £0s « ds is al¬

ways fulfilled, where ^os is the coherence length in S at T = 0.

By means of very high precision measurements of the ac susceptibil-

ity and of de magnetization curves using SQUIDs as detectors, we have

been able to determine the value of the Screening distance p in N as a

function of temperature. All the samples have shown a power law be¬

haviour of the type p «= T" with n ranging from 1.2 < n < 2.3.

Special interest was presented by the region where for each sample

the superconductivity extended to the whole thickness of the normal metal

du and where the Ginzburg-Landau parameter Kn = Xn(x)/Kn was

everywhere smaller than unity. Here Xn(x) is the local value of the pene-

tration depth and KN the Cooper pair penetration length. In this region we

have observed a first order transition at the breakdown field Hb showing

hysteretic effects, i.e. superheating and supercooling, and have

determined their dependences on the temperature and sample dimensions.

We have found that the characteristic temperature T*, defined as the

lowest temperature where the supercooled and superheated field are

equal, depends strongly on the normal metal thickness dN, given by

T dw = constant.

By means of de magnetization curves, the spatial dependence of the

local critical fields Hc(x) has, for the first time, been determined in proxim¬

ity indueed superconducting silver.

From the analysis of this type of data we have been able to derive the

expression for the indueed order parameter AN(x) in the normal metal

region N as:



AN(x) = AN(0)^exp(-KNx)

for x « KN and temperatures Tcn « T « Tcns. where An(x) > knT is

valid everywhere in the normal metal.

A novel reentrant behaviour of the ac susceptibility has been mea¬

sured in these proximity samples. Our preliminary results indicate the exis¬

tence of an unexpected form of coherent effect, which is strongly size de¬

pendent and could only be detected using a phase sensitive technique.

From our experiments we have been able to discover the following prop¬

erties:

i) The temperature T = Tmj„ below which the reentrant effect takes

place depends on the thickness of the normal metal dN as :

d^
1.5

ii) The quantity Ax' = X'(T) - X'CTmin) increases exponentially by low-

ering the temperature below Tmjn:

Ax = A exp

iii) The characteristic temperature of this phenomenon T° also de¬

pends strongly on sample dimensions like:

T°L « constant

where L is the external perimeter of the sample.

iv) The reentrant behaviour is depressed by an external de magnetic

field. The field needed to bring back the susceptibility to the value x'(Tmin)

is practically inversely proportional to the sample circumference L.
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ZUSAMMENFASSUNG

Die magnetischen Eigenschaften der durch den Proximity-Effekt

induzierten Supraleitung in sehr reinem dickem Silber (3-30 »um) in

Kontakt mit Niob sind im Temperaturbereich 5X10"4 Tcns < T < TCns

untersucht worden. Dabei ist TCns die Uebergangstemperatur des

Proximity-Systems, und bei allen in dieser Arbeit studierten Proben ist

Tcns gleich TCs, der Uebergangstemperatur des Supraleiters S (Nb), denn

die Bedingung ^os« ds ist immer erfüllt, wobei ^os die Kohärenzlänge in S

beiT = 0isL

Durch sehr genaue Messungen der AC Suszeptibilität und von DC

Magnetisierungskurven mit Hilfe von SQUIDs als Detektoren konnten wir

den Wert der Abschirmlänge p im Normalmetall N als Funktion der

Temperatur bestimmen. Alle Proben haben ein Potenz-Gesetz Verhalten

der Art p <* Tn aufgewiesen, wobei n zwischen 1.2 und 2.3 liegt.

Von grosser Bedeutung war das Gebiet, wo die Supraleitung bei

jeder Probe sich auf die ganze Dicke dN des Normalmetalls verbreitete

und der Ginzburg-Landau Parameter KN = XN(x) / KN überall kleiner als

Eins war. Dabei ist Xn(x) der lokale Wert der Eindringstiefe und KN die

Eindringslänge der Cooper Paare. In diesem Gebiet haben wir einen

Uebergang erster Ordnung bei dem "breakdown field" Hb beobachtet, der

hysteretische Effekte aufweist, d. h. Ueberhitzung und Unterkühlung, und

wir haben ihre Abhängigkeiten von der Temperatur und den

Probenabmessungen bestimmt. Wir haben erhalten, dass die

charakteristische Temperatur T*, die als die tiefste Temperatur, bei der

überhitztes und unterkühltes Feld gleich sind, definiert ist, von der Dicke dN

des Normalmetalls stark abhängt, indem sie einem Gesetz der Art

T*dN = konstant genügt.

Durch DC Magnetisierungskurven ist die räumliche Abhängigkeit

der lokalen kritischen Felder Hc(x) in Proximity-induziert supraleitendem

Silber zum ersten Mal bestimmt worden.

Aus der Analyse dieser Daten haben wir den Verlauf des induzierten

Ordnungsparameters An(x) im Normalmetall N ableiten können:



AN(x) = AN(0)^^exp(-KNx)

für x « K'n und Temperaturen TCn « T « TCns. wobei AN(x) > kB T

überall im Normalmetall gilt.

Ein neuartiges "zurücktretendes" Verhalten der AC Suszeptibüität ist

an diesen Proximity Proben gemessen worden. Unsere ersten Resultate

zeigen das Vorhandensein eines kohärenten Effekts unerwarteter Art, der

von den Probenabmessungen stark abhängt und nur mit Hilfe einer

phasenempfindlichen Technik detektiert werden konnte. Aus unseren

Experimenten konnten wir die folgenden Eigenschaften entdecken:

i) Die Temperatur Tmj„, unterhalb welcher das "zurücktretende"

Verhalten vorkommt, hängt von der Dicke des Normalmetalls dN ab:

d,
-1.5

ii) Die Grösse Ax' = X'(T) - X(Tmin) nimmt exponentiell zu beim

Sinken der Temperatur unterhalb Tmj„:

Ax" = Aexp [--js

iii) Die charakteristische Temperatur T° dieser Erscheinung hängt

auch von den Probenabmessungen stark ab:

TL = konst.

wobei L der äussere Umfang der Probe ist.

iv) Das "zurücktretende" Verhalten der AC Suszeptibüität wird von

einem äusseren DC Magnetfeld vermindert. Das Feld, das notwendig ist,

um die Suszeptibüität auf den Wert x'(Tmin) zurückzubringen, ist etwa

umgekehrt proportional zum Probenumfang L.
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1. INTRODUCTION

If we place a normal metal N in good electrical contact with a super¬

conduetor S, Cooper pairs are able to migrate from S into N as well as

electrons can go from the normal metal to the superconduetor. Such mu-

tual influence phenomena are known as the proximity effect.

This effect has been extensively studied in the past in thin films and at

temperatures above T = 1 K. Intrinsic to the fabrication procedure were

the extremely short mean free paths and the oxide layers at the N-S inter¬

face. Consequently in such films the measured Cooper pair penetration

lengths were of the order of thousand Ängströms only.

The proximity speeimens of this thesis are instead originated from a

superconducting niobium wire, embedded in a normal metal matrix of sil¬

ver, prepared similarly to the commercial wires in superconducting mag-

net technology. The advantages respect to the thin film technique are:

1) excellent electrical contact at the N-S interface due to the drawing

process that increases enormously the contact area between the two

metals,

2) long mean free paths of the order of several microns and

3) great versatility for the study of the proximity effect as a function of

sample dimensions.

With this technique we have achieved to measure bulk indueed su¬

perconductivity in silver up to distances as large as 30 um in samples with

very long mean free paths. In previous works the proximity effect has

been studied theoretically and experimentally mostly in situations where

the mean free path 1 was smaller than the coherence length £. This is

known in the literature as the "dirty" limit and it is more or less understood.

Conversely, due to the problems discussed above, the "clean" limit where

1 >> % has been scarcely studied experimentally.

The importance of the understanding of this limit is readily realized if

we consider that at mülikelvin temperatures samples in the "clean" limit

could have coherence lengths of the order of hundreds of microns. In other

words the Cooper pair that in the "dirty" limit has been described in the



phenomenological theories to propagate diffusively into the normal metal,

should show in the "clean" limit strong coherent effects.

In this thesis the magnetic properties of the proximity indueed super¬

conducting silver in thick samples have been studied over the temperature

ränge 4 mK to 9 K. High precision measurements of the ac susceptibility

and of de magnetization curves were performed using SQUIDs as detec-

tors.

The thesis is organized as follows:

Chapter 2 discusses previous theoretical as well as experimental

works on the magnetic response of proximity superconduetors.

Chapter 3 deals with the experimental arrangement that has been

used in this research work. Particular attention has been given to the mea¬

suring system employed for de as well as for ac magnetic measurements.

Due to the very low temperatures used here to investigate the proximity

effect, a section on thermometry has been included. The sample prepara¬

tion and characterization have also been described.

Chapter 4 presents all the experimental results on the magnetic prop¬

erties of proximity indueed superconducting silver in various external

magnetic field "regimes". This chapter contains a discussion of these re¬

sults as well as a comparison with existing theoretical treatments.

Chapter 5 contains the description of an unusual "reentrant" be¬

haviour observed at the lowest temperatures.

Chapter 6 is a summary of the results obtained in this thesis.
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2. THE PROXIMITY EFFECT

In the literature the superconducting proximity effect describes the

overall changes of the superconducting properties of a system, consisting

of a superconducting metal in good electrical contact with another

superconduetor or a normal metal. Within some characteristic distances

from the interface both metals are influenced by the proximity effect. The

typical example would then be a superconducting thin film with bulk tran¬

sition temperature TCs in contact with a normal metal with TCn = 0. The

transition temperature of the superconduetor would be reduced by the

presence of the normal metal and at the same time Cooper pairs could

leak into the normal metal N and induce superconductivity in this region.

As pointed out by Cooper1 the proximity effect arises through the

ability of the zero-momentum electron pairs (the Cooper pairs) to maintain

their coherence over macroscopic distances, even after being injeeted

into materials with pairing potential V = 0 (Tc = 0). His argument was then

that the Cooper pairs feel an effective attractive potential, which is simply
the spatial average of the potentials on the two sides of the interface. For

the very simple case of a normal metal and a superconduetor in perfect

contact (no oxide layer between them) with the same Fermi energy and

the same effective mass he found:

[N(0)V]eff = a^tN(0)V]s (2.1)

The transition temperature of the system is then given by:

TC= 1.14 9o exp [-p^^] (2.2)

where N(0)V is the BCS coupling constant and 9n the Debye temperature.

1 L. N. Cooper, Phys. Rev. Le«. 6, 689 (1961).
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In his formulation ds and dN, the thicknesses of the superconducting

and normal layers, were much smaller than the coherence distances £n
and %s- The opposite limit, i. e. dN and ds larger than the coherence length,

was considered by de Gennes and Guyon2 and then extended by

Werthamer3 and de Gennes4. All of them have generalized the GorTcov's

Green's-function treatment of a position dependent electron-electron in¬

teraction, with a consequent spatial Variation of the energy gap function

A(r) to an N / S sandwich.

In the BCS theory the ordering associated with superconductivity has

been expressed as a correlation in the occupation of the one-electron

states at kT and -ki in momentum space. In an homogeneous supercon¬

duetor the degree of order is expressed by the gap parameter A(k), but in

an inhomogeneous Situation like the proximity effect the degree of order

becomes a function of position and is commonly expressed as a conden-

sation amplitude F(r) = <Yt(r) yl(r)>, where \\[t and \|M are the one-elec¬

tron field Operators and the bracket indicates a thermal average. |F(r)|2 is

the probability to find two electrons in the Condensed state at point r.

In this context the analogue of A in the BCS theory is taken by the so

called pair potential A(r) = V(r) F(r) and, as underlined by de Gennes4,

A(r) is a natural "order parameter" for an inhomogeneous system.

Their starting point was then to solve the Gor'kov linear equation in

the vicinity of the transition temperature of the N-S sandwich where A is

small; for this case the Gor'kov self-consistent integral equation is:

A(r) = V(r) J K(r, r') A(r') dV (2.3)

where K(r, r') is the kernel.

2 P. G. de Gennes and E. Guyon, Phys. Letters 3, 168 (1963).
3 N. R. Werthamer, Phys. Rev. 132, 2440 (1963).

4 P. G. de Gennes, Rev. Mod. Phys. 36, 225 (1964).



de Gennes4 solved the above equation but only in the "dirty" limit (i. e.

1« £). For the one dimensional case of a N-S proximity sandwich the

boundary conditions were chosen as follows:

dAs(x)
dx

dAN(x)

x=+ds
dx

x=-dN

= 0 (2.4)

and at the interface between normal metal and superconduetor:

AN(0) As(0)
NnVn"NsVs

DNd_AN(x)
VN dx x=0

Ds dAs(x)
Vs dx x=0

(2.5)

(2.6)

where NN, Ns are the density of states of the normal metal and of the su¬

perconduetor; Dn, Ds are the diffusion coefficients in the two metals de¬

fined as D = vFl/3 with vF, the Fermi velocity, and 1 the electronic mean

free path. Interesting is to express the results in terms of the Ginzburg-
Landau wave function *F. For a "dirty" superconduetor the relation

between *P and A is:

*-{;$[¦ (2.7)

where n is the number of electrons per cm3. Compairing (2.7) with (2.6)

we notice that Y is not continuous at the N-S interface.

All the authors of the previous references have calculated the shape

of the pair potential A(x) for the case ds, dN larger than the corresponding

coherence lengths £s> £n> by making the foUowing approximation in (2.3):

the kernel K(r, r') has a ränge £m = (D/2lu)l)1/2 with Ro = (2n+l) rekBT;

for the lowest frequency, which corresponds to the value m = ± (o0 =

= ± (jrknT/h), the ränge ^ is maximum and the other frequencies have

shorter ranges, so by retaining in the kernel only the lowest one, they
obtained (one-frequency approximation):
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A(x)

> x

JN -Klc

Fig. 2.1: Shape ofthe pair potential A(x) and magneticfield profile
in a N-S sandwich.

., . .,„.
cosh [KN(x + dN)]

A(x) = A(0)
cosh(KNdN) (2.8)

valid in the ränge -dN < x < 0 and where Kn is defined by5:

i Tqj
]n-~- = n/

( RDnKnI

^2 4 7tkBTj -m
(2.9)

with \|f being the digamma function. For values of z < 0 Y can be approxi¬
mated by:

vß+ij-^ß) =Tln(1+z)- <2-10)

From (2.10) we can calculate the value of K^ in the limit of Tcn -» 0. The

result is:

1
Orsay Group on Superconductivity, Phys. kondens. Materie 6, 307 (1967).
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Kn- =
fe^l

(2.H)
^"^TCk»^

It is important to notice that this is valid only for x » KN (one-frequency

approximation).

Thus using a sandwich where the normal metal is a superconduetor

above its transition temperature, proximity effects experiments, for which

KN can be determined, could give a test of the theory. Otherwise, with a

normal metal, it will be possible to determine TCn from (2.9) and then the

value of (NV). But, as pointed out by Clarke6, the theory is relatively

insensitive to the value of (NV) at temperatures well above the cor¬

responding Tcn so that relatively small errors in experiment or theory give

rise to large discrepancies in the value of (NV). Only by measuring practi-

caüy at Tcn it would be possible to obtain reliable data on (NV). So, in spite

of the great number of authors that have used the proximity effect to esti-

mate (NV) in normal metals, it is only possible to conclude that e. g. (NV)

for copper is between -0.1 and 0.1.

So far the case of "dirty" metals (1« £); for a "clean" metal, where

the mean free path is large compared to the coherence length, Deutscher

and de Gennes7 have calculated the condensation amplitude F(r) for the

case VN = 0. For this case A(r) vanishes in N, but F(r) = A(r) / V(r) has a

finite "tail" in the N region. For the one dimensional case and for values of

x large compared to the coherence length, F has the asymptotic form:

F = <|>(x)exp(-KN|x|) (2.12)

where <|>(x) is a slowly varying function of x and

KN=2lTkBT (2,13)

6 J. Clarke, J. Phys. 29, C 2-3 (1968).

7 G. Deutscher and P. G. de Gennes, in Superconductivity, R. D. Parks ed., Marcel

Dekker, New York (1969), Vol. 2, p. 1005.
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In a similar way Falk8 calculated A(x) at T = 0 and at T = Tc (critical

temperature of the superconduetor). In his work he replaced A(x) in the

Gor'kov equations by a model Am, which he took constant in the super¬

conduetor. In this way he was able to solve the equations and calculate an

improved A(x). He found for T « Tc and for semiinfinite superconduetor

and normal metal:

a/ n KT//YH/T f nvF 1 ! ( 2jrJcBTcjx|N\
A(x)

oc
N(0)V TU^jrj R exp

|- R ^ j
(2.14)

where Tu is the transmission coefficient at the N-S interface.

The correlated pairs are to be found in the normal metal up to a co¬

herence distance of about (hvF/2mkBTc) . The same result was also

obtained later by Silvert and Cooper9 using a variational principle to calcu¬

late the properties of inhomogeneous superconduetors.

Quite interesting is, in the calculation of Falk8, the case for T = 0,

where A(x) does not die off exponentially, but only as l/|x|; for the case

x -» -oo and Tu = 1 he obtained:

A«-N<°>v6T?rixl CM*)

Falk's conclusions were that at low temperatures A(x) extends to

larger distances, presumably of the order (hvp /6kßT) or of the mean free

path, whichever is shorter respect to the case T = Tc. Similar 1/x de¬

pendences were also obtained later by Silvert10.

The case of the magnetic response of a proximity system, closely re¬

lated to our research, has not been treated by the microscopic theory.

Only phenomenological approaches as the Ginzburg-Landau theory have

been employed.

8 D. S. Falk, Phys. Rev. 132, 1576 (1963).
9 W. Silvert and L. N. Cooper, Phys. Rev. 141, 336 (1966).
10 W. Silvert, Rev. Mod. Phys. 36, 251 (1964).
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The response of a normal layer N in a proximity system to an applied

magnetic field can be obtained, if the equation for the current is known.

The Standard procedure given for example by the Orsay Group on

Superconductivity11 begins with the Ginzburg-Landau equations for the

vector potential A and the pair potential A in one dimension:

d2A 4e2A2 .

a3 vi .

d?+^7A+aA =Knä (2.16)

d2A

dx2" *n(A)
(2.17)

with

1 4aN A2 .

Xn(A) Bc2^1'
1

2

RDKn'

4jtkBTJ (2.18)

where y' is the derivative of the digamma function, o"n the normal State

conductivity and oc is taken as a constant and negligible except near

T = Tcn. For an homogeneous superconduetor, A is constant in space and

A,n is defined as the distance where the field is reduced by a factor 1/e.

For the case of the proximity effect A is a function of position; thus the

quantity X.N = A.n(x) becomes a local parameter and is not the directly mea-

surable magnetic penetration depth. The Ginzburg-Landau parameter is

then defined as Kn = ä,n(x) / KjJ and for a proximity system it is strongly

temperature and position dependent.

The Orsay Group11 calculated the field penetration in a semiinfinite

normal metal N (-oo < x <_ 0), when the Ginzburg-Landau parameter Kn is

very small. Writing the Ginzburg-Landau equations in reduced units gives:

11 Orsay Group on Superconductivity, in Quantum Fluids, D.F. Brewer, ed. (North

Holland, Amsterdam, 1966), p. 26.
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where a =
-

2eA

RcKN

J^cff
kn*?

= f(l + a2)

d2a

di?
= Pa

f =
A(x)

A(0)
u =

MO)
h

H
h
=

HN
HN =

(2.19)

(2.20)

<|)oKn

2jckn

For smaü fields (H « HnKn) we can use the value for f as in zero-

field, i. e. f(u) = exp (kn u). By introducing a new variable z = exp (kn u),

(2.20) becomes:

d2a

d?
J. da JL

+
i

Ar

~

2 ''
z v*

kn
(2.21)

The Solution of (2.21) is a Bessel function of imaginary argument:

a =aK„W (2.22)

that has to satisfy the foUowing boundary conditions:

a(u->0) = 0

a (u -»-oo) = h (u + p)

The first boundary condition simply means that the field is equal to zero at

the N-S interface and is satisfied as long as Kn « 1 at the interface; the

second one that the external field is screened up to a distance p (in re¬

duced units) from the N-S interface. In faet, for u -»-oo, one obtains z -» 0

and

W

where Y = Euler constant = 0.57722. Solution (2.22) then becomes:
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a(u^-oo) = -a[h^+Yj= -aKN[u-^lnKN-^ = h(u+p) (2.23)

where the quantity p in reduced units is:

P-i(h£-a116) (2'24)

anda = -h/KN.

The Solution is then:

Kn ^knJ
(2.25)

This means that the external field H maintains its value in N up to a

distance p from the N-S interface and it is zero after (Fig. 2.1). The quan¬

tity in (2.24) is defined as the Screening distance p (in reduced units) in the

normal metal N. For intermediate fields, i. e. H < Hnkn, the distortion of

f(u) by the field is more important and its profile divides the samples in two

regions, the former where f = 0 and a latter for -p < u < 0, where a = 0

(Meissner region). If we put a = 0 in (2.19) we can solve for f and obtain:

sinh[KN(u + p)]
sinh(KN p)

Outside this region the field is constant and practically equal to h. We can

solve for f if we consider that equation (2.19) has an integral:

1 fdfY

K2Nldu
+
fdaf
N'

f2 (1 + a2) = constant (2.27)

The constant is easily found because in this region:

g-h. f-0 and £-0.
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In this way the constant is equal to h2. For the region -p < u < 0 we have

a = 0, so (2.27) becomes:

4R- f^h2 (2.28)

By using (2.26) we obtain then:

1 fcosh[KN (u + p)]
2

Kn

V

sinh(KN p)
Kn

sinh2[KN (u + p)]
sinh2(KN p)

h2

which is equivalent to:

1

sinh(KN p)
= h (2.29)

This implicit equation for p describes how the wall dividing the two regions

moves as a function of the applied magnetic field.

The Orsay Group11 also calculated the Situation where the normal

metal has finite thickness 5n = dN/ÄN(0). In Fig. 2.2 we report their results

for the values of f and a at the free surface of the normal metal as a func¬

tion of the applied magnetic field. It is very important to notice that for

fields H with Hw < H < Hs there are three distinct solutions of the

Ginzburg-Landau equations. In the first Solution (OM in Fig. 2.2) the ex¬

ternal field does not affeet too much the pair potential f and this Solution

exists up to a value H = Hs that the Orsay Group calculated to be (in real

units):

Hs = Hn
8

27 KN(0) sinh(KN dN)

1/2

(2.30)
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Fig. 2.2: The reduced order parameter at thefree surface ofN as afunc¬

tion ofthe appliedfield H (upper curve). Flux penetration as a function

ofthe appliedfield (lower curve). Here Hs is the superheating field and

Hw the supercooling field (Orsay Group on Superconductivity11).

In the second Solution (NR in Fig. 2.2) the field has deeply extended into

the normal region N and the pair potential is very small. The Situation

resembles very much the penetration of the field in the semiinfinite sample

described before, where the Solution for a wall at a distance p from the

interface was calculated. For the case of a finite sample of thickness dN

we have to impose that p < dN or, by using (2.29), that H > Hw, where Hw

is:
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Hw =

sinh(KNdN)
(231)

In the third Solution (MN in Fig. 2.2) the flux inside the sample de¬

creases for increasing values of the external field: this Solution is not stable

thermodynamically. If we take a and h as conjugated variables, Fig. 2.2

resembles the pressure-volume isotherm of a gas-liquid system. It is pos¬

sible to obtain Hb, the thermodynamical critical field, by using the Maxwell

rule and equating the areas PMS and QNS. We can say that between

Hb < H < Hs the system is superheating and between Hw < H < Hb is

supercooling; hysteresis at Hb is then expected. In general Hb is obtained

numerically; the Orsay Group, however, calculated it for the case with

exp (KN dN) > 1 and kn exp (KN dN)« 1 and their result is :

Hb = 3.8HNexp(-KNdN) (2.32)

Experiments performed to observe the breakdown fields Hb were

done on thin films of double-layer Sandwiches with two known supercon¬

duetors and measurements were taken at temperatures above Tc of one

of them. Until 1982, there was no evidence of breakdown fields in Systems

containing a metal with ultralow Tc like Cu, Ag or Au as a member of the

sandwich.

Oda and Nagano12 reported in 1978 Screening effects in copper using

commercial magnet wires of Nb-Cu and NbTi-Cu. They measured the

Screening distance p and found a temperature dependence of the type

p«(T + T0)"lß. The Screening distance was progressively destroyed by

applying a very small external magnetic field.

Successively they reported13 measurements of the Screening dis¬

tance p down to 21 mK. They observed for 0.6 < T < 9 K a temperature

dependence of the type p oc T1 and below 0.6 K of the type Tm. Based on

12 Y. Oda and H. Nagano, J. Phys. Soc. Japan 44, 2007 (1978).
13 Y. Oda and H. Nagano, Solid State Commun. 35, 631 (1980).
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the work of Deutscher and Valette14 they derived from their data a tem¬

perature dependence for K^J of the type: Kn °e T1/2 for T < 0.6 K, which is

the calculated temperature dependence of K"n in the "dirty" limit. Their

measurements of p as a function of the external field were showing a rapid

decrease of p around 0.2 Oe.

In 1982 Mota et al.15 reported the first measurements of de magne¬

tization curves of superconducting thick copper (20-30 pm) in proximity

with NbTi. They measured very sharp first order transitions at Hb showing

supercooling. From their measurements of Hb as a function of temperature

they concluded that KN «= T1 down to 5 mK. Very strong temperature

dependence of the Screening distance of the type p oc t1-4 were also

observed by them down to 0.2 K, giving evidence that the samples were in

the "clean" limit

In 1983 Oda et al.16 reported measurements of the Screening distance

p as a function of magnetic field showing a breakdown field at the lowest

temperature, but no hysteretic effects at Hb were observed. Evidence of

the hysteretic effects at Hb were then given by Weber et al.17 in 1984 and

recently (1987) by Bergmann et al.18.

14 G. Deutscher and G. Valette, in Proceedings 13th International Conference on

Low Temperature Physics, K. D. Timmerhaus, W. J. O'Sullivan and E. F. Hammel,

eds. (Plenum Press, New York, 1974), Vol.3, p. 603 (1972).
15 A. C. Mota, D. Marek, and J. C. Weber, Helv. Phys. Acta 55, 647 (1982).

16 Y. Oda, A. Sumiyama, and H. Nagano, Japan. J. Appl. Phys. 22,464 (1983).
17 J. C. Weber, A. C. Mota, and D. Marek, in Proceedings 17th International

Conference on Low Temperature Physics, U. Eckern, A. Schmid, W. Weber, and H.

Wühl, eds. (North Holland, Amsterdam, 1984), Vol.2, p. 1023.

18 Th. Bergmann, K. H. Kühl, B. Schröder, M. Jutzier, and F. Pobell, J. Low Temp.

Phys.66, 209 (1987).
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3. EXPERIMENTAL ARRANGEMENTS

The need of millikelvin temperatures to investigate the physical

properties of thick proximity effect samples imposed the use of a 3He-4He

dilution refrigerator, that could operate continuously down to 5 mK.

0 100

Frequency (Hz)

200

Fig. 3.1: Vibration amplitude spectrum measured on top ofthe cryostat

withoutpumps running.

The system consisted of a commercial cryostat19 and a support

structure completely designed in our lab20. The whole cryostat was sup-

ported by a heavy aluminium structure resting on four sand filled concrete

tubes firmly attached to the building foundation. The floor of the laboratory

19 SHE model 420: cryostat insert DRI-420 and gas handling system GFH-F2, SHE

Corporation, 4174 Sorrento Valley Blvd., San Diego, CA 92121, USA.

20 J. C. Weber, Thesis, ETH No.7502, Zürich (1984), unpublished.
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was vibrationaUy deeoupled from the rest of the building. All the pumps

were sitting on a floor deeoupled from that one supporting the cryostat and

were connected to it by means of flexible tubes.

IO"3

100

Frequency (Hz)

200

Fig. 3.2: Vibration amplitude spectrum measured on top ofthe cryostat

with all the pumps running.

A measurement, done in collaboration with IBM Rüschlikon, of the

Vibration amplitude on top of the cryostat was performed in order to check

the validity of the damping system. In Fig. 3.1 is shown a measurement

with no pumps running. A similar experiment but with all the pumps on is

shown in Fig. 3.2. The slight difference between the two graphs clearly

demonstrates the negligible influence of the pump vibrations on the cryo¬

stat.

A photograph of the lower part of the cryostat is shown in Fig. 3.3. A

cross section of the experimental cell, which is an extension of the dilution

refrigerator mixing Chamber, is given in Fig. 3.4. The cell, completely made
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Fig. 3.3: Photograph ofthe lower part ofthe cryostat.
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Fig. 3.4: Cross section ofthe experimental cell.

of epoxy resin Stycast 126621, had in its lower part three internally

threaded cylinders (towers) where it was possible to mount the proximity

samples by means of plugs made of Stycast 1266. In order to achieve a

highly reliable, demountable, low temperature seal between the measuring

towers and the sample plugs, we have always used the soap seals

designed by Mota22.

Firmly attached to the body of each measuring tower were the coil

system that consisted of three concentric superconducting solenoids: a

field coil that could allow measurements under different magnetic fields, a

primary coil for measurements under variable magnetic fields, and a sec-

21 Stycast 1266, Emerson and Cuming Inc., Canton, MA 02021, USA (in Europe:

GRACE N.V., 2431 Nijverheidstraat 7, Belgium).
22 A. C. Mota, Rev. Sei. Instrum. 42, 1541 (1971).
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ondary coil (also called pick-up coil) that was inductively coupled to a

SQUID through a superconducting loop (flux transformer).
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3.1 MEASURING SYSTEM

The Superconducting QUantum Interference Device (SQUID)

offers the highest sensitivity now available for measurements of the mag¬

netic flux down to values as small as IO11 Gauss cm2.

? OC outpul

Fig. 3.5: Diagram ofthe SQUID measuring system.
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For this reason we have employed SQUIDs as detectors throughout

this research work, in order to measure with the highest possible precision

the ac susceptibility, the de susceptibility and the de magnetization of the

proximity samples. An extensive work on magnetic measurements using

SQUIDs has been written by Giffard, Webb, and Wheatley23. A simplified

diagram of the measuring system is given in Fig. 3.5.

By connecting in series two pick-up coils it was possible to measure

two samples (A and B in Fig. 3.5) with one SQUID. In our cryostat we had

the secondaries of the CMN thermometer and experimental place Z2

connected with one rf SQUID24, while a second SQUID was connected

with secondaries of experimental places Z3 and Z4. In order to decrease

the noise in the measuring system, all the secondaries have been designed

as first or second order gradiometers, whose characteristic features are

listed in Table 3.1.

Gradiometer

type

# of turns L(p-H) <t*second/<|>SQUID

CMN

Thermometer

second order 8-16-8 2 260

Tower Z2 second order 3-6-3 0.6

Tower Z3 second order 3-6-3 0.6 200

Tower Z4 first order 4-4 0.4

Table 3.1: Characteristics ofsecondary superconducting loops.

3.1.1 de magnetic measurements

de magnetization curves at constant temperatures were performed

by driving a current with a low noise power supply into a superconducting

»R. P. Giffard, R. A. Webb, and J. C. Wheatley, J. Low Temp. Phys. 6, 533 (1972).
24 RF SQUID Probe MFP, RF Head model 300 and SQUID Control Unit model 30,

SHE Corporation, 4174 Sorrento Valley Blvd., San Diego, CA 92121, USA.
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coil firmly attached to the experimental place and by measuring the flux

threading the secondary pick-up coil, which is directly proportional to the

magnetization of the sample inside it. Any flux Variation in the secondary

will induce a current in the superconducting loop in order to maintain the

total flux constant. The superconducting loop is inductively coupled to the

SQUID, which can sense this flux change and transform it into a voltage at

the de Output shown in Fig. 3.5. The ratio between the flux in the sec¬

ondary coil and the flux sensed at the SQUID is given in Table 3.1 for the

two SQUIDs. All the field coils were made with NbTi superconducting

wire25 (0.13 mm in diameter) without copper and no superconducting

shielding was used in the coil System. Values of the field to current ratio for

the three experimental places are given in Table 3.2:

experimental place field to current ratio

tower Z2 0.81Oe/mA

tower Z3 0.66Oe/mA

tower Z4 0.68Oe/mA

Table 3.2: Field coil characteristics.

3.1.2 ac magnetic measurements

Besides the external field and secondary coils described before, each

tower of the experimental cell has a primary coil that allows to measure

the ac susceptibility of the samples. The complex susceptibility of the

sample can be analysed with respect to its two components %' and %" by

means of a lock-in amplifier26 together with a mutual induetance bridge27.

Referring to Fig. 3.5 the sample is excited by an alternating magnetic field

produced by a current driven by the oscillator and sent, through the

25 NbTi 0.005" superconduetor, SHE Corporation.
26 Biphase Detector model BPD, SHE Corporation.
27 AC Impedance Bridge model RBU, SHE Corporation.
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resistance Ri, to the primary coil. The current indueed in the secondary

depends on the mutual inductance between primary and secondary coils,

which is proportional to the susceptibility of the sample. The ratio

transformers supply the in-phase and quadrature Signals to the calibrated

balancing mutual inductance m. At this point any current in the secondary

cireuit is sensed inductively by the SQUID and fed to the input of the BPD

lock-in amplifier. The susceptibility of the sample was measured by setting

the values of the ratio transformers so that the Output of the lock-in

amplifier is balanced. The measuring frequency was fed by the oscillator

in the RBU bridge and could have the values of v = 16,32,80,160 Hz. The

peak-to-peak amplitude of the magnetic field generated by the primary

coil could be varied from 0.06 mOe to 33 mOe.
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3.2 THERMOMETRY

The most peculiar and interesting properties of the proximity effect

are observed at millikelvin temperatures; for this reason great care was

given to the thermometry aspect. The primary thermometers in the

cryostat were two calibrated germanium resistors by Lake Shore

Cryotronics28 firmly attached to the body of the mixing Chamber. The

resistance was measured with a four point method by a Potentiometrie

conductance bridge29 and an automatic resistance bridge30. The sensor

excitations are, for the conductance and for the resistance bridge, a 27 and

a 25 Hz Square wave respectively, developing constant rms voltages

across the sensor voltage terminals selectable for the former bridge from

10 p.V up to 300 uV and for the latter from 10 pV to 3 mV. Carbon resistor

thermometers were also placed on the coldplate, still, baseplate heat ex-

changer and last step heat exchanger for monitoring the dilution refrigera-

tor during every cooldown. We also had one carbon resistor outside the

mixing Chamber and a slice 0.2 mm thick of a carbon resistor31 inside the

mixing Chamber. High precision measurements of the temperature down

to 5 mK were done by measuring with a SQUID the temperature depen¬

dent susceptibility of Cerium Magnesium Nitrate (CMN). The CMN salt

obeys the Curie-Weiss law % = (C / T) + Xo down to millikelvin tempera¬

tures32. Here C is the Curie constant and Xo die Van Vleck temperature

independent susceptibility. The corresponding values of the two constants

were determined for each run by calibrating the CMN thermometer with

28 Germanium resistor thermometer, model GR-200 A-50 and model GR-200 AI00,

Lake Shore Cryotronics Inc., Westerville, Ohio 43081, USA.

29 Potentiometrie Conductance Bridge, model PCB, SHE Corporation.
30 Automatic Resistance Bridge, model AVS-45, RV-Elektroniikka Oy,

Veromieheentie 14, SF-01510 Kantaa 51, Finland.

31 Carbon resistor 68 Q (1/8 W, ERC-18), Matsushita Inc.

32 J. C. Wheatley, in Progress in Low Temperature Physics, C. J. Gorter, ed. (North

Holland, Amsterdam 1970), Vol. 6, p. 77.
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the two germanium resistor thermometers in the temperature ränge

0.3 < T < 3 K. An example of such a calibration is given in Fig. 3.6.

The CMN thermometer was clamped outside the mixing Chamber

and its housing was connected to the dilute inlet of the coldest heat ex-

changer by a capillary tube. In this way, by wetting the insulating grains of

CMN with the 3He-4He mixture, we could increase the thermal contact of

the grains between themselves and the metallic case. Experiments have

been performed also with CMN thermometers placed inside each exper¬

imental place in order to have a calibration of the small deviations occur-

ring below 10 mK between the outside and the inside of the mixing Cham¬

ber.

-2200

(a.u.)

-2700

-3200

C = 291.5 ±0.5

XO = - 3205 ±1

1/T(K"1)

Fig. 3.6: CMN thermometer susceptibility vs. 1 IT.
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3.3 SAMPLES

For this study of the proximity effect we have used niobium (Nb) as

superconducting material and silver (Ag) as normal metal.

The starting specimen was made with one high purity Ag rod33 (see

Table 3.3) that was machined to a tube with an inner diameter of 5 mm.

After careful cleaning, a Nb rod34 was fitted inside the silver tube; the

whole specimen was then cladded by a copper tube35 in order to avoid

contamination ofthe silver.

Element Au Cu Fe Na Si Mg

impurity

level (ppm)

2 2 2 1 <1 <1

Table 33: Silver rod chemical analysis.

The initial reduction from 0ext = 10 mm down to 0ext = 0.25 mm was

obtained by swaging and codrawing. This work was done at KFK

Karlsruhe. Both procedures resulted in high bonding at the interfaces

while maintaining the cross-section as circular as possible. At this stage

further work was done in our laboratory: the copper cladding was etched

away and further reduction was obtained by codrawing the wire to the

desired dimensions with a series of diamond dices36. The quality of the

sample obtained in the last drawing process was checked with cross sec-

33 Ag rod, 1=100 mm 0=7 mm , Ag 99.999 + %, Cat. # AG 007930, Goodfellow

Metals, Science Park Milton Road, Cambridge CB4 4DJ, England.
34 Nb rod, 1=100 mm 0=5 mm, Nb 99.9 %, Cat. # NB 007920, Goodfellow Metals,

Science Park Milton Road, Cambridge CB4 4DJ, England.
35 Cu tube, 0ext=lO mm 0jM=7 mm, (starting material: Cu 99.99 + %, Cat. # CU

007960, Goodfellow Metals, Science Park Milton Road, Cambridge CB4 4DJ,

England).
36 Philips AG, Allmendstrasse 140, Postfach, CH-8027 Zürich.
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Fig. 3.7: Cross section ofsample # 1 recorded with a scanning electron

microscope.
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Fig. 3.8: Cross section ofsample # 5 recorded with a scanning electron

microscope.
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tion pictures taken by a scanning electron microscope37. The thickest and

the thinnest samples are shown in Fig. 3.7 and Fig. 3.8.

The crucial point in any proximity effect specimen is the interface

between the normal and the superconducting material: oxide layers and

interdiffusion have a catastrophic effect on the electronic transmission

coefficient. In order to check the quality of our proximity samples after the

fabrication procedure we have measured the contact resistance between

the normal metal and the superconducting core.

d

CURRENTSOURCE

¦€>¦

1
}¦

Fig. 3.9: Simplified arrangementfor the contact resistance measure¬

ments.

Referring to the Situation shown in Fig. 3.9 we have for the resistance

of the normal metal the foUowing expression:

(3.1)

Values as small as 10 -10'10O are then expected to be measured at

37 Model Cambridge, MkllA, Cambridge Inst., Cambridge (GB).
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Fig. 3.10: Basic de Voltmeter cireuit employing the SQUID in aflux-

locked loop for resistance measurements.

low temperatures for a sample without any oxide layer between the two

metals. For this purpose we constructed an experimental arrangement

using a SQUID as a null detector, that could measure resistances smaller

than 1x1010O at 4.2 K (Fig. 3.10).

Only samples having resistances smaller than 10"8 Q were selected

as candidates for proximity effect experiments inside the dilution refrigera-

tor.

At this stage the selected wire was wound around a reetangular sil¬

ver support, 7 mm wide; the whole objeet was then annealed in argon at¬

mosphere at the desired temperature. In order to choose the ideal anneal¬

ing temperature for each sample, we measured with a conventional four

point technique the ratio (RRR) between the residual resistivity of the wire

(measured at 10 K) and its room temperature one.

The foUowing relation38 was used to calculate the corresponding

mean free path In just above the transition temperature of the Nb core:

polN = 0.84xl0-15Qnv (3.2)

38 Landolt - BÖrnstein, Vol. 15, Sub. A, p. 140.
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Sample d(pm) ds (pm) dN (pm) As lN(|im) TCC) t (min)

1 191 135 28 37 13.6 550 180

2 100 71 14.5 70 2.0 - -

3 50 36.5 6.75 137 20 700 10

4 41 30 5.5 167 20 700 10

5 23 16.4 3.3 305 3.1 800 30

d = diameter of the wire

ds = diameter of the superconduetor (Nb)

ds = thickness of the normal metal (Ag)

As = djniiiai/ds (djniiia! = 5 mm)

1N = bulk electronic mean free path

T = annealing temperature

t = annealing time

Table 3.4: Samples' characterization.

Fig. 3.11: The experimental tower, containing several proximity samples,

seen from above.
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Fig. 3.12: The experimental tower, containing several proximity samples,

seen from the side.

After the annealing procedure the wire was insulated with GE 7031

varnish39 and cut along the edges of the silver support. In this way we

could obtain two stripes formed by hundreds of parallel insulated wires

approximately 5 mm long. The experimental "tower" could at this point be

easily filled with the prepared specimens and located inside the experi¬

mental place as shown in Fig. 3.11 and Fig. 3.12. In Table 3.4 are listed all

the characteristics of the samples chosen for this research work.

All the geometrical quantities were derived from cross-section pic-

tures like those shown in Fig. 3.7 and Fig. 3.8. Since the five specimens

39 GE 7031 varnish, General Electric Co., Insulating Material Depart., Schenectady,

N.Y. 12305, USA (in Europe: Oxford Instruments Limited, Einstram Oxford OX8

1TL, England).
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were obtained only by successive drawing of the same wire we could cal¬

culate the increase in contact area between the superconducting and the

normal metal relative to the starting piece. The increase is listed in the As

column. It is obvious that the larger the value of As, the smaller is the

influence of the eventual starting oxide layer between the two metals.
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4. RESULTS

4.1 SCREENING DISTANCE

The Screening effects indueed by the proximity effect on the normal

side N have been measured by means of low field ac susceptibility. Fig. 4.1

and Fig. 4.2 show the behaviour of the real in-phase component (x') and

the imaginary out-of-phase component (x") of the susceptibility as a

function of temperature for sample # 2. Each point was taken after allow-

ing enough time for the specimen to reach thermal equilibrium; then the ac

magnetic field was turned on and the two components balanced and mea¬

sured for each temperature. In the limited ränge of 16-160 Hz, %' was

practically independent of frequency.

(a.u.)
_2

.

t 1 1 1 r
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J
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23456789 10
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Fig. 4.1: In-phase component (x') ofthe ac susceptibility of sample # 2 as

a function of temperature.
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Fig. 42: Out-of-phase component (x") ofthe ac susceptibility of sample

#2 as afunction oftemperature.

From Fig. 4.1 the diamagnetic transition of the Nb core at Tcns=°.2 K

is clearly visible. In all the five specimens, the transition temperature of the

prt)xirnity system Tcns «s equal to Tcs, the transition temperature of the su¬

perconduetor S, since the condition £os « ds is always fulfilled, ^os being

the coherence length in S at T = 0.

At much lower temperatures we observed a continuous increase of

X' due to the leakage of Cooper pairs into the normal metal (Ag); on the

other hand x" remains practically constant below TCns-

The increase in absolute value of the ac susceptibility is proportional

to the volume of the sample that becomes superconducting. For a cylindri-

cal geometry as shown in Fig. 4.3 we have:

AX'(T)

AXo

nix [ff+pq#!]
°#

(4.1)
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where Ax'o = Jump in x' at Tcns

Ax' = increase in the diamagnetic signal below Tcns

ds = diameter of the superconducting core

1 = length of each sample

n = number of wires in the experimental tower.

Normal metal N

Superconduetor S

Fig. 43: a) Sectional sketch ofthe wire. p indicates the distance from the

N-S interface up to which the magneticfield is screened in the normal

metal.

b) Ax'o and Ax'(T) taken from the ac magnetic susceptibility.

Here p is defined, foUowing the Orsay Group11 notation, as the dis¬

tance from the N-S interface up to which the external magnetic field H is

completely excluded. From expression (4.1) we obtain for the Screening

distance p(T):

P(T) = -

AXo J

,1/2

(4.2)

With the measured values of susceptibility and the sample dimension

ds obtained from scanning electron microscope photographs, we can de-
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termine p as a fiinction of temperature for all the samples studied in this

work.

AU the samples show similar behaviours for the Screening distance p

as a function of temperature as we can see from Fig. 4.4 to Fig. 4.8: below

T = 6 K, p increases strongly with decreasing temperatures foUowing ap¬

proximately a power law. The lines shown in each plot are fit of the type

p oc Tn; we do not observe the same value of n for every sample, but a

slight increase in the exponent for those with smaUer dN values. A power

law behaviour has been reported by several authors12-15-18 for the Systems

Nb-Cu and NbTi-Cu.

100
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Fig. 4.4: Screening distance p vs. Tfor sample # 1 with dN = 28 pm.

At the lowest temperatures the samples become fully superconduct¬

ing, p saturates and reaches a value which is only few percent away from
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the value of the thickness dN as deduced from the analysis of SEM pho¬

tographs.

Values of the Screening distance p were also obtained by taking the

initial slope of a virgin de magnetization curve. For the thickest samples

the two types of data are pratically indistinguishable down to few mil-

likelvins. We have observed deviations for the thinnest samples below

100 mK; this interesting case will be discussed later.
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Fig. 4.5: Screening distance p vs. Tfor sample # 2; du = 14.5 pm.

We have shown in Chapter 2 how the Orsay Group on Superconduc¬

tivity11 have calculated the value of the Screening length in a normal metal

in proximity with a superconduetor in the weak field limit, that is for fields

H<<(»oKN/27t.

Their result, written in terms of real units of distance, is:
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P = KN|ln
l

kn(0)
0.116 (4.3)

We remember that K'n is the pair penetration depth and kn(0) is the

value of the Ginzburg-Landau parameter at the interface between the

normal and the superconducting metal.

We have tried to fit the data with expression (4.3) using for the tem¬

perature dependence of KN its "clean" limit expression, i.e. KN = a /T.

Since the temperature dependence of kn(0) in the "clean" limit is not

known, we have tentatively used the foUowing expression:

kn(0) =
Xn(0,T) MO)-!™

Kn oc/T

1U

p

(pm)
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Fig. 4.6: Screening distance p vs. Tfor sample # 5; djv = 6.75 pm.
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It is certainly reasonable to claim a temperature dependence of this

type for A,n(0,T) because the penetration depth is inversely proportional to

the indueed order parameter at the interface, which strongly decreases for

increasing temperatures.

It is easy to realize that, having three different fitting parameters

(a, Xn(0), m), it is practically impossible to deduce reliable Information on

their values for each sample. For this reason we have plotted in Fig. 4.9

equation (4.3), together with the values of p vs. T for all the samples, for

two different sets of the fitting parameters. Both fits can at least fairly

describe the general temperature dependence of the Screening distance

but, as we can see in Table 4.1, with completely different values of the

parameters.
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Fig. 4.7: Screening distance p vs. Tfor sample # 4; du = 5.5 pm.
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a htiO) m

Fit#l 1.0 K um 0.07um 0

Fit#2 0.6 K um 0.005um/K 1

Table 4.1: Fitting parametersfor equation (43).

It wül be seen in the next section how more precise determinations of

the pair penetration depth KN and of An(0) are indeed possible with the

analysis of the breakdown Meld data.

100 1000

T(mK)

10000

Fig. 4.8: Screening distance p vs. Tfor sample # 5; du = 33 pm.
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Fig. 4.9: Screening distance p as afunction ofTfor all the specimens.

KN(0)
- 0.116Temperature dependence of the type p = fCN In

is shown for two different choices ofthe fitting parameters.

1
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4.2 BREAKDOWN FIELDS

In this section we will restrict to the case where the values of the

Ginzburg-Landau parameter at the free surface of the normal metal are

smaller than one. The condition kn (d^ < 1 simply means that the material

is everywhere a type I superconduetor. In this regime the normal metal

screens the external field up to a certain "breakdown" value Hb, where a

sharp first order transition oecurs.

X"
1 < 1 ¦ 1 ¦

(a.u.)
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T=10mK

dn = 6.75 pm ! $
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Fig. 4.10: In-phase component ofthe ac susceptibility as afunction ofthe

external de magneticfield atT= 10 mKfor sample with du = 6.75 pm.
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Fig. 4.11: de magnetization curve ofsilver with ds = 6.75 pm at

T = 5.7 mK. The diamagnetic contribution ofthe Nb core has already

been subtracted.

We have measured the ac susceptibility and the de magnetization of

silver as a function of magnetic field, in order to study the field penetration
in this regime. A typical experimental curve of x' vs. H is given in Fig. 4.10

for sample # 3. The silver screens completely the external field up to

values as high as 12 Oe; above this value a sharp decrease of the diamag¬
netic susceptibility occurs until it reaches at higher fields a value close to

that one measured at high temperature and at zero field. By decreasing the

external field the typical hysteretic behaviour of a first order transition is

revealed. We interpret the two breakdown fields for increasing and de¬

creasing values of the external field as superheating and respectively su-
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H(Oe)

Fig. 4.12: dx'ldH ofthe data shown in Fig. 4.10.

percooling fields. A typical example of a de magnetization curve of super¬

conducting silver is given in Fig. 4.11 for sample # 3 again.

This curve is obtained by measuring the total magnetization at low

temperature and then subtracting from it the constant signal coming from

the niobium core, previously measured at higher temperatures.

The main features already seen from the ac susceptibility data are

here reproduced in an independent type of measurement: the supercon¬

ducting silver supercools and superheats, giving a clear proof of the first

order nature of this transition. Ideal superheating and supercooling should

show two discontinuous jumps of the susceptibility for increasing and de-

creasing fields. Our samples consist of bundles of several hundreds of
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Fig. 4.13: In-phase component ofthe ac susceptibility as a function ofthe

external de magneticfield atT = 163 mKfor sample with du = 6.75 pm.

wires put together, so a smeared out transition as the result of many indi¬

vidual events is expected. It is important to notice that for each individual

wire, variations in the value of dN could also play a role in broadening the

transition. Even if the ideal case of a discontinuous transition, i.e. an

inflection point with infinite slope tangent, is not observed, we can still

satisfactorily take as the average superheated and supercooled field the

point with the highest derivative dx'/ö*H in the %' vs. H curve for

increasing and respectively decreasing fields. A typical analysis is shown

in Fig. 4.12, where the quantity dx'/dH vs. H is plotted. The absolute
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Fig. 4.14: In-phase component ofthe ac susceptibility as a function ofthe

external de magneticfield at T = 600 mKfor sample with du = 6.75 pm.

maxima for increasing and decreasing fields clearly indicate these

inflection point values. The presence of other inflection points is probably
due to inhomogeneities of the sample dimensions; the breakdown field is

so strongly dependent on the value of dN that any portion of the normal

metal having thickness smaller than the average one will have a first order

transition at higher value of the external field. In Fig. 4.13 and Fig. 4.14 the

behaviour of the same sample at higher temperatures is shown. The

absolute values of the critical fields as weU as the width of the hysteresis

decrease for increasing temperature.
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Fig. 4.15: Supercooled and superheatedfield as a function of temperature

for sample with Ag thickness dN = 28 pm.

All the measurements were repeated several times and for fields of

opposite polarity as weU; the time to sweep the whole %' vs. H curve was

also varied from few minutes to several hours: with the precision of our

experimental arrangement we could not detect any significant difference.

From now on we wiU identify the two defined fields as Hsh (super¬

heated field) and Hsc (supercooled field); it is of course impossible to know

how far away we stand with our definition from the ideal values of

superheating and supercooling.

With this type of measurements we were able to know the Variation

of these two fields as a function of temperature for all the samples; the re¬

sults are given in Fig. 4.15 - 4.19. The behaviour shown in the figures for

the supercooled field Hsc and superheated field Hsh as a function of tem-
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Fig. 4.16: Supercooled and superheatedfield as afunction of temperature

for sample with Ag thickness ds = 14.5 pm.

perature is not observed in any classical superconduetor. We found that

both fields follow, for a certain temperature ränge, exponential laws of the

type:

Hsc = Hsc(0)ex]

HSH = HSH(0) exp

(4.4)

The values of the parameters A, HSc(0) and HSh(0) are given in Table

4.2 for all the samples and for both the supercooled and superheated field.

Similar exponential laws for the breakdown field have also been ob¬

served by Mota et al.15 for Cu-NbTi together with a strong dependence of
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Fig. 4.17: Supercooled and superheatedfield as afunction of temperature

for sample with Ag thickness dN = 6.75 pm.

parameters for Hsh parameters for Hsc

Sample # dN

(um)

A

(Kam)

HSH(0)

(Oe)

A

(Kpm)

Hsc(0)

(Oe)

1 28 1.4 2.70 1.5 2.46

2 14.5 1.3 1.86 1.3 1.86

3 6.75 1.4 19.9 1.6 14.6

4 5.5 1.4 24.2 1.6 17.7

5 3.3 1.6 27.9 1.7 24.4

Table 4.2: Parameters ofthe superheated and supercooledfieldfor all

the samples.
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Fig. 4.18: Supercooled and superheatedfield as afunction of temperature

for sample with Ag thickness dN = 53 um.

the coefficients HSc(0) and HSh(0) on dN- In Fig. 4.20 and in Fig. 4.21 we

have plotted the values of both of them as a function of dN together with

the values of HN of ref. 15 in a semilogarithmic and in a log-log type of

graph respectively. In ref. 15 HN is the exponential extrapolation at T=0 of

the breakdown field as a function of temperature.

Even if the data of ref. 15 could be equaUy well fitted with an expo¬

nential or a power law, our data instead show an exponential behaviour.

This discrepancy can be understood if we consider the faet that for the

thinnest samples the temperature dependence of Hsc and HSh clearly de¬

viates from the exponential behaviour and saturates at low temperatures;

this means that the exponential extrapolation at T = 0 is much larger than

the actual measured value at low temperatures. This difference is instead
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Fig. 4.19: Supercooled and superheatedfield as afiinction of temperature

for sample with Ag thickness dN = 33 pm.

very smaü for samples of ref. 15 and for our thickest samples. In Fig. 4.22

we have plotted the measured values of Hsc at T = 5 mK vs. dN together
with the HN values of ref. 15. It is evident that with this choiee the l/dN law

is now much better foUowed by our data as weU.

The supercooled field expression for Hsc was derived by the Orsay

Group on Superconductivity11 and their results gave for k « 1:

Hsc =
<t>0

2re \n(0,T) Kn sinh(KN dN)
(4.5)

For KNdN» 1 this becomes:



57

Hsc
^

r exP("KN *t)
JtVO,T)KN

(4.6)

This exponential dependence is very similar to the experimental expres¬

sion (4.4) given before if we take the "clean" limit expression for the pair

penetration length

i nvF
_

a
_

1.69 (pm K)
KN =

2mkBT T (K)
(4.7)

and consider the prefactor as temperature independent. It is remarkable

how the values of the coefficient A given on Table 4.2 are in faet only few

percent away from the theoretical value of the constant a for the "clean"

limit expression of Kn of silver.

At low temperatures deviations from the exponential behaviour are

expected to be seen; in faet expression (4.6) is valid for KNdN » 1.

-¦ 1 ¦ r

a Hsh(O) Ag/Nb

n Hsc(0) Ag/Nb

a Hn (from ref. 15) Cu/NbTi

dn (pm)

Fig. 4.20: Hsc and HSh as afunction ofAg thickness dN in lin-log scalefor

four samples only compared with the results of reference 15.
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Fig. 4.21: Hsc and Hsh as afiinction ofAg thickness dN in log-log scalefor

four samples only compared with the results of reference 15.

We have tried to work out expression (4.5) for HSc in order to de¬

scribe the data in the whole temperature ränge. The main problem relies

on writing the correct expression for A,n(0,T). We propose a temperature

dependence for the penetration depth of the type:

/\n(0,T) = An(0) 1 +
To

(4.8)

with To and n constants. If this choiee for \n(0,T) is taken, (4.5) becomes:
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Fig. 4.22: Hsc and Hsh atT = 5 mK as afunction ofdN.

Hsc-

2ti An(0)

<J>qKn

1 + I
(4.9)

sinh(KN d^

At low temperatures for Kn dN « 1 we can expand the hyperbolic
sine in expression (4.9) in series of Taylor and by taking the limit for T —»0

we get:

Hsc~
d>o

27t An(0) dN
(4.10)
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This is exactly the 1/dN dependence we have observed for the breakdown

fields at T = 5 mK. From the measured values of Hsc at low temperatures

we could deduce from (4.10) the values of X-n(0) for the different samples

as shown in Table 4.3. With the known values of Kn and A.N(0) we have

tried to fit the supercooled field data in the whole temperature ränge with

the new expression (4.9). An example of this type of fit is shown in Fig.

4.23 for sample # 4 where deviations from the simple exponential be¬

haviour were very strong. This new expression for the supercooled field

HSc describes the data very well for all the samples, even down to tem¬

peratures as low as 5 mK. The values of the parameters used for this type

of fit are given in Table 4.4.

sample # dN

(um)

Hsc(T=5mK)

(Oe)

Xn(0)

(um)

1 28 2.2 0.05

2 14.5 1.5 0.15

3 6.75 11.6 0.04

4 5.5 13.8 0.04

5 3.3 21.1 0.05

Table 4.3: Values ofthe supercooledfield at T = 5mK and penetration

depth at the interface.

sample # dN(um) T0(mK) n

1 28 52 1.3

2 14.5 92 2.1

3 6.75 270 1.4

4 5.5 331 1.4

5 3.3 530 1.3

Table 4.4: Characteristic temperature T0 and exponent nfrom the fit of

supercooledfield data with equation (4.9).
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We had no success trying to fit the superheated field data with the

expression given by the Orsay Group on Superconductivity11:

__J>oKn_
SH

27tAN(0,T)

8Kn

27M0,T)sinh(KNdN)
(4.11)

600

Fig. 4.23: Supercooledfield as afunction of temperaturefor sample with

dN = 5.5 pm. The continuous line is afit with expression (4.9).

A possible explanation is that in faet the observed hysteretic behaviour

could be given mainly by supercooling with little superheating.
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Fig. 4.24: Characteristic temperature T0 as afunction ofAg thickness di..

It is very interesting to notice that, except for the sample # 2 that was

not annealed, the value of the constant n is practicaUy the same for all the

samples and is around 1.3 -1.4. It is then tempting to say that (4.8) is the

analogous, for an inhomogeneous superconduetor, of the well known em-

pirical two fluid approximation for the temperature dependence of the

penetration depth in homogeneous superconduetors: An x (1 -14 )"w, with

t = T/Tc. In this proximity system the critical temperature Tc is replaced

by a characteristic temperature To which scales with the dimension of the

normal metal. In Fig. 4.24 the value of T0 is plotted vs. dN and is roughly in-

versely proportional to dN.

From the measured values of Hsc and Hsh we can determine the

temperature T* above which HSc is equal to HSh- In Fig. 4.25 to Fig. 4.27

we have plotted the ratio (HSc/Hsh)2 vs. T for three samples. They all

have similar behaviour, i.e. an approximately linear decrease for decreas¬

ing temperatures below T*.
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Fig. 425: Square ofthe ratio ofthe supercooling to the superheating field

(Hsc/Hsh) > as afunction of temperaturefor sample with dN = 28 pm.

sample # dN(um) T* (mK) T** (mK)

1 28 130 -

2 14.5 30 .

3 6.75 600 300

4 5.5 700 400

5 3.3 1000 100

Table 4.5: Values ofT* defined as the minimum temperature where

Hsc = Hsh and T** where the ratio HSc I HSh saturates.
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Fig. 4.26: Square ofthe ratio ofthe supercooling to the superheating field

(Hsc I Hshf, as aJunction oftemperaturefor sample with dN = 6.75 pm.

Mota et al.40 have measured a Saturation of the ratio (HSc/HSh) be¬

low a temperature T** for Cu/NbTi specimens. A Saturation below T**

is also present in the three thinnest samples of this work. In Table 4.5 the

values of T* and T** for each sample are listed.

It is clear that T* depends strongly on the thickness of the normal

metal; this dependence is depicted in Fig. 4.28 where T* is plotted vs. dN. If

we exclude sample # 2 that was not annealed, they aU follow a law of the

type:

T*dN * constant = 3.6 (K um) (4.12)

We have tried to see if there is at least a qualitative agreement of the

theory given by the Orsay Group on Superconductivity5 with our experi-

40A. C. Mota, P. Visani, and A. Pollmi, J. Low Temp. Phys., 76,463 (1989).
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Fig. 4.27: Square ofthe ratio ofthe supercooling to the superheating field

(HscIHshF, as afunction oftemperaturefor sample with dN = 3.3 pm.

mental results. They considered the Gibbs free energies G\ and G2 asso-

ciated with two penetration modes of the external field and defined T* as

the highest temperature at which a first order transition occurs. This

condition was given by the foUowing equation:

x^ = 2COsh(KNdN) (4.13)

If we take v = Kn dN (4.13) becomes:

2v

3 kn(0)
= coshv (4.14)

This equation has two solutions for Kn(0) < 0.44 and no solutions for
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Fig. 4.28: Temperature T* above which Hsc - Hsh as afunction ofthe

thickness d» ofthe Ag layer.

*n(0) > 0.44; Kn(0) = 0.44 is then the limiting value for which first order

transition could be observed. For this value of the Ginzburg-Landau

parameter equation (4.14) has one Solution v = 1.2. From the definition of v

we get the foUowing relation:

KNdN = 1.2 (4.15)

If we use for KN its "clean" limit expression (4.7) we then have:

T% = 1.2 2^r£- = constant = 2.0 (K pm) (4.16)

This is exactly the type of law (4.12) we have found experimentally;

quantitatively it is within a factor of two from the measured value.
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4.3 HIGH FIELDS ( H > Hb )

In the previous sections we have analyzed the Screening properties

of silver only up to the breakdown field Hb. We are now interested in ana-

lyzing the behaviour of the field penetration in the normal metal for higher
fields. These fields are always much smaller than the critical fields of nio¬

bium41 (Hci(0) = 1735 Oe and Hc2(0) = 4030 Oe); this means that the order

parameter in the superconducting metal is practically unchanged from his

zero field value.

The Orsay Group on Superconductivity11 have calculated the form of

the indueed order parameter for a normal metal of infinite thickness:

AN(x) = AN(0)exp(-KNx) (4.17)

For a normal metal of finite thickness dN the above equation has to be

changed in order to fulfil the boundary condition 9An(x)/9x = 0 at the free

surface (x = dN), and becomes:

a /v\ a rt\\
cosh[KN (dN - x)]

AN(x)
=
AN(0)

coshKNdN
(4.18)

At low enough temperatures aecording to this expression the order pa¬

rameter should be practicaUy constant across the sample.

In the previous section we have seen that at few millikelvin the

Ginzburg-Landau parameter at the free surface is very small and the

sample is then everywhere a type I superconduetor. For these reasons

one would expect to see a sudden decrease of the magnetization after the

breakdown field Hb like in any ordinary type I superconduetor.

The de magnetization curve of superconducting silver taken at

T = 6 mK for a sample with thickness dN = 14.5 pm is shown in Fig. 4.29.

41D. K. Finnemore, T. F. Stromberg, and CA. Swenson, Phys. Rev. 149, 231 (1966).
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Fig. 4.29: de magnetization curve ofAg with dN = 14.5 pmatT' = 6.1 mK.

The diamagnetic contribution ofthe Nb core has already

been subtracted.

The magnetization does not go to zero immediately after Hb is reached

(Hb =1.5 Oe), but only at much higher fields. This effect cannot be due to

geometrical factors being the sample made of wires 5-6 mm long and only

0.1 mm in diameter: with these dimensions we have a demagnetization

factor N = 0.001.

The Orsay Group on Superconductivity11 interpreted Hb as the field

at which a waU enters the normal region N dividing it into a part N' where

the order parameter is practically zero, and a part N" where AN(x) is still

large and the external field does not penetrate.
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From the magnetization curve in Fig. 4.29 it is clear that the wall at Hb

is not very far away from the free surface and only by applying higher and

higher fields it can be pushed closer and closer to the normal-supercon-

ducting interface. Then, at a given field H, the position of the wall deter¬

mines the "local" critical field Hc(x) at that point.

From a de magnetization curve and with the known sample dimen¬

sions we can readily derive the position of the wall for each value of the

external field; this is given by:

x(H) = ^.1 +
./M(H)
^ / M(H) -r + 1 f (4.19)

where Xo is the slope of the linear Meissner region of the magnetization

curve. With these data we can plot the value of the local critical field as a

function of position. This is given in Fig. 4.30 with x being simply the dis¬

tance from the N-S interface. The solid line is a fit of the form

Hc(x) = Hc(0)^exp(-KNx) (4.20)

with Hc(0) = 38 Oe and Xo = 0.6 pm as fitting parameters; KN = 1.3 / T was

instead taken from the breakdown field data; Hc(0) is the critical field at

x = 0.

A similar analysis done on the magnetization curve taken at

T = 5.7 mK for a sample with dN = 6.75 pm (Fig. 4.11) is given in Fig. 4.31.

The same law (4.20) with Hc(0) = 102 Oe and x<, = 0.6 pm seems to fit

very weU the data in the reversible part of the magnetization curve.

It is tempting now to use the dependence (4.20) of the local critical

fields in the normal metal to derive the space dependence of the indueed

order parameter An(x). In faet, if the BCS expression for the condensation

energy can be applied to this inhomogeneous type I superconduetor, we

have:

H?(0)
j

-^r
= 5N(0)AN(0) (4.21)
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Fig. 430: Local criticalfield Hc(x) as afiinction ofthe distance xfrom

the N-S interface obtainedfrom the data in Fig. 4.29for sample with

dN = 14.5 pmatT' = 6.1 mK. The solid line is afit with equation (4.20).

Here Hc(0), An(0) are respectively the critical field and the order parame¬

ter at T = 0; N(0) is the density of states at the Fermi level.

From the direct proportionality between Hc and An we can write

down, assuming N(0) constant, that the spatial dependence of the indueed

order parameter for a thick proximity superconduetor should be of the

type:

x0
AN(x) = AN(0)

X + Xq
exp(-KN x) (4.22)
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Fig. 431: Local criticalfield Hc(x) as afunction ofthe distance xfrom

the N-S interface obtainedfrom the data in Fig. 4.11 for sample with

dN = 6.75 um atT = 5.7 mK. The solid line is afit with equation (420).

It is interesting to note that the indueed order parameter was calcu¬

lated by Falk8 at T = 0 and he found that An(x) does not die out exponen¬

tially but rather more slowly as 1 Ix. The Orsay Group on Superconductiv¬

ity5 had also predicted by solving the Ginzburg-Landau equations that the

order parameter for a sufficiently thick normal metal should have a 1/x

space dependence at T = Tcn- It is quite remarkable that our experimental

law is valid for temperatures much higher than Tcn-

Up to now we have only investigated the validity of (4.20) for values
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of the product Kn dN « 1. For this reason we have selected sample # 5

where we had measured magnetization curves at several temperatures up

to T = 750 mK (for this temperature Kn dN = 1.5). The temperature depen¬

dence of the de magnetization, for increasing fields, is shown in Fig. 4.32.

In Fig 4.33 we give an example for T = 67 mK where a reversible tail of

the magnetization stiU exists up to fields as high as 95 Oe. The analysis of

the local critical fields Hc (x) for this temperature is then illustrated in Fig.

4.34. The fitted parameters Hc(0) and x0 are given in Table 4.6.

The purely experimental law (4.20) seems to describe the data well

even at higher temperatures. Indeed one observes a decrease of the value
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T

(mK)

Hc(0)

(Oe)

x0

(pm)

41 132 0.18

67 110 0.12

235 72 0.19

750 72 0.25

Table 4.6: Values ofthe parameters Hc(0) and x0 obtainedfrom the fit of

equation (4.20) to the critical field data.

of Hc(0) that could be interpreted as a decrease of AN(0) for increasing

temperatures. Unfortunately the error in the determination of Hc(0) be¬

comes also bigger the higher the temperature and this conclusion is only

tentative.

Of greater interest is the dependence of Hc(0) on the thickness of the

normal metal dN. On Table 4.7 we report the compared results for Hc(0)

together with the value of Kn dN- For the thinnest sample we have ex¬

trapolated Hc(0) at T = 12 mK from the de magnetization curves at higher

temperatures in order to have a value of Kn dN comparable with the one of

the other samples.

Sample # dN

(pm)

T

(mK)

KNdN Hc(0)

(Oe)

2 14.5 6.1 6.8xl02 38±3

3 6.75 5.7 2.6xl0"2 10216

4 5.5 5.8 2.1xl02 78110

5 3.3 12(extr.) 2.4xl0"2(extr.) 200110(extr.)

Table 4.7: Compared analysis ofthe value Hc(0) forfour samples.

In Fig. 4.35 the quantity Hc(0) has been plotted as a function of dN. It is

here evident the strong dependence of the critical field at the N-S inter¬

face on the thickness of the normal metal with a law of the type:
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The diamagnetic contribution ofthe Nb core has already

been subtracted.

Hc(0) dN « constant. (4.23)

This type of dependence can immediately be related to the indueed

order parameter at the interface An(0). This is a very unusual result be¬

cause it means indirectly that in thick clean proximity Systems the indueed

superconductivity at the interface is somehow governed by the dimension

of the normal layer.

So far expression (4.20) has been seen to be valid experimentally for

values of the Ginzburg-Landau parameter at the free surface smaller than
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x(pm)

Fig. 4.34: Local criticalfield Hc(x) as aJunction ofthe distance xfrom

the N-S interface obtainedfrom the data in Fig. 432 for sample with

dN = 33 pm atT = 67 mK. The solid line is afit with equation (4.20).

unity. To check if this new form of the order parameter could also suc-

cessfully describe a proximity system for values of KN(dN) > 1 we

recalculated the expression for the Screening distance p and compared it

with the experimental data at high temperature.

The main problem relies on the definition of a scale of spatial Variation

for AN(x): if we could still consider KN as this quantity (at least as a first

approximation), then p could be defined as the point where:
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Kn = An(x) (4.24)

Because An(x) is inversely proportional to AN(x) we can write:

/\N(x) = AN(0)i72i9exP(KNx)
Ao

(4.25)

With this value of Än(x) (4.24) becomes:

KN = Aw(p) = An(0) ^2 exp(KN p)
A0

(4.26)
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which is equivalent to

KNp - In

( IT1

1S-N

An(0) p + x0

= 0 (4.27)

The value of Kn and Xo are known from the breakdown field data and

the values of the local critical fields discussed before. The only variable

which is left is the penetration depth at the N-S interface XN(0) whose the¬

oretical temperature dependence is not known in the "clean" limit. We

have tentatively tried to fit the data assuming A.N(0) = constant. The results

are shown in Fig. 4.36 for sample # 2 with dN = 14.5 pm. For XN(0) left as fit

parameter we have obtained A,N(0) = 0.07 pm. Unfortunately using a tem¬

perature independent value for A.N(0) does not give satisfactory results for

the thinnest sample as well. Fig. 4.37 shows the Screening distance data of
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sample # 5 with dN = 3.3 pm together with two type of fits: the former is

obtained with a constant value for XN(0) and clearly does not agree with

the experimental data, the latter, in good agreement with the experimental

points, is instead obtained with a linear temperature dependence for the

penetration depth A,N(0,T) = \N(0)T and X.N(0) = 0.03 pm. It is clear that

caution has to be taken before driving any conclusion on the real

temperature dependence of the penetration depth from this type of fits.

More relevant is the faet that the new expression for the indueed order

parameter seems to work even for temperatures close to TCns-
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5. REENTRANT BEHAVIOUR

This chapter is dedicated to the discussion of a new effect we ob¬

served at the lowest temperatures in aU the proximity samples of this re¬

search work. The effect is strongly size dependent, i.e. for a fixed tem¬

perature the anomalous behaviour is more pronounced the thinner the

sample.
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Fig. 5.1: In-phase component ofthe ac susceptibilityfor a sample with

dN = 3.3 pm. The different Symbols represent two separate runs.
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In Fig. 5.1 we have plotted the measured in-phase component of the

ac susceptibility of the thinnest sample with dN = 3.3 pm as a function of

temperature; the logarithmic scale has been used for the temperature to

give more enhancement to the low temperature behaviour and the value

of susceptibiUty has been caUbrated to give x'ac = 0 for a fully diamagnetic

Nb core and x'ac = -1 for complete Screening in silver. The two sets of data

represent two different runs; it is easily seen that the reproducibility of the

curve is rather good. The ac susceptibility, as described before, increases
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Fig. 5.2: Out-of-phase component ofthe ac susceptibility for a sample

with dN = 33 pm. The different symbols represent two separate runs.
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in absolute value as the temperature is reduced, giving at T = 170 mK a

signal corresponding to practically füll diamagnetic Screening in the nor¬

mal metal. Then, for lower temperatures, we do not see a Saturation of the

signal, but a steadily decrease in absolute value of the ac susceptibility. At

the lowest temperatures (T = 4 mK) we have practically the same value

of ac susceptibility as at T = 9 K.

An anomalous behaviour of the ac susceptibility is also observed in

the out-of-phase component and is plotted in Fig. 5.2. The value of the
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quadrature is practically constant up to 170 mK, but it increases sharply in

absolute value for decreasing temperatures.

This unusual "reentrant" behaviour was not observed in the de sus¬

ceptibility obtained from the initial slope of de virgin magnetization curves

at several temperatures. Since the de susceptibility measures directly the

amount of flux through the pick up coil, we know that the silver remains

superconducting down to 4 mK. In Fig. 5.3 we have plotted together the ac

and de susceptibility of silver as a function of temperature: the two types
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of measurements are practicaUy indistinguishable down to 170 mK, but

they differ more strongly the lower the temperature.

We have also recorded both components of the ac susceptibility as

functions of frequency at the lowest temperatures. In the frequency ränge

16 < v < 160 Hz they both show only a slight increase in absolute value for

increasing frequencies.

In Fig. 5.4 the normalized in-phase component of the magnetic sus¬

ceptibility x'ac has been plotted as a function of temperature for all the

samples; for each one x'ac = 0 corresponds to a fully diamagnetic Nb core

and x'ac = -1 to complete Screening in the silver. We notice that the tem¬

perature below which the reentrant behaviour is observed, depends

strongly on the size of the sample, i.e. for increasing values of the normal

metal thickness dN, the in-phase component of the ac susceptibility begins
to decrease in absolute value at lower temperatures. We can then define
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for each sample a temperature Tmj„ corresponding to the first deviation

from the lowest value of ac susceptibility (x'ac = -1). An example of how

Tmin has been determined is given in Fig. 5.5 for sample # 2 with

dN = 14.5 pm. It is easily seen how small the reentrant effect has become

by increasing the thickness of the normal metal only by a factor of 4: in the

sample with dN = 3.3 pm we had practically 100% reentrance of the ac

susceptibility at T = 4 mK; this reduces to only 1% at T = 6 mK in the

sample with dN = 14.5 pm. Table 5.1 reports all the measured values of

Tmin for the samples studied in this work.

Sample # dN(pm) Tmin (mK)

1 28 7±2

2 14.5 18±1

3 6.75 70±2

4 5.5 97±2

5 3.3 170+10

Table 5.1: Measured values ofT^nfor all the samples ofthis work.

The dependence of Tmi„ with the sample dimensions is depicted in

Fig. 5.6, where we have plotted the value of Tmin vs. the silver thickness

dN. The data seem to be weU described by a power law of the type:

(dN)-' (5.1)

with ß around 1.5.

The most striking behaviour is observed by measuring at low tem¬

peratures the in-phase part of the ac susceptibility as a function of an ex¬

ternal de magnetic field. Such a type of measurement at T = 4 mK is given
in Fig. 5.7 for the thinnest sample. For values of the magnetic field H

around or greater than the breakdown field Hb the curve resembles very

much those ones discussed in the previous section. The anomalous be¬

haviour occurs in the interval 0 < H < Hb and is illustrated in detail in Fig.

5.8, where we have plotted %' vs. H for both field polarities. The measure-
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Fig. 5.6: Tmi„ plotted as afiinction ofnormal layer thickness dN.

ment shows that an external magnetic field progressively destroys the

reentrant behaviour and brings back the susceptibility x'ac to 30% of the

value corresponding to füll superconductivity of the silver. The negative

polarity, taken immediately after, did not differ much in shape from the

positive one. We notice that hysteresis is not only present at the break¬

down transition but also in the "reentrant" regime.

The interpretation of these unusual results is not trivial. After experi¬

ments with empty sample holders, we could surely exclude any spurious

effect due to the measuring system. In faet Fig. 5.6 clearly demonstrates

that this effect is closely related to the sample dimensions. In a measure-
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ment of %' and X"» by varying sinusoidally the external field with a small

amplitude (33 mOe peak-to-peak), we detect, besides the diamagnetic

Screening currents due to the proximity effect, another contribution that

becomes more important the lower the temperature. At Tmin the whole

sample is superconducting with critical fields everywhere much bigger

than the low frequency measuring field. This means that, by only lowering

the temperature, we cannot further change the contribution to the value of

the susceptibility coming from the Screening currents. Then it will be

tempting to treat the difference in susceptibility Ax', measured respect to
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the value at Tmin, as proportional to an "extra current" in opposite direc¬

tion. This "extra current" then increases as the temperature is reduced.

By plotting the value of Ax' vs. T for T < Tmin we could then derive its

temperature dependence. This is shown in Fig. 5.9 for sample # 4 with

dN = 5.5 pm. The "extra current" increases exponentially with decreasing

temperature like:

IccAx' = Aexpf-^l (5.2)
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with A = 0.206 and T° = 15.7 mK.

This exponential behaviour is perfectly reproduced in the other sam¬

ples as well, except for the thickest one where Tmjn is so close to the

minimum temperature we could reach that it was impossible to derive

from the measured data any kind of temperature dependence for Ax'.

The results of this type of analysis are given in Table 5.2 where we

have also included values of the circumference L for each specimen.
In Fig. 5.10 we have graphed the value of T° as a function of the

perimeter L. From this graph it is clear that:
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Sample # L(pm) T°(mK) A = Ax'(T->0) Ax'(T=5 mK)

1 600 - - 0.002

2 314 5.0 0.032 0.012

3 157 12.9 0.154 0.10

4 129 15.7 0.206 0.16

5 72 24.5 0.525 0.70

Table 5.2: Values of the parameter T°andA as a resultfrom the fit of

equation (5.2) to the Ax' data as a function of temperature. Measured

values ofAx'(T = 5 mK) are also given.

TL « constant = 1.8 pm K (5.3)

Quite interesting is also the behaviour of the coefficient A as a func¬

tion of sample dimensions.

The coefficient A represents the extrapolated value at T = 0 of this

"extra current". In Fig. 5.11 we have plotted A vs. L together with the

measured value of Ax' at T = 5 mK. Both quantities follow a power law of

the type

A = Ax' (T -» 0) oc L-1-»

Ax'(T = 5mK)ocL-2 8

(5.4)

(5.5)

It is clear that, being all the samples the result of the codrawing of one

initial specimen, the same types of dependence given in (5.3), (5.4) and

(5.5) are obtained for T°, A and Ax'(T = 5 mK) if plotted as a function of

the normal metal thickness d^

Some tentative interpretations could be derived in the context of the

physics of small normal metal rings. These Systems show interesting

quantum effects due to their small size; for example, a micron size metal

ring threaded by a magnetic flux at such a low temperature that the carri¬

ers could travel through it without inelastic scattering, should exhibit a

persistent current which depends on the external flux with period equal to
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the flux quantum {j>0 = h/e 42.

The resistance of such rings attached to one, two and four terminals

and its dependence with the enclosed magnetic flux have been measured

in many experiments43.

The problem of isolated small rings and cylinders44 has already been

treated theoretically, but the predicted persistent currents have not yet

been observed experimentally. The maximal current amplitude in a one

dimensional loop should be inversely proportional to the perimeter L of the

ring and of the order: Iq = e vf /L.

42 M. Büttiker, Y. Imry and R. Landauer, Phys. Lett. 96A, 365 (1983).
43 S. Washburn and R. A. Webb, Adv. Phys. 35, 375 (1986).

44 H. F. Cheung, E. K. Riedel and Y. Gefen, Phys. Rev. Lett. 62, 587 (1989).
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H. F. Cheung et al.45 have calculated the persistent current for the

case of a short and of a long thin waUed cylinder. Their results predict an

enhancement of the total current with the number of Channels M as

(VM)Io for short cylinders and as (M/^LAf) lo for long ones. The

number of Channels M is defined as the largest integer < 2 LyAF, where

Ly is the height of the cylinder and Xj> is the Fermi wavelength Xf = 2ix/kp.

45 H. F. Cheung, Y. Gefen and E. H. Riedel, IBM J. Res. Develop. 32, 359 (1988).
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In their work they have calculated the temperature dependence of

the persistent current for the two Systems and found the surprising result

that even for multichannel Systems this temperature dependence is gov¬

erned by the level spacing of the one-channel ring, Ai = 2vrhvF/L. They

found that in both cases the current is proportional to:

Ioeexp(-^iil <5-6)m
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Fig. 5.13: AH as aJunction ofcircumference Lfor three samples only.

for temperatures T > T*. where T* = ^-aV =
-u \m

It is quite interesting to remark that we have observed experimentally

a similar exponential temperature dependence for the "extra current" re¬

sponsible for the reentrant effect below Tmj„. What is even more amazing

is that the characteristic temperature T* is inversely proportional to the

circumference L of the sample exactly as we have found experimentally

for the temperature T°.

The natural questions that arise at this point are: "how is it possible

that our macroscopic system shows features resembling mesoscopic

Systems ?" and "where is the normal metal thin waUed cylinder (or the

ring) in our system ?" and "where does the external flux enter if the cylin¬

der contains superconducting material ?".

We could speculate that the normal metal ring is represented by the

most external surface of the sample and that the flux enters inside this

surface ring in the effective penetration depth Aeff of silver. If this is true

then we should measure some periodic response of the reentrant be¬

haviour to an applied external field i.e. a periodic succession of minima and

maxima in the field ränge -Hb < H < H^
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For this purpose we have analized curves like Fig. 5.12 of the ac sus¬

ceptibility as a function of the external de magnetic field for aU the samples

and at several temperatures. All the curves present a similar behaviour: a

maximum centered around H = 0 and two minima for each polarity. At this

point one could be tempted to consider these minima in the x' vs. H curve

as part of a periodic function with periodicity AH, as indicated in Fig. 5.12.

This period is slightly increasing for decreasing temperatures and clearly

dependent on the size of the sample. The extrapolated values of AH at

T = 0 are given in Table 5.3; for the two thickest samples the reentrant be¬

haviour was too small to define a "period" with some precision. Once

again if we plot AH vs. L (Fig. 5.13) we find that this "period" is inversely

proportional to the circumference. If we assume that this periodicity re-

flects that one of the "extra current" and that this current is a periodic

function of the external flux with period fl)0, we could calculate the area

where the flux is threading the samples. Thus it is possible to obtain an es-

timate for Xe__:

A = LXea =
Ü!p_
AH

(5.7)

As it is clearly seen in Table 5.3 we obtain exactly the same value of X<.ff

for the three samples here examined.

Sample # L

(pm)

AH(T->0)

(Oe)

Xc((

(pm)

5 72 33 0.017

4 129 19 0.017

3 157 15 0.018

Table 53: Extrapolated values ofAHfor T—>0 and calculated effective

penetration depth Kfffor the three samples.

It is evident that, even if we have discovered many analogies of this

reentrant effect with some aspeets of the physics of mesoscopic Systems,

the analogy might be fortuitous and we cannot prove that the reentrant
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behaviour is due to some persistent current running on the surface layer of

the normal metal.

It is important to underline again that our samples have circumfer-

ences L « d^ unfortunately this prevents us to conclude whether the

reentrant effect is circumference (L) dependent or related to the normal

layer thickness (dN). The former case could then reflect a dependence

typical of mesoscopic Systems, the latter instead a behaviour more related,

as we have seen in the previous chapters, to the proximity effect.

Experiments with different geometries and overall sample dimensions are

planned to be performed in order to demonstrate experimentally which

dependence is the correct one and to see if other mechanisms could be re¬

sponsible for this unusual low temperature behaviour.
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6. SUMMARY AND CONCLUSIONS

We have studied the indueed superconductivity in high purity, thick

(3-30 pm) silver in proximity with pure niobium in the temperature ränge

4 mK < T < 9 K by measuring their magnetic properties with de and ac

SQUID's magnetometers.

Lowering the temperature below Tcns = 9 K, strong magnetic

Screening in the normal metal is observed. The Screening length p, defined

as the distance from the N-S interface up to which the magnetic field is

screened, increases strongly with decreasing temperatures until it

becomes practically as large as the normal metal thickness dN. In the in¬

termediate temperature regime, before reaching its limiting value

p = dN - Xn (T-»0), it foUows a law of the type:

p (T) oc F

with the exponent n ranging from 1.2 < n < 2.3 depending on the normal

metal thickness dN.

For the regime where the Ginzburg-Landau parameter Kn at the free

surface is smaller than one, the Orsay Group on Superconductivity11 has

predicted Screening of the external magnetic field up to a value Hb, the

breakdown field, where a first order transition occurs; in this case hys¬

teretic effects showing superheating and supercooling appear.

Below a temperature T* we have observed the predicted behaviour

and measured the superheated and supercooled fields. Both fields follow

for a certain temperature ränge below T* the expressions:

Hsc = HSc(0)expf-^l

HSH = Hs„(0)expf-^l

with A = 1.5 pm K and HSc(0), HSh (0) depending on d^
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Straightforward is the analogy of the characteristic length A/T with

the Cooper pair penetration depth KN. In faet our experimental value is

within 12% of the theoretical one for silver:

i
_

h vF 1.69 (pmK)
*N ~2vTkBT

~

T (K)

The characteristic temperature T*, above which HSc = HSh, depends

strongly on the normal layer thickness dN and foUows a law of the type:

T*dN = constant = 3.6 (K pm)

In this research the spatial dependence of the local critical fields

Hc(x) in silver has been measured experimentaUy for the first time. In the

regime where K"n » dN we obtained:

Hc(x) = Hc(0)^exp(-KNx)

where x0 is a constant smaller than 1 pm and Hc(0) depends on the sample

thickness dN.

The expression describing the local critical fields Hc(x) suggests an

indueed order parameter of the form:

AN(x) = AN(0) ^^exp(-KN x)

for x « KN and temperatures TCn « T « TCns where AN(x) > kB T is

valid everywhere in the N side.

On one sample we have also confirmed that the validity of the above

expression for the local critical fields can be extended up to values of

Kn<1n«1.

Using this new expression of the order parameter, we have made an

approximate calculation of the Screening distance p. The new calculated

value of p agrees with the experimental data much better than the previ¬

ous expression given by the Orsay Group on Superconductivity. These re-
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sults indicate that the suggested form of the order parameter could be

generally valid in a thick "clean" proximity effect superconduetor at any

temperature.

These experimental results could be very interesting as a starting

point for a new theoretical work, in order to explain these novel properties

of inhomogeneous superconduetors.

A new anomalous reentrant effect of the ac susceptibility corre¬

sponding to a paramagnetic signal has been discovered at the lowest tem¬

peratures, but no similar effect was detected using de magnetization

curves. This effect is size dependent i.e. for a fixed temperature the

anomalous behaviour is stronger the thinner the sample.

The temperature Tmj„, below which this contribution begins to be de¬

tected, depends on the normal metal thickness dN like:

dN
-15

For T < Tmin the quantity Ax' = %'(J) - x'(Tmin) increases exponentially

with decreasing temperatures as:

p|- ToJAx' = A exj

The characteristic temperature T° depends on the size of the sample as:

TL ~ constant = 1.8 pm K

where L is to the external circumference of the sample; due to the con¬

stant ratio between the circumference and the normal layer thickness, the

same type of dependence is also true for the quantity dN:

T°dN = constant = 0.081 pm K.

All these facts suggest a kind of coherent effect which has never

been observed before or proposed theoreticaUy. Similarities with the pre-
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dicted behaviour of persistent currents in mesoscopic Systems have been

found in this work. Nevertheless the dimensions L and dN in our specimens

are so much bigger than those found in mesoscopic phenomena, that new

theoretical concepts about coherence in proximity Systems are needed.
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